Response to Reviewers - " The characteristics and structure of
extra-tropical cyclones in a warmer climate”

Victoria A. Sinclair, Mika Rantanen, Péivi Haapanala, Jouni Réisanen and Heikki Jarvinen

November 6, 2019

We thank the reviewer for their constructive comments on our submitted manuscript. We have copied
the comments of reviewer 1 in black here and include our response to each individual comment in blue.

Reviewer 1

This paper uses Lagrangian tracking to explore extratropical cyclones structure in an aquaplanet: for
an SST distribution that gives a global climate similar to present day and then a second time with
a 4K addition to all SST. The study finds that storms in the modeled warmer climate have a larger
contribution to the generation of their dynamical strength from processes associated latent heating.
This is a result that has been shown before, but not with this type of model. That being said, this
manuscript can still be judged to advance the field, because of the detailed analysis of the cyclone
circulation.Overall, I think the work is well written. I also think it could be improved if the placed
their results in the context of existing literature. I also have multiple minor recommendations that I
hope will be addressed.

1. Minor 1: I think the authors need discuss the signal-to-noise issue in greater detail. The signal
being the change in storms with warming, and the noise being interannual and intraseasonal
variability (as partially discussed in: Harvey et al. GRL 2012).

This is valid point concerning the signal to noise ratio. It should be noted that in these simula-
tions there is no seasonal variation (as we state in section 2.2) which removes some variability
in these simulations as does the use of fixed SSTs. Previously we had include the standard
deviation of the maximum 850-hPa vorticity, track duration and deepening rate in Table 1. We
have now added the standard deviation of genesis and lysis latitude and discuss these values in
relation to the absolute change in section 5. We also calculated the inter-annual variability in
the mean number of cyclone tracks per year, the mean maximum vorticity, genesis latitude and
lysis latitude and discuss these values in relation to the changes between CNTL and SST4 in
section 5.

To assess if the change in cyclone structure is large relative to the inter-annual variability (or
variability in cyclones within one experiment) is very difficult as we do not have enough cyclones
per year (~350) to create meaningful composites of the strongest 200 cyclones. We estimated the



variation within the composite cyclone in the CNTL and SST4 experiments by calculating the
standard deviation of variables at each spatial point in the composites (not shown). However,
the standard deviations are large primarily because the fronts are not in the same place in each
cyclone (even though we rotate the cyclones to minimise this issue) and thus this method is not
appropriate.

My sense is that a +4 SST warming represents something like how the mid-latitudes will look
in 150 years or so, but perhaps that is optimistic? From my eye-ball comparison of your zonal
mean changes, with that of Lu et al. 2008 (because I had it on hand, and I did not want to
page through the entire report that you cited — Collins et al. 2013) — it looks like your model
is warming in the troposphere by 2 - 3 more degrees than theirs. My point being, it would be
good to express some idea of what your models warming signal is akin to timing wise — rather
than just saying that the zonal mean changes look similar to the CMIP5 models. Or, another
way to express my comment is: what time horizon do you expect that we will be able to observe
changes like those shown in the paper? I think information like this would make the paper more
applicable.

This is a good point. In the 5th Assessment report summary for policy makers, it states ”The
global mean surface temperature change for the period 2016-2035 relative to 19862005 will
likely be in the range of 0.3°C to 0.7°C” therefore the changes in our model simulation are not
expected in the next 2 decades. However, the AR5 summary report also states that ”Increase of
global mean surface temperatures for 2081-2100 relative to 1986-2005 is projected to likely be
in the ranges derived from the concentration-driven CMIP5 model simulations, that is, 0.3°C to
1.7°C (RCP2.6), 1.1°C to 2.6°C (RCP4.5), 1.4°C to 3.1°C (RCP6.0), 2.6°C to 4.8°C (RCP8.5).”
Therefore, in the worst case scenario (RCP8.5), the increase in lower tropospheric temperatures
that we see (of order 4K) could be obtained by 2100. We have added relevant references and
discussion of this to section 4 and to the conclusions.

Also relevant: for some of the results, the signal you are finding is in the top 200 events. What do
things look like if you use a larger set? I think it is fine to report on the changes in the extremes,
but then in the discussion, or elsewhere, I would like you to contextualise this, in terms of your
analysis method. We did not look at a larger set of cyclones however we expected that for each
composite (e.g. CNTL and SST4) the cyclones would be weaker and less structure would be
evident as adding more (weaker) cyclones would add to the variability. We add text on this to
the conclusions section. We did consider composites of the median cyclones in both CNTL and
SST4 and figures of these are now included in the supporting material. The main conclusion is
that when the median cyclones are considered the increase in total column water vapour and
precipitation are much smaller in absolute terms compared to when the strongest 200 cyclones
are considered. Furthermore, the spatial changes to vertical velocity and precipitation are less
coherent and differ from what is found for the strongest 200 cyclones.

Lu, J., G. Chen, and D.M. Frierson, 2008: Response of the Zonal Mean Atmospheric Circulation
to El Nino versus Global Warming. J. Climate, 21, 5835-5851.

Harvey, B. J., Shaffrey, L. C., Woollings, T. J., Zappa, G., and Hodges, K. I. (2012), How
large are projected 21st century storm track changes?, Geophys. Res. Lett., 39,L.18707, doi:
10.1029/2012GL052873.



2. Minor 2: Things that might need to be mentioned in the conclusions, or considered for further
study: 1) With global warming projections, it seems likely that differential changes in land-sea
temperatures (or local cooling of SST in certain regions) will have important impacts on the dry
dynamical forcing of the cyclones. This cannot be captured with an aquaplanet. Thus, perhaps,
these results are mainly relevant to cyclones in the middle of the ocean. Which is fine, but it
needs to be mentioned.

We now include a comment about this in the conclusions section alongside the text where we
had already mentioned the limitation that an aqua-planet lacks polar amplification.

2) Climate models are known to have biases in the representation of clouds and precipitation
(raining too frequently at weak rain rates and not frequently enough at strong rates), however,
they capture the bulk impact of precipitation. So how confident are you in the model results,
especially those related to precipitation and vertical velocity.

We fully agree that coupled climate models have biases. However, we are using an atmospheric
only model with fixed SSTs, and with state-of-the-art microphysics and convection schemes
which hopefully limits the bias (although in an idealised simulation it is impossible to assess
any model bias). We compared our cyclone composites to those from reanalysis [Dacre et al.,
2012] and from satellite based observations and the structure and magnitude of both the vertical
velocity and precipitation fields agree quite well. We have added a point about this comparison
to the conclusions.

We do agree that our simulations were performed at similar resolution to which climate models
are run at (T159, 125 km grid spacing) and we think this coarse resolution is the main source
of model error and may results in broader precipitation areas. Jung et al. [2012] compared the
impact of the horizontal resolution (from T159 to T1279) of the IFS on precipitation and on
the number and location of extra-tropical cyclones. They find that increasing resolution from
T159 to T1279 increases average precipitation in the 20-90°N latitude band by 6% but that the
ratio of large-scale to convective precipitation does not change. Jung et al. [2012] also find that
the intensity of the most extreme extra-tropical cyclones is underestimated at T159 resolution
(compared to reanalysis at T255 resolution) and that number of extra-tropical cyclones increases
by 6% in winter when resolution is increased from T159 to T1279. Nevertheless, they ultimately
conclude that ”the influence of increased horizontal resolution in the extra-tropics on the mean
atmospheric circulation of the IF'S turns out to be relatively small”. We have added a discussion
about the likely impact of model resolution on our results to the conclusions.

Relevant to comment 2 and Section 6.5: One step you can take, to provide more context on your
model result relative to existing studies, is to examine the asymmetry (e.g., Tamarin-Brodsky
and Hadas, 2019, and citations therein), in the vertical motion in the model’s current climate
and SST+4K climate.

Tamarin-Brodsky T, Hadas O. The Asymmetry of Vertical Velocity in Current and Future
Climate. Geophys Res Lett. 2019 Jan 16;46(1):374-82.

This is a good suggestion and in response we now include an extra figure, one table and discussion
in a new section about how the asymmetry parameter varies between the control and SST4
experiments at different offset times.



3. Minor 3: Are you sure that you are not finding some tropical cyclones? Your procedure for

excluding them does not seem too robust. I know from experience with SLP trackers, that such
an approach would not exclude all tropical cyclones. Perhaps it is more straight forward with
relative vorticity trackers?
We have visually inspected each individual cyclone included in the composites (in total 400
storms) and none of these have characteristics of tropical cyclones. We considered plots of mean
sea level pressure and relative vorticity and frontal, asymmetric features were present in all cy-
clones.

It is harder to establish if we have excluded all tropical cyclones from the results presented in
Figure 4 and in Table 1. We considered various different filtering options to attempt to remove
tropical cyclones. In the manuscript we remove tracks which did not have at least one point north
of 20°N. The genesis and lysis points, coloured by the maximum vorticity of the track are shown
in Figure 1 in this response. The tracks which remain at tropical latitudes are weak cyclones and
therefore they are unlikely to be tropical cyclones. Another option we considered was to filter
based on genesis latitude but this is problematic as it removes systems which undergo extra-
tropical transition which we feel should be retained as they do become extra-tropical cyclones.
We also attempted filtering on genesis and lysis latitudes but this mainly removed weak cyclones
and did not change the results shown in Figure 4. Therefore, given this, and the subjective
nature of defining latitude thresholds (particularly given the tropics expands meridionally with
warming), we did not make any revisions to the manuscript on this point.
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Figure 1: Scatter plots showing genesis latitude versus lysis latitude for all tracks retained for Figure
4 and Table 1. Colour shading shows the maximum vorticity obtained along each track.

1 Line-by-line

1. Line 43: There are also studies of the cloud and precipitation structure taken from satellite
retrievals. Given that reanalysis is still reliant on a model for precipitation and cloud physics, I
think it is important to keep studies like these on people’s minds:



Naud, C. M., A. D. Del Genio, M. Bauer and W. Kovari, 2010: Cloud vertical distribution across
warm and cold fronts in CloudSat-CALIPSO data and a general circulation model. J. Climate,
23, 3397-3415.

Naud, C. M., J. F. Booth, Lebsock, M. and M Grecu, 2018: Observational Constraint for Precip-
itation in Extratropical Cyclones: sensitivity to data sources. Journal of Applied Meteorology
and Climatology, 57, 991-1009.

Thank you for the suggestion. We now include a few sentences in the introduction about extra-
tropical cyclone studies based on satellite data, including these two references and another paper
by Field and Wood (2007).

. Line 55: Some other highly relevant paper on this topic. These could be useful both in the
introduction and, perhaps, in the conclusions.

Champion AJ, Hodges KI, Bengtsson LO, Keenlyside NS, Esch M (2011) Impact of increasing
resolution and a warmer climate on extreme weather from Northern Hemisphere extratropical

cyclones. Tellus 63A:893-906

Yettella, V., and Kay, J. E. (2017). How will precipitation change in extratropical cyclones
as the planet warms? Insights from a large initial condition climate model ensemble. Climate
Dynamics, 49(5-6), 1765-1781.

Michaelis, A. C., Willison, J., Lackmann, G. M., and Robinson, W. A. (2017). Changes in
winter North Atlantic extratropical cyclones in high- resolution regional pseudo—global warming
simulations. Journal of Climate, 30(17), 6905-6925.

Thank you for these suggestions. We now include some in the introduction to motivate the work
and others in the conclusions to better put our study in context of recent studies.

. Line 185: Can you briefly discuss the level of agreement between the omega that you estimate
and that which is calculated by the model? I am curious to know how far off they are.

Yes, we had already calculated the correlation coefficients between the model calculated vertical
motion and the diagnosed vertical motion at each grid box and pressure level and averaged
over latitude bands to ensure our omega equation solver was reliable. We found that between
30-60°N the correlation coefficients were 0.84 at 700 hPa and exceeded 0.9 at 500 hPa. We have
added text about this to section 3.2

Related to this, in Section 365, are your discussing the model-produced omega or that which
you estimate from this equation?



In section 6.5 we first discuss the model vertical velocity (first two paragraphs), we then compare
the model and the calculated omega (third paragraph) before analysing the contributions for
the different terms. We have revised the first sentence of section 6.5 (line 365) to make it clear
that in this paragraph we discuss the model produced omega.

. Line 223: From the figure, it is difficult to see what is occurring for low-level baroclinicity (e.g.,
below 900 hPa), because of the contours. Is it getting stronger or weaker near the surface?
This is a good point and we agree that this is hard to see from the figures. We have added
an extra panel to Figure 2 showing the 950-hPa zonal mean temperature in both experiments
which shows that the temperature gradient in the mid-latitudes does not change notably with
warming. We also revised Figure 3 to hopefully make the low levels clearer and we also discuss
the low-level changes in more detail in the text.

. Line 225: Be careful in how about how you state this. I agree that stratospheric baroclinicity
is likely to have a small role. But near the tropopause things are less clear, see for instance:
Yuval, J. and Y. Kaspi, 2016: Eddy Activity Sensitivity to Changes in the Vertical Structure of
Baroclinicity. J. Atmos. Sci., 73, 1709-1726

Thanks for point this out. We have slightly revised this sentence.

. Line 270: This latitude shift is going to have a big impact on the precipitation (e.g.,Booth et
al.2018).

Yes we agree and this can be seen in Figure 2a which shows the peak in mid-latitude precipitation
moves polewards

It seems a bit confusing that the storm track as a whole shifts polewards, but the strongest
events initialize closer to the equator. This likely relates to the added role of moisture in driving
the strength?

Firstly, we think there may have been some confusion as to what was being compared here as the
text was not very clear and as such we have revised this paragraph. Secondly, Figure 1 included
in this response can help clarify this point. Figure 1 shows that there are lots of generally weak
extra-tropical cyclones that develop poleward of 60°N which result in the mean genesis latitude
of all storms being more poleward than when the 200 strongest storms are considered. The fact
that the strongest storms form more equatorward is potentially due to more moisture but is also
likely due to that fact that these storms develop and track through regions of large Eady growth
rate and baroclinicity which storms forming north of 60°N do not do.

Booth, J. F., Naud, C. M., and J. Jeyaratnam, 2018: Extratropical cyclone precipitation lifecy-
cles: A satellite-based analysis. Geophysical Research Letters, 45, 8647-8654.

. Line 501: Tierney et al. (2018) also documented this shift. My question: can you speculate on
what impact this for people, either on the hazards created by the cyclones or the interactions
between the cyclone mid-level and upper-level circulation. Can we speculate that in a warmer
world the storms mid-level disconnects from the upper-level- which could have a big impact on
storm behavior? Isn’t this what Tierney et al. and Kirshbaum et al find with their baroclinic
wave studies? Or are is this change in the structure of the cyclones in warming simulations just a



curiosity that is of interest to the dynamics community? I think it is the former, but things like
this should be stated and discussed a bit so if you want the paper to reach outside the cyclones
community.

We now add that Tierney et al also find this shift in the position of the low-level anomaly relative
to the upper level anomaly. We want to avoid too much speculation in the paper, however, we
think that there is now a reasonable amount of evidence to suggest that in a warmer world the
low-level and upper-level PV anomalies of extra-tropical cyclones would interact less / become
detached which could change the structure of the storms. This is a topic we plan to investigate
more in future work.

References

H. F. Dacre, M. K. Hawcroft, M. A. Stringer, and K. I. Hodges. An extratropical cyclone atlas: A
tool for illustrating cyclone structure and evolution characteristics. Bull. Amer. Meteor. Soc., 93
(10):1497-1502, 2012.

T. Jung, M. J. Miller, T. N. Palmer, P. Towers, N. Wedi, D. Achuthavarier, J. M. Adams, E. L.
Altshuler, B. A. Cash, Kinter 1., et al. High-resolution global climate simulations with the ECMWF
model in Project Athena: FExperimental design, model climate, and seasonal forecast skill. J.
Climate, 25(9):3155-3172, 2012.
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We thank the reviewer for their constructive comments on our submitted manuscript. We have copied
the comments of reviewer 2 in black here and include our response to each individual comment in blue.

Reviewer 2

This is a very nice study looking at aquaplanet model simulations with a complex model. This
provides a step in the model hierarchy between fully complex models (e.g. the CMIP models) and the
very idealised models such as a baroclinic channel models. By using a Lagrangian feature tracking
algorithm and looking at the lifecycles of extratropical cyclones, the authors have investigated the
changing intensity and structure of the 200 most intense cyclones. The paper is well-written and the
figures are very clear. I have a few minor comments and suggestions to make.

1. Line 208: The CMIP5 model projections are not shown here so it would be good to refer to a
paper that shows these. We have added a reference here and also put the temperature change
obtained in our experiments in context of predictions from CMIP5

2. Line 213: Is the poleward change of 2.2 degrees significant? This is much smaller than the shift
in the jet. The maximum in the zonal mean precipitation moves 2.2 degrees polewards whereas
the eddy driven jet (taken as the zonal mean zonal wind speed at 700 hPa) moves from 37.6N
to 40.9N, a poleward shift of 3.3 degrees, therefore, we do not think the jet shift is much smaller
than the shift in the maximum precipitation, especially given the model resolution this equates
to one more grid point.

3. Line 219: Is there an explanation for the much lower average MSLP? Is this an issue with
OpenlFS or something to do with the aquaplanet set up? This is an artefact of how we created
the initial conditions for the aqua-planet which we explain in sections 2.2. We have revised this
sentence to clarify this issue.

4. Lines 317-321: It would be good to see figures for the changes in the wind speeds. Both here and
in the precipitation section, I think a useful addition would be some analysis of the footprints of
the most intense winds and precipitation and how this changes. These footprints were considered
in the Tierney et al 2018 and Pfahl et al 2015 papers. We now include a figure showing the



900-hPa wind speeds in CNTL and the response to warming which we previously discussed in
section 6.2. The text about wind speeds has been expanded and moved to its own subsection.

5. Line 350: I think this sentence should be reworded slightly — it seems that what is consistent is
that the condensation from the precipitation gives more latent heating and stronger PV anomaly
(rather than the latent heating leading to more precipitation). We have revised this sentence.

6. Line 357: It would be good to make it clearer here and elsewhere in the paragraph when it is
referring to changes in the SST4 experiment. Good point. We have revised this section to be
clearer.

7. Line 376-377: I think it might be good to say the warm conveyor belts are further poleward
relative to the propagation direction rather than the cyclone centre since the cyclones have been
rotated for compositing. The rotation means that all cyclones in the composites are propagating
due east which means that in the composite mean image the propagation vector is at the same
point (in the meridional direction) as the cyclone centre. As we are discussing the rotated
composite mean we have not changed this.

8. Line 416: I think the wrong figure panel is referenced here — it should be 10d.
Thank you, this was a mistake and we have now corrected it.

9. Section 7: It would be nice to see greater discussion of this study in the context of previous
literature. For example, how do these results compare with, e.g. Pfahl etal 2015, Tierney et
al 2018. Are there any other papers that analyse the structure of extratropical cyclones in the
future? Two that I can think of are Yettella and Kay 2017 and Michaelis et al 2017. We have
now expanded the conclusions section to include more discussion and comparison to previous
studies and reference both of these suggested papers.

10. Section 7: Also, are there any caveats with the study — would the results change if you looked
at the 500 most intense storms or the medium intensity storms? There are certainly caveats
associated with this study, which we have added discussion about to the conclusions. We also
now include the results of how the median cyclones change with warming in supplementary
material.

References:
Yettella V, Kay JE. How will precipitation change in extratropical cyclonesas the planet warms? In-
sights from a large initial condition climate model ensemble.Clim Dyn. 2017;49(5-6):1765-81.

Michaelis AC, Willison J, Lackmann GM, Robinson WA. Changes in Winter North Atlantic Extra-
tropical Cyclones in High-Resolution Regional Pseudo-Global Warming Simulations. J Clim. 2017
Jun 6;30(17):6905-25.
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We thank the editor for their comments on our submitted manuscript. We have copied the comments
in black here and include our response to each individual comment in blue.

Editor’s minor comment

1. Figure 6 shows the difference between SST4 and CNTL for the 900-700 hPa layer mean potential
vorticity. There are two maxima, for example in Fig.6¢ (t=0), the first near the occlusion point
(in the northeast sector of the cyclone) and the second near the bent-back front (close to the
composite center, corresponding to the vorticity maximum identified by the tracking). However,
the corresponding equivalent for precipitation, Fig. 8g (t=0), shows only one maxima, which
is in the north-eastern sector of the cyclone. This suggests, that the potential vorticity seen
in Fig.6c in the north-eastern sector of the cyclone is formed by enhanced diabatic processes,
while the second potential vorticity anomaly near the bent-back front is resulting from enhanced
advection. This difference could be explained by the linkage between the cold and the warm
conveyor belts. The positive potential vorticity anomaly, which is diabatically generated in the
air below the rising warm conveyor belt, is advected by the cold conveyor along the bent-back
front, where it contributes to the enhanced potential vorticity gradients (corresponding to higher
wind speed near the tail of the bent-back front of the cyclone). When the linkage is accelerated,
the first low-level potential vorticity maximum is explained by enhanced diabatic processes and
the second by accelerated advection by the cold conveyor belt, resulting in only one maxima in
the precipitation pattern but two in the potential vorticity pattern, which is in agreement with
the here presented composites (Fig.6 and Fig.8). The linkage between the conveyor belts has
been described in an idealized setting in Schemm and Wernli (2014) and is summarised in their
Figure 9.

Schemm, S. and H. Wernli, 2014: The Linkage between the Warm and the Cold Conveyor
Belts in an Idealized Extratropical Cyclone. J. Atmos. Sci., 71, 1443-1459, https://doi.
org/10.1175/JAS-D-13-0177.1 (A video that helps to illuminate the linkage is provided at
https://journals.ametsoc.org/doi/suppl/10.1175/JAS-D-13-0177.1)



Thank you for sharing this insight with us. This does appear to be a plausible explanation
but without performing Lagrangian diagnostics we cannot prove that this is certainly the case.
However, we have added a comment about this potential mechanism to section 6.5 of the revised
manuscript.

. A couple of suggested additional literature that seems to be in agreement with the findings of
the submitted manuscript. Regarding the changes eddy intensity:

Paul A. O’Gorman 2010: Understanding the varied response of the extratropical storm tracks
to climate change. Proceedings of the National Academy of Sciences Nov 2010, 107 (45) 19176-
19180; DOI: 10.1073/pnas.1011547107

O’Gorman, P.A. and T. Schneider, 2008: FEnergy of Midlatitude Transient Eddies in Ideal-
ized Simulations of Changed Climates. J. Climate, 21, 5797-5806, https://doi.org/10.1175/
2008JCLI2099.1

And in agreement with the fact that the large-scale eddies appear to stabilize the tropopshere
in a warmer climate:

Korty, R.L. and T. Schneider, 2007: A Climatology of the Tropospheric Thermal Stratification
Using Saturation Potential Vorticity. J. Climate, 20, 5977-5991, https://doi.org/10.1175/
2007JCLI1788.1.

Thanks for these suggestions. We did not include these as these are studies considering the
whole atmosphere in an Eulerian framework, rather than in a cyclone relative framework which
makes direct comparisons difficult. However, based on the reviewers comments we have added
an extra section on the asymmetry of vertical motion to help link to earlier work and we now
also compared our results to a wider range of relevant studies in the conclusions.
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Abstract. Little is known about how the structure of extra-tropical cyclones will change in the future. In this study aquaplanet
simulations are performed with a full complexity atmospheric model. These experiments can be considered as an intermediate
step towards increasing knowledge of how, and why, extra-tropical cyclones respond to warming. A control simulation and a
warm simulation in which the sea surface temperatures are increased uniformly by 4 K are run for 11 years. Extra-tropical
cyclones are tracked, cyclone composites created, and the omega equation applied to assess causes of changes in vertical
motion. Warming leads to a 3.3% decrease in the number of extra-tropical cyclones, no change to the median intensity nor
life time of extra-tropical cyclones, but to a broadening of the intensity distribution resulting in both more stronger and more
weaker storms. Composites of the strongest extra-tropical cyclones show that total column water vapour increases everywhere
relative to the cyclone centre and that precipitation increases by up to 50% with the 4 K warming. The spatial structure
of the composite cyclone changes with warming: the 900-700-hPa layer averaged potential vorticity, 700-hPa ascent and
precipitation maximums associated with the warm front all move polewards and downstream and the area of ascent expands
in the downstream direction. Increases in ascent forced by diabatic heating and thermal advection are responsible for the
displacement whereas increases in ascent due to vorticity advection lead to the downstream expansion. Finally, maximum
values of ascent due to vorticity advection and thermal advection weaken slightly with warming whereas those attributed to

diabatic heating increase. Thus, cyclones in warmer climates are more diabatically driven.

1 Introduction

Extra-tropical cyclones (also referred to as mid-latitude cyclones) are a fundamental part of the atmospheric circulation in the
mid-latitudes due to their ability to transport large amounts of heat, moisture and momentum. Climatologically, extra-tropical
cyclones are responsible for most of the precipitation in the mid-latitudes with over 70% of precipitation in large parts of
Europe and North America due to the passage of an extra-tropical cyclone (Hawcroft et al., 2012). Extra-tropical cyclones are
also the primary cause for mid-latitude weather variability and can lead to strong winds. For example, a severe extra-tropical
cyclone Kyrill moved over large parts of Northern Europe in 2007, bringing strong winds that results in 43 deaths and 6.7bn
US dollars of insured damages (Fink et al., 2009). Intense extra-tropical cyclones can also be associated with heavy rain or

snow which can result in floods and travel disruption. Thus, given the large social and economic impacts that extra-tropical
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cyclones can cause, there is considerable research devoted to understanding the climatology and governing dynamics of these
systems.

Many studies have investigated the spatial distribution and frequency of extra-tropical cyclones in the current climate by
analysing reanalysis data sets (e.g. Simmonds and Keay, 2000; Hoskins and Hodges, 2002; Wernli and Schwierz, 2006) and
consequently the location of the climatological mean storm tracks, in both hemispheres, in the current climate is well known.
Climatologies of cyclone number and intensity in the current climate have also been created based on reanalysis data sets
and numerous different objective cyclone tracking algorithms (Neu et al., 2013). Globally there is good agreement between
methods for inter-annual variability of cyclone numbers and the shape of the cyclone intensity distribution but less agreement
in terms of the total cyclone numbers, particularly in terms of weak cyclones.

The spatial structure of extra-tropical cyclones in the current climate has also been extensively examined (see Schultz et al.
(2019) for an overview). The starting point was the development of the Norwegian cyclone model (Bjerknes, 1919), a con-
ceptual framework describing the spatial and temporal evolution of an extra-tropical cyclone. As considerable variability
was noted in cyclone structures, Shapiro and Keyser (1990) subsequently developed a sister conceptual model. In a different
theme, Harrold (1973), Browning et al. (1973), and Carlson (1980) studied three-dimensional movement of airstreams within
extra-tropical cyclones thus developing the conveyor belt model of extra-tropical cyclones. This model incorporates warm and
cold conveyor belts which are now accepted and well studied aspects of extra-tropical cyclones (e.g. Thorncroft et al., 1993;
Wernli and Davies, 1997; Eckhardt et al., 2004; Binder et al., 2016). Recently, the structure of intense extra-tropical cyclones

in reanalysis data sets has been examined in a quantitative manner by creating cyclone composites (e.g. Bengtsson et al., 2009;

Catto et al., 2010; Dacre et al., 2012). Cyclone composites have also been created using satellite observations of cloud fraction

and precipitation (Field and Wood, 2007; Naud et al., 2010; Govekar et al., 2014; Naud et al., 2018) which enables cyclone structure

in both reanalysis and model simulations to be systematically evaluated. Thus, considerable knowledge now exists of the spatial
structure, dynamics and variability of the major precipitation producing air streams within extra-tropical cyclones.

A key question is then how the intensity, number, structure, and weather, for example precipitation, associated with extra-
tropical cyclones, will change in the future as the climate warms. To answer this question, projections from climate models

anbe analysed. However, how the circulation

responds to warming, which includes the characteristics of extra-tropical cyclones, is notably less clear and more uncertain than

the bulk, global mean thermodynamic response (Shepherd, 2014). Zappa-et-ak—+264+3b)-Champion et al. (2011) investigated the
impact of warming on extra-tropical cyclone properties with one global climate model by comparing historical (1980-2000)
changes to the 850-hPa maximum vorticity with the number of extreme cyclones increasing slightly in the future and the
number of average intensity cyclones decreasing. Zappa et al. (2013b) analysed output from 19 models that participated in
phase 5 of the Coupled Model Intercomparison Project (CMIPS) and compared 30-year periods of the historical (1976-2005)

present-day simulations and the future climate simulations (2070-2099) forced by the representative concentration pathway
4.5 (RCP4.5) and 8.5 (RCPS8.5) scenarios. In the RCP4.5 scenario, Zappa et al. (2013b) found a 3.6% reduction in the total

number of extra-tropical cyclones in winter, a reduction in the number of extra-tropical cyclones associated with strong 850-
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hPa wind speeds, and an increase in cyclone related precipitation. In addition, they also note that considerable variability in
the response was found between different CMIP5 models. In a similar study, Chang et al. (2012) show that CMIP5 models
predict a significant increase in the frequency of extreme extra-tropical cyclones during the winter in the Southern Hemisphere

but a significant decrease in the most intense extra-tropical cyclones in winter in the Northern Hemisphere. A similar result

was obtained by Michaelis et al. (2017) who used a mesoscale model to perform pseudo—global warming simulations over the
North Atlantic where the initial and boundary conditions temperatures were warmed to a degree consistent with predictions
from climate models forced with RCP8.5. They find a reduction in the number of strong storms with warming and an increase

Models participating in CMIP5 have systematic biases in the location of the climatological storm tracks in historical simula-
tions, particularly in the North Atlantic where the storm track tends to be either too zonal or displaced southward (Zappa et al.,
2013a). In addition, the response of the storm track to warming has been found to be correlated to the characteristics of the
storm track in historical simulations. Chang et al. (2012) show that in the Northern Hemisphere individual models with stronger
storm tracks in historical simulations project weaker changes with warming compared to individual models with weaker histor-
ical storm tracks. Moreover, the same study shows that in the Southern Hemisphere individual models with large equatorward
biases in storm track latitude predict larger poleward shifts with warming.

In order to increase confidence in climate model projections of the number and intensity of extra-tropical cyclones there is a
clear need to better understand the physical mechanisms causing changes to these weather systems. This is difficult to do based
on climate model output alone as fully coupled climate models are very complex, include numerous feedbacks and non-linear
interactions, and due to computational and data storage limitations offer somewhat limited model output fields with limited
temporal frequency. Therefore in this study we undertake an idealised "climate change" experiment using a state-of-the-art
model but configured as an aquaplanet.

Idealised studies have been used extensively in the past to understand the dynamics of extra-tropical cyclones. For example,
baroclinic wave simulations have been performed to understand the dynamics of extra-tropical cyclones and fronts in the cur-
rent climate (e.g. Simmons and Hoskins, 1978; Thorncroft et al., 1993; Schemm et al., 2013; Sinclair and Keyser, 2015). More
recently baroclininc life cycle experiments have also been used to assess in a highly controlled simulation environment how
the dynamics and structure of extra-tropical cyclones may respond to climate change. Given that diabatic processes, and in
particular latent heating due to condensation of water vapour, play a large role in the evolution of extra-tropical cyclones (e.g.
Stoelinga, 1996) many idealised studies have focused on how the intensity and structure of extra-tropical cyclones change as
temperature and moisture content are varied (e.g Boutle et al., 2011; Booth et al., 2013, 2015; Kirshbaum et al., 2018). These
studies show that when moisture is increased from low levels to values typical of today’s climate, extra-tropical cyclones be-
come more intense. This is a relatively robust result across many studies and can be understood to be a consequence of an
induced low-level cyclonic vorticity anomaly beneath a localised maximum in diabatic heating (Hoskins et al., 1985). How-
ever, when temperatures and moisture content are increased to values higher than in the current climate, baroclinic life cycle
experiments show divergent results. For example, Rantanen et al. (2019) found that uniform warming acts to decrease both

the eddy kinetic energy and the minimum surface pressure of the cyclone whereas Kirshbaum et al. (2018) showed that for
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large temperature increases with constant relative humidity the eddy kinetic energy decreases whereas the minimum surface
pressure increases. Furthermore, Tierney et al. (2018) documented non-monotonic behavior of the cyclone intensity in terms
of both maximum eddy kinetic energy and minimum mean surface pressure with increasing temperature.

A disadvantage of baroclinic life cycle experiments is that often only one cyclone and its response to environmental changes
are considered whereas in reality there is considerable variability in the structure, intensity, size, and life time of extra-tropical
cyclones. Recent bareeknine-baroclinic life cycle studies have suggested that the response of cyclones to warming in these
type of simulations may depend on how the simulation is configured (Kirshbaum et al., 2018). An alternative, yet still idealised
approach, is to perform multi-year aquaplanet simulations in which thousands of extra-tropical cyclones develop and can be
analysed. A benefit of this approach compared to baroclinic life cycle experiments is that experimental set up and initial
conditions have a much weaker influence of the evolution of the model state and thus on the structure and size of the simulated
extra-tropical cyclones. Pfahl et al. (2015) used a simplified general circulation model in an aquaplanet configuration with a
slab ocean to assess how the intensity, size, deepening rates, life time, and spatial structure of extra-tropical cyclones respond
when the longwave optical thickness is varied in such a way that the global mean near surface air temperature varies from
270 K to 316 K. Their main result was that changes in cyclone characteristics are relatively small except for the intensity of
the strongest cyclones which increased in strength considerably with warming. However, this study was based on an idealized
General Circulation Model which contained simplified physics parameterizations, for example, the large-scale microphysical
parameterization only considers the vapor-liquid phase transition.

The first aim of this study is to determine how the number, intensity, and structure of extra-tropical cyclones change in
response to horizontally uniform warming. The second aim is to identify the physical mechanisms which lead to changes in
vertical motion and precipitation patterns associated with extra-tropical cyclones. These aims are addressed in an idealised
modelling context as it is anticipated that mechanisms will be easier to identify than in complex, fully coupled climate model
simulations. In particular, a full complexity atmospheric model is used to perform two aquaplanet simulations: a control sim-
ulation and an experiment where the sea surface temperatures are uniformly warmed. Extra-tropical cyclones are then tracked
and cyclone centred composites are created. The omega equation is used to determine the forcing mechanisms for vertical
motion at different locations relative to the cyclone centre and at different points in the cyclone life cycle for extra-tropical
cyclones in both the control and warm experiment.

The remainder of this paper is set out as follows. In section 2, the full-complexity numerical model, OpenIFS, which is used
in this study is described along with the numerical experiments that are performed. In section 3, the cyclone tracking scheme
and the omega equation diagnostic tool which are applied to the model output to assist with analysis are described. The results
are presented in sections 4 to 67. The large-scale zonal mean state and its response to warming are given briefly in section
4 and the results concerning changes to bulk cyclone statistics are discussed in section 5. The results concerning changes to

cyclone structure as ascertained from the cyclone composites are presented in section 6 and the eonctusions-are-drawaimpact

of warming on the asymmetry of vertical motion in extra-tropical cyclones is considered in section 7. The conclusions are
resented and discussed in section 8.
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2 OpenlFS and numerical simulations
2.1 Numerical Model: OpenlFS

The numerical simulations are performed with OpenlFS which is a portable version of the Integrated Forecast System (IFS)
developed and used for operational forecasting at the European Centre for Medium Range Forecasting (ECMWF). Since 2013,
OpenlFS has been available under license for use by academic and research institutions. The dynamical core and physical
parameterizations in OpenlFS are identical to those in the full IFS as are the land surface model and wave model. However,
unlike the full IFS, OpenIFS does not have any data assimilation capacity. The version of OpenIFS used here (Cy40r1) was op-
erational at ECMWF between November 2013 and May 2015. The full documentation of Cy40r1 is available online (ECMWF,
2015).

2.2 Experiments

Numerical simulations are performed with OpenIFS configured as an aquaplanet. The surface of the Earth is therefore all ocean
and the sea surface temperatures (SSTs) are specified at the start of the simulation and held constant throughout the simulation.
There is no ocean model included. However, the dynamics and physical parameterizations are exactly the same as in the full
IFS and the wave model is also active in the aquaplanet simulations.

The control simulation (CNTL) is set up similarly to the experiments proposed by Neale and Hoskins (2000) and their QObs
sea surface temperature distribution is used. This SSTs distribution is specified by a simple geometric function and is intended
to resemble observed SSTs more so than the other distributions specified by Neale and Hoskins (2000). The resulting SST
pattern is zonally uniform and symmetric about the equator. The maximum SST is 27°C in the tropics and poleward of 60°N
in both hemispheres the SSTs are set to 0°C. There is no sea ice in the simulation. The atmospheric state is initialised from
a randomly selected real analysis produced at ECMWEF. First the real analysis is modified by changing the land-sea mask and
setting the surface geopotential to zero everywhere. The atmospheric fields are then interpolated to the new flat surface in
regions where there is topography on Earth. The perturbed experiment (hereinafter referred to as SST4) is identical to CNTL
except that the SSTs are uniformly warmed by 4 K everywhere. Both experiments have a diurnal cycle in incoming solar
radiation but no annual cycle; throughout the simulations the incoming solar radiation is fixed at the equinoctial value and is
thus symmetric about the equator.

Both aquaplanet simulations are run at T159 resolution (approximate grid spacing of 1.125 degrees / 125 km) and with 60
model levels. The model top is located at 0.1 hPa. Both simulations are run for a total of 11 years and the first year of each
simulation is discarded to ensure that the model has reached a balanced state. Analysis of global precipitation from the first
year of simulation (not shown) reveals that a steady state is achieved after 3-4 months. Model output, including temperature

tendencies from all physical parameterization schemes, is saved every 3 hours.
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3 Analysis Methods
3.1 Cyclone Tracking and Compositing

In both numerical experiments, extra-tropical cyclones are tracked using an objective cyclone identification and tracking al-
gorithm, TRACK (Hodges, 1994, 1995). Extra-tropical cyclones are identified as localised maxima in the 850-hPa relative
vorticity truncated to T42 spectral resolution based on 6 hourly output from OpenIFS. All cyclones in the Northern Hemi-
sphere are initially tracked, however to ensure that no tropical cyclones are included in the analysis, tracks which do not have
at least one point north of 20°N are excluded. Furthermore, to ensure that only synoptic-scale, mobile systems are considered,
it is required that a cyclone track must last for at least 2 days and travel at least 1000 km. Finally cyclones which have a

maximum vorticity of less than 1x 107551

are also excluded from the analysis. The output from TRACK consists of the
longitude, latitude and relative vorticity value of each point (every 6 hours) along each individual extra-tropical cyclone track
from which statistics such as genesis and lysis regions may be determined.

The cyclone tracks are then used as the basis to create composites of extra-tropical cyclones following the same method as
Catto et al. (2010) and Dacre et al. (2012). Rather than creating a composite of all identified extra-tropical cyclones only the
200 strongest cyclones in terms of their maximum 850-hPa relative vorticity are selected from the CNTL and SST4 experiments
and composites of a range of meteorological variables are created for these extreme cyclones at different offset times relative to
the time of maximum intensity (¢t =0 h). Each composite is created by first determining the values of the relevant meteorological
variable, at each offset time, and for each individual cyclone to be included in the composite, on a spherical grid centered on the
cyclone centre. The meteorological values are thus interpolated from the native model longitude-latitude grid to this spherical
grid which has a radius of 12 degrees and is decomposed into 40 grid points in the radial direction and 360 grid points in
the angular direction. To reduce smoothing errors, the cyclones are rotated so that all travel due east. To obtain the cyclone
composite, the meteorological values on the radial grid are averaged at each offset time. Thus, the composite extra-tropical
cyclone is the simple arithmetic mean of the 200 individual, rotated cyclones.

In addition to composites of the 200 strongest extra-tropical cyclones, composites of the 200 "most average" cyclones were
also created for both the CNTL and SST4 experiments. These cyclones were identified as the 100 cyclones with maximum
vorticity values lower but closest to the median relative vorticity and the 100 cyclones with maximum vorticity values higher
than but closest to the median relative vorticity. The results from these median composites are aet-showr—as-shown in the
supplementary material as although uniformly warming the SSTs had-verytitthe-lead to increases in the total column water
vapour and precipitation it had little coherent impact on the spatial structure of the median extra-tropical cyclone.

3.2 Omega Equation

The omega equation is a diagnostic equation from which the vertical motion (w) resulting from different physical processes can
be calculated. Different forms of the omega equation with differing degrees of complexity exist and range from the simplest
"standard" Quasi-Geostrophic (QG) form with friction and diabatic heating neglected (Holton and Hakim, 2012) to the complex

generalized omega equation (Rédisdnen, 1995; Rantanen et al., 2017). Here we solve the following version of the QG omega
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equation in pressure (p) coordinates:
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The static stability parameter, oy, is only a function of pressure and time and is given by
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where 0y (Tp) is the horizontally averaged potential temperature (temperature) profile over the global domain calculated at
every time step. The left-hand side operator of Eq. (1) is identical to the standard QG omega equation. The terms on the right-
hand side of Eq. (1) represent forcing for vertical motion due to differential vorticity advection, thermal advection and diabatic
heating respectively. The right-hand side differs from the standard QG omega equation in that diabatic heating (()) is retained,
the advection terms are calculated using the full horizontal winds (v) rather than the geostrophic winds, and the full relative
vorticity (¢) is advected rather than the geostrophic vorticity. Friction is neglected as on an aquaplanet this is expected to be

small.

Overall good agreement is found between the model calculated vertical motion and the vertical motion diagnosed by E
1). Correlation coefficients between the model calculated vertical motion and the diagnosed vertical motion were calculated

at each grid box and pressure level and averaged over latitude bands (not shown). In the latitude band 30-60°N the correlation
coefficients were 0.84 at 700 hPa and exceeded 0.9 at 500 hPa.

4 Climatology and large-scale response to warming

In this section the zonal mean climatology of CNTL is described along with the response to the uniform warming. Figure 1
shows that the control simulation produces a realistic distribution of temperature and of zonal winds. The dynamic tropopause
varies from 300 hPa in the polar regions to about 100 hPa in the tropics, similar to what is observed on Earth. The zonal
mean jet streams have maximum wind speeds of 45 m s~! and are located on the tropopause at 35°N/S. As expected from the
aquaplanet model set-up the two hemispheres are almost symmetrically identical.

The response to the uniform 4 K warming is shown by the shading in Fig. 1. The temperature increases everywhere in the
troposphere with the largest warming in the tropical upper troposphere, where temperature increases by up to 7 K. Cooling takes
place in the polar stratosphere which acts to increase the upper-level meridional temperature gradient. Atlew-levels;warmingis

s e e el s e e e e e s—Fhe-The tropopause height increases
at most latitudes with warming. The spatial pattern of these changes in zonal mean temperature are similar to those found in
more complex climate models (e.g. Figure 12.12, Collins et al., 2013). However, the warming in the low to mid troposphere

is relatively uniform with latitudeand-thus-there-are-ne-majorchanges—to-the low-level- meridional temperataregradient. The

lack of enhanced warming in the Northern Hemisphere polar regions (polar amplification) and hence no decrease in low-level
baroclinicity is the most notable difference in the atmosphere’s response to warming in these aquaplanet experiments compared

to in complex climate model simulations.
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At low-levels, the increase in temperature in the SST4 experiment relative to CNTL is typically of order 4 K which is
of similar magnitude to the enforced increase in SSTs. This temperature increase can be put into context by comparison
with predictions from CMIPS models. Under the RCP8.5 scenario, CMIPS models predict that global mean near surface
temperatures will increase by 2.6 to 4.8 K by the end of the 21t century relative to the 1986-2005 mean. Hence, the aquaplanet
simulations performed here have a degree of warming that could be expected to occur by the end of 21st century under large

The response of the zonal mean zonal wind shows that the sub-tropical jet intensifies and moves vertically upwards. The
eddy-driven jet, evident at low-levels, displays a dipole structure indicative of a poleward shift. The-trepepause-heightinereases

at-mostlatitades-with-warmingThis is confirmed when the latitude of the maximum 700 hPa zonal mean zonal wind speed is
considered: this moves polewards by 3.3° in the SST4 experiment compared to in CNTL. These responses of the zonal mean

statejet streams to uniform warming are similar to those found in more complex climate models (e.g. Collins et al., 2013),
particularly in the Southern Hemisphere, demonstrating that the OpenIFS aquaplanet can realistically simulate an Earth-like
atmosphere.

The zonal mean precipitation in both CNTL and SST4 experiment are shown in Fig. 2a. Again strong similarities exist with
real Earth observations and CMIP5 model projections (e.g. Lau et al., 2013). The largest rainfall is observed in the tropics and
a secondary peak occurs in the mid-latitudes which is associated with the mid-latitude storm track. The effect of warming the
SSTs is to increase the mean precipitation at almost all latitudes. The largest absolute increase occurs in the tropics. In the
Northern Hemisphere mid-latitudes the maximum precipitation rate increases from 3.9 to 4.2 mm day ! and the location of
the maximum moves polewards by 2.2 degrees. This is in agreement with the poleward shift in the eddy driven jet and strongly
suggests that, on average, extra-tropical cyclones move poleward with warming. This will be confirmed in Sect. 5.

Figure 2b shows the zonal mean mean sea level pressure (MSLP). The highest zonal mean MSLP in the CNTL experiment
occurs in the subtropics and moves poleward with warming. The lowest values of MSLP occur on the poleward side of the
jet stream and again move poleward with warming. A notable difference between these MSLP distributions and the MSLP

distribution on Earth is the absolute magnitude of the values. The mean MSLP on Earth is 1013 hPa whereas in both the CNTL

and SST4 experiments, the global mean MSLP is 985.4 hPati—e-. This difference is solely due to the initialisation method (see
Sect. 2.2) and the average surface pressure of 985.4 hPa results as it is the average pressure at the actual surface height in the
randomly selected analysis used for the initialisation), Figure 2¢ shows the zonal mean 950-hPa temperature which indicates
that the low-level temperature increase is almost constant with latitude and implies that the low-level baroclinicity does not
change.

The impact of uniformly warming the SSTs on the baroclinicity can be quantified via the maximum (dry) Eady growth rate,
0, isa-measure-of barechnieinstabtlity-which is given by

a0
oc=0.31 Ak

N 3)

where f is the Coriolis parameter, IV is the Brunt-Viisild frequency and u is the zonal wind component. In the CNTL simu-

1

lation (Fig. 3a) the Eady growth rate has maximum values of 0.75 day ™" in the mid-latitude mid-to-upper troposphere. A sec-
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ondary maximum is evident in the stratosphere, however, this most likely has little significance for the growth of extra-tropical

cyclones. The response of the Eady growth rate to warming is—a—small-deerease{(5—10%)—in-the-mid-latitadetroposphere;
includes an increase just above the dynamical tropopause and a decrease co-located with the secondary maximum in the strato-
sphere. With the mid-troposphere, the Eady growth decreases slightly with warming, for example, at 700 hPa the maximum
value decreases from 0.54 day ! in CNTL to 0.50 day™ " in SST4. Close to the surface, at 900 hPa, the maximum value of the
Eady Growth rate also experiences a small decrease with warming, from 0.92 day”" to 0.89 day” ", The most notable impact
of warming on the Eady growth rate at 900 hPa is a poleward shift of 5.4 degrees in the position of the maximum, Equatorward
of 45°N the 900-hPa Eady growth rate decreases with warming whereas poleward of 45°N it increases.

Figures 3b and c show the vertical shear of the zonal wind and the Brunt-Viiséld frequency respectively. There is little
change in the vertical wind shear with warming in the trepepheremid-tropophere, which via thermal wind balance is consistent
with the lack of any ehange-large changes to the horizontal temperature gradient in the troposphere (Fig. 1a). In-contrast-the

Near the surface, there is a dipole pattern showing that the maximum in wind shear moves polewards. This is consistent with the

oleward shift of the eddy-driven jet and also explains the poleward shift in the 900-hPa Eady growth rates. The Brunt-Viisild
frequency increases in the troposphere which indicates that the decrease in the Eady growth rates at 700 hPa, and, at lower

latitudes, higher up in the troposphere, is due primarily to changes in the static stability. Near the tropopause the decrease in
the stability associated with an increase in the tropopause height increases the Eady growth rate. In contrast, the decrease in

the secondary maximum in the stratosphere is due to changes in the vertical wind shear.

5 Cyclone Statistics

In this section bulk cyclone statistics are presented from both the CNTL and SST4 simulations. All cyclone tracks that meet
the criteria described in Sect. 3.1 are included in this analysis and their mean and median characteristics are summarized
summarised in Table 1. In the control simulation there are 3581 extra-tropical cyclones which have a median life time of 108
hours (4.5 days) and a median maximum vorticity of 5.94 x 10 =3 s~! (Table 1). The uniform warming acts to decrease the

total number of cyclone tracks by 3.3% but does not alter the median duration (life time) of extra-tropical cyclones (Table 1).

The inter-annual variability in the number of cyclone tracks, quantified by calculating the number of cyclone tracks each year
and then obtaining the standard deviation of these 10 values, is small (13.5 in CNTL and 10.1 in SST4) relative to the absolute
decrease in the number of cyclone tracks (119). This, and a two-sided Student’s t-test, show that the decrease in the number of

tracks is statistically significant.
Figure 4a shows histograms of maximum 850-hPa vorticity (also referred to hereinafter as maximum intensity). There are

more stronger cyclones, for example with intensities exceeding 10 x 10 ~® s~!, in the SST4 experiment than in the CNTL
experiment. However, the mean intensity does not change considerably and there is a 3.2% decrease (equivalent to 0.19 x
1077 s71) in the median maximum vorticity. This change (i.e. the signal) is very small compared to the variation between
CNTL). Furthermore, the mean maximum vorticity for all cyclones occurring in each individual year can be obtained and the
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standard deviation of these ten values calculated to obtain the inter-annual standard deviation of the maximum relative vorticity.
For CNTL this is 0.14 x 107° s~! and 0.10 x 10~° s~! in SST4 which are both larger than the absolute change in the mean
maximum relative vorticity (-0.04 x 1075 s~!, Table 1). A two-sided student t-test demenstratesfurther confirms that the mean

intensity does not differ in a statistically significant way between CNTL and SST4 and a Wilcoxon rank sum test shows that
the median maximum intensities are not statistically significantly different between the CNTL and SST4 experiment. However,
as evident from Fig. 4a, and confirmed by a one tailed F-test applied to the maximum vorticity distributions, the maximum
vorticity distribution in the SST4 experiment has a larger variance than in the CNTL experiment. Thus, it can be concluded that
the average population of all cyclones does not change with warming but that there are more stronger, and more weak cyclones
in the SST4 experiment than in CNTL.

Table 1 also includes the median deepening rates of all extra-tropical cyclones. The deepening rate is the temporal rate of
change of the 850-hPa relative vorticity so that positive values indicate a strengthening, or deepening, of the extra-tropical
cyclone. In CNTL, the relative vorticity increases by 1.31 x 107? s~! every 24 h when evaluated from genesis time to time of
maximum intensity. In SST4, the corresponding value is 1.28 x 107> s=* per 24 h. The change is very small in comparison
to the standard deviation of the deepening rates (Table 1). Distributions of the deepening rates of all identified extra-tropical
cyclones calculated between the time of genesis and time of maximum intensity are shown in Fig. 4b. A ranksum test performed
on the deepening rates between the time of genesis and time of maximum intensity confirms that the median values are not
statistically different. The same test applied to the deepening rates calculated over the 24 hours before the time of maximum
intensity also shows that the control and SST4 experiments do not differ significantly. However, similar to what is found
with the maximum vorticity distributions, the variance of the deepening rates is statistically significantly larger in the SST4
experiment compared to in CNTL. The lack of any notable change in the median deepening rate of all extra-tropical cyclones
differs somewhat from the zonal mean calculations of the Eady growth rate (Fig. 3a) which indicate a 5-10% decrease. This
difference likely arises because the Eady growth rate is a measure of dry baroclinicity whereas moist processes are acting in
these simulations.

Distributions of the genesis and lysis latitudes for all extra-tropical cyclones are shown in Fig. 4c and d. As hypothesised in
Sect. 4 both genesis and lysis regions move poleward with warming. The median genesis region moves 2 degrees polewards

from 44.2°N to 46.2°N and the median lysis region moves poleward by 1.9 degrees from 51.4°N to 53.3°N (Table 1). The

inter-annual standard deviation of the genesis latitude is 0.27° in CNTL and 0.69° in SST4 suggesting that the two degree
oleward shift in genesis latitude is significant. Likewise, the inter-annual standard deviation of the lysis latitude are 0.52° and

0.72° in CNTL and SST4 respectively and therefore also smaller than the response to warming. Two-sided student t-tests show
that the mean genesis latitude differs between the CNTL and SST4 experiments at the 95% confidence level and that both

the median genesis and lysis latitudes differ significantly at the 0.05 significance level. The standard deviation of the both the
enesis latitude (12.8° in CNTL, Table 1) and lysis latitude (13.7° in CNTL, Table 1) of all cyclones

change in genesis and lysis latitudes indicating that the change is small compared to the variation between individual cyclones.

is larger than the mean

10
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Table 1 also includes statistics for the strongest 200 extra-tropical cyclones in each experiment as the structure of these
intense extra-tropical cyclones will be investigated in detail in Sect. 6. Firstly, the median genesis latitudes of the strongest
extra-tropical cyclones are 6 to 8 degrees farther equatorward than for all extra-tropical cyclones in both the CNTL and SST4
experiments which means that the strongest storms form in climatologically warmer and more moist environments than o
average-average intensity storms. The more equatorward genesis region, combined with similar (CNTL) or more poleward

(SST4) lysis regions means that the strongest extra-tropical cyclones have much larger latitudinal displacements than extra-

tropical cyclones do on average. Secondly, the median genesis latitude of the 200 strongest extra-tropical cyclones only moves

0.4 degrees poleward with warming which is notably less than the 2.0 degree poleward shift found when all extra-tropical
cyclones are considered. Thirdly, deepening rates increase much more with warming for the strongest 200 extra-tropical cy-

clones than for all extra-tropical cyclones. Finally, the mean, median and maximum intensity of the 200 strongest extra-tropical

cyclones in the SST4 experiment are larger than in the CNTL experiment.

6 Cyclone Structure

6.1 Evolution of the composite cyclone in CNTL

The cyclone composite of the strongest 200 extra-tropical cyclones in beth-the-CNTE-and-SSH4-expertments-are-the CNTL

experiment is now discussed. The temporal evolution of the composite mean cyclone in the CNTL simulation, in terms of mean
sea level pressure and total column water vapour (TCWYV) is shown in Fig. 5. Forty-eight hours before the time of maximum
intensity (¢t =-48 h, Fig. 5a) the composite cyclone has a closed low pressure centre with a minimum MSLP of 978 hPa. The
location of the cold and warm fronts are evident as enhanced gradients in the TCWV and the warm sector, located between
the cold front and warm front, is well defined and has values of TCWV exceeding 25 g kg~*. At 24 hours before the time of
maximum intensity (¢ =-24 h, Fig. 5b) the low pressure centre has become deeper (minimum MSLP of 960 hPa), the warm
sector has become narrow and the gradients in TCWV across both the warm and cold fronts have become larger. The dry
air moving cyclonically behind the cold front, now extends farther south relative to the cyclone centre than it did 24 hours
earlier. By the time of maximum relative vorticity (t =0 h, Fig, 5c), the MSLP shows a mature, very deep cyclone which
has a minimum pressure of 944 hPa. The TCWV over the whole cyclone composite area is now considerably lower than at
earlier stages most likely because as the cyclones included in the composite intensify they move poleward to climatologically
drier areas. The TCWYV pattern also shows that the composite cyclone starts to occlude by this point (£t =0 h) as the warm
sector does not connect directly to the centre of cyclone - instead it is displaced downstream. Finally 24 hours after the time of
maximum intensity (¢t =+24 h, Fig. 5d), the cyclone resembles a barotropic low and has weak frontal gradients associated with
it. The evolution of the composite cyclone in the CNTL experiment is, however, qualitatively very similar to real extra-tropical

cyclones observed on Earth.
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6.2 Low-Level Potential and Relative Vorticity

The response of the cyclone structure to warming is now considered primarily using changes to the mean values (i.e SST4 -
CNTL). First the temporal evolution of the low-level potential vorticity (PV) and the changes to this variable with warming
are considered (Fig. 6). Before the composite cyclone reaches it maximum intensity (Figures 6a,b), the maximum in the
900-700 hPa layer-averaged PV in the control simulation is poleward and downstream of the cyclone centre. By the time of
maximum intensity (Fig. 6¢), the maximum PV is co-located with the cyclone center and there is a secondary maximum which
extends downstream of the cyclone centre and is co-located with the warm front.

At t =-48 h and ¢ =-24 h, the largest absolute increases in the 900—700 hPa PV occurs poleward of the warm front location
(Fig. 6a,b). This low-level PV anomaly is primarily caused by a diabatic heating maximum above this layer and therefore the
poleward movement of the maximum indicates that the maximum in diabatic heating has also moved polewards with warming.
The increase in PV is co-located with an increase in relative vorticity (orange contours in Fig. 6) which is consistent with an
intensified cyclonic circulation beneath a region of localised heating. It can therefore be concluded that the relative vorticity
associated the warm front increases with warming. At ¢ =0 h and ¢ =+24 h (Fig. 6¢,d), two distinct regions of increased low-
level PV are evident. The first is poleward of the warm front, as found at the earlier stages of development, and the second is
almost co-located with the cyclone centre yet displaced slightly downstream. Both localised increases in low-level PV are also
associated with increases in relative vorticity. In relative terms (not shown) the low-level potential vorticity poleward of the
warm front increases by 25-30%, whereas near the cyclone centre the low-level PV only increases by 15-20%.

The response to warming also shows that almost everywhere within a 12 degree radius of the cyclone centre, at all offset
times, there is an increase in low-level PV. The absolute values of increase are smaller, mostly less than 0.1 PVU but in relative
terms the increase is similar in magnitude to that found near the warm front and cyclone centre. Away from the cyclone centre,
where there is no significant relative vorticity, this increase in low-level PV is primarily caused by an increase in stratification.
However, given that the cyclones are more poleward in the SST4 experiment the increase in planetary vorticity also plays a

small role.

6.3 Low-level Wind Speed

Figure 6 highlighted that the relative vorticity increases with warming at all offset times. Associated with this increase in

relative vorticity is an increase in low-level horizontal wind speeds. In ENTI—the-maximum-900-hPa—winds-speeds—oeccur
the composite from the CNTL experiement, at ¢t =6-h—48 h and ¢t =-24 h (Fig. 7a, b), the strongest 900-hPa wind speeds

exceed 20 ms~! and 25 ms~! respectively and occur in the warm sector, At the time of maximum intensit

strongest 900-hPa winds in CNTL are located equatorward of the cyclone centre, behind the cold front in a very dry area
and exceed 30 ms ~!(notshown)—The-. By t =24 h (Fig. 7d) the wind speeds have started to weaken. At t =-48 h, a dipole

structure in the change in wind speed due to warming is evident indicating that the maximum wind speeds move poleward and
downstream relative to those in CNTL (Fig. 7a). However, the positive values are greater in magnitude than the negative values

thus indicating an overall increase in wind speed. At ¢ =-24, 0 and 24 h (Fig. 7b—d) the 900-hPa winds speeds of the composite
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cyclone increase with warming by ~ +1.5 ms~! in a large area surrounding the cyclone and by up to 3.5 ms~! in the warm
front areatnotshown)—The-. Consequently, the size of the area affected by wind speeds over a fixed threshold value therefere

increases indicating greater wind risk in warmer climates. As the increase at all offset times is not co-located with maximum

wind speed in CNTL, this suggests that the spatial structure of the composite extra-tropical cyclone changes with warming.

6.4 Total Column Water Vapour

The response of the TCWYV is now considered (Fig. 8). The uniform warming leads to an increase in TCWV everywhere in
the cyclone composite at all off-set times. The largest absolute increases occur at ¢ =-48 h and ¢t = -24 h (Fig. 8a,b). At both
of these offset times, the largest absolute increase occurs in the warm sector where the mean values are largest in the control
simulation. In terms of percentage increase (not shown), at ¢ =-24 h, the TCWYV increases the least, approximately 25%, in
the cold sector upstream of the cyclone centre and the most ahead of the warm front where the increase exceeds 50%. At
the time of maximum intensity (Fig. 8c), absolute increases of up to 6 g kg~ ! are still evident in the warm sector and in a
localised region north-east of the cyclone centre whereas at t =+24 h (Fig. 8d) increases of this magnitude are constrained
to the most southern part of the cyclone composite. The composites also show the meridional moisture gradient across the
composite cyclone increases notably with warming since the absolute increase is much larger in the most equatorward regions

(e.g. 12 g kg~! at t =-48 h) than in the most poleward regions (e.g an increase of 2 g kg™ 1).
6.5 Precipitation

The response of the total, convective, and large-scale precipitation to warming is now considered. Composites of total, large-
scale and convective precipitation are shown in Fig. 9 valid 48, 24 and 0 hours before the time of maximum intensity. Precipi-
tation is calculated as the 6-hour accumulated value centred on the valid time in units of mm (6 h)~!. In the CNTL simulation
the maximum total precipitation is downstream and poleward of the cyclone centre at all offset times. At ¢ =-48 h, the total
precipitation has maximum values of 6 mm (6 h)~! and is mainly located in the warm sector of the cyclone and near the warm
front (Fig. 9a). At t =-24 h, the total precipitation in the CNTL simulation is slightly larger, covers a greater area and has a
more distinct comma shape than 24 hours earlier (Fig. 9d). Also at this time, large values of total precipitation are evident
along the cold front to the south of the cyclone centre. By the time of maximum intensity the total precipitation in the CNTL
experiment has started to decrease, with maximum values of 4 mm (6 h)~?, and the location of the precipitation has rotated
cyclonically around the cyclone centre (Fig. 9g).

The response to warming of the total precipitation is a large absolute and relative increase at all offset times. The maximum
absolute increases are of order 2.5, 3.5 and 2.0 mm (6 h)~! at t =-48 hth, ¢ =-24 h, and the time of maximum vorticity
(t =0 hr) respectively. These values correspond to relative increases of up to almost 50%. The maximum increase in the total
precipitation is not co-located with the maximum in the CNTL simulation indicating that the spatial structure of the composite
cyclone has changed with warming.The largest increases in total precipitation occurs in the warm front region, poleward and
downstream of the maximum in the CNTL simulation at all offset times. This spatial change is largely similar to that found

when the 900-700 hPa potential vorticity response to warming was considered (Fig. 6). This is consistent with-more-latent
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in the sense that more precipitation, and particularly more
condensation, results in more latent heating and thus a stronger positive PV anomaly beneath the localised heating. However

att =0 h, it is interesting to note that while there is only one localised area where precipitation increases in SST4 compared to
in CNTL (Fig. 9¢), which is ahead of the warm front, there are two regions where the low-level PV increases (Fig. 6¢). One
of these regions is co-located with the increase in precipitation but the second region is closer to the cyclone centre. While this
may be due to the larger mean relative vorticity of the strongest 200 cyclones in SST4 compared to CNTL (Table 1), it is also
possible that this second area of enhanced PV may be due to enhanced advection by the cold conveyor belt of PV _produced
diabatically in the warm front region, beneath the ascending warm conveyor belt. Schemm and Wernli (2014) noted such a

mechanism in their study linking warm and cold conveyor belts.
The contribution of the large-scale stratiform precipitation calculated from the cloud scheme and the convective precipitation

produced by the convection scheme to the total precipitation is now considered. Fhe-In CNTL, the large-scale precipitation
(Fig. 9b, e, h) contributes more to the total precipitation than the convective precipitation (Fig. 9c, f, 1) particularly at ¢ =-24 hrs
and the time of maximum intensity. However, the convective precipitation is larger and of equal magnitude to the large-scale
precipitation in the more equatorward parts of the warm sector of the CNTL composite cyclone where the temperature and
moisture content are higher. The large-scale precipitation increases in SST4 compared to CNTL in the warm frontal region,
poleward of the maximum in the CNTL simulation, at all offset times. This spatial shift is very similar to that observed for
the total precipitation meaning that the resolved precipitation is leading to the poleward shift in the total precipitation with
warming. However, the large-scale precipitation also has a smaller increase (1-1.5 mm per 6 hr) in a narrow band along the
cold front, upstream of the maximum in the control simulation which is most evident at ¢ =-24 hrs. In contrast, the convective
precipitation, which increases by almost 50%, has the largest increases co-located with the maximum in the control simulation,

meaning that the position of convective precipitation relative to the cyclone centre does not change with warming.
6.6 Vertical Velocity

The mean cyclone composite of vertical velocity at 700 hPa (given in pressure coordinates, Pa s~!) obtained directly from the
model simulations and the response to warming is shown in Fig. 10a, ¢ and e. In the CNTL simulation at ¢ =-48 h and ¢ =-24
h, there is large coherent area of ascent downstream of the cyclone centre largely co-located with the warm sector indicative
of the warm conveyor belt, an ascending air stream associated with extra-tropical cyclones. At ¢ =0 h (Fig. 10e), the area of
ascent is still maximised in the warm sector region but is further downstream relative to the cyclone centre than at earlier times.
The ascent at ¢ =0 h has also started to wrap cyclonically around the poleward and upstream side of the cyclone meaning that
the cyclone has formed a bent-back warm front and likely has started to occlude. The absolute magnitude of the largest values
of ascent occur at t =-24 h and exceed 0.6 Pa s~! (Fig. 10c), approximately 6 cm s~!. A region of weak descent is evident
behind the cold front in the drier air mass at all offset times.

Uniform warming changes the vertical motion in a complex manner. The largest increases in ascent are not co-located with
the strongest ascent in the CNTL simulation and instead occur poleward and downstream of the maximum. This pattern is

present at all offset times and suggests that the warm front and the warm conveyor belt are located farther poleward relative to
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the cyclone centre in the SST4 simulation. This is consistent with the response of the total and large-scale precipitation, and the
low-level potential vorticity which also showed a poleward shift in the warm frontal region. A tri-pole structure is also evident
in Fig. 10a, c and e which shows that the area of ascent either weakens in the centre and broadens with warming or that the
ascent associated with the warm and cold fronts become more spatially separate with warming. The first of these two options
will prove to be correct.

To further understand the spatial pattern of the response of the vertical velocity to warming, the contribution to the total
vertical velocity from vorticity advection, thermal advection and diabatic processes as diagnosed by the omega equation (Eq.
(1)) are examined. The sum of these three terms (Fig. 10b, d, f) at 700 hPa is first compared to the total, model calculated vertical
motion (Fig. 10a, c, ). Att =-48 h, the diagnosed ascent in CNTL is slightly weaker than the model calculated (i.e direct from
OpenlFS) ascent particularly in the cold front region. The response of the diagnosed vertical motion to warming is however
spatially similar to that of the model calculated vertical motion. At ¢ =-24 h, the diagnosed ascent is slightly stronger than
the model calculated ascent and covers a larger area especially in the zonal direction. In addition, the descent diagnosed from
Eq. (1) covers a smaller area than descent in the model calculated vertical motion field. Similar differences between the model
calculated and diagnosed vertical motion occur at ¢ =0 h. There is, however, broad agreement between the model calculated
vertical motion and the vertical motion diagnosed using Eq. (1) in CNTL at all offset times and the response to warming in the
diagnosed vertical motion field is very similar to that in the model calculated field. Thus, the individual contributions to the
diagnosed ascent will provide reliable estimates of how different physical processes influence the total vertical motion.

Figure 11 shows the contribution to vertical velocity from thermal advection, vorticity advection and diabatic heating at
three offset times in the CNTL experiment. The maximum values of ascent attributed to the different forcing mechanisms in
the composite mean cyclones are also shown in Table 2. In the CNTL composite cyclone thermal advection leads to ascent in
the warm sector downstream of the cyclone centre and descent behind the cold front (Fig. 11a, d, g). Ascent and descent due
to thermal advection reach a maximum 24 hours before the time of maximum intensity (Table 2) and as the composite cyclone
evolves in time the region of ascent wraps cyclonically around the poleward side of the cyclone centre. Vorticity advection
(Fig. 11b, e, h) leads to stronger ascent at all offset times compared to either thermal advection or diabatic heating in the CNTL
composite cyclone (Fig. 11, Table 2). At all offset times the ascent attributed to vorticity advection covers a large area and is
located downstream of the cyclone centre. As the cyclone evolves, the area of maximum ascent moves further away from the
cyclone centre and a region of weak ascent wraps cyclonically around the cyclone centre. This cyclonic behaviour, indicative
of lifecycle 2 (LC2, Thorncroft et al. (1993)) cyclone development, occurs as the cyclones are located on the poleward side of
the jet at all offset times considered here. The contribution to vertical motion from the diabatic heating term is shown in Figs.
I1c, f, and i. Ascent related to diabatic heating is constrained to a smaller area than ascent due to either vorticity or thermal
advection and is located in the poleward parts of the warm conveyor belt. The maximum values of ascent related to diabatic
heating at ¢ =-24 h and the time of maximum intensity are also weaker than those due to either thermal advection or vorticity
advection in both the CNTL and SST4 experiments (Table 2). This shows that at 700 hPa diabatic heating has a smaller impact

on the cyclone’s vertical motion than the dynamical terms.
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The response of vertical motion due to the different forcing mechanisms to warming is also shown in Fig. 11 by the shading.
At t =-48 h, ascent due to thermal advection weakens slightly with warming (orange shading co-located with the maximum
ascent in CNTL in Fig. 11a and Table 2) and the descent associated with cold-air advection is also weaker in SST4 than in
the CNTL. The ascent due to warm-air advection in the warm sector is slightly more poleward in SST4 compared to CNTL.
At t =-24 h, the region of ascent due to thermal advection in SST4 has moved poleward and downstream relative to that in
the CNTL. This is evident in Fig. 11b-d as the positive difference values (weaker ascent, orange shading) between the cyclone
centre and the maximum ascent in the CNTL and as negative difference values (stronger ascent, purple shading) poleward of
the maximum ascent in CNTL. This illustrates that at both ¢ =-48 h and ¢ =-24 h the warm front is more poleward and extends
further downstream away from the cyclone centre in SST4 compared to in CNTL. A similar, but weaker pattern also remains
at the time of maximum intensity (Fig. 11g).

The response of vertical motion due to vorticity advection at 700 hPa has a similar spatial pattern at all offset times considered
but is most pronounced in magnitude at ¢ =-24 hours and at the time of maximum intensity. The most notable feature is that
ascent due to vorticity advection in SST4 covers a greater area compared to in CNTL and that the ascent expands polewards
and downstream of the cyclone centre. The second notable feature is that at 700 hPa the maximum ascent due to vorticity
advection decreases with warming (Fig. 11b, e, h and Table 2). This indicates that ascent due to positive vorticity advection
downstream of the cyclone centre weakens in magnitude but becomes more spatially extensive.

To further understand the change in ascent due to vorticity advection, the 500 hPa geopotential height fields are considered.
To compare the 500 hPa geopotential height in the SST4 and CNTL composite cyclones, first the composite cyclone mean
(weighted by grid area) at each offset time was subtracted to generate maps of the cyclone relative 500 hPa geopotential height
anomaly. This was necessary as in SST4 the 500 hPa heights are higher simply due to the warmer atmosphere which makes a
comparison of the shape and extent of the upper level trough difficult. Figure 12 shows the differences in these anomalies. At
t =-48 h (Fig. 12a) the negative anomaly to the south of the cyclone centre indicates that the 500-hPa trough is slightly deeper
in SST4 compared to in CNTL. Furthermore, the dipole of negative and positive anomalies downstream of the cyclone centre
at t =-48 h indicates that the 500-hPa trough is sharper in SST4 compared to in CNTL. At ¢t =-24 h (Fig. 12b) an asymmetric
dipole pattern is evident which has small positive values upstream and larger negative values downstream of the cyclone centre.
This indicates that the 500-hPa trough is shifted downstream relative to the cyclone centre in SST4 compared to in CNTL but
also that the trough is broader and extends more downstream in SST4 compared to CNTL. This pattern is also evident at t =0
hrs and ¢t =+24 hrs. The broader upper level trough in SST4 is thus the likely reason why ascent due to vorticity advection
expands over a greater area downstream in SST4 compared to CNTL.

Ascent attributed to diabatic heating has a larger relative increase with warming in the warm front region compared to both
dynamical terms (Fig. 11). At all offset times, ascent due diabatic heating increases poleward of the maximum in the CNTL
composite, which combined with the absence of any decrease in ascent results in an expansion of the area where diabatic
heating is contributing notably to ascent. Furthermore, in contrast to both thermal advection and vorticity advection there are

no coherent regions where descent due to diabatic heating has increased.
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The spatial patterns of changes in ascent due to the different forcing mechanisms (Fig. 11) can be compared to the patterns of
change in the total, model output vertical velocity (Fig. 10). It can therefore be concluded that the increase in ascent poleward
and downstream of the cyclone centre occurs due to a combination of all three processes. However, thermal advection and
diabatic heating are responsible for most of the increase in ascent close to the cyclone centre whereas vorticity advection
is the main cause of the downstream expansion of the ascent field. The decrease in total ascent near the cyclone centre is
found to be due to changes in spatial pattern of thermal advection and the position of the fronts. In the SST4 experiment, the
warm front advances further ahead of the cyclone centre than in the CNTL which results in weaker ascent due to warm air
advection close to the cyclone centre. However, the decrease in ascent in the warm sector is a direct result of weaker ascent
due to vorticity advection in this location which arises as a consequence of the broader 500-hPa trough. In contrast, the weaker
descent immediately to the south of the cyclone centre is mainly due to weaker cold-air advection in SST4 compared to CNTL
which again relates to changing positions of the fronts. Finally, it should be noted that vertical velocities are likely to be weaker

for the same forcing in the warmer experiment due to an increase in tropospheric static stability (e.g. Fig. 3c).

7 Asymmetry of vertical motion

Ascent is stronger and occupies a smaller and narrower region than descent, both in the context of extra-tropical cyclones and
lobally. O’Gorman (2011) proposed two parameters, A and A 4,.... to quantify the asymmetry between upward and downward
motions. The asymmetry parameter, A is given b

w/wt’
e 4

w2

A

where in our study we define w’ to be the perturbation from the mean vertical velocity (Pa s~!) calculated over the 12 degree

cyclone composite area. w! denotes taking the upward part of w (i.e. applying a Heaviside function). The overbar denotes

an average over the cyclone area. A is an alternative (and more approximate) definition of asymmetry which is based on
eometric considerations. A 4., is given b

1—ay,
1—w/wy,

MMrea = (&)
where g, is the fraction of the total area (in this case the 12 degree cyclone composite area) which is covered by ascent, W, is
the spatial average over the cyclone area of the ascent and & is the spatial average of all vertical motions.

A and Aareq are both calculated for each of the 200 individual extra-tropical cyclones in both the CNTL and SST4
experiments at different offset times. Only vertical motions at one pressure level, 700 hPa, are considered. Figure 13 shows the
distribution of both asymmetry parameters at t =-24 h which reveals that there is considerable spread across the 200 strongest
extra-tropical cyclones particularly in A with values ranging from 0.55 to 0.9 in both experiments. However, it is also evident
that there are larger values of both A and Aaye, in SST4 compared to in CNTL. The mean values for both parameters are
shown in Table 3. At¢ =-24h,t =0 h and t =+24 h, both A and A, are statistically significantly larger in SST4 compared
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to in CNTL, however the increases are small in magnitude, The fractional area of ascent (a,,) is less than 0.5 at all offset
times in both CNTL, and SST4 (Table 3) indicating that regions of ascent are smaller relative to areas of descent. Warming
does not cause large changes to the fractional area of ascent; a statistically significant decrease occurs at ¢ = 0 h, a statistically.
significant increase occurs at ¢ = +48 h and no significant changes occur at £ =-48 h, -24 h or +24 h. Thus the small changes in
both asymmetry parameters occur due to changes in the ratio of mean descent to mean ascent. Small increases in the maximum
ascent (minimum w, Table 2) are found and the mean vertical motion averaged over the 12 degree cyclone area also becomes
more negative in SST4 (Table 3), indicating either stronger ascent or weaker descent. The mean ascent, calculated over areas
where w < 0 in the 12 degree cyclone area, strengthens slightly at ¢ =24 h, ¢ =0 h and ¢ =+24 h (Table 3) while the mean
descent, averaged over areas where w > 0 in the 12 degree cyclone area, weakens slightly at all offset times. The magnitude

of ratio between the mean upward velocity and mean downward velocity (i.e | @, /wg|) increases at all times, as does the ratio
between the mean vertical motion and mean upward velocity (i.e | w/w,]|), such that X increases with warming.

The magnitude of the mean increase in both A and A4req is small, for example, at the time of maximum intensity A
increases from 0.74 in CNTL to 0.77 in SST4 and A increases from 0.64 in CNTL to 0.66 in SST4 (Table 3). This
result differs slightly from the results of O’Gorman (2011) who, in idealised climate change simulations performed on an
aqua-planet, found that A has a value of ~0.6 and that it does not increase when the global mean surface temperature increases.
Tamarin-Brodsky and Hadas (2019), however find a small increase in A with warming and no changes to the fractional area of
ascent (a,) which is in agreement with what we find here. Previously Booth et al. (2015) calculated A, Agpeq and ., in dry.
and moist baroclinic life cycle experiments and find that including moisture increases A from 0.58 to 0.74, increases Agreq.
from 0.55 t0 0.64 and decreases a,, from 0.45 to 0.40. These changes are much more pronounced that those found in this study.
likely due to the relative difference in the two set of experiments, e.g a dry versus moist case compared to a moist case vs a
moist case with 4 K warming.

8 Conclusions

Aquaplanet simulations were performed with a state-of-the-art, full complexity atmospheric model (OpenlIFS) to quantify how
the number, characteristics, and structure of extra-tropical cyclones respond to horizontally uniform warming and to identify
possible physical reasons for such changes. This simplified "climate change" experimental method was selected because it
provides a very large sample size of cyclones for drawing statistically significant conclusions from and because the initial
conditions and experimental design do not exert a strong control on the evolution of the model state.

The aquaplanet model set up is capable of producing a zonal mean climate that is broadly similar to that observed on Earth.
The response of the zonal mean temperature and zonal mean zonal wind to warming is in broad agreement with multi-model
mean predictions from CMIP5 models. Namely, the greatest warming is observed in the tropical upper troposphere, the sub-

tropical jet streams intensify, move upwards and polewards with warming, and the eddy-driven jet and mid-latitude storm track

moves polewards with warming. The magnitude of the near surface warming in the aqua-planet SST4 simulation compared
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to CNTL is approximately 4 K which is within the CMIP5 multi-model range predicted to occur by 2100 under the RCP8.5

scenario.

Extra-tropical cyclones were tracked using an objective tracking algorithm which identifies localised maxima of 850-hPa
relative vorticity truncated to T42 spectral resolution. In both the control (CNTL) and warm (SST4) experiment about 3500
cyclone tracks were identified. Warming the SSTs did not change the cyclone life time and lead to a 3.3% decrease in the

total number of extra-tropical cyclones. —Moreover, the median

intensity of cyclones, as measured by the maximum 850-hPa vorticity, does not change significantly when SSTs are warmed
uniformly, however, the intensity distribution of extra-tropical cyclones broadens resulting in more intense, and more weaker
cyclones. The median deepening rate of all extra-tropical cyclones did not change significantly with warming although the
zonal mean Eady growth decreased by 5-10% due to an increase in the hydrostatic stability. This apparent conflict arises
as moisture acts to intensify the extra-tropical cyclones in these simulations whereas the Eady growth rate is a measure of
dry baroclinicity. In addition, both extra-tropical cyclone genesis and lysis regions move poleward with warming which is

consistent with the poleward shift of the eddy-driven jet.

These results can be compared to those from previous idealised studies as well as to results obtained from full complexity
climate models. Our result that the maximum relative vorticity of the most extreme cyclones increases with warming is in
agreement with results from previous aqua-planet simulations (Pfahl et al., 2015). When our results of extra-tropical cyclone
intensity are compared to results based on coupled climate models a complex picture emerges. Our result that the number
of extreme cyclones increases with warming agrees with the results from Champion et al. (2011) and the southern hemisphere

results of Chang et al. (2012) yet disagrees with the results from Bengtsson et al. (2009) and Catto et al. (2011) who both found
that the number of intense storms in Europe and the North Atlantic is likely to decrease in the future.

Cyclone composites of the 200 strongest extra-tropical cyclones were created for both the CNTL and the SST4 experiment,
The structure of both composite cyclones is qualitatively and even guantitatively very similar to composite cyclones created
validity and usefulness of agua-planet simulations. The aim of our composite analysis was to identify how the structure of

the most intense extra-tropical cyclones responds to warming. The main focus was on how precipitation and vertical motion
respond to warming and the omega equation was utilised to assess changes to vertical motion forced by thermal and vorticity
advection and attributable to diabatic heating. The main results of how the structure of the 200 most intense extra-tropical

cyclones change with warming include:

1. An increase in total column water vapour (TCWYV) everywhere within a 12 degree radius of the cyclone centre and an
increase in the meridional TCWYV gradient. The largest absolute increases in TCWV occur in the warm sector whereas

the largest relative increases occur poleward of the warm front.

2. Anincrease in the 900-700 hPa layer average potential vorticity at all stages of the cyclone evolution everywhere within a
12 degree radius of the cyclone centre. The small absolute increases away from the cyclone centre result from increasing

stratification.
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3. Anincrease in the 900-hPa wind speed particularly in the warm sector and thus an increase in the size of the area exposed
to wind speeds above a certain fixed threshold.

620 4. An increase in low-level potential vorticity, total and large-scale precipitation, and ascent at 700 hPa ahead of the warm
front at all times of the cyclone life cycle which occurs due to an increase in ascent forced by thermal advection and an

increase in how diabatic processes enhance ascent.

5. An expansion of the area of ascent downstream of the cyclone centre due to increased ascent forced by vorticity advec-

tion. This is related to a downstream shift and broadening of the 500-hPa trough.

625 6. A small decrease in the maximum values of ascent at 700 hPa due to vorticity and thermal advection during the cyclone

intensification phase and a small increase in the maximum value of ascent due to diabatic heating.

7. A small increase in the asymmetry of vertical motion (A and \ ) with warming and no notably changes to the
fractional area of ascent. The small increases in asymmetry arises as absolute magnitude of the increase in ascent is
reater than the absolute decrease in the magnitude of the descent.

630 First, these results show that ascent becomes slightly more diabatically driven in the warmer experiment compared to the
CNTL experiment and that cyclone-related precipitation increases by up to 50% - a value much larger than predicted for global
precipitation amounts. Second, these results indicate that the spatial structure of the most intense extra-tropical cyclones does
change with warming. The localised maxima of low-level PV, 900-hPa wind speed, maximum precipitation and vertical velocity
associated with the warm front all move north-east relative to the eenter-centre of the cyclone. Kirshbaum-etak(2648)found
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vortieity-assoetated-with-This demonstrates that in the warmer experiment the warm front strengthened-and-moved-downstream

hrs—h pattal-chanee-appea o—be—aroby eatare—ot-how-extra-troptcal-eyeclonesrespondto-warmingInthe rest

obtained-hereis farther poleward and downstream of the cyclone centre than in CNTL. Furthermore, the area of ascent also
increased with warming particularly in the downstream region —This—was—found-to-be-due to changes in ascent forced by

640 vorticity advection and ultimately a broader trough at 500 hPa in SST4 compared to in the CNTL experiment.

‘The cyclone composite analysis
revealed that precipitation increased everywhere relative to the cyclone centre with warming. The same result was obtained by
Yettella and Kay (2017) who analysed a 30-member initial condition climate model ensemble, Furthermore, Yettella and Kay (2017) find

645  that precipitation in a cyclone composite of Northern hemisphere wintertime extra-tropical cyclones increases from maximum
values of ~9 mm per day to 11 mm per day in the far-future (2081-2100) simulations forced with Representative Concentration

Pathway 8.5 (RCP 8.5). The relative increase is thus smaller than found in our aqua-planet simulations which is likely due to

that in the real world evaporation over land is limited whereas there is always a limitless source of moisture at the surface in an
aqua-planet.
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650  The most striking similarity found between our results and previous studies is the downstream shift in the low-level vorticity.
anomaly and precipitation relative to the cyclone centre. Kirshbaum et al. (2018) and Tierney et al. (2018) both find very similar
results of how extra-tropical cyclone structure responds to warming in their baroclinic life cycle experiments. Kirshbaum et al. (2018) show
that with increasing environmental temperature the cyclonic potential vorticity associated with the warm front strengthened and
moved downstream while Tierney et al. (2018) show that in warmer simulations the upper level PV anomaly is much farther

655 west relative to the North-Adtlantic s tikely-to-deereaseindow-level PV anomaly than in colder and drier simulations. Thus,
this spatial change appears to be a robust feature of how extra-tropical cyclones respond to warming. We thus speculate that in
a warmer climate the classical coupling and mutual intensification of lower and upper level anomalies may be disrupted and
that extra-tropical cyclone dynamics and associated weather may be notably different.

This study prioritised in-depth understanding of changes to the dynamics and structure of extra-tropical cyclones with

660 warming, rather than quantifying extra-tropical cyclone structure in specific future climate scenarios. Thus, the simulations
included numerous simplifications and consequently there are some caveats to this study. First, the future—ln-eomparison-to

MIPS-simutations; otraguaptanetstmulationssby-destgntack-any-aqua-planet simulations contain no polar amplification and
thus the low-level temperature gradient does not change with warming. Hewever-Chang et al. (2012) show that CMIPS models
predict a significant increase in the frequency of extreme cyclones during the winter in the Southern Hemisphere, a result which

665 is in general agreement with our aqua-planet results. This means that (1) our results may be more applicable to the Southern
Hemisphere and (2) our results, and-together with further additional simulations, could be used to ascertain the impact of polar
amplification on extra-tropical cyclone intensity. Finaty;—we-note-Second, as there is no land in our simulations the potential
impact of differential changes in land-sea temperatures on extra-tropical cyclone dynamics is not considered meaning that our
results are likely more applicable to oceanic extra-tropical cyclones. Third, we applied uniform SST warming which neglects

670 localised oceanic cooling that occurs in the northern North Atlantic and parts of the high latitude Southern Ocean in several
CMIPS models (Figure 12.9, Collins et al., 2013). Fourth, the simulations were performed at a resolution more typical of a
climate model (125 km) than of a numerical weather prediction model meaning that in both the CNTL and SST4 experiment
extra-tropical cyclones may be weaker and precipitation areas broader than if the simulations had been conducted at higher
resolution. Nevertheless it appears unlikely that repeating the experiments at higher resolution would fundamentally change

675 the main conclusions as Jung et al. (2012) find that increasing the resolution of the IFS from T159 to T1279 only increases the
amount of precipitation by 6% and does not alter the ratio of convective to large-scale precipitation. Lastly. cyclone composites

were created from the strongest 200 storms and clearly the results would differ if we considered a larger or smaller number.
We conclude by noting that the results obtained here can be used a stepping stone to better understand predictions from

coupled climate models of how the structure of extra-tropical cyclones are likely to change in the future. A logical next step
680 would be to analyse climate model projections for evidence of the downstream shift relative to the cyclone centre of increased

low-level potential vorticity, vertical velocity and precipitation.
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Figure 1. Zonal mean (a) temperature (K) and (b) zonal winds (ms™ D) averaged over 10 years of simulation. Black contours show the CNTL
simulation and shading the difference between the SST4 and control simulation (SST4-CNTL). The green solid line shows the dynamic
tropopause (the 2 PVU surface) in CNTL and the dashed line in SST4.
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Figure 2. Zonal mean (a) total precipitation (mm day’l)aﬂd—,v(b) mean sea level pressure (hPa) and (¢) 950-hPa temperature (°C) averaged
over 10 years of simulation. Blue line shows CNTL and red SST4.
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Figure 3. Zonal mean (a) maximum Eady growth rate (day '), (b) vertical shear of the zonal wind (s ') and (c) Brunt Viisili frequency
(s™1) averaged over 10 years of simulation. Black contours show the CNTL simulation and shading the difference between the SST4 and

control simulation (SST4-CNTL). In (c) contours are every 0.002s ™' far values greater than 0.01s " and the dashed line shows the 0,005s "

contour, The green solid line shows the dynamic tropopause (the 2 PVU surface) in CNTL and the green dashed line in SST4.



0.14 0.25 T
(b)
0.12
0.2
0.1
2008 Zz 0.15
o el
38 3
o 0.06 <]
& & 0.1
0.04
0.05
0.02
0 0
0 2 4 6 8 10 12 14 16 0 1 2 3 4 5 6 7 8
Maximum vorticity (x107° s71) Growth Rate (x107° s7! day™!)
0.25 T ; ; ; i i 0.25 ; : : . . ! !
(c) (d)
0.2 0.2
>0.15 > 015
3 3
© @
S S
a 0.1 & 0.1
0.05 0.05
0 0
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90

Genesis Latitude (°N)

Lysis Latitude (°N)

Figure 4. Normalized histograms of the extra-tropical cyclone’s (a) maximum 850-hPa relative vorticity, (b) average deepening rate between

time of genesis and time of maximum vorticity, (c) genesis latitude and (d) lysis latitude. Blue colors show CNTL and red SST4.
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(a) t = -48 hours (b) t = -24 hours

(c) t=0hours (d) t = +24 hours

Figure 5. Composite cyclone of the strongest 200 extra-tropical cyclones in the CNTL simulation at (a) 48 hours before time of maximum
vorticity, (b) 24 hours before time of maximum vorticity, (c) time of maximum vorticity and (d) 24 hours after the time of maximum vorticity.

Shading shows the total column water vapour (g kg~ ') and black contours show the mean sea level pressure (hPa). The plotted radius is 12

degrees.
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Figure 6. Composite mean of the strongest 200 extra-tropical cyclones at (a) 48 hours before time of maximum vorticity, (b) 24 hours before
time of maximum vorticity, (c) time of maximum vorticity and (d) 24 hours after the time of maximum vorticity. Black contours show the
900-700 hPa layer mean potential vorticity in CNTL (contour interval 0.1 PVU, starting at 0.4 PVU). Shading shows the difference in the
900-700 hPa layer mean potential vorticity between SST4 and CNTL. Orange contours show the difference in the 850 hPa relative vorticity
between SST4 and CNTL (contour interval 0.5 x 107> s~*, the 0 contour is omitted). Solid orange contours show positive differences and

dashed contours negative differences.)
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Figure 7. Composite mean of the 900-hPa wind speed of the strongest 200 extra-tropical cyclones in the CNTL simulation (black contours

every 5 ms_ 1) and the difference between SST4 and CNTL (shading) at (a) 48 hours before time of maximum intensity, (b) 24 hours before

time of maximum intensity, (¢) time of maximum intensity and (d) 24 hours after the time of maximum intensity.
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(a) t = -48 hours (b) t = -24 hours

TCWV (g kg™!)

Figure 8. Composite mean of the total column water vapour (TCWYV) of the strongest 200 extra-tropical cyclones in the CNTL simulation
(black contours, every 2 g kg’l) and the difference between SST4 and CNTL (shading) at (a) 48 hours before time of maximum intensity,

(b) 24 hours before time of maximum intensity, (c) time of maximum intensity and (d) 24 hours after the time of maximum intensity.

33



Large-Scale Convective

-48 hours

t

-24 hours

t

t = 0 hours

0 0.5 1 1.5 2 25 3 3.5 4
Precipitation (mm per 6 hrs)

Figure 9. Composites of total precipitation (a,d,g), large-scale precipitation (b,e,h) and convective precipitation (c,f,i) in the CNTL simulation
(black contours) and the difference between SST4 and control (shading). Panels a-c are valid 48 hours before the time of maximum intensity,
panels d-f are valid 24 hours before the time of maximum intensity and panels g-i are valid at the time of maximum intensity. All composites

are of the strongest 200 extra-tropical cyclones in each experiment.

34



QG Diagnosed

-48 hours

t

-24 hours

t

t = 0 hours

-0.18 -0.14 -0.1 -0.06 -0.02 0.02 0.06 0.1 0.14 0.18

vertical velocity (Pa s™!)

Figure 10. Composite mean and change in 700-hPa vertical velocity in pressure coordinates for (a,c,e) total model calculated vertical velocity
and (b,d,f) vertical velocity calculated from the modified quasi-geostrophic omega equation (Eq. (1)). Panels a-b are valid 48 hours before
the time of maximum intensity, panels c-d are valid 24 hours beforestshe time of maximum intensity and panels e-f are valid at the time of

maximum intensity. All composites are of the strongest 200 extra-tropical cyclones in each experiment.
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Figure 11. Composite mean and change in 700-hPa vertical velocity in pressure coordinates due to thermal advection (w7, panels a,d,g),
due to vorticity advection (wy, panels b,e,h) and due to diabatic heating (w¢, panels c.f,i). Panels a-c are valid 48 hours before the time of
maximum intensity, panels d-f are valid 24 hours before the time of maximum intensity and panels g-i are valid at the time of maximum
intensity. Contours show the control values and shading the difference (SST4 - CNTL). All composites are of the strongest 200 extra-tropical

cyclones in each experiment.
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Figure 12. Composite mean of 500 hPa geopotential height (dam) in CNTL (black contours) and the difference (SST4-CNTL) in the cyclone
relative anomalies at (a) 48 hours before time of maximum intensity, (b) 24 hours before time of maximum intensity, (c) time of maximum

intensity and (d) 24 hours after the time of maximum intensity.
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Figure 13. Normalized histograms of the (a) asymmetry parameter and (b) area asymmetry parameter (see text for more details) valid 24
hours before the time of maximum intensity. Both histograms include values for the 200 strongest extra-tropical cyclones in both experiments.

Blue colors show CNTL and red SST4.
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Table 1. Cyclone statistics from CNTL and SST4. Relative vorticity values have units of x 10~°s~!. Duration (life time) is given in units of hours. Deepening

rates (units of x 107°s™" (24 h)~!) are the temporal rate of change of the 850-hPa relative vorticity. Positive deepening rate values indicate a strengthening, or
deepening, of the extra-tropical cyclone. For vorticity, duration, and deepening rates change is the relative change ((SST4-CNTL)/CNTL) given as a percentage. For

genesis and lysis latitude, change is the absolute change.

All Cyclones Strongest 200 Cyclones

Diagnostic CNTL SST4  Change | CNTL SST4  Change
Number of tracks / cyclones 3581 3462 -3.3% 200 200 0%
Mean maximum 850-hPa vorticity 6.11 6.07 -0.7% 11.55 11.87 +2.8%
Median maximum 850-hPa vorticity 5.94 5.75 -3.2% 11.24 11.56 +2.8%
Standard deviation of maximum 850-hPa vorticity 2.55 2.80 +9.8% 1.00 1.22 +22%
Mean track duration 132.3 127.8 -3.4% 209.7 190.8 -9.9%
Median track duration 108.0 108.1 0% 192.0 180.0  -6.25%
Standard deviation of track duration 77.3 73.5 -4.9% 83.0 83.2 +0.24%
Median deepening rate (genesis to time-of-max-intensityt = 0 h) 1.31 1.28 -2.3% 2.63 3.36 +27.7%
Standard deviation of deepening rate (genesis to time-of-max-tntensityt = 0 h) 1.13 1.25 +10.6% 1.43 1.65 +15.4%
Median deepening rate (-24 h to time-ef maximum-intensityt = 0 h) 1.42 1.43 +0.7% 3.57 4.41 +23.5%
Standard deviation of deepening rate (-24 h to time-of maxtmum-intensttyt = 0 h) 1.25 1.42 +13.6% 1.53 1.75 14.37%
median genesis latitude 442°N  46.2°N 2.0° 37.8°N  382°N  +0.4°
median lysis latitude 51.4°N  53.3°N 1.9° 51.2°N  55.0°N  +3.8°
median dlat (lysis -genesis latitude) 6.2° 6.0° -0.2° 13.7° 16.7° +3.0°
median dlat (max vort lat -genesis latitude) 2.9° 2.9° 0° 9.0° 9.3° +0.3°
850-hPa relative vorticity threshold for strongest 200 cyclones - - - 10.44 10.88 +4.2%
Vorticity of the strongest cyclone - - - 15.55 16.80 +8.1%
Maximum deepening (genesis to time of max) - - - 7.05 9.10 +29.0%




Table 2. Maximum values of ascent (Pa s~!) at 700 hPa directly from the model (w) and attributed to vorticity advection (wy-), thermal

advection (wr) and diabatic heating (wq) in the CNTL composite mean and the SST4 composite mean at different offset times.

| CNTL | ssT4
time (h) ‘ W wy wr wqQ ‘ W wyv wT wQ
-48 -0.5016  -0.2279  -0.1808  -0.195 | -0.5238  -0.2162 -0.1423  -0.193
-24 -0.6722  -0.401 -0.3179 -0.2311 | -0.6965 -0.3816 -0.3013  -0.2339
0 -0.4387  -0.3889  -0.1517 -0.1352 | -0.4565  -0.3761 -0.1681 -0.1512
24 -0.1572  -0.1701  -0.0601 -0.0371 | -0.1674  -0.1851  -0.054  -0.0358

Table 3. Mean values of A\, A\ a,.q, (see text for definitions), fractional area of ascent (a, ), mean vertical motion , mean ascent (t,,

mean descent (wy) at 700 hPa averaged over the strongest 200 extra-tropical cyclones in CNTL and in SST4 at different offset times.

| CNTL SST4
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