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Decision Letter: 

** Please ensure you delete the link to your author home page in this e-mail if you wish to forward it to your coauthors ** 

Dear Professor Shaw, 

Your manuscript titled "Wavy upper-level jet stream gets wavier under climate change" has now been seen by 3 reviewers,
and we include their comments at the end of this message. They find your work of interest, but some important points are
raised. We are interested in the possibility of publishing your study in Communications Earth & Environment, but would like
to consider your responses to these concerns and assess a revised manuscript before we make a final decision on
publication. 

We therefore invite you to revise and resubmit your manuscript, along with a point-by-point response that takes into account
the points raised. Please highlight all changes in the manuscript text file. 
Specifically, we ask you to: 

1. Provide a clear explanation of the term "waviness" and the metrics used to measure it. 
2. Provide compelling arguments and mechanisms for the moist-get-moister concept in zonal and meridional directions,
differing from a previous study by Shaw and Miyawaki (2023). 
3. Provide a thorough discussion for implications of wavier extreme climate and weather. 

We are committed to providing a fair and constructive peer-review process. Please don't hesitate to contact us if you wish to
discuss the revision in more detail. 

Please use the following link to submit your revised manuscript, point-by-point response to the referees’ comments (which
should be in a separate document to any cover letter), a tracked-changes version of the manuscript (as a PDF file) and the
completed checklist: 
Link Redacted 
** This url links to your confidential home page and associated information about manuscripts you may have submitted or be
reviewing for us. If you wish to forward this email to co-authors, please delete the link to your homepage first ** 

We hope to receive your revised paper within six weeks; please let us know if you aren’t able to submit it within this time so
that we can discuss how best to proceed. If we don’t hear from you, and the revision process takes significantly longer, we
may close your file. In this event, we will still be happy to reconsider your paper at a later date, as long as nothing similar has
been accepted for publication at Communications Earth & Environment or published elsewhere in the meantime. 

Please do not hesitate to contact us if you have any questions or would like to discuss these revisions further. We look
forward to seeing the revised manuscript and thank you for the opportunity to review your work. 

Best regards, 

Kyung-Sook Yun, PhD 
Editorial Board Member 
Communications Earth & Environment 
orcid.org/0000-0001-9990-3581 

Reviewer #1 (Remarks to the Author): 
 
My overall impression of the paper is mixed. Firstly, this paper is hard to understand for readers 
who haven't read the authors' earlier paper published in 2024. In that paper, the framework 
used here as a theoretical foundation was initially developed, focusing on a north-south gradient 
of saturated specific humidity (the so-called moist-get-moister idea in Eq. 5 of Shaw and 
Miyawaki 2024). That paper is actually easier to understand since the dynamics were clearly 
presented. In the current study, the same framework is extended to emphasize meridional wind 
changes and east-west gradients of some related fields. 
 
Thank you for your valuable comments which significantly improved the manuscript. 
Based on the reviewer comments we made substantial changes to the manuscript to 
improve the 1) motivation and connection to the fast-get-faster mechanism (see title and 
lines 36-64), 2) physical interpretation (see lines 50-64), and 3) connection to other 
waviness metrics (see lines 65-75, 84-92, 102-108).  
 
Our responses to your comments are presented in bold. The line numbers referenced in 
our response correspond to those in the revised manuscript. 
 
When I first read this paper, I scratched my head and couldn't figure out the main reasoning 
behind the study. The paper seems to be a duplication of their 2024 paper, with too much 
similarity in the development of argument, theory, logic, and even manuscript structure. The 
authors appear to have made some tweaks to the text of the 2024 paper in presenting this idea. 
This is fine since the two analyses could be conducted and written in parallel. However, the 
physical interpretation of this paper was not well presented in its current form. The main part, 
overall, in my view, is in lines 205 to 208 and Figure 5. However, this component was discussed 
too briefly. 
 
Thank you for your valuable feedback. As mentioned above we thoroughly revised the 
manuscript to improve the motivation and the physical interpretation of the results (see 
the revised Introduction). As a result the revised manuscript is no longer similar to the 
2024 paper. Here are some specific changes we made: 

1) We changed the title and revised the Introduction to better connect the results to 
the fast-get-faster mechanism presented in the 2024 paper. In particular, we 
revised the Introduction to begin with the fast-get-faster mechanism revealed for 
the eastward wind and then use it to motivate the question of whether the 
mechanism also operates for the meridional wind.  

2) We revised the Introduction to motivate the physical intuition that the fast-get-
faster response should apply to the longitudinal contrast and thus to the 
meridional wind. We note the longitudinal density contrasts come from the 
dynamics itself rather than from external drivers as is the case for solar insolation 
driving the equator-to-pole contrast. A key point is that since the fast-get-faster 
mechanism amplifies all density contrasts regardless of their origin, dynamically 
driven longitudinal density contrasts such as those around a cyclone should also 

Reviewer #2 (Remarks to the Author): 
 
The research examines the extreme waviness of large-scale atmospheric flow in the upper 
atmosphere under global warming. Using a simple metric to represent the degree of waviness, 
the authors concluded that this waviness in the upper levels will increase due to the rise in 
moisture associated with global warming. Specifically, the increase in moisture provides positive 
feedback, making the wavy upper-level jet even wavier. Furthermore, the authors argued that 
Arctic sea ice loss, or Arctic Amplification, leads to a decrease in waviness in the upper levels, 
rather than an increase. Therefore, the positive feedback from moisture is identified as the 
primary physical process causing the upper-level jets to become wavier under global warming. 
The overall presentation and the logic used in this research are reasonable and objective, which 
is quite positive for a good review. Moreover, the positive feedback operating to provide more 
waviness is quite interesting because it emphasizes the role of moisture in large-scale 
dynamics. 
 
Thank you for your valuable comments which significantly improved the manuscript. 
Based on the reviewer comments we made substantial changes to the manuscript to 
improve the 1) motivation and connection to the fast-get-faster mechanism (see title and 
lines 36-64), 2) physical interpretation (see lines 50-64), and 3) connection to other 
waviness metrics (see lines 65-75, 84-92, 102-108).  
 
Our responses to your comments are presented in bold. The line numbers referenced in 
our response correspond to those in the revised manuscript. 
 
I have a few concerns regarding this research: 
 
1. Implications of Waviness in Upper Levels: 
 
If the research focuses purely on the topological aspects of upper-level jets in terms of large-
scale atmospheric dynamics, that is perfectly valid. However, this question is not directly 
relevant to the primary aims of this research. The issue regarding the waviness of jets initially 
arose from the expectation that jet stream waviness is strongly related to extreme weather in 
mid-latitudes. Over time, many researchers became intensely focused on trends in the waviness 
of jet streams. However, the metrics for measuring "waviness" suggested by previous studies 
may not be directly related to extreme weather in mid-latitudes. 
 
What I mean is that the waviness of the jet stream could be one factor influencing extreme 
weather, but it is not the only factor. Therefore, I question whether the extreme cases examined 
in this research are truly related to extreme weather at lower levels, where people live. 
 
Thank you for your feedback. The connection between circulation extremes and other 
extremes is the subject of ongoing work. Previous work did show a connection (e.g. 
Rothlisberger et al. 2016). However, the reviewer’s point about the many factors affecting 
temperature and precipitation extremes is a good one.  

Reviewer #3 (Remarks to the Author): 
  
The submitted paper presents an interesting and thought-provoking analysis of meridional 
(north-south) wind trends in a variety of climate model simulations and in observations. A key 
aspect of the analysis is considering the dependence of the wind trends on altitude. The authors 
report that the north-south winds in the upper troposphere increase in strength in a high-end 
greenhouse warming scenario, whereas they decrease in strength in the middle troposphere. 
They explain the vertical dependence from the perspective of latitudinal density gradient 
changes. They suggest that trends are detectable in the observed record in the Southern 
Hemisphere but not in the Northen Hemisphere. 
 
Thank you for your valuable comments which significantly improved the manuscript. 
Based on the reviewer comments we made substantial changes to the manuscript to 
improve the 1) motivation and connection to the fast-get-faster mechanism (see title and 
lines 36-64), 2) physical interpretation (see lines 50-64), and 3) connection to other 
waviness metrics (see lines 65-75, 84-92, 102-108).  
 
Our responses to your comments are presented in bold. The line numbers referenced in 
our response correspond to those in the revised manuscript. 
  
The manuscript addresses an interesting topic, the analysis is sound, and the results are 
described clearly. I am supportive of eventual publication. But not yet. I think the manuscript 
fails to fully deliver on its aims and to sufficiently support its claims. It claims to “clarify recent 
controversy regarding the impact of Arctic climate change on waviness”; however, in my 
opinion, the paper in its current form muddies the waters further. I’ll try to explain why I think that 
in what follows, and make some suggestions toward a clearer narrative. I think a clearer 
narrative is very important given this is a high profile but controversial topic. 
  
Thank you for your suggestions. As we mentioned above, we thoroughly revised the 
paper to address the reviewer comments. We removed the sentence about “clarify recent 
controversy regarding the impact of Arctic climate change on waviness”. However, our 
results do support recent work that shows mid-level waviness decreases under global 
warming due to Arctic climate change. The results shed light on how waviness changes 
under global warming will be vertically dependent in the Northern Hemisphere.  
  
My first issue with the paper is one of framing and interpretation. The opening sentences 
introduce “waviness” as a measure of the north-south meandering of the jet stream. I note that 
although none of the analyses presented specifically diagnose the jet stream, it is convenient to 
use that terminology. Therefore, as it is framed, waviness refers to the path of the jet stream 
(specifically, its deviations north and south). I agree this is the most common interpretation of 
waviness, although many of the metrics used to analyse waviness do not explicitly measure the 
deviations in the jet stream path. Indeed, the metric used here does not: the meridional wind will 
be influenced by changes in the jet strength and path. Theoretically, the jet could increase in 
strength, with an increase in the meridional (and zonal) wind, but not change its path and hence, 

REVIEWERS' COMMENTS:

Reviewer #1 (Remarks to the Author):

I feel that the paper has been significantly improved and is now ready for publication as is.

Thank you for your valuable feedback.
—--------------------------------------------------—-----------------------------------------------------

Reviewer #2 (Remarks to the Author):

Dear Editor,

The manuscript has been updated significantly to improve following reviewers' suggestions.
Especially, they focus on the mechanism, the main topic in this research, instead of comparing it
with others without significant implications. The study aims to reveal fundamental aspects of
large-scale atmospheric dynamics, not judging who is right or what is more important. I think the
current version of the manuscript suggests a balance in their analyses and discussions.
The influence of global warming can have various perspectives that simple and linear statistics
cannot reveal. This should be approached and studied by many methods and their
combinations. Furthermore, the impact of a certain process might be understood through
internal dynamics and thermodynamics. There are numerous research simply focusing on the
linear sensitivity or teleconnection via wave propagation to determine whether a certain factor is
more influential than others. This could reflect a small portion of influence. I hope to focus more
on fundamental processes and their mechanisms to find out how global warming could change
our climate and weather.
This research seems to take the right path to suggest a deeper understanding of a fundamental
process. I have no objection to publish this paper.

Thank you for your valuable feedback.
—-----------------------------------------------------—-----------------------------------------------------

Reviewer #3 (Remarks to the Author):

I thank the authors for their clear and diligent responses to my previous review comments.

My concerns have been satisfactorily addressed. I think the revised manuscript provides a
clearer narrative; the approach is better justified; the results are presented in a more balanced
way; and their implications have been discussed in greater depth.

I enjoyed reading the paper and I think it will be a valuable addition to the literature on this topic.
I recommend publication.

Thank you for your valuable feedback.



Alireza Bahadori, PhD 
Associate Editor 
Communications Earth & Environment 

EDITORIAL POLICIES AND FORMATTING 

We ask that you ensure your manuscript complies with our editorial policies. Please ensure that the following formatting
requirements are met, and any checklist relevant to your research is completed and uploaded as a Related Manuscript file
type with the revised article. 

Editorial Policy: <a href="https://www.nature.com/documents/nr-editorial-policy-checklist.pdf">Policy requirements </a>
(Download the link to your computer as a PDF.) 

For Manuscripts that fall into the following fields: 
• Behavioural and social science 
• Ecological, evolutionary & environmental sciences 
• Life sciences 
An updated and completed version of our Reporting Summary must be uploaded with the revised manuscript 
You can download the form here: 
https://www.nature.com/documents/nr-reporting-summary.zip 

Furthermore, please align your manuscript with our format requirements, which are summarized on the following checklist: 
<a href="https://www.nature.com/documents/commsj-phys-style-formatting-checklist-article.pdf">Communications Earth &
Environment formatting checklist</a> 

and also in our style and formatting guide <a href="https://www.nature.com/documents/commsj-phys-style-formatting-guide-
accept.pdf">Communications Earth & Environment formatting guide</a> . 

*** DATA: Communications Earth & Environment endorses the principles of the Enabling FAIR data project
(http://www.copdess.org/enabling-fair-data-project/ ). We ask authors to make the data that support their conclusions
available in permanent, publically accessible data repositories. (Please contact the editor if you are unable to make your
data available). 

All Communications Earth & Environment manuscripts must include a section titled "Data Availability" at the end of the
Methods section or main text (if no Methods). More information on this policy, is available at <a
href="http://www.nature.com/authors/policies/data/data-availability-statements-data-
citations.pdf">http://www.nature.com/authors/policies/data/data-availability-statements-data-citations.pdf</a>. 

In particular, the Data availability statement should include: 
- Unique identifiers (such as DOIs and hyperlinks for datasets in public repositories) 
- Accession codes where appropriate 
- If applicable, a statement regarding data available with restrictions 
- If a dataset has a Digital Object Identifier (DOI) as its unique identifier, we strongly encourage including this in the
Reference list and citing the dataset in the Data Availability Statement. 

DATA SOURCES: All new data associated with the paper should be placed in a persistent repository where they can be
freely and enduringly accessed. We recommend submitting the data to discipline-specific, community-recognized
repositories, where possible and a list of recommended repositories is provided at <a
href="http://www.nature.com/sdata/policies/repositories">http://www.nature.com/sdata/policies/repositories</a>. 

If a community resource is unavailable, data can be submitted to generalist repositories such as <a
href="https://figshare.com/">figshare</a> or <a href="http://datadryad.org/">Dryad Digital Repository</a>. Please provide a
unique identifier for the data (for example a DOI or a permanent URL) in the data availability statement, if possible. If the
repository does not provide identifiers, we encourage authors to supply the search terms that will return the data. For data
that have been obtained from publically available sources, please provide a URL and the specific data product name in the
data availability statement. Data with a DOI should be further cited in the methods reference section. 

Please refer to our data policies at <a
href="http://www.nature.com/authors/policies/availability.html">http://www.nature.com/authors/policies/availability.html</a>. 

REVIEWER COMMENTS: 

Reviewer #1 (Remarks to the Author): 

My overall impression of the paper is mixed. Firstly, this paper is hard to understand for readers who haven't read the
authors' earlier paper published in 2024. In that paper, the framework used here as a theoretical foundation was initially

steepen under climate change. This change resulted in Figure 5 becoming Figure 
1.  

 
The authors should clearly present how the moist-get-moister idea also works in the east-west 
direction. In their 2024 paper, it is easier to understand for readers without too much knowledge 
about global warming-wavier flow connection research: the tropics are moister than the poles, 
and global warming favors more moist air in the tropics, which in turn increases the vertical 
shear of zonal mean for extreme situations. As suggested by the authors, global warming could 
essentially favor this moist-get-moister scenario due to thermal control of global warming on 
TOA/surface energy balance and its impact on evaporation. How this understanding can apply 
to the east-west gradient and meridional winds is not straightforward to understand. 
 
Thank you for your valuable feedback. As mentioned above we revised the Introduction 
to introduce the fast-get-faster mechanism and why we should expect it would apply to 
the longitudinal contrast (see lines 36-64). A key point is that since the fast-get-faster 
mechanism amplifies all density contrasts regardless of their origin, dynamically driven 
longitudinal density contrasts such as those around a cyclone should also steepen 
under climate change. This is consistent with the fast-get-faster mechanism emerging 
from the historical meridional distribution multiplied by 2%/K (see red line Fig. 3a). 
 
When I first read the paper, I couldn’t follow the logic easily. Eventually, Figure 5 presents a hint 
suggesting that the v’T’ term associated with these extreme storms/cyclones may play a key 
role in inducing this east-west gradient effect. However, the authors just use one or two 
sentences to quickly go through this critical part. More effort should be devoted to fully develop 
this thought to facilitate a good understanding for readers. 
 
We revised the Introduction to motivate why the fast-get-faster mechanism should also 
apply to the meridional wind through the steepening of dynamically-driven longitudinal 
density contrasts (see lines 36-64). We repeat the text here for the reviewer’s 
convenience: 
“The mechanism underlying the fast-get-faster response of upper-level eastward jet 
stream wind should also affect the meridional jet stream wind. The meridional jet stream 
wind is connected to longitudinal density contrasts driven by Rossby waves and low and 
high pressure weather systems. For example, a fast southward upper-level jet stream 
wind over the continental US (discussed further below) is associated with a large 
longitudinal near-surface temperature contrast (warmer air to the west of the star and 
colder air to east, Fig. \ref{f1}a). Following the intuition mentioned above, the air to the 
west of the fast southward wind ``holds" more moisture than the air to the east because 
it is warmer (288 K versus 257 K, blue line, Fig. \ref{f1}c). Under climate change the 
density contrast gets steeper following the multiplicative CC relation (solid blue to 
orange lines, Fig. \ref{f1}c). The same intuition holds for the mean southward wind but 
since the mean density contrast is smaller to begin with (Fig. \ref{f1}b) its increase is less 
(dashed blue to orange lines, Fig. \ref{f1}c) consistent with the nonlinear CC relation. 
This shows the moist-get-moister CC mechanism amplifies all density contrasts 

We expanded our discussion of the implications of increased waviness under climate 
change for other extremes (see lines 362-374). We repeat the text here for the reviewer’s 
convenience: 
“Finally, previous work has argued that waviness impacts surface extremes through 
advection 
\cite{buehler2011,pfahl2012,wang2013,coumou2014,screen2014,martineau2017,sun2019}. 
The significant decrease in wintertime temperature variability in the Northern 
Hemisphere in recent decades \cite{screen2014} is consistent with the recent decrease in 
mid-level waviness. Many factors affect extreme weather at the surface, including local 
(land surface, boundary layer wind, surface radiation, etc.) and non local (wind above 
boundary layer, radiation in the free atmosphere, clouds, etc.) factors. Waviness aloft is a 
non-local factor and can impact extremes through vertically-integrated meridional 
advection. When waviness exhibits opposing behavior in the vertical (baroclinic vertical 
structure) the vertically-integrated meridional advection would potentially be mooted as 
compared to when there is no tug of war (close to barotropic vertical structure) above the 
boundary layer. The opposing responses of upper- and mid-level waviness under climate 
change in the Northern Hemisphere suggest the impact of waviness changes at the 
surface may be mooted there whereas the impacts may be stronger in the Southern 
Hemisphere. Further work is needed to understand the net impact of waviness changes 
on surface extremes across other regions and seasons.” 
 
We also did some additional analysis and found that the response of fast upper-level 
meridional wind under climate change is correlated with precipitation extremes in the 
Southern Hemisphere extratropics but not in the Northern Hemisphere consistent with 
the expectations above (Fig. R1 below). However we would prefer to report this in a 
separate paper. 

(a) (b)  
Figure R1: Response (ssp5-8.5 2080-2100 minus historical 1980-2000) of 99th percentile 
precipitation versus 99th or 1st percentile of 250 hPa meridional wind for the 
extratropical (45-90 degrees) (a) Southern and (b)Northern Hemispheres for individual 
coupled models. Correlation coefficient is (a) R = 0.76 and (b) R = 0.08. 
 
2. Time-scale: 
 
The current research uses daily data to measure the degree of waviness, implying a focus on 
synoptic eddies in the upper levels, which might be generated by baroclinic instability in the 

not change its waviness (i.e. extent of north-south meanders). Therefore, there is inconsistency 
in the paper regarding how waviness is conceptualised (north-south meandering) and how it is 
measured (meridional wind). The results are used as evidence of waviness trends, but it is not 
clear to me that this is accurate, at least, with waviness being conceptualised as north-south 
meandering of the jet. 
  
Thank you for the valuable comments. We completely revised the motivation of the 
research, which is ultimately to investigate the impact of the fast-get-faster mechanism 
on the jet stream meridional wind response. In the revised Introduction we motivate the 
expectation that the fast-get-faster mechanism should apply to the meridional jet stream 
wind (see lines 36-64). 
 
We also revised the manuscript to clarify the connection between how jet stream 
waviness is conceptualized and how it is measured in this paper. The jet stream wind is 
to leading order eastward consistent with it being driven by differential heating between 
the equator and the pole along with Earth’s rotation. The eastward jet frequently exhibits 
a north-south, hereafter meridional, component reflecting Rossby waves and high and 
low pressure weather systems, which we refer to as jet stream waviness. We note in the 
Introduction that the connection between meridional wind and waviness is consistent 
with both vanishing in the axially symmetric (longitudinally independent) limit where the 
jet stream is purely in the eastward direction with no meridional component and thus no 
waviness. Furthermore, many metrics used to quantify jet stream waviness have zero or 
minimum waviness corresponding to purely eastward flow (see lines 24-35).  
 
We also added panels to Fig. 2, which demonstrates examples of fast meridional jet 
stream wind, to demonstrate the connection between waviness defined using the 
meridional wind and the jet stream wind. In Fig. 2 we show when there is fast northward 
or southward wind (Fig. 2a,c) the jet stream wind is mostly meridional (v >> u) and the jet 
stream is wavy (Fig. 2b,d). These events are also local; they do not involve circumglobal 
waviness. When there is fast eastward wind (Fig. 2e) the jet stream wind is eastward with 
no waviness (v >> u) (Fig. 2f). Thus, fast meridional and eastward winds are not related to 
the same synoptic features (see lines 93-114). This is consistent with the daily eastward 
and meridional wind distributions not being significantly correlated (see Supplementary 
Fig. S2). Thus the reviewer’s theoretical example  
“Theoretically, the jet could increase in strength, with an increase in the meridional (and 
zonal) wind, but not change its path and hence, not change its waviness (i.e. extent of 
north-south meanders).” 
does not seem to occur for the fast wind events we consider in this paper.   

  
My second point - related to the first but more technical - is about the choice of metrics. The 
authors present some arguments for using the meridional wind as an admittedly simple 
measure of waviness. They also present some arguments for not using other metrics. I don’t 
find any of these arguments especially convincing, in the sense that one could (and indeed 
other authors have) make equally strong (or weak!) arguments for using other metrics. The fact 



developed, focusing on a north-south gradient of saturated specific humidity (the so-called moist-get-moister idea in Eq. 5 of
Shaw and Miyawaki 2024). That paper is actually easier to understand since the dynamics were clearly presented. In the
current study, the same framework is extended to emphasize meridional wind changes and east-west gradients of some
related fields. 

When I first read this paper, I scratched my head and couldn't figure out the main reasoning behind the study. The paper
seems to be a duplication of their 2024 paper, with too much similarity in the development of argument, theory, logic, and
even manuscript structure. The authors appear to have made some tweaks to the text of the 2024 paper in presenting this
idea. This is fine since the two analyses could be conducted and written in parallel. However, the physical interpretation of
this paper was not well presented in its current form. The main part, overall, in my view, is in lines 205 to 208 and Figure 5.
However, this component was discussed too briefly. 

The authors should clearly present how the moist-get-moister idea also works in the east-west direction. In their 2024 paper,
it is easier to understand for readers without too much knowledge about global warming-wavier flow connection research:
the tropics are moister than the poles, and global warming favors more moist air in the tropics, which in turn increases the
vertical shear of zonal mean for extreme situations. As suggested by the authors, global warming could essentially favor this
moist-get-moister scenario due to thermal control of global warming on TOA/surface energy balance and its impact on
evaporation. How this understanding can apply to the east-west gradient and meridional winds is not straightforward to
understand. 

When I first read the paper, I couldn’t follow the logic easily. Eventually, Figure 5 presents a hint suggesting that the v’T’ term
associated with these extreme storms/cyclones may play a key role in inducing this east-west gradient effect. However, the
authors just use one or two sentences to quickly go through this critical part. More effort should be devoted to fully develop
this thought to facilitate a good understanding for readers. 

Furthermore, a new issue arises regarding this argument. If v’T’ (or v’q’) triggers a strong east-west gradient effect, it seems
to lead to a contrasting argument: wavy-get-wavier induces moist-get-moister rather than vice versa, or possibly positive
feedback between the two effects. This part is very confusing. 

In general, I have no problem with the paper's overall idea. However, I hope the authors could better present this idea in a
clear and appropriate way, distinct from their 2024 paper. 

In addition, in the abstract, the authors argue that some discernible trends in wavier patterns also occur in the SH in
reanalysis, but this point is only briefly discussed in the main text. Why it has been observed only in one hemisphere and
how to use the moist-get-moister framework to explain this feature in the SH should be well discussed. Based on the main
content of the paper, how to understand that the SH witnesses this feature earlier than the NH needs to be better clarified
since the moist-get-moister idea appears to be more significant in the NH, if I understand Figure 2 correctly. 

Reviewer #2 (Remarks to the Author): 

The research examines the extreme waviness of large-scale atmospheric flow in the upper atmosphere under global
warming. Using a simple metric to represent the degree of waviness, the authors concluded that this waviness in the upper
levels will increase due to the rise in moisture associated with global warming. Specifically, the increase in moisture
provides positive feedback, making the wavy upper-level jet even wavier. Furthermore, the authors argued that Arctic sea ice
loss, or Arctic Amplification, leads to a decrease in waviness in the upper levels, rather than an increase. Therefore, the
positive feedback from moisture is identified as the primary physical process causing the upper-level jets to become wavier
under global warming. 
The overall presentation and the logic used in this research are reasonable and objective, which is quite positive for a good
review. Moreover, the positive feedback operating to provide more waviness is quite interesting because it emphasizes the
role of moisture in large-scale dynamics. 

I have a few concerns regarding this research: 

1. Implications of Waviness in Upper Levels: 

If the research focuses purely on the topological aspects of upper-level jets in terms of large-scale atmospheric dynamics,
that is perfectly valid. However, this question is not directly relevant to the primary aims of this research. The issue regarding
the waviness of jets initially arose from the expectation that jet stream waviness is strongly related to extreme weather in
mid-latitudes. Over time, many researchers became intensely focused on trends in the waviness of jet streams. However, the
metrics for measuring "waviness" suggested by previous studies may not be directly related to extreme weather in mid-
latitudes. 

What I mean is that the waviness of the jet stream could be one factor influencing extreme weather, but it is not the only
factor. Therefore, I question whether the extreme cases examined in this research are truly related to extreme weather at
lower levels, where people live. 

2. Time-scale: 

regardless of their origin and hence dynamically driven longitudinal density contrasts 
should also get steeper under climate change, implying increased upper-level waviness 
all else being equal. Thus, the fast-get-faster mechanism might provide an explanation 
for jet stream waviness changes under climate change.” 
 
This change also resulted in Figure 5 becoming Figure 1. 
 
Furthermore, a new issue arises regarding this argument. If v’T’ (or v’q’) triggers a strong east-
west gradient effect, it seems to lead to a contrasting argument: wavy-get-wavier induces moist-
get-moister rather than vice versa, or possibly positive feedback between the two effects. This 
part is very confusing. 
 
Thank you for raising this point. We added a discussion of it in the revised manuscript 
(see lines 204-215). We repeat the text here for the reviewer’s convenience: 
“The amplified longitudinal density contrasts in the future could also be affected by 
changes in the horizontal temperature (and moisture) contrasts through a feedback 
between thermodynamics and dynamics. For example, faster meridional winds could 
lead to enhanced meridional transport of temperature and moisture further steepening 
the density contrast and amplifying the meridional wind. This interaction seems to be a 
second order effect because the fast-get-faster meridional wind emerges in response to 
vertically-varying global-mean warming and no change in horizontal temperature 
gradient (Supplementary Fig. 11b). It is also consistent with the fast-get-faster response 
of upper-level waviness emerging given the historical distribution and a multiplicative 
increase of 2\%/K (given only the change in global mean surface air temperature with no 
change in temperature gradient, red line Fig. \ref{f3}a).” 
 
In general, I have no problem with the paper's overall idea. However, I hope the authors could 
better present this idea in a clear and appropriate way, distinct from their 2024 paper. 
 
Thank you for your valuable feedback. As mentioned above we made significant changes 
to the manuscript to improve the 1) motivation and connection to the fast-get-faster 
mechanism (see title and lines 36-64), 2) physical interpretation (see lines 50-64), and 3) 
connection to other waviness metrics (see lines 65-75, 84-92, 102-108).  
 
In addition, in the abstract, the authors argue that some discernible trends in wavier patterns 
also occur in the SH in reanalysis, but this point is only briefly discussed in the main text. Why it 
has been observed only in one hemisphere and how to use the moist-get-moister framework to 
explain this feature in the SH should be well discussed. Based on the main content of the paper, 
how to understand that the SH witnesses this feature earlier than the NH needs to be better 
clarified since the moist-get-moister idea appears to be more significant in the NH, if I 
understand Figure 2 correctly. 
 
We would like to clarify that the wavy-get-wavier trend (increase in the fast meridional 
wind more than the average meridional wind) occurs in both hemispheres (all trends are 

lower levels. Therefore, the study investigates the behavior of synoptic eddies modulated by the 
presence of moisture. The observed decrease in the waviness of jet streams in the upper levels 
could be related to the reduced activity of synoptic eddies, following the decline in meridional 
temperature gradients at lower levels due to Arctic Amplification. This could be a direct 
consequence of quasi-geostrophic (QG) dynamics under Arctic Amplification. 
 
We want to clarify something in regards to this comment. The “observed” change in 
upper-level waviness is an increase not a decrease in both hemispheres (see Fig. 6). The 
“observed” change in mid-level waviness in the Northern Hemisphere is a decrease 
(Supplementary Fig. 14). 
 
However, the main issues may lie in planetary-scale motions, which have a longer time scale 
than synoptic motions and whose meandering could be more closely related to extreme 
weather. Recent research (Chemke & Ming, 2020) suggests that while planetary-scale waves 
will intensify, synoptic waves will diminish. The intensification of planetary-scale waves may be 
linked to Arctic Amplification and extreme weather. The current analysis method might 
underestimate the role of planetary-scale eddies in contributing to the waviness of jet streams. 
 
Could the positive feedback also affect planetary-scale eddies? 
 
Yes, the fast-get-faster mechanism does not depend on the length scale. We do not apply 
a spatial Fourier filter. As we now discuss in the Introduction the fast-get-faster 
mechanism amplifies all density contrasts regardless of their origin. For example, 
dynamically driven longitudinal density contrasts such as those associated with a fast 
southward upper-level jet stream should also steepen under climate change (see lines 
50-64). 
 
However, since fast meridional winds do not correspond to circumglobal waviness (Fig. 
2) it is very much unclear how one can interpret the results with a Fourier wavenumber 
analysis, which only really works for circumglobal waves. The fast meridional wind 
events correspond to synoptic events that are not circumglobal. 
 
3. The role of the Arctic sea ice loss or the Arctic Amplification 
 
The authors mentioned these findings based on model simulations without providing any 
underlying physical explanation. Synoptic dynamics in the upper levels are primarily controlled 
by eddy momentum convergence, induced by baroclinic waves migrating from lower levels. As 
previously stated, the decrease in waviness due to Arctic sea ice loss or Arctic Amplification is 
likely due to the reduced activity of baroclinic waves? 
 
Yes, the decreased waviness (fast-get-slower response) is due to reduced baroclinic 
activity. This interpretation is consistent with our previous work noting the weakening of 
the storm tracks under sea ice loss (Shaw & Smith 2022). We now mention this in the text 
(see lines 260-262). 

some of the metrics are not directly output from CMIP6 is a poor justification, as they could still 
be calculated from available variables. The authors acknowledge that previously diagnosed 
changes in waviness are sensitive to the choice of metric – this is one reason for the lack of 
clarity that the authors purport to improve – but then they don’t proceed to adequately follow up 
how their results may depend on the choice of metric. They provide limited comparisons to the 
MCI – another metric based on wind speeds – but do not consider alternative metrics. Referring 
to my first point, there are metrics that arguably relate more closely to how waviness is being 
conceptualised (north-south meandering), for example, sinuosity (Cattiaux et al 2016) or 
meridional amplitude (Screen and Simmods, 2013) or the local wave activity extent (Geen et al 
2023). I think it is necessary to test if the results are consistent with a ‘geometric’ approach to 
defining waviness (see related discussion in Geen et al., 2023). 
  
Thank you for the suggestion. The revised motivation is to investigate the impact of the 
fast-get-faster mechanism on waviness. As we now mention in the revised manuscript, 
since the fast-get-faster mechanism operates daily and locally at each grid point 
(longitude and latitude) we focus on local waviness changes under climate change. In the 
revised manuscript, we consider the impact of the fast-get-faster mechanism on 
waviness metrics that can be defined locally, including meridional wind, meridional 
circulation index (MCI) and local wave activity (LWA). Metrics based on the length of a 
contour cannot be defined locally (they do not depend on longitude) and thus cannot be 
easily connected to the fast-get-faster response (see lines 84-92). 
 
In the revised manuscript, we note that MCI extremes do not change under climate 
change because the index is bounded by +/- 1. We also noted that the fast-get-faster 
response leads to opposing impacts on MCI via different changes in the numerator and 
denominator (see lines 151-159). We added an analysis of LWA which shows some 
similarities with the meridional wind metric (increased upper-level LWA extremes and 
decreased mid-level LWA extremes), however the LWA responses are not robust across 
the model ensemble (see lines 159-161 and Supplementary Fig. 8). 
 
We also noted in the Introduction that mid-level waviness in the Northern Hemisphere 
has been reported to decrease under global warming across different metrics. In 
particular we cited Cattiaux et al. (2016) who measured waviness by sinuosity. More 
recently we became aware of the results of Yamamoto & Martineau (2024) who showed a 
decrease of averaged mid-level waviness in the Northern Hemisphere defined by local 
wave activity (LWA). Thus, the decrease of mid-level waviness in the Northern 
Hemisphere is robust across 4 metrics (meridional wind distribution, MCI, sinuosity, 
LWA). We included a discussion of the robustness of the mid-level waviness response 
under climate change in the revised manuscript (see lines 69-70, 328-330). 
  
Next, thinking about the mechanisms. I applaud the authors for seeking to provide a theoretical 
basis for their results, which has been lacking in this topic. But, after reading the paper, I was 
left wondering if this is slightly long-winded way of stating something rather obvious. Am I right 
in surmising that interpretation is that the meridional density gradient increases in the upper 



The current research uses daily data to measure the degree of waviness, implying a focus on synoptic eddies in the upper
levels, which might be generated by baroclinic instability in the lower levels. Therefore, the study investigates the behavior
of synoptic eddies modulated by the presence of moisture. The observed decrease in the waviness of jet streams in the
upper levels could be related to the reduced activity of synoptic eddies, following the decline in meridional temperature
gradients at lower levels due to Arctic Amplification. This could be a direct consequence of quasi-geostrophic (QG)
dynamics under Arctic Amplification. 

However, the main issues may lie in planetary-scale motions, which have a longer time scale than synoptic motions and
whose meandering could be more closely related to extreme weather. Recent research (Chemke & Ming, 2020) suggests
that while planetary-scale waves will intensify, synoptic waves will diminish. The intensification of planetary-scale waves
may be linked to Arctic Amplification and extreme weather. The current analysis method might underestimate the role of
planetary-scale eddies in contributing to the waviness of jet streams. 

Could the positive feedback also affect planetary-scale eddies? 

3. The role of the Arctic sea ice loss or the Arctic Amplification 

The authors mentioned these findings based on model simulations without providing any underlying physical explanation.
Synoptic dynamics in the upper levels are primarily controlled by eddy momentum convergence, induced by baroclinic
waves migrating from lower levels. As previously stated, the decrease in waviness due to Arctic sea ice loss or Arctic
Amplification is likely due to the reduced activity of baroclinic waves? 

The current research presents an interesting dynamic coupling with thermodynamics. Despite this intriguing dynamic
interaction, the main arguments appear to be overshadowed by the focus on the waviness of jet streams in the upper levels,
which is not attributed to Arctic changes under global warming. Arctic sea ice loss or Arctic Amplification relates to changes
in the boundary conditions for the primitive equations. Given the non-local characteristics of the Navier-Stokes equations,
updates to the boundary conditions can influence solutions throughout the entire domain. Our question should be how, or to
what extent, these changes occur, using simplified physics or mathematical arguments to explore this. 

The act of moisture in upper levels is an internal thermal forcing to the primitive equations. The internal forcing acting upon
with a certain criterion can have very interesting aspects for large-scale atmospheric dynamics. However, I wonder if
comparing this influence with that of the boundary condition is really critical to investigate the effect of global warming on
large-scale atmospheric dynamics. 

Reviewer #3 (Remarks to the Author): 

The submitted paper presents an interesting and thought-provoking analysis of meridional (north-south) wind trends in a
variety of climate model simulations and in observations. A key aspect of the analysis is considering the dependence of the
wind trends on altitude. The authors report that the north-south winds in the upper troposphere increase in strength in a high-
end greenhouse warming scenario, whereas they decrease in strength in the middle troposphere. They explain the vertical
dependence from the perspective of latitudinal density gradient changes. They suggest that trends are detectable in the
observed record in the Southern Hemisphere but not in the Northen Hemisphere. 

The manuscript addresses an interesting topic, the analysis is sound, and the results are described clearly. I am supportive
of eventual publication. But not yet. I think the manuscript fails to fully deliver on its aims and to sufficiently support its claims.
It claims to “clarify recent controversy regarding the impact of Arctic climate change on waviness”; however, in my opinion,
the paper in its current form muddies the waters further. I’ll try to explain why I think that in what follows, and make some
suggestions toward a clearer narrative. I think a clearer narrative is very important given this is a high profile but
controversial topic. 

My first issue with the paper is one of framing and interpretation. The opening sentences introduce “waviness” as a measure
of the north-south meandering of the jet stream. I note that although none of the analyses presented specifically diagnose the
jet stream, it is convenient to use that terminology. Therefore, as it is framed, waviness refers to the path of the jet stream
(specifically, its deviations north and south). I agree this is the most common interpretation of waviness, although many of the
metrics used to analyse waviness do not explicitly measure the deviations in the jet stream path. Indeed, the metric used
here does not: the meridional wind will be influenced by changes in the jet strength and path. Theoretically, the jet could
increase in strength, with an increase in the meridional (and zonal) wind, but not change its path and hence, not change its
waviness (i.e. extent of north-south meanders). Therefore, there is inconsistency in the paper regarding how waviness is
conceptualised (north-south meandering) and how it is measured (meridional wind). The results are used as evidence of
waviness trends, but it is not clear to me that this is accurate, at least, with waviness being conceptualised as north-south
meandering of the jet. 

My second point - related to the first but more technical - is about the choice of metrics. The authors present some arguments
for using the meridional wind as an admittedly simple measure of waviness. They also present some arguments for not
using other metrics. I don’t find any of these arguments especially convincing, in the sense that one could (and indeed other
authors have) make equally strong (or weak!) arguments for using other metrics. The fact some of the metrics are not directly
output from CMIP6 is a poor justification, as they could still be calculated from available variables. The authors acknowledge

positive in Fig. 6c,d). The reanalysis mean trends are statistically significant (p < 0.05) in 
both hemispheres thus it has been “observed” in both hemispheres. However only in the 
Southern Hemisphere do all individual reanalysis show significant trends (filled black 
circles Fig. 6c). In the Northern Hemisphere, the trend is only statistically significant in 
one reanalysis (open vs filled circles in Fig. 6d). This indicates that the noise (internal 
climate variability) is larger in the Northern Hemisphere. Indeed many circulation signals 
have emerged as statistically significant linear trends in the Southern Hemisphere but 
not the Northern hemisphere even though both hemispheres exhibit the expected sign 
based on model predictions. We added a discussion of this point to the manuscript (see 
lines 292-294). 
 

 
We revised our presentation and discussion of the mid-level waviness changes. We 
show using targeted Arctic sea ice loss simulations that Arctic sea ice loss leads to a 
fast-get-slower response at all vertical levels in the Northern Hemisphere (see lines 254-
262). We discuss that this is connected to diabatic heating changes in the Arctic (see 
lines 263-269). We note that this interpretation is consistent with aquaplanet and 
atmosphere-land models not exhibiting the fast-get-slower behavior because they don’t 
have large polar climate change. We added a physical interpretation related to changes 
in the meridional temperature contrast affecting the longitudinal contrast (see lines 269-
274). We repeat it here for the reviewer’s convenience: 
“One interpretation is that Arctic sea ice loss induces changes in moisture and diabatic 
heating over the pole and mixing across a weaker latitudinal density gradient may result 
in smaller longitudinal density gradients and hence, weaker meridional winds.“ 
 
The current research presents an interesting dynamic coupling with thermodynamics. Despite 
this intriguing dynamic interaction, the main arguments appear to be overshadowed by the focus 
on the waviness of jet streams in the upper levels, which is not attributed to Arctic changes 
under global warming. Arctic sea ice loss or Arctic Amplification relates to changes in the 
boundary conditions for the primitive equations. Given the non-local characteristics of the 
Navier-Stokes equations, updates to the boundary conditions can influence solutions throughout 
the entire domain. Our question should be how, or to what extent, these changes occur, using 
simplified physics or mathematical arguments to explore this. 
 
We agree that simplified representations are important to understand the behavior in 
comprehensive climate models. That is why we analyzed changes in waviness across a 
climate model hierarchy. Our results show the mid-level waviness decrease, which we 
now refer to as fast-get-slower response, does not occur in response to uniform sea 
surface temperature warming of + 4K in aquaplanet and atmosphere-land models (AMIP 
and AQUA in Figs. 5b) where there is no polar amplified surface warming (Supplementary 
Fig. 9). We only see the fast-get-slower response in the presence of significant polar 
climate change (Arctic sea ice loss and Arctic amplification) in coupled climate models 
and targeted sea ice loss experiments as discussed on lines 254-262. We use the 
simplified physics of moist thermal wind to explain the response (see lines 263-269). We 
added a physical interpretation related to changes in the meridional temperature contrast 
affecting the longitudinal contrast (see lines 269-274).  
 
In contrast the fast-get-faster response of meridional wind is tied to sea surface warming  
(global warming). It emerges in response to uniform sea surface temperature warming of 
+ 4K in aquaplanet and atmosphere-land models (AMIP and AQUA in Figs. 3b) and in 
coupled models in both hemispheres (CMIP Fig. 3b). It also emerges when the historical 
distribution is multiplied by 2% per degree of global-mean surface air temperature 
change (no change in temperature gradient, red line Fig. 3a), and when imposing global-
mean vertically dependent temperature change to the historical daily distribution 
(Supplementary Fig. 11b). Once again the simplified physics of moist thermal wind 

troposphere and decreases in the middle troposphere and this explains the increased and 
decreased winds, respectively, at these levels of the atmosphere? Mixing across a stronger 
latitudinal density gradient will result in larger anomalies and hence, larger longitudinal density 
gradients and hence, stronger meridional winds. Is the explanation that simple, or I am missing 
something here? If it’s essentially that simple, I would try to bring the message out more clearly, 
as currently it gets a bit lost. 
  
The reviewer’s proposed mechanism links changes in the meridional density gradient to 
the longitudinal density gradient. The density gradient change the reviewer refers to is 
due to spatially-varying warming (upper-level tropical warming and polar amplified 
surface warming). In the moist thermal wind decomposition used in our paper this would 
be related to the change of dry entropy gradient (see equation 2). For the upper-level 
waviness increase under climate change, the dry entropy gradient does contribute to the 
fast-get-faster response and we added a discussion of the reviewer’s interpretation to the 
manuscript (see lines 216-225). However, the dry entropy gradient contribution does not 
seem to be dominant. For example, the fast-get-faster meridional wind response emerges 
with no change in horizontal temperature gradient, i.e. imposing only vertically-varying 
global-mean warming (Supplementary Fig. 11b).  It is also consistent with the fast-get-
faster response of upper-level waviness emerging given the historical distribution and a 
multiplicative increase of 2\%/K (given only the change in global mean surface air 
temperature and not change in temperature gradient, red line Fig. 3a). We discuss these 
points in the revised manuscript (see lines 204-215). 
 
The change of dry entropy also contributes to the fast-get-slower response of mid-level 
waviness. The reviewer’s interpretation seems to apply well to mid-levels since in that 
case the moist-get-moister response does not dominate. The interpretation is also 
consistent with the fast-get-slower meridional wind response not emerging with no 
change in horizontal temperature gradient, i.e. imposing only vertically-varying global-
mean warming. We added a discussion of the reviewer’s mechanism to explain the mid-
level waviness response to the revised paper (see lines 263-274). 
  
Another area that warrants further thought is the implications of the results. The main reason 
this topic has garnered so much interest is the mooted link to surface weather extremes. What 
does it mean for surface weather to have differing ‘waviness’ trends at different levels? It is 
generally unclear how different metrics of ‘waviness’ relate to surface weather – but the authors 
have now added the additional complexity of opposing trends at different vertical levels, and the 
implications of this should be considered. The differing trends in the upper and mid-troposphere 
are framed as a tug-of-war, but it’s not clear exactly what this means: is it that there would be 
mooted changes in surface weather because of the opposing ‘waviness’ trends? Some further 
discussion on implications would be helpful – especially if the aim of the paper is to provide 
clarity to the discourse. At the moment, this is left for “further work”. I am sympathetic to 
limitations on scope but I would like to see some discussion of the implications, to help the 
reader better understand the tangible meaning of the results. As it stands, there is no steer from 



that previously diagnosed changes in waviness are sensitive to the choice of metric – this is one reason for the lack of clarity
that the authors purport to improve – but then they don’t proceed to adequately follow up how their results may depend on
the choice of metric. They provide limited comparisons to the MCI – another metric based on wind speeds – but do not
consider alternative metrics. Referring to my first point, there are metrics that arguably relate more closely to how waviness is
being conceptualised (north-south meandering), for example, sinuosity (Cattiaux et al 2016) or meridional amplitude (Screen
and Simmods, 2013) or the local wave activity extent (Geen et al 2023). I think it is necessary to test if the results are
consistent with a ‘geometric’ approach to defining waviness (see related discussion in Geen et al., 2023). 

Next, thinking about the mechanisms. I applaud the authors for seeking to provide a theoretical basis for their results, which
has been lacking in this topic. But, after reading the paper, I was left wondering if this is slightly long-winded way of stating
something rather obvious. Am I right in surmising that interpretation is that the meridional density gradient increases in the
upper troposphere and decreases in the middle troposphere and this explains the increased and decreased winds,
respectively, at these levels of the atmosphere? Mixing across a stronger latitudinal density gradient will result in larger
anomalies and hence, larger longitudinal density gradients and hence, stronger meridional winds. Is the explanation that
simple, or I am missing something here? If it’s essentially that simple, I would try to bring the message out more clearly, as
currently it gets a bit lost. 

Another area that warrants further thought is the implications of the results. The main reason this topic has garnered so much
interest is the mooted link to surface weather extremes. What does it mean for surface weather to have differing ‘waviness’
trends at different levels? It is generally unclear how different metrics of ‘waviness’ relate to surface weather – but the
authors have now added the additional complexity of opposing trends at different vertical levels, and the implications of this
should be considered. The differing trends in the upper and mid-troposphere are framed as a tug-of-war, but it’s not clear
exactly what this means: is it that there would be mooted changes in surface weather because of the opposing ‘waviness’
trends? Some further discussion on implications would be helpful – especially if the aim of the paper is to provide clarity to
the discourse. At the moment, this is left for “further work”. I am sympathetic to limitations on scope but I would like to see
some discussion of the implications, to help the reader better understand the tangible meaning of the results. As it stands,
there is no steer from the authors whether their new results are a potential gamechanger for the debate on connections
between waviness and extreme weather or inconsequential. 

The ‘wavy-gets-wavier’ moniker feels a bit of a gimmick to me. As already noted, I don’t think waviness is right framing. I feel
‘fast-gets-faster’ is better and arguably, the results presented here are just an extension of the ‘fast-gets-faster’ response
introduced by some of the same authors in a previous paper. The author themselves note the fast-gets-faster should apply in
the north-south direction too. 

The projected decrease in mid-tropospheric ‘waviness’ in the Northern Hemisphere, which is suggested to be sensitive to
Arctic amplification is contrary to the well-known assertions in the Francis and Vavrus papers. The submission is, perhaps
deliberately, quite loose in its description of conflicting past results. But given the prominence of the Francis and Vavrus
hypothesis, I think it is necessary to make a clearer (more direct) statement about how these results support, or not, the
Francis and Vavrus hypothesis. Again, this suggestion is in the spirit of a narrative that adds clarity to the debate. 
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explains the response (see lines 226-231). Thus, the fast-get-faster response is a 
consequence of the nonlinear CC relation. 
 
Thus, the fast-get-slower and fast-get-faster responses can be tied to changes in the 
boundary condition and interpreted using the model hierarchy and the moist thermal 
wind decomposition. In addition, simplified mathematical and physical scaling 
arguments can be used to explain the fast-get-faster response if one assumes a moist 
adiabatic lapse rate. That is something we would prefer to present in a separate paper.  
 
The act of moisture in upper levels is an internal thermal forcing to the primitive equations. The 
internal forcing acting upon with a certain criterion can have very interesting aspects for large-
scale atmospheric dynamics. However, I wonder if comparing this influence with that of the 
boundary condition is really critical to investigate the effect of global warming on large-scale 
atmospheric dynamics. 
 
We want to clarify that the effect of moisture is dominated by the change in the boundary 
condition (sea surface temperature warming). In particular, the increase of moisture 
implied from global mean temperature increase occurs via evaporation (see new Fig. 1 
and Fig. 3 in Shaw & Miyawaki 2023). The moisture response triggered by the warming of 
the sea surface temperature boundary condition influences the upper-level wind because 
the wind depends on the vertically integrated density contrast from the surface to upper 
levels (see equation 1). The moisture response influences the density contrast 
throughout the atmosphere. In the moist thermal wind relation it is decomposed into the 
moist-get-moister response near the surface (horizontal contrast) and upper atmosphere 
responses through changes in the dry entropy contrast and moist adiabatic adjustment 
that release latent heat (see equation 2). 

The simulations we presented contrasted the impacts of changes in the boundary 
conditions: sea surface temperature warming vs Arctic sea ice loss. In particular, the 
AMIP and AQUA simulations involve + 4K sea surface temperature warming boundary 
condition with no sea ice loss and no significant Arctic Amplification. In that case the 
warmed sea surface temperature leads to increased upper level waviness but small 
change in mid-level waviness (see AMIP and AQUA in Fig. 3a and 5a). 

The Arctic sea ice loss boundary condition simulations show that Arctic sea ice 
loss induces a weakening of mid and upper level waviness in the Northern Hemisphere 
(see NHice in Fig. 3a and 5a).  

These results show that upper level waviness is dominated by the effect of 
moisture driven by the warming of the sea surface temperature boundary condition 
whereas the mid level waviness change is dominated by the effect of the Arctic sea ice 
loss boundary condition. We added a discussion of this point to the revised manuscript 
(see lines 334-335). 

the authors whether their new results are a potential gamechanger for the debate on 
connections between waviness and extreme weather or inconsequential. 
  
Thank you for your feedback. We revised the manuscript to discuss the implications of 
the results. Indeed the tug of war on vertical waviness changes would imply mooted 
changes in surface weather in the Northern Hemisphere for those extremes that depend 
on vertically-integrated advection. Whereas the impact would be larger without the tug of 
war, for example in the Southern Hemisphere. We also did some additional analysis and 
found that the response of fast upper-level meridional wind under climate change is 
correlated with precipitation extremes in the Southern Hemisphere extratropics but not in 
the Northern Hemisphere consistent with the expectations above (Fig. R1 below). 
However we would prefer to report this in a separate paper. 
 
We also added text to acknowledge that many factors affect extreme weather at the 
surface, including local (land surface, boundary layer wind, surface radiation etc) and 
non local (wind above boundary layer, radiation in the free atmosphere, clouds) factors. 
For extremes dominated by non-local factors such as winds above the boundary layer 
then the impact of changes in circulation extremes aloft would be through vertically-
integrated meridional advection. When the meridional winds exhibit opposing behavior in 
the vertical (baroclinic vertical structure) the vertically integrated meridional advection 
would potentially be smaller than when the meridional wind is more similar in the vertical 
(close to barotropic vertical structure) above the boundary layer. The opposing 
responses of upper- and mid-level waviness under climate change in the Northern 
Hemisphere suggest the impact of waviness changes at the surface may be mooted there 
whereas the impacts may be stronger in the Southern Hemisphere. Further work is 
needed to understand the net impact of waviness changes on surface extremes across 
other regions and seasons. We discuss these points in the revised manuscript (see lines 
362-374). 
 

(a) (b)  
Figure R1: Response (ssp5-8.5 2080-2100 minus historical 1980-2000) of 99th percentile 
precipitation versus 99th or 1st percentile of 250 hPa meridional wind for the 
extratropical (45-90 degrees) (a) Southern and (b)Northern Hemispheres for individual 
coupled models. Correlation coefficient is (a) R = 0.76 and (b) R = 0.08. 
 



Dear Professor Shaw, 

Your manuscript titled "Fast-get-faster explains wavier upper-level jet stream under climate change" has now been seen by
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REVIEWERS' COMMENTS: 

Reviewer #1 (Remarks to the Author): 

I feel that the paper has been significantly improved and is now ready for publication as is. 

Reviewer #2 (Remarks to the Author): 

The ‘wavy-gets-wavier’ moniker feels a bit of a gimmick to me. As already noted, I don’t think 
waviness is right framing. I feel ‘fast-gets-faster’ is better and arguably, the results presented 
here are just an extension of the ‘fast-gets-faster’ response introduced by some of the same 
authors in a previous paper. The author themselves note the fast-gets-faster should apply in the 
north-south direction too. 
  
The reviewer is correct that ultimately there is a broader concept at play here which is 
the extreme get more extreme behavior that follows from the multiplicative increase of 
CC. Following the reviewer’s suggestion we revised the manuscript to focus on 
investigating the implication of the fast-get-faster mechanism for meridional wind. We 
revised the introduction (see lines 36-64) and changed the title to “Fast-get-faster 
explains wavier upper-level jet stream under climate change”. 
  
The projected decrease in mid-tropospheric ‘waviness’ in the Northern Hemisphere, which is 
suggested to be sensitive to Arctic amplification is contrary to the well-known assertions in the 
Francis and Vavrus papers. The submission is, perhaps deliberately, quite loose in its 
description of conflicting past results. But given the prominence of the Francis and Vavrus 
hypothesis, I think it is necessary to make a clearer (more direct) statement about how these 
results support, or not, the Francis and Vavrus hypothesis. Again, this suggestion is in the spirit 
of a narrative that adds clarity to the debate.  
  
In the submitted manuscript we discussed the comparison with the previous hypothesis 
of increased mid-level waviness due to Arctic climate change. We expanded this 
discussion to include references to the robustness of the mid-level waviness weakening 
across different metrics (meridional wind distribution, MCI, sinuosity and LWA) (see lines 
65-75). We also now specifically state that our results do not support the hypothesis that 
Arctic Sea ice loss and Arctic Amplification lead to increased waviness (see lines 342-
345). 
  
 



Dear Editor, 

The manuscript has been updated significantly to improve following reviewers' suggestions. Especially, they focus on the
mechanism, the main topic in this research, instead of comparing it with others without significant implications. The study
aims to reveal fundamental aspects of large-scale atmospheric dynamics, not judging who is right or what is more important.
I think the current version of the manuscript suggests a balance in their analyses and discussions. 
The influence of global warming can have various perspectives that simple and linear statistics cannot reveal. This should
be approached and studied by many methods and their combinations. Furthermore, the impact of a certain process might be
understood through internal dynamics and thermodynamics. There are numerous research simply focusing on the linear
sensitivity or teleconnection via wave propagation to determine whether a certain factor is more influential than others. This
could reflect a small portion of influence. I hope to focus more on fundamental processes and their mechanisms to find out
how global warming could change our climate and weather. 
This research seems to take the right path to suggest a deeper understanding of a fundamental process. I have no objection
to publish this paper. 

Reviewer #3 (Remarks to the Author): 

I thank the authors for their clear and diligent responses to my previous review comments. 

My concerns have been satisfactorily addressed. I think the revised manuscript provides a clearer narrative; the approach is
better justified; the results are presented in a more balanced way; and their implications have been discussed in greater
depth. 

I enjoyed reading the paper and I think it will be a valuable addition to the literature on this topic. I recommend publication. 

** Visit Nature Research's author and referees' website at <a
href="http://www.nature.com/authors">www.nature.com/authors</a> for information about policies, services and author
benefits**
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