Reviewer response for manuscript WCD-2021-75 ‘Future changes in
the extratropical storm tracks and cyclone intensity, wind speed, and
structure’ by Matthew Priestley and Jennifer Catto

Reviewer 1

General comments:

This manuscript presents an extended analysis of the changes in the intensity of extratropical
cyclones applying different metrics in a warming climate using the CMIP6 models. Low,
middle and upper wind speeds associated with the extreme cyclones are also investigated.

The highlight of the present study is the vast number of climate models and scenarios. The
results confirm with high robustness what previous studies have been hypothesized using
idealized models. The frequency of extreme cyclones will increase (except summer in NH)
and produce a broad footprint with stronger winds near the surface over the warm region for
most of the seasons and hemispheres.

| find the present manuscript well-written, the analysis consistent and the topic of interest to
the community of WCD. Therefore, the manuscript should be published. Minor issues have
been found that need to be addressed before the manuscript can be published. My detailed
comments are found below.

We thank the reviewer for their kind comments regarding our manuscript. We have
addressed all the comments below and noted any changes in the manuscript. We appreciate
the comments to include calculations on the cyclone propagation speed as this has improved
our analysis and provides clearer results.

Specific comments:

1) You mentioned that changes in the meridional component play an essential role in the
wind response at the upper level. Still, it is not possible to identify it in your figures. Would it
be possible to add arrows to your wind anomaly composites? Or maybe show changes in the
v-component?

We have added the meridional component of the wind (Fig. R1 below) to the supplement of
the paper. In this figure you can see the increased strength of the southerly meridional
component of the wind near the cyclone centre in DJF, and vice versa in JJA. There is also the
strengthening of the northerly meridional wind in the southeast of the composite region in
DJF, with a weakening in JJA. This is where we see stronger winds in the full composite. As
this is the region where winds are turning, the stronger meridional component in DJF
indicates that this turning is stronger. We have updated our discussion of this in the main text
and included the figure in the supplement (Fig. S6).
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Figure R1. Composites of meridional wind speeds (v) at 850 hPa associated with extreme
cyclones in (a—e) DJF and (f—j) JIA in the NH. Composites are shown for the CMIP6 historical
average (a,f) and biases for the SSP1-26 (b,q), SSP2-45 (c,h), SSP3-70 (d,i), and SSP5-85 (e,j)
scenarios for the 2080-2100 period. Stippling indicates 80% model consensus on the sign of
the bias and hatching shows where the model mean is larger than the model variance. Units

arem s

2) Differences have been found between the system relative and earth relative composites,
which means that the storms will travel faster in NH DJF. Do you know if the increase in the
storm's speed is the same at the three different levels? | wonder if the cyclone will tend to tilt
as the climate warmes.

As we only track the cyclone at 850 hPa we are unable to provide any information as to how
cyclone tilt will be changing in the future. Our composites at 500 and 250 hPa use the same
latitude and longitude points as at 850 hPa for the cyclone centre. We have clarified this in
the methods section of the manuscript.

3) Why will the speed of the cyclone in summer decrease while in winter it will increase in
the NH? Can you explain a bit more?

In previous studies the speed of cyclones has often been linked to changes in the overall
baroclinicity, which would in turn affect vertical wind shear and speed through the thermal
wind relationship. Baroclinicity (as measured by Eady growth rate) has a tendency to
decrease in the summer and increase in the winter in the NH, whereas in the SH it increases
in both seasons (Lehmann et al., 2014). For lower levels of the troposphere, the enhanced
high latitude warming in the NH is to have a larger effect on reducing baroclinicity than in the
SH (Chang, 2018; O’Gorman, 2010). For our analysis on the propagation speed we have
added new analysis to this manuscript. We calculated the propagation speed from the
composites (Fig. R2). We also calculated propagation speeds directly from the tracks and
found similar results. Based upon the composite calculation of propagation speed we find
that cyclone speeds (at the time of peak intensity) increase in the SH for both seasons. Yet in
the NH speeds do not change in NH DJF and decrease in NH JJA. For all seasons the changes
to propagation speeds are very small and less than 1 m s on average. These findings are



consistent with the papers referenced above on baroclinicity changes and our hypotheses in
the initial manuscript. However, in NH DJF we do not see the expected increase in
propagation speed. This seems to be due to large variations in each model’s estimation of the
speed change and both increases and decreases being predicted.
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Figure R2. Boxplots of cyclone propagation speed in the direction of motion as calculated from
the seasonal mean composites. Boxplots are shown for (a) NH DJF, (b) NH JIA, (c) SH DJF, and
(d) SH JJA for the historical (black), SSP1-26 (red), SSP2-45 (blue), SSP3-70 (green), and SSP5-
85 (purple) experiments. The evaluated periods are 1979-2014 for the historical simulation
and 2080-2099 for the different SSPs. The yellow lines in the boxes are the median, and the
boxes extend to the 25th/75th percentiles. Whiskers extend to the 1.5 times the inter-quartile
range (IQR). Notches on the boxes represent the 5-95% confidence range on the median from
1000 bootstrap re-samples. Speeds are calculated at the time of maximum cyclone intensity.
Units are m s



4) Line 283 “The reduction in wind speeds surrounding the core of the cyclone are likely a
result of the reduced cyclone pressure gradient (not shown).” - A reduction in wind speed is
related to a weaker pressure gradient, just by balance, but why will the cyclone pressure
gradient be weaker? Do you have an explanation?

We previously created composites of mean sea level pressure (MSLP) to examine how the
surface cyclone was changing (Fig. R3). It can be seen in JJA in the NH how the centre of the
cyclone increases in MISLP in the future, yet the region 5-15° from the cyclone centre has a
pressure decrease. Therefore, the winds within 10° of the cyclone centre are in a weaker
pressure gradient and this is likely to contribute significantly to the weakening of the near-
surface winds. The reason for the changes in pressure at the cyclone centre are likely due to
reduced baroclinicity, and less available energy for the cyclones, whereas the decrease away
from the centre may be due to changes in the large-scale pattern. In DJF the stronger
pressure gradient is likely due to the intensification of the cyclone, which is thought to be
related to moist processes in winter (Bleler and Pfahl, 2019), and also a change in the large-
scale pattern, possibly associated with a poleward shift. Furthermore, as the change in the
large-scale pattern is often dependent on each models background state, it can be hard to
get robust results from the MSLP composite. Therefore, due to further questions being posed
by the inclusion of this figure we elected to not include it in the final manuscript.
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Figure R3. Composites of mean sea level pressure in the NH for (a—e) DJF and (f—j) JJA.
Shown are (a,f) CMIP6 multi-model mean for 1979-2014, and responses for the 2080-2100
period fo (b,g) SSP1-26, (c,h) SSP2-45), (d,i) SSP3-70), and (e,j) SSP5-85). Stippling indicates
where 80% of the models agree on the sign of the change and hatching shows where the
model mean change is larger than the historical standard deviation. Units are hPa.

5) “Figure 11 shows timeseries of the winter and summer seasons in the NH and SH for the
area of the cyclone composite above a fixed threshold of 17 m/s”. - Why did you choose the
threshold of 17 m/s?

17 m s* was chosen as this encapsulates the peak of the composite footprint in NH DJF (Fig.
R4). Variable threshold were chosen to reflect the different cyclone intensities in Fig. 10



(initial manuscript). However, for Fig. 11 we believe it was better to use a consistent
threshold across all seasons. We have updated in the manuscript how these thresholds were
chosen.
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Figure R4. Composite wind speed in NH DJF at 850 hPa. The thick black contour indicates the
region of wind speeds above 17 m s™. Units are m s™.

Technical corrections:

- Can you define SSP and CMIP6? It is easier to read for people who are not familiar with
these terms.

We have changed the manuscript to now define CMIP6 in the first paragraph of the
introduction and SSP in the methods section.

- Line 283 “The reduction in wind speeds surrounding the core of the cyclone are likely a
result of the reduced cyclone pressure gradient (not shown).” Can you show it? is it possible
to plot SLP or geopotential height? - “is” instead of “are”

In reference to the reviewer’s major point number 4 above. We elect to not show the MSLP
composites due to the large-scale influence on the composites.

- Line 287 “This further weakening suggests that (as with the strengthening in the same
location in NH DJF) that there are changes in cyclone speed, and therefore a slowing down of
cyclones in NH JJA in the future” - “that” appears twice

We have removed the second instance of the word ‘that’.



-Line 503 “are absent or smaller in magnitude that the EXT cyclones” - “than” instead of
”that”
We have changed this sentence to ‘than’.

-Line 497 “... from the cyclone centre (Fig. 13c,f)...” - Fig. 14c,f ?
The figure reference has been corrected and updated to Fig. 14(c,f).

-Supplement: Figure S3. Composites of cyclone wind speeds at 850 hPa... - is it at 500 hPa?
This is correct and has been changed in the supplement.
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Reviewer 2

| have reviewed the current manuscript by Matthew D. K. Priestley and Jennifer L. Catto. In
this study the authors investigate cyclone-centered composites in an ensemble of 9 CMIP6
simulations, with 4 different climate change scenarios. They investigate changes in cyclone
numbers and intensity using different measures, such as changes in maximum vorticity and
wind speeds, in summer and winter seasons in both hemispheres. Overall, this is a well-
written paper that presents a thorough analysis of future cyclone-related changes. While the
results mainly recover previous results from CMIP5 models, it is still important to investigate
these changes in the updated CMIP6 data. | therefore think the paper is suitable for
publication, after some minor revision.

We thank the reviewer for their comments which have helped us substantially improve this
manuscript. We have provided comments to each of their points below with particular focus
on new analysis on changes in cyclone intensity and the upper-level divergence. Both these
new figures are now present in the revised manuscript and have contributed significantly to
our findings.

Comments:

- You suggest that the decrease in the number of cyclones can be understood through the
reduced lower tropospheric baroclinicity that is a result of Polar Amplification with global
warming. However, if this is true, then why do the number of extreme cyclones increases? If
baroclinicity is reduced | would expect the number of extreme cyclones to decrease as well.
Also, why is the summer response in the NH different? Polar Amplification also occurs in
summer in the NH.

There are decreases in baroclinicity at the surface in both NH winter and summer. Despite
this, eddy kinetic energy (EKE) does not decrease in winter due to the increase in upper
tropospheric temperature gradient (Lehmann et al., 2014). This difference in overall
baroclinicity (minimal change in DJF, decrease in JJA) is part of the reason, however the
stronger contributor is likely due to the stronger role of moist processes in the NH winter
instead of NH summer. Changes in extremes are often variable dependent of the and both
increases and decreases in the number of extreme cyclones have been found (e.g. Chang,
2018; Bengtsson et al., 2009; Zappa et al., 2013; Grieger et al., 2014), which is often
dependent on the model used and the area investigated (e.g. Michaelis et al., 2017; Zappa et
al., 2013). There have been several idealized studies that have found increases in the
strength of the most extreme cyclones (Pfahl et al., 2015; Bleler and Pfahl, 2019; Sinclair et
al., 2020). In both these studies it was found that intense cyclones featured stronger lower
level potential vorticity (PV) as a result of stronger diabatic processes and an increase in total
column water vapour, which likely overrides the decrease in lower-tropospheric baroclinicity.
The increase in temperature and therefore moisture content is likely driving this increase in
extremes in the future climates. This has also recently been discussed by Dolores-Tesillos et
al. (2021) in a coupled GCM, with similar findings of increases of low-level PV in extreme
cyclones, driving the changes in intensity. We discuss all these factors in more detail in the
revised manuscript in both the results and discussion.

- Lines 201-202: "Furthermore, the amplification of polar temperature in the NH is not
projected to be as large in the SH (Fan et al., 2020), further maintaining the mid-latitude



baroclinicity.” - | don’t understand this sentence. The polar amplification is largest in the NH,
not in the SH.

The reviewer is correct. This is a typo in the manuscript and the NH and SH should be
reversed. The increase in polar temperature is not as large in the SH, maintaining the
baroclinicity more.

- For the intensity calculations that are based on vorticity, you can consider taking the total
vorticity (and not the deviation from the large scale flow), to see if results are robust perhaps
some of the changes are associated with changes in the large scale flow?).

We use the filtered vorticity for both cyclone identification and tracking. This ensures that all
model data is equivalent and we do not get varying values due to the various input
resolutions of our model data. Therefore, at no point do we utilise the full vorticity field in
any of our analysis. We choose to use the filtered vorticity to eliminate these differences and
it ensures that as cyclones move to various latitudes/backgrounds that this does not
influence the resultant intensity value. As can be seen in the composite change of MSLP in
DJF (Fig Rla—e) there is a strengthening of the pressure gradient across the composite
region which is likely associated with the changing latitude of cyclones (this is even more
pronounced in the SH). It is likely that a similar artefact would be introduced through
analysing the total vorticity. As we have used a number of different measures of intensity,
including the filtered vorticity, MSLP, and different wind metrics in the paper, and feel that
this gives enough breadth to the analysis without adding the absolute vorticity.

- Lines 275-276: “This increased speed, coupled with a strengthening of system wind speeds,
may lead to increased wind impacts.” Actually, the impact can be smaller if they move faster-
it means that the duration or persistence of the storms decreases.

We agree with the reviewers statement, although this would depend on the balance
between the changing propagation speed and the intensity. However, as our new analysis
indicates that the cyclones in NH DJF are not changing speed, we have edited this statement
to reflect the fact that a consistent speed (relative to historical values) would likely result in
higher wind damages.

- Your claims about the increase/decrease in propagation speeds- you can calculate these
directly from the statistics part of the tracking algorithm, for the mean speed of the cyclones.
Based on this comment and that of reviewer 1 we evaluated several ways to analyse the
cyclone speed. The way that you suggest in using the statistics from the tracking algorithm is
one method, however this does not differentiate cyclones at different parts of their lifecycle
and would therefore not reflect the state of the cyclones analysed in our composites, which
are at the time of maximum intensity. The second is to calculate the speed from the tracks
and using the locations 6 hours before and after the time of maximum intensity to calculate
an average speed, and the third is to use the composites and calculate the speed via the
difference in the earth relative and system relative components. Using the second and thir
methods we obtained consistent results and therefore elected to calculate speeds based on
the composites to be consistent with the rest of our analysis. We have included this figure in
a response to reviewer 1 (Fig. R2) and in the main text of the paper. We find no change to
propagation speed in NH DJF, a decrease in NH JJA, and an increase in both seasons in the
SH. For NH JJA and in the SH the changes are associated with the changes in large-scale
baroclinicity and we discuss this in the manuscript (see also Kornhuber and Tamarin-Brodsky,



2021; O’Gorman, 2010, Chang, 2018). In the NH DJF the picture is less clear as there is a
decrease in low-level baroclinicity, but increase at upper-level, with the two likely cancelling
each other out (unlike in the SH where the decrease in low-level baroclinicity is markedly
weaker). Furthermore, assessment of each models change in speed reveals that for NH DJF
the variation is very large, indicating considerable model uncertainty as to the change in
propagation speed. This is likely due to the competing factors discussed above. The inclusion
of this figure has strengthened the findings of our manuscript and is discussed in detail.

- The suggested slowing of the cyclones in JJA is consistent with K. Kornhuber and T. Tamarin-
Brodsky 2021 (“Future Changes in Northern Hemisphere Summer Weather Persistence
Linked to Projected Arctic Warming”) and other studies suggesting a slow-down of the
midlatitude circulation during NH summer, and could be a result of the poleward shift of the
large-scale jet.

We that the reviewer for this comment and agree. Our new analysis has indicated that
cyclones are slowing down in the NH summer (Fig. R2). We have updated our discussion in
the manuscript to reflect this new analysis and to also discuss more how the large-scale
baroclinicity is likely impacting the propagation speed. This is discussed in O’Gorman (2010),
Chang (2018), Kornhuber and Tamarin-Brodsky (2021).

- The suggested argument about the strengthening of upward vertical velocities and
weakening of downward motions is consistent with the findings of O’Gorman et al. 2018
(“Increase in the skewness of extratropical vertical velocities with climate warming: Fully
nonlinear simulations versus moist baroclinic instability”) for idealized GCMs, and with
T.Tamarin-Brodsky and O. Hadas 2019 (“The Asymmetry of Vertical Velocity in Current and
Future Climate”), for cyclones and anticyclones in a comprehensive CMIP5 model. It is related
to the increase in dry static stability (influencing the downward motions) vs. the decrease in
the “reduced” or “effective” stability which decreases locally in updraft regions due to the
effect of moisture.

We thank the reviewer for this very helpful comment. Following this we have strengthened
our argument on the changes in vertical velocity by analysing the horizontal divergence at
250 hPa (Fig. R5). We see that in NH DJF divergence increases downstream and poleward of
the historical maximum, which is consistent with the findings of Sinclair et al. (2020). There
are very small changes associated with the maximum convergence, with a slight decrease
(increased convergence), which implies only small changes in the strength of the downward
motion. These results are therefore consistent with the studies of O’Gorman et al. (2018) and
Tamarin-Brodsky and Hadas (2019) and we have chosen to include this figure and the
relevant discussion in the revised manuscript. Furthermore, we see a weakening of the
divergence outflow of cyclones in NH JJA, indicating that the rate of ascent in these cyclones
is weakening. In the SH we see behaviour consistent with NH DJF.
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Figure R5. Composites of divergence at 250 hPa in the NH for (a—e) DJF and (f—j) JJA.
Composites are shown for the (a,f) historical period (1979-2014) and changes in the (b,qg)
SSP1-26, (c,h) SSP2-45, (d-i) SSP3-70), and (e,j) SSP5-85 experiments for the 2080-2099
period. Stippling indicates where 80% of the models agree on the sign of the change. Units are
st
- Line 460: “...and anticyclonic turning near/at the tropopause.”- where do you see this in the
figure?

This comment relates to major comment 1 by reviewer 1. We have included the figure of the
meridional component of the wind to highlight that there is a larger negative meridional
component of the wind in this SE sector of the composite region, indicating a stronger
turning. We have included this figure in the supplement and updated our text in the
manuscript.

- The section about the North Atlantic cyclones- | think you should compare, wherever
possible, your results to Dolores-Tesillos et a. 2021 (“Future changes in North Atlantic winter
cyclones in CESM-LENS. Part I: cyclone intensity, PV anomalies and horizontal wind speed")
who performed a similar analysis in a different set of simulations.

We thank the reviewer for pointing out the manuscript by Dolores-Tesillos et al. (2021),
which was submitted to the same journal just before our own. We have updated our
manuscript in numerous places to acknowledge and discuss their results in the context of our
own.

- “Alarge amount of the change in wind speed in the Earth relative framework appears to be
due to changes in the propagation speed of cyclones."—again, you can check this directly
from the statistics tool for the mean speeds of cyclones.

We have performed these calculations and included the figure above (Fig. R2) and in the
main text. We link this to changes in the large-scale baroclinicity in the discussion of the

paper.

- “...and instead variables that are less influenced by the large-scale atmospheric state, such
as winds or vorticity, are used."- I'm not sure how true it is that the wind field is a variable
which is less influenced by the large-scale atmospheric state..



In this statement we refer to those that may be mis-interpreted by the presence of the
background state. For example, MSLP as a measure of intensity is often skewed by the
presence of a dominant background pressure gradient. Winds, which may be higher because
of the large-scale field, are not artificially higher/lower and are directly related to impacts.
We have edited this statement to more accurately communicate this sentence.

- Figures in general: wherever possible, please make fonts and other marks larger.
Figures, fonts, and markers have been made larger throughout the main manuscript and the
supplement.

- Figure 11 caption: SSP5-95=SSP5-85.
We have corrected this typo.
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