10

15

20

https://doi.org/10.5194/egusphere-2025-2314
Preprint. Discussion started: 30 May 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Relating extratropical atmospheric heat transport to cyclone life
cycle characteristics and numbers in Southern Hemispheric winter

Jan Zibell!, Alejandro Hermoso?, Aaron Donohoe®*, and Sebastian Schemm !

nstitute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland

2Climate and Environmental Physics and Oeschger Centre for Climate Change Research, University of Bern, Bern,
Switzerland

3Department of Atmospheric Sciences, University of Washington, Seattle, WA, US

4 Applied Physics Laboratory, University of Washington, Seattle, WA, USA

SDepartment of Applied Mathematics and Theoretical Physics, Centre for Mathematical Sciences, University of Cambridge,
Cambridge, UK

Correspondence: Jan Zibell (jan.zibell @env.ethz.ch)

Abstract.

Extratropical cyclones, which develop and propagate in regions known as storm tracks, account for the majority of poleward
atmospheric heat transport (AHT) outside the tropics. This allows the intensity and position of the zonal mean storm track to
be constrained by the hemispheric-wide radiative budget. Yet, the zonal mean nature of this approach masks the contribution of
individual cyclones, which can locally constitute extreme eddy AHT. In this study, we adopt a cyclone-centered perspective to
quantify in detail the relationship between poleward AHT and the life cycle characteristics of extratropical cyclones in Southern
Hemispheric winter. Specifically, we combine objectively identified surface cyclone tracks derived from ERAS data (1981—
2021) with a moist static energy (MSE) framework that features an eddy-mean decomposition of the circulation. The eddy
MSE flux maximizes during the cyclone intensification phase and is largest in the warm sector with a secondary maximum in
the cold sector. Importantly, a considerable fraction of the flux in the warm-sector is located well equatorward of the cyclone
center and thus outside the cyclonic region identified by the tracking algorithm. This leads to a latitudinal shift between
maxima in cyclone frequency and eddy MSE fluxes. To bridge the gap between zonally integrated AHT and contributions
from individual cyclones, local vertically integrated eddy MSE flux events are attributed to cyclones based on spatial overlap
criteria. When integrating zonally and over the cyclone lifetime, the most intense cyclones (and not the ones intensifying
most rapidly) generally exhibit the largest cyclone-attributed eddy MSE fluxes. Despite a disproportionate contribution to the
cyclone-attributed eddy MSE fluxes by the most intense cyclones on the seasonal scale, the relationship between the seasonal
number of intense cyclones and the poleward eddy MSE flux is sensitive to the choice of the eddy-mean decomposition. This
result indicates that low wavenumber background flows mask the influence of cyclone characteristics in the vertical, zonal, and
seasonal integral. Notably however, the relationship between the overall cyclone number and total AHT shows a peak at 50° S,
which resembles the dominance of synoptic waves at this latitude in terms of AHT while the relevance of planetary waves

increases poleward. Further research on the interplay between synoptic and planetary MSE fluxes in the vicinity of cyclones is
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needed to understand to which extent the cyclone number, which is projected to decrease under warming, could be constrained

by the global energy budget.

1 Introduction

Extratropical cyclones shape weather variability in the midlatitudes. In the Southern Hemisphere (SH), several extreme weather
events have been linked to surface cyclones and their accompanying fronts such as South African cold spells (Chikoore et al.,
2024) or flood events in Australia (Callaghan and Power, 2014). More generally, most extreme precipitation events in the ex-
tratropics can be related to extratropical cyclones (Pfahl and Wernli, 2012). Thus, understanding how the number and intensity
of cyclones varies from year to year and will change under global warming is relevant for both immediate and long-term adap-
tation measures. It is well known that extratropical cyclones intensify in regions of large baroclinicity, i.e. where horizontal
temperature gradients are large — for instance near a land-sea contrast or sea ice edge — and static stability is relatively low
(e.g. Eady, 1949). These regions are also commonly referred to as storm tracks. In addition, individual storms can be strength-
ened by the release of latent heat during condensation within the ascent regions (e.g. Booth et al., 2013; Biieler and Pfahl,
2017). The circulation response to latent heating is non-linear and has been a matter of investigation for multiple decades (see
the comprehensive review of Wernli and Gray, 2024, and references therein). Recent progress includes recognizing that latent
heat release within a warm conveyor belt, which is the ascending moist airstream in the warm sector of a cyclone, can be linked
to the amplification of the upper-level anticyclonic circulation downstream (Pomroy and Thorpe, 2000; Grams et al., 2011;
Schemm et al., 2013; Steinfeld et al., 2020) and thereby the formation and maintenance of atmospheric blocking (Pfahl et al.,
2015). The corresponding stationary flow can — depending on moisture availability — lead to further enhanced poleward
moisture transport. One outstanding example where this self-amplifying poleward latent heat flux mechanism was identified
is the March 2022 Antarctic heatwave: The extremely anomalous amount of moisture transported across the coastline into the
continent led to the largest surface temperature anomaly (39 K) over the instrumental record (Blanchard-Wrigglesworth et al.,
2023; Wille et al., 2024). Overall, cyclones in fact account for the dominant fraction of the latent heat fluxes into Antarctica
(Tsukernik and Lynch, 2013) and, more generally, throughout the SH extratropics (Sinclair and Dacre, 2019).

Poleward latent heat fluxes make a vital contribution to the global meridional atmospheric heat transport (AHT), which
moderates the equator-to-pole temperature gradient. Since Earth receives more solar energy in the tropics than at the poles and
this equator-to-pole contrast in absorbed solar radiation is only partly compensated by gradients in emitted thermal radiation,
the atmosphere and ocean must collectively transport energy poleward to counteract the net radiative energy imbalance (Peixoto
and Oort, 1992). AHT is described by the flux of moist static energy (MSE), which is the sum of latent and dry heat. The
MSE flux can be related to different time-scales and length-scales such that total AHT is commonly separated into eddy and
background flux contributions, which are typically assessed in the zonal mean (e.g. Priestley, 1949; Barpanda and Shaw, 2017).
In midlatitudes, high-frequency synoptic-scale eddies are the largest contributors to AHT in both hemispheres (e.g. Armour
et al., 2019; Stoll et al., 2023). Adding to that are low-frequency stationary waves and the mean overturning circulation; the

latter corresponding to the Ferrell cell transporting heat equatorward in the midlatitudes.
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Different flow decompositions and definitions of storm tracks have led to various insights on their dynamics: Defining storm
tracks using the zonal mean high-frequency eddy MSE flux, for instance, allows seasonal and climatological changes in storm
track intensity and latitude to be related to large scale energetic constraints on total AHT alongside information about the AHT
by the stationary circulation (Barpanda and Shaw, 2017; Shaw et al., 2018). Moreover, decomposing AHT by spatial scale
has enabled a link between zonal mean MSE flux extremes and localized weather patterns (Lembo et al., 2022). These studies
are examples for what can be classified as a kind of ‘top-down’ approach to connect the zonal mean AHT to local weather
phenomena. Conversely, the corresponding ‘bottom-up’ approach that investigates how local eddy MSE flux extremes impact
the zonally integrated AHT has also been studied extensively. On the one hand, (extreme) eddy MSE fluxes have been linked to
the warm- and cold-sectors of midlatitude cyclones (Messori and Czaja, 2015; Messori et al., 2017), which majorly contribute
to the zonal mean eddy MSE flux (Messori and Czaja, 2013). In addition, days with enhanced zonal mean eddy MSE fluxes
have a disproportionate impact on the seasonal integral (Messori and Czaja, 2015) suggesting that local extreme events may
significantly contribute to climatological zonal mean flux. On the other hand, it was found that local flux extremes arise from a
combination of synoptic and planetary signals (Messori and Czaja, 2014). This indicates that eddy MSE fluxes in the vicinity
of a cyclone might not solely be determined by its life cycle characteristics but also contain contributions from low-frequency
background flows. Despite the advances from both ‘top-down’ and ‘bottom-up’ approaches, a systematic quantification how
individual cyclones contribute to AHT over their life cycle and how the cyclone number and intensity over a season are related
to eddy MSE flux (and thereby more generally the total AHT) has not been performed thus far.

Further motivation for this study arises from the conception that the atmospheric energy budget might impose a constraint on
the number of extratropical cyclones. In a warmer climate, for instance, eddy latent heat fluxes in the warm sectors of cyclones
increase — even if the circulation in the eddy were unchanged — simply due to the Clausius-Clapeyron relationship (Geen
et al., 2016). Assuming for simplicity that the equator-to-pole gradient in net radiative imbalance (and the ocean heat transport)
were unchanged (Boer and Sargent, 1985), this would require total AHT to be unchanged as well. Given that high-frequency
eddy MSE fluxes remain the dominant component of extratropical AHT (especially in SH winter, Donohoe et al., 2020), the
required total AHT could be achieved by fewer cyclones each transporting more latent heat (Zhang and Wang, 1997). Apart
from few exceptions (Chang et al., 2012), there is agreement based on various warming scenarios, models, and approaches
to cyclone counting that the SH cyclone number decreases in a warmer climate (Konig et al., 1993; Geng and Sugi, 2003;
Lambert and Fyfe, 2006; Grieger et al., 2014; Chang, 2017; Priestley and Catto, 2022). Highly idealized atmosphere-only
experiments underpin this response to warming (Sinclair et al., 2020; Schemm et al., 2022). However, the relationship between
the extratropical cyclone number and AHT is complicated by the fact that the eddy MSE transported by individual cyclones
likely depends on the cyclone characteristics such as the spatial extent. On the one hand, the Rossby radius of deformation —
an estimate for typical eddy size — is expected to respond to changes in static stability and tropopause height (Gill, 1982).
On the other hand, strongly diabatically-driven cyclones become smaller under warming (Booth et al., 2013). Thus, how the
partitioning of the total eddy MSE fluxes onto extratropical cyclones is affected by warming is non-trivial. Further complexity
arises from possible changes in ocean heat uptake and transport in the Southern Ocean which may buffer the atmospheric

response to changes in radiative forcing and enhanced atmospheric latent heat storage.
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Addressing the storm track response to climate forcing necessitates a more profound understanding of the relationship
between zonal mean AHT and cyclone number and intensity under current climate conditions. In this study, we aim to bridge
the gap between the synoptic-scale cyclone and zonal mean AHT perspectives by investigating 41 years of reanalysis data.
Firstly, the spatio-temporal relationship between meridional eddy MSE fluxes and extratropical cyclones is explored. Building
on that, we inspect the contribution of a cyclone to the zonally integrated, meridional eddy MSE flux — in other words its
energy footprint — by introducing a feature-based approach to attribute eddy MSE fluxes to individual cyclones. While trends
in AHT (and its sub-components) have been investigated in previous studies (Rydsaa et al., 2021; Clark et al., 2022; Simmons,
2022; Franzke and Harnik, 2023; Cox et al., 2024a; Kang et al., 2024), we examine the inter-annual variability of the seasonal

cyclone number along with seasonal eddy MSE fluxes. The specific research questions thus are:
— How does the eddy MSE flux evolve in the vicinity of surface cyclones in the SH during their life cycle?

— Are different cyclone characteristics, in particular intensification rate and intensity, reflected differently in the zonally

integrated energy flux, and if so, how?
— On a seasonal scale, how is the number of cyclones related to eddy MSE flux, and more generally the total AHT?

We focus on the SH storm track during the winter months June, July, and August (JJA). In contrast to the Northern Hemi-
sphere (NH), the SH storm track is nearly circumpolar and therefore more zonally symmetric, which simplifies linking zonal
mean fluxes to cyclone characteristics. Moreover, winter is the season during which cyclone activity is maximum. The methods
applied in this study are detailed in Sect. 2. The evolution of eddy MSE fluxes along cyclone life cycles, including spatial com-
posites, is presented in Sect. 3. How cyclone characteristics influence the energy footprint of a cyclone in the zonal integral is
shown and discussed in Sect. 4. The seasonal relationship between (eddy) AHT and extratropical cyclone number is examined

in Sect. 5. Finally, the results are summarized and put into a broader context in Sect. 6.
2  Methods

2.1 Reanalysis data

This study discusses extratropical dynamics during the winter season in the ERAS reanalysis data set (Hersbach et al., 2020),
which corresponds to JJA in the SH. The analyses are based on six-hourly data of the years 1981 to 2021. All variables are
obtained at 0.5° x 0.5° resolution and MSE fluxes are computed at 28 of the 37 available pressure levels spanning 1-1000 hPa.

This vertical coarsening has minimal impact on the monthly closure of the energy budget (see Sect. 2.3, Eq. 1).
2.2 Cyclone tracking

Extratropical cyclones are identified using the cyclone tracking algorithm developed by Wernli and Schwierz (2006) and refined
by Sprenger et al. (2017). Local minima of sea level pressure (SLP) are identified and followed over time. The spatial extent

of each of these identified cyclones is then defined using a closed SLP contour approach. The outermost SLP contour around
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a SLP minimum which is shorter than 7500 km encircles the cyclone area. Flagging gridcells within this area thus yields a
cyclone mask. The lifetime of a track is defined as the length of each track while intensity (and intensification) are defined by
the center SLP (and its change). While cyclones are tracked using hourly SLP input, only six-hourly time steps are considered
in the analysis to match the temporal resolution of the calculated MSE fluxes. Tracks that are shorter than 24 h, weaker than
990 hPa, and intensify equatorward of 30° are discarded. Furthermore, we exclude tracks that do not intensify based on the
maximum SLP tendency normalized with % with the cyclone center at latitude ¢ (Sanders and Gyakum, 1980). Thus, we
filter out tracks that intensify less than 0 Bergeron. As a reference, 1 Bergeron corresponds to a deepening rate of 24 hPah =1
at 60° S. These criteria are applied to discard thermal lows that originate and disappear with the daily cycle, tropical cyclones
that do not undergo extratropical transition, and cyclones that remain very weak. For comparability of different MSE flux

decomposition methods, a track is not included in a composite if the considered stage falls onto a leap day.

2.3 MSE fluxes

A simplified version of the vertically integrated and zonally averaged atmospheric energy balance reads

O ([h]) + 0y ([vm]) = [Froa — Fs] (1)

(Neelin and Held, 1987; Barpanda and Shaw, 2017). h = ¢, T+ Lq corresponds to the thermal energy within the atmospheric
column and m = ¢,T + Lqg + ® the MSE with ¢, being the specific heat capacity of air, L the latent heat of evaporation, T'
and q air temperature and specific humidity, respectively, and ® the geopotential. v denotes meridional wind. Fros and Fy
represent the net energy flux at the top of atmosphere (TOA) and surface, respectively. Froa is comprised of only radiative
fluxes whereas Fy includes both radiative and turbulent fluxes. 9, () = d,{cos¢(-)}/(a cos ¢) is the meridional divergence
and () = % %()dp the mass-weighted vertical integration from the climatological mean surface pressure pg to the TOA
(Boer and Sargent, 1985). Note that this formulation neglects kinetic energy and latent heat related to the liquid-ice transition
(Mayer et al., 2024) and defines the energy tendency relative to a fixed mass of atmosphere following Cox et al. (2024b).

We further decompose the MSE flux into eddy and mean components. One established approach defines eddies from monthly

means, such that the monthly mean flux reads

[om] = [v'm/] + [0"m"] + [0][m] 2
TE SE MOC

with dashes and asterisks signifying anomalies from the monthly * and zonal averages [-], respectively (Priestley, 1949; Peixoto
and Oort, 1992). Here we adopt the interpretation of the terms on the right-hand side from Barpanda and Shaw (2017): the
terms denoted with TE and SE represent transient and (temporally) stationary eddies, respectively, whereas the third term
corresponds to the meridional overturning circulation (MOC). Note that vertical averages of m and v are subtracted before
computing the MOC (Marshall et al., 2014) to account for mass conservation — MSE fluxes associated with a net mass flux
are noisy and do not correlate strongly with the corresponding mass changes of the polar cap (Cardinale et al., 2021). This

study focuses on the TE fluxes which are thought to be related to synoptic weather systems (e.g. Kaspi and Schneider, 2013;
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Figure 1. Climatologies of TE MSE fluxes and cyclone frequencies during winter. (a) Vertically integrated and seasonally averaged TE MSE
fluxes, (v'm’ 1), (shading) are shown along with the cyclone mask frequency (black contours in steps of 5% starting at 5% with 15 %
and 30 % highlighted in thicker contours). (b) Zonally integrated TE MSE fluxes, ([v/m/1g]), (purple) and zonal mean cyclone frequencies
(black) for individual seasons (thin lines) and the climatology thereof (solid lines). For compactness and better comparability, MSE fluxes
are shown positive poleward in this panel. Note that the cyclone frequency in (b) is multiplied with the cosine of latitude for consistency with
the zonally integrated poleward energy fluxes. In both (a, b), values in the NH are for DJF and JJA in the SH, while latitudes near the equator

are masked.

Barpanda and Shaw, 2017). Hereafter, we will refer to the TE fluxes calculated in this framework with v'm/;. The NH DJF and
SH JJA climatologies of vertically integrated v'm/y are shown in Fig. 1. Throughout this study, fluxes in each hemisphere are
defined positive if poleward. Climatologically, the maximum fluxes (shading in Fig. 1a) are located equatorward of the storm
tracks (surface cyclone frequency in black contours). Zonally integrating (eddy) AHT involves a multiplication with a cosine
of latitude and we present the cosine latitude weighted cyclone frequency in Fig. 1b to account for the changing area per grid
cell and remain consistent with the definition of AHT. Seasonally averaged fluxes (purple lines in Fig. 1b) in the SH amount to
6 PW with the difference between the weakest and the strongest season being roughly 1 PW at 45° S.

The above boxcar approach to monthly averaging in the “TE framework’ leads to somewhat unphysical discontinuities at the
turn of each month. Also, the window-length of around 30d is to some extent arbitrary and arguably unrelated to the synoptic
timescales of interest. Most results are based on large cyclone sample sizes such that the introduced methodological biases are
assumed to average out. We use two additional MSE flux decomposition methods for to explore the sensitivities of the results.
One of the most widely used approaches in weather science to separate eddy and background signals is a decomposition into

high-pass and low-pass filtered components (e.g. Hoskins et al., 1983; Schemm and Riviere, 2019; Franzke and Harnik, 2023).
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While closing the energy budget using such an approach can require computing many cross-terms (Franzke and Harnik, 2023),
we simply compare v'm/ to the eddy flux signal, v'm/yp, where dashes denote the high-pass (HP) components. v and m are
concatenated for the entire analysis period (only ignoring leap days) and high-pass filtered with a frequency cut-off at 10 d.
The third method that is used for sensitivity tests defines eddy fluxes via anomalies from zonal means instantaneously (Cox
et al., 2024b). In contrast to the other two methods, no timescale is introduced in this decomposition method. The eddy fluxes
derived from zonal anomalies (ZA) are referred to as v*m7, . These local eddy fluxes depend on the flux that occurs elsewhere

at the same latitude, whereas for the other methods the eddy flux depends on the local flux evolution in time.
2.4 Cyclone composites

Going beyond the zonal mean, eddy MSE fluxes are inspected in the vicinity of cyclone centers by the use of composites. For
a given set of cyclones (including all or only the deepest ones, for instance) and stages (e.g. time of maximum intensification),
nearby eddy MSE fluxes are regridded such that the cyclone center is located at (0,0) in cyclone-centered longitude and latitude
coordinates. Bilinear interpolation is chosen for all fields except for precipitation where conservative remapping conserves the
peaks. Note that unlike other studies (e.g. Catto et al., 2010; Dacre et al., 2023), the resulting fields are not rotated along track
direction. Rotated coordinates are usually preferred to retain and highlight separate signals from warm and cold fronts. How-
ever, when investigating meridional energy fluxes we chose to conserve the direction of flux within the composite. Grid-points

falling below climatological surface pressure (which approximates the topography) have been masked out for the composites.
2.5 Attributing eddy MSE fluxes to cyclones

The composite analyses based on the complete eddy MSE flux fields in Sect. 3.2 reveal that substantial fluxes are located
further away from the cyclone center and outside of the largest closed SLP contour (which the cyclone mask is derived from).
Instead of using the cyclone masks to attribute eddy MSE fluxes to the cyclones, we identify and attribute to the cyclone eddy
MSE fluxes (which can be outside of the mask) that are thought to be associated with the cyclone-induced circulation. There is
no single correct approach to identify coherent features in atmospheric flows (see, for instance, a comparison of atmospheric
river tracking algorithms in Shields et al., 2018). In this work, flux features are identified using a flux threshold based on a
percentile which broadly resembles the spirit of the approach of Messori et al. (2017). Since especially MSE is varying greatly
with season and latitude, the flux threshold is chosen to be latitude- and time-dependent. This is achieved by taking a percentile
of all values of a latitude band at the same time step of each year (resulting in 360° / Ay, - Nyears = 29520 values to draw the
percentile from, see Fig. B1) at each latitude and timestep.

Given a percentile rank p, features of the vertically integrated flux (v'm/g) are identified using the flux thresholds corre-
sponding to p for northward fluxes and 100 % — p for southward fluxes with p > 50 %. The resulting MSE flux features that
are larger than 4.9-10* km? (about 1° x 1°) and poleward of 15° are then labeled using TempestExtremes v2.1 (Ullrich
et al., 2021). Instead of tracking (or "stitching" in the language of the tool) the resulting flux features over time, the eddy MSE
flux features that spatially overlap the SLP masks are attributed to unique cyclones at each time step. Non-overlapping features

are considered ‘other’ eddy fluxes (see Fig. B2). If a flux feature overlaps with multiple cyclones, the cyclone with lowest
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center SLP at that time step is chosen. Choosing from the overlapping cyclones randomly instead was also tested but makes
no qualitative difference on the results in this paper. Therefore, we think that a more sophisticated algorithm that tracks flux
features which are then attributed to cyclones based on some evolution criteria would not lead to markedly different results.
Note that given the percentile rank p, the ratio of grid points attributed to cyclones is not exactly 2 - (100 % — p) (‘northward’
plus ‘equatorward’ areas) but less because small features are filtered out and not all of the remaining are attributed to cyclones.
The results in Sects. 4 and 5 are for p = 90 %. Two other percentile ranks p = 80 % and p = 95 % have been tested which tend

to attribute broader and narrower features to the cyclones, respectively.

3 Eddy MSE fluxes along extratropical cyclones

This first result section starts addressing the relationship between TE MSE fluxes and extratropical cyclones by investigating
the evolution of v'm/; along the typical cyclone life cycle. The adopted cyclone-centered perspective allows for a better under-
standing of how v'm/ co-locates with cyclone centers, changes along cyclone life cycle, and relates to cyclone intensification.
The life cycle analyses and cyclone-centered composites complement and expand on previous research aggregating eddy MSE
flux events based on flux magnitude. Special attention is paid to the partitioning into dry and moist flux components in the
warm and cold sectors across different latitudes. As indicated, the following results are based on calculating eddy MSE fluxes

using the TE framework — from anomalies defined as departures from the monthly mean. 4 and 5.
3.1 Eddy MSE flux along the cyclone life cycle

To obtain an impression of the evolution of a variable along the cyclone life cycle, it has proven helpful to consider normalized
cyclone tracks (e.g. Rudeva and Gulev, 2007; Schemm et al., 2018): For the first analysis, tracks are split into a deepening and a
weakening phase. All tracks that feature more than two time steps in both of these phases are then normalized for both periods
[genesis, mature stage] and [mature stage, lysis] separately. Any quantity can be interpolated onto the resulting, uniform x-axis
using cubic spline interpolation (Fritsch and Carlson, 1980; Schemm et al., 2018).

This approach is applied to the maximum 850 hPa v'm/y; within a 7.5° radius from the cyclone center. Considering all
SH cyclones, the maximum v'm’ features a peak before mature stage and declines afterwards (black line in Fig.2).! The
peak flux during intensification phase is, on average, around 50 % larger than towards the end of the deepening phase. The
maximum TE MSE flux peaking before mature stage is consistent with the baroclinic life cycle whereby eddy heat flux peaks
while baroclinicity is being eroded and intensification terminates (Novak et al., 2015). Certainly, computing the maximum flux
within a fixed radius from the center introduces the possibility of capturing the signal of another cyclone at a different stage.
Thus, for larger radii fluxes before and after mature stage increase uniformly (not shown). Moreover, both lifetime and latitude
of this large set of SH cyclones span broad ranges. This motivates studying cyclone subsets as done throughout the remainder

of the section.

I This is verified by centering the tracks onto the stage of peak intensification or mature stage without performing the spline interpolation and using different

radii (not shown).
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Figure 2. Maximum near-cyclone TE MSE flux, v'm’rg, at 850 hPa for all (black) and the 10 % most strongly intensifying cyclones (blue)
along the normalized cyclone life cycle. The search radius is 7.5°. Median and interquartile range are shown in solid lines and shading,
respectively. Genesis and lysis correspond to the first and last time steps of the track, respectively, while the mature stage is defined as the
time of minimum central SLP. For track normalization, a cubic spline fit is performed for each track and the resulting distribution. The

number of all SH cyclones is included in the upper right.

With fluxes peaking during the intensification phase, it is natural to ask whether the magnitude of the intensification rate
plays a role for the magnitude of the nearby fluxes. Indeed, the above TE MSE flux contrast before and after mature stage is
even larger when considering the subset of the 10 % most strongly intensifying cyclones (blue line in Fig. 2). The median flux
of this subset is roughly 50 % larger during the intensification phase compared to all SH cyclones, but levels off after mature
stage to comparable values of all SH tracks towards lysis. The difference of median flux during intensification and deepening
amounts to a factor of around two. As above, near-cyclone v'm’ has been weakening again when mature stage is reached.

Therefore, the following analyses will focus solely on the deepening phase.
3.2 Spatial relation of eddy MSE fluxes and cyclones

Next, cyclone-centered composites are inspected to study how fluxes are distributed around the cyclone center and occur
spatially along the cyclone life cycle. Recall that in the SH, cyclonic flow is clockwise and that poleward flux is chosen positive
in this study. Also note that the poleward transport of (temporally) anomalously warm and moist and the equatorward transport
of anomalously cool and dry air both have positive poleward MSE and, thus, both the warm and cold sectors show positive
MSE fluxes.

Composites of all SH cyclones indicate poleward v'm/r; downstream of the cyclone center during genesis and peak intensi-
fication at 850 hPa (Fig. 3a, b). Note that the signal at the genesis stage in Fig. 3a is partly due to secondary cyclogenesis along

the cold front leading to cyclones ‘inheriting’ fluxes from previous, still intensifying ones. During mature stage, this signal is
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located further downstream and accompanied with an emerging negative (equatorward) flux upstream of the cyclone center at
(—1°, 0°) in the composite coordinates. Further upstream, a positive signal related to the cold sector only stands out towards
the mature stage (Fig. 3c). From vertical cross-sections across rlat= 0, i.e. the latitudinal band through the center, it becomes
clear that the signal of the warm sector extends up to roughly 300 hPa during all considered stages with a peak around 900 hPa
(Fig. 3d—f). This generally agrees with the vertical extent when centering around 850 hPa MSE flux extremes (Messori and
Czaja, 2015). Thus, the signal in the warm sector is the footprint of the ascending warm and moist airstream known as warm
conveyor belt. Likewise, the flux in the cold sector at mature stage maximizes at that level. The aforementioned negative signal
located upstream of the cyclone center extends up to around 700 hPa while around 500 hPa a negative signal downstream of
the center appears (Fig. 3f). A significance test supports that these fluxes that we relate to cyclonic flow features are different
from climatology (see Sect. C, Fig. C1).

Composite mean meridional winds (grey lines in Fig. 3d—f) tilt westward with height during genesis and intensification
but become more barotropic at mature stage.” Conceptually, this vertical velocity tilt matches the characteristic of the most
unstable, fastest-growing perturbation in the Eady model (Eady, 1949). Likewise, the more barotropic flow at mature stage
represents the end of baroclinic growth. Temperature anomalies (which dominate MSE anomalies), in turn, are expected to tilt
eastward with height (Eady, 1949), which was confirmed for the composite MSE anomalies (not shown). The negative flux
signal during mature stage at 500 hPa results from cold air moving poleward (Fig. 3f). Furthermore, the low-level equatorward
flux at mature stage can be related to warm and moist air flowing equatorward along the bent-back extension of the warm front
(Shapiro and Keyser, 1990). This signal does not emerge when centering on flux extremes but highlights the importance and
value of the cyclone life cycle perspective.

The composite analysis confirms the previous findings based on normalized tracks that meridional TE MSE fluxes near
cyclones are, on average, largest during the intensification phase. Likewise, from a spatial composite perspective, the flux of
the 10 % most strongly intensifying cyclones is roughly 50 % larger in the cold sector, but up to 80 % larger in the warm sector
close to the cyclone center as compared to a/l SH cyclones (compare, for instance, Fig. 4a to Fig. 3b at 850 hPa). Differing
percentage increases between the along-track evolution and composite map perspectives likely arise from applying a fixed
radius to search for a maximum in the former method and varying lifetimes being aggregated (as discussed above). Strongly
intensifying cyclones feature negative fluxes at 300 hPa downstream of the center which can be related to the anticyclonic
return flow of the warm conveyor belt and which are less prominent in the composites of all SH cyclone (compare Fig. 4c and
Fig. 3e).

We want to note that selecting for the tracks with deepest SLP instead of those deepening most strongly does not qualitatively
impact the above conclusions. Both warm and cold sector signals are slightly more horizontally and vertically extended with
the warm sector peak slightly reduced (at peak intensification, Fig. 4b, d). This points toward deep cyclones not necessarily
being the ones intensifying most strongly but being larger in size (Rudeva and Gulev, 2007).

While these results suggest that near cyclones, v'm/ is largest in the warm sector, for some cyclones fluxes may also be

large in cold sectors. Previous research has shown that poleward transport extremes can be both related to warm air moving

2While v is shown in Fig. 3, this is also the case for the full meridional wind v (Fig. C1).
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Figure 3. Cyclone-centered meridional TE MSE flux, v"m/rg, composited for different stages along the cyclone life cycle. Horizontal maps
are shown for fluxes (colors) at 850 hPa for (a) genesis, (b) time of peak intensification, and (¢) mature stage. Black contours indicate
composite mean SLP in hPa. Similarly, height-longitude cross-sections through rlat = 0 are shown in panels (d)—(f) for the same stages

as in (a)—(c). Grey lines depict meridional wind velocities (v) in ms™*

(positive poleward). Horizontal dashed black lines represent the
intersection of the corresponding vertical and horizontal panels. Furthermore, the number of cyclones in the composites are included in the

upper right in panels (a)—(c). A grey arrow is included for better orientation indicating directions of equator (EQ) and South Pole (SP).

poleward as well as equatorward cold air advection. Both of these ‘flavors’ of poleward heat transport can be associated with
v'm’pg of comparable magnitude (Messori and Czaja, 2015). Furthermore, banded structures of the latter account for around
40 % of poleward heat transport across a wide range of latitudes (Messori et al., 2017). Thus, the lack of a signal upstream of
the cyclone center that is comparable to the one found in the warm sector might be surprising.

We expect this warm-cold sector flux contrast in our composites to arise for several reasons. Firstly, a simple geometrical
explanation for this contrast can be seen when assuming the wind field in geostrophic balance with the SLP contours (v =

(fpa)~t dp/dz with f the Coriolis parameter, p4 air density, p pressure, and x longitude). When inspecting the latitude of
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Figure 4. Cyclone-centered TE MSE flux at 850 hPa composited during time of peak intensification for (a) the 10 % most strongly in-
tensifying cyclones and (b) the 10 % deepest cyclones at mature stage. Black contours indicate composite mean SLP in hPa. As in Fig. 3,
horizontal maps are complemented with height-longitude cross-sections in panels (¢, d). Grey lines depict meridional wind velocities (v’)
in ms™" (positive poleward). Horizontal dashed black lines represent the intersection of the corresponding vertical and horizontal panels.
Furthermore, the number of cyclones in the composites are included in the upper right in panels (a, ¢). A grey arrow is included for better

orientation indicating directions of equator (EQ) and South Pole (SP).

the cyclone center (dashed horizontal line) in Fig. 3b, for instance, one can see that the contours of SLP are almost perfectly
meridionally oriented downstream of the center but contain an additional zonal component upstream (in other words the
upstream SLP contours resemble a bottom-left to top-right tilt on the panel). Therefore, v is larger in the warm sector and, thus,
v'm’p; would be expected to be larger in the warm sector even if the winds in both sectors were advecting the same magnitude
MSE gradient. This is an important caveat of focusing only on meridional TE MSE fluxes.

Secondly, in particular during the intensification phase fronts are located relatively close to the cyclone center (Schemm
et al., 2018) and only detach when an occlusion forms at a later stage of the life cycle (Shapiro and Keyser, 1990). The warm
sector is spatially bound by the warm and cold fronts and narrows towards mature stage and lysis as the cold front catches up

the warm front. Compositing by the cyclone center implies a tendency to centering next to the warm sector especially during
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the intensification phase. Conversely, the upstream extent of the cold sector is generally not limited by frontal zones and hence
can be more smeared out in the composite.

Thirdly, moisture causes the warm sector eddy MSE fluxes to be greater than those in the cold sector. At low levels such
as 850 hPa, latent heat in the warm sector adds to MSE while cold sectors are much drier (Messori and Czaja, 2015; Geen
et al., 2016; Messori et al., 2017). In addition to its mere presence, if calculated as anomalies from a mean of a sample
(such as monthly mean or zonal mean), positive specific humidity anomalies are even larger than negative ones because the
spatiotemporal distribution of specific humidity is skewed — due to the non-linear Clausius-Clapeyron relationship, specific
humidity increases exponentially with the temperature in a warm sector under constant relative humidity — and has a lower

bound.
3.3 Latitudinal variations of dry and latent eddy heat fluxes

Of course, specific humidity, ¢, and thereby the contribution of latent heat flux to MSE flux is highly dependent on temperature
and therefore also latitude. In the following, the above set of 10 % most strongly intensifying cyclones are sorted into 10°
latitude bands according to the cyclone center latitude at time of peak intensification.

Downstream of the cyclone center, both v'm/; and v’ Lg'rg decrease towards the pole (Fig.5). Unlike v'm/g, v/ L) is
confined to the warm sector downstream of the center which is in line with the arguments above. Notably, going towards the
pole the decrease in v'm/ in the cold sector is less pronounced than in the warm sector such that the contrast between warm
and cold sectors almost vanishes for cyclones intensifying within 60-70 °S (Fig. 5c). This points to a larger relative importance
of cold air outbreaks to the energy budget towards the high latitudes (Messori et al., 2017).

Not only the magnitude of v’ L’y but also the relative contribution to v'm’y reduces towards pole (black contours in
Fig. 5a—c corresponding). Assuming, for the sake of simplicity, the temporal variance of warm-sector temperature anomalies
does not depend on latitude, then a decrease of the mean temperature towards the pole implies a reduction of the variance in
specific humidity (at constant relative humidity). Thus, towards the pole the anomalies in specific humidity decrease relative to
temperature anomalies and thereby the percentage to v'm/g.

Six-hourly accumulated precipitation is overlaid in Fig. 5d-e with black contours. The signal is spatially prominent in the
warm sector, yet its peak is spatially shifted by around 3° towards the cyclone center compared to the maximum in v’ Lq’g.
From a moisture budget perspective, precipitation is balanced by evaporation, column moisture storage, and the convergence
of latent heat flux. A large meridional transport of latent heat per se does not have to yield a large latent heat flux convergence,
which in turn does not imply a release of latent heat (and related precipitation) because the converging specific humidity could
— in principle — also be completely stored within the column. Indeed, the composite maxima of vertically integrated (eddy)
latent heat flux convergence and precipitation do not align either (not shown).

This latitudinal separation highlights that cyclones at lower latitudes disproportionately influence the MSE flux signals in
Figs. 3 and 4 especially due to the Clausius-Clapeyron relationship. Therefore, analyses involving aggregation of eddy MSE

fluxes across wide ranges of latitudes (Figs. 3 and 4 or, e.g., Messori and Czaja, 2015) should be interpreted with care.
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Figure 5. Cyclone-centered TE MSE flux, v'm’rg, at 850 hPa composited during time of peak intensification for cyclones with center within
(a) 40-50° S, (b) 50-60° S, and (¢) 60-70° S. As in (a)-(c), the latent heat component, v’ Lqg, is separately shown in panels (d)—(f) for
the corresponding latitudinal ranges. Regions where latent heat flux makes up for 40 % and 50 % of the MSE flux are outlined with black
contours in (a)—(c). Black lines in (d)-(f) depict precipitation in steps of 0.4 mm h~'. Grey contours indicate composite mean SLP in hPa.
The number of cyclones in the composites are included in the upper right in panels (a)-(c). A grey arrow is included for better orientation

indicating the directions of the equator (EQ) and South Pole (SP).

Overall, the cyclone-centered perspectives supports and complements previous findings on (low-level) eddy MSE flux ex-

tremes (Messori and Czaja, 2015; Geen et al., 2016; Messori et al., 2017). The following sections discuss vertically integrated

TE MSE fluxes and discuss the influence of the cyclone characteristics on the zonally integrated AHT. As particular focus

is on the intensification rate, it is worth pointing out that the previous findings regarding the horizontal structure of the eddy

330 MSE fluxes around cyclones are also valid for vertically integrated fluxes and different flux decompositions (see Appendix C,

Fig. C2).
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4 How do different cyclones contribute to zonally integrated AHT?

It is known that an instantaneous zonal flux extreme is partly driven by the number and intensity of coexisting warm and cold
sectors (Messori and Czaja, 2015). A few of these zonal flux extremes in turn have a disproportionate impact on the seasonal
mean flux throughout the extratropics (Messori and Czaja, 2015). Having studied evolution of v'm/ along the cyclone life
cycle, the results of the previous section suggest that the intensification rates of cyclones could play an important role in
setting instantaneous and seasonal zonal mean energy flux. The goal of this section is to explore whether and and how different
cyclone characteristics are reflected in the vertically and zonally integrated TE MSE flux, ([v"m/rg]).? For instance, are strongly
intensifying cyclones related to higher ([v'm/g]) than weakly intensifying ones? Answering such questions requires linking
TE MSE flux to individual cyclones. Ideally, the chosen attribution method resolves the latitudinal shift between the maxima of
cyclone frequency and eddy MSE flux, respectively (Fig. 1b). Thereby, the cyclone track and zonal energy budget perspectives

would become better connected. Hereafter, vertically integrated flux data are used to simplify the task.
4.1 Attributing eddy fluxes to cyclones

How can (v'm/) be attributed to a cyclone? One simple approach is to use the SLP-derived cyclone masks (see Sect. 2.2) to
label the instantaneous TE MSE flux fields. Using that approach, the TE MSE flux captured within the cyclone masks is broadly
below than 1 PW (black dashed line in Fig. 6a) and barely reaches 30 % of the overall ([v'm/1g]) (Fig. 6b).* The low fraction of
TE MSE flux within the cyclone mask is consistent with the cyclone composites (e.g. Fig. 3b, c, Fig. 4a): A substantial fraction
of the poleward flux does not occur in close vicinity to the cyclone center but further downstream and equatorward. In the
composite, this partly lies outside of the lowest closed SLP contour which, for the sake of the argument, can be regarded as a
proxy for the cyclone mask. Moreover, the correlation between seasonally averaged overall and cyclone-masked fluxes is low
(and even negative) across the midlatitudes (black line in Fig. 6¢) because very little of the overall TE MSE flux occurs within
the cyclone mask.

To overcome issues related to the spatial displacement discussed above, eddy MSE flux features are identified and attributed
to nearby cyclones based on spatial overlap (see Sect. 2.5 for more details). For each cyclone, the fluxes within these attributed
features are retained and yield a zonally integrated cyclone-attributed TE MSE flux, ([v/m’$¢"]), as sketched out in Fig.7.
Considering all cyclones within a season, the seasonal mean cyclone-attributed TE MSE flux thus reads <[WCTYECI]> Note
that in the following, the overbar denotes the seasonal mean computed from monthly means whereas dashes still represent
anomalies from monthly means as introduced in Sect. 2.3. Using this attribution method, the percentage of captured TE MSE
flux is increased by 15-20 % (Fig. 6b) — relative to only counting TE MSE fluxes within the cyclone mask. Additionally, the
correlation of seasonal means between the total cyclone attributed flux ranges from 0.5 around 40° S to 0.75 poleward of 55° S
(dark orange line in Fig. 6¢). A priori, one should not expect a 100 % flux coverage or perfect correlation due to the presence

of other dynamical features such as anticyclones. Additionally, the cyclone attribution method improves the meridional offset

3In the result sections, we use square brackets for zonal means and integrals interchangeably.
4The percentage can surpass 100 % if fluxes outside of the cyclone masks are predominantly equatorward.
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Figure 6. Seasonal TE MSE fluxes in SH winter: (a) the overall TE MSE fluxes, ([v'm/1g]), shown in purple are contrasted to the TE MSE

fluxes within cyclone masks (black, dashed) and the TE MSE fluxes within features that are attributed to cyclones, {[v'm/’ o

1€ ]) (dark orange).
Solid and dashed lines indicate medians, light shading the full range, and darker shading the inter-quartile range of the seasonal means for the

years considered. (b) As (a) but expressed as a percentage of the corresponding seasonally averaged overall TE MSE flux (which is 100 %
by definition). (¢) Correlations of seasonally averaged fluxes with overall TE MSE fluxes.

between the maxima in the overall and cyclone attributed flux. The maxima in the TE MSE flux within cyclone masks occurs
around 20° poleward of the overall TE MSE flux {[v/m/1g]). In contrast, the fluxes that are attributed to cyclones, <[WCTYECI]>
(dark orange), peak around 10° further equatorward of the ones within the SLP masks and thus more closely to the peak
of ([v'm/tg]) (purple distribution in Fig.6a). The remaining latitudinal discrepancy may partly arise due to the SLP-based
tracking method not detecting cyclones further equatorward (Sinclair, 1994). Overall, with the composite results of Sect. 3.2 in
mind the latitudinal shift of the zonally integrated flux (Fig. 6a) suggests that the attribution method is more useful for studying
the effect of cyclones on zonally integrated AHT than simply the cyclone masks because adjacent warm and cold sectors are

captured. Thereby, this method is a comprehensive solution to connect the surface cyclone and MSE flux frameworks.

4.2 Cyclone characteristics in the zonal integral
Attributing (v'm’1g) to individual cyclones allows for studying the influence of a cyclone characteristic on the zonally inte-

grated transport. For the seasonal timescale, the accumulated flux along the lifetime is informative while the averaged flux per

time step is more useful when studying instantaneous energy transport. Findings from Sect. 3 suggest that the duration and
magnitude of cyclone intensification are important for both timescales.
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Figure 7. Schematic of the zonally integrated cyclone-attributed eddy MSE flux and the derived latitudinal extent, exemplified for a surface
cyclone that lasts for five six-hourly time steps. The cyclone mask is indicated with grey patches and the attributed poleward and equatorward
eddy MSE flux features with orange and blue shading, respectively. Cyclone-attributed eddy MSE fluxes are zonally integrated and are
expressed in PW h if accumulated or in PW if averaged over the cyclone lifetime (orange curve). The latitudinal extent (or count) of this
cyclone is then determined by the latitudes at which the attributed fluxes along its lifetime are non-zero. At any latitude band, a cyclone is

therefore counted either once or zero times (purple bars). A grey arrow serves orientational purposes.

Accumulated over their lifetime, the 200 SH cyclones (Catto et al., 2010; Sinclair et al., 2020) that intensify most strongly
are, on average, associated with poleward TE MSE transport of around 20 PW h at 50° S (blue solid line in Fig. 8a). In turn,
the accumulated flux of the 200 cyclones with the lowest intensification rates amounts to only a few PW h around 65° S
(red solid line in Fig. 8a). Given the large variability of cyclones, we advocate for interpreting these lines as the flux built
up by many cyclones with a similar characteristic instead of a representation of ‘the average cyclone’ (see discussion in
Sect. 4.3 below). In that sense, cyclones intensifying strongly accumulate 3—-20 times the zonally integrated TE MSE flux of
weakly intensifying cyclones (solid purple line in Fig. 8b). This difference is similar for the longest-lived cyclones (dashed
line in Fig. 8b). Cyclone intensity emerges as an equally important differentiator for accumulated transport, although the fluxes
are differently distributed across latitude (dotted lines in Fig. 8a). This can be explained by SLP climatologically decreasing
towards the pole. The corresponding ratio in Fig. 8b (dotted line) is thus less informative.

Do strongly intensifying cyclones only transport more because they possibly exist longer? By dividing the accumulated flux
by the cyclone lifetime, one obtains the averaged instantaneous flux. The averaged fluxes attributed to the most long- and short-
lived cyclones become more comparable (dashed lines in Fig. 8c) which manifests in a ratio around 2 (Fig. 8d). In contrast,

strongly intensifying cyclones retain much higher instantaneous flux compared to the weakly intensifying ones with the ratio
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Figure 8. (a) Average zonally and vertically integrated TE MSE flux attributed to extratropical cyclones, ([v'm'%d}), of similar characteristic.

Instantaneous vertically integrated fluxes are integrated temporally over the lifetime of each cyclone and integrated longitudinally at each
latitude. The accumulated flux is expressed in PW h which should allow for a comparison of instantaneous fluxes in PW and cyclone
lifetimes in hours. For each characteristic, the flux of the 200 cyclones with the largest values of that characteristic is shown in blue and
the lowest 200 ones in red, respectively. Solid, dashed, and dotted lines indicate intensification rate, lifetime, and intensity, respectively. For
example, the least intense cyclones (which are the ones with the highest mature stage center SLP) are shown by the red dotted line. (b)
Dividing the flux of the 200 largest cyclones by the flux of the 200 lowest cyclones yields the ratio for each characteristic with the same
line-styles as in (a). (¢, d) As in (a, b), respectively, but for the average flux per time step in PW. In panels (a, ¢), the average fluxes computed
from all SH JJA cyclones (from which the other subsets are chosen) are shown with black long dash lines. For latitudes where the absolute

fluxes are consistently low, the ratio in panels (b, d) is masked out.

remaining between 2—12 depending on the latitude. Interestingly, the mean flux computed from all cyclones (black long-dashed
line in Fig. 8c) is larger than of both longest and shortest cyclones. This could be explained by long-lived cyclones having a
long weakening phase without large fluxes, while short systems are not the ones intensifying very strongly. In conclusion, the
attributed fluxes are larger for strongly intensifying cyclones than for weakly intensifying ones not because they exist longer
but because near-cyclone fluxes are larger at individual time steps.

The above analysis is repeated with the initial subset of cyclones intensifying within 50-60° S. This should provide a ‘fairer’
comparison of intense vs. weak cyclones in light of the poleward climatological SLP decrease. Furthermore, the minimum

lifetime is set to three days to avoid comparing 30 h tracks to seven-day tracks. Overall, a very similar picture emerges as
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compared to the analysis on all SH cyclones. Again, the most intense, most strongly intensifying, and the longest cyclones
are linked to high accumulated ([v'm’$s']) (Fig. 9a) with ratios between 4-20 within 50-60° S (Fig. 9b). Lifetime remains a
smaller differentiator when considering the instantaneous timescale (Fig. 9c,d) than the other two characteristics.

Note that the intense cyclones are linked to a ~ 50 % higher averaged flux than the strongly intensifying ones (blue dotted
vs. solid lines in Fig.9c). The previous composites (Fig.4) indicate that the magnitude of the fluxes is similar during the
intensification phase for these two sets of cyclones.> The difference can be at least partly explained by the deepest cyclones
covering a roughly 20 % larger area than the most strongly intensifying ones, which agrees with the size of the cyclone being
more tightly related to the intensity than to the intensification rate (Rudeva and Gulev, 2007). The larger size of the cyclone
mask and a slightly larger areal extent of the warm-sector fluxes also manifest in the composites (although those are only
snapshots of the full life cycle, Fig. 4a,c). Consequently, there is more cyclone-attributed flux located further downstream of
the cyclone center (not shown). Using a constant radius to define cyclone masks and attribute fluxes would lead to differences
solely due to variations of the spatial extent not being accounted for — unjustly when acknowledging the diversity of cyclones,
or purposefully if one were to study the influence of mask size on the results. Repeating the above analyses for the cyclones of
largest poleward propagation speed reveals lifetime-averaged fluxes comparable to those of the most intense cyclones at some
latitudes (not shown). Yet, poleward propagation speed is not the characteristic for which the cyclone-attributed eddy MSE
fluxes are consistently the largest. Previous research suggests that either this is different for fotal moisture flux or that more
fluxes are attributed to rapidly poleward propagating cyclones (compared to others) when using a constant radius (Sinclair and
Dacre, 2019).

To summarize, the intensification rate of cyclones does modulate both instantaneous and accumulated zonally integrated
eddy MSE transports. Strongly intensifying cyclones, on average, transport more eddy MSE flux poleward than weakly inten-
sifying ones. This matches with what one could conjecture from the previous cyclone life cycle results. Importantly, the fluxes
attributed to intense cyclones are even larger on both time-scales than those of the strongly intensifying ones. This analysis
thus shows that not only the intensification rate but also the spatial extent (related to the intensity) are important determinants
of the energy footprint of a cyclone in the zonal picture. Before moving on to addressing how the number of such cyclones
relates to (eddy) AHT on a seasonal scale, we present some important considerations on the adopted flux attribution approach.

These influence how the role of the cyclone number for AHT is examined.
4.3 On the challenges of flux attribution and limits to its interpretation

The chaotic nature of the atmosphere can be seen as it featuring various kinds of eddies (e.g. Barnes and Hartmann, 2012).
Likewise, but from a traditionally and methodologically complementary perspective, it can also be acknowledged by appreciat-
ing the various types of surface cyclones (e.g. Troup and Streten, 1972). In this light, attributing column-integrated eddy MSE
flux to surface cyclones to improve our understanding of atmospheric dynamics might seem like a bold endeavor. We briefly

discuss methodological sensitivities of the above results and put forward limits of their interpretability.

SNote that the sets of cyclones are not identical.
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Figure 9. (a)—(d) As in Fig. 8 but restricted to the subset of cyclones which reach their peak intensification within 50-60° S (dashed vertical

lines) and have a minimum lifetime of 3 days.

Individual cyclones can be associated with a lifetime-accumulated poleward energy flux beyond 100 PW h across a latitude
band of the order of 10° (Fig. D1a). Additionally, the sample mean is much more extended in latitude than are individual
events. This prompts the above framing that the averages depicted in Figs. 8 and 9 are not representative of individual cyclones.
Instead, the above sample means are proposed to be interpreted as the accumulated fluxes due to several cyclones with similar
characteristic.

Importantly, studying individual cyclones using these methods is not advisable because depending on the exact method the
attributed fluxes can be vastly different for the same cyclone (Fig. B2). Firstly, changing the percentile used for identifying
flux features affects their areal extent and therefore their overlap with cyclones. Secondly, different flux decompositions filter
out different kinds of stationary flows. An instantaneous anomaly from the zonal mean (which is how eddy flux is defined
in the ZA framework, see Sect. 2.3), for instance, might contribute to stationary eddy (and not transient eddy) flux in the TE
framework if the anomaly is persistent enough. In this section, it is assumed that the biases arising from the two arguments
average out for large enough cyclone numbers and in regions without systematic (climatological) temporal flow stationarity (=
the SH midlatitudes). The influence of different decomposition methods is further addressed in Sect. 5.2.

Due to the relative simplicity of the attribution method, the sensitivity analysis of the above results boils down to 1) the
choice of percentile for defining flux features and 2) the flux decomposition method. Qualitatively, the increase in attributed

flux and increase in correlation (Fig. 6¢) are robust to the choice of both percentile and flux decomposition method (Fig. D2).
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Choosing lower percentiles moves the peak of the attributed fluxes towards the equator because larger masks (warm sectors
extending further equatorward than the cyclone mask) are more often attached (Fig.D2a,d,g,j). The cause of the relatively
reduced correlation around 60° S for the ZA framework (Fig. D2i) is not clear but might be related to the presence of planetary
waves. A repetition with an upper integral bound of 500 hPa (Fig. D21) suggests this signal arising from lower levels (and
not stratospheric dynamics). Regarding the lifetime-averaged fluxes, the general conclusions on the roles of cyclone intensity,
intensification rate, and lifetime remain valid for both cyclone samples (Figs. D3, and D4). Intensity and intensification rate
consistently are more important differentiators than lifetime, albeit the ratio of lifetime varying between 1 and 2 (Figs. D5 and
D6). Therefore, our discussion does not put emphasis on the exact factor of how much more eddy MSE flux is attributed to the
largest versus lowest cyclones of each characteristic.

Lastly, when measuring the intensification rate in Bergeron instead of a simple finite SLP difference over time (Sanders and
Gyakum, 1980), for all SH cyclones one observes a similar behavior as for the intensity: the more strongly intensifying cyclones
(and their attributed fluxes) are located further equatorward than their counterparts (not shown). Within the more restrictive
sample using the 10° latitude band, the attributed fluxes are slightly larger while the ratio is not substantially affected by the

choice of intensification metric (not shown).

5 Linking seasonal cyclone characteristics and AHT

Finally, we investigate the relationship between extratropical cyclones and the zonally and vertically integrated TE MSE flux,
([v'm/1E]), on a seasonal scale. Given that large TE MSE fluxes can be attributed to strongly intensifying and intense cyclones,
we examine how the seasonal number of these storms (or the overall cyclone number) relates to the seasonal mean zonally
integrated eddy MSE flux and, ultimately, the total AHT. We focus on the latitude of 50° S which corresponds to the peak
of the cyclone-attributed eddy MSE fluxes (Fig.6a) and a correlation of around 0.7 between the attributed and the overall
eddy MSE fluxes (Fig. 6¢c). The seasonally averaged TE MSE flux attributed to cyclones is denoted with ([W%db as in
Sect. 4. When addressing method dependencies, eddy fluxes derived from the other flux decompositions are denoted with the
corresponding subscripts and dashing conventions (consistent with Sect. 2.3).

The seasonal number of cyclones is determined using the introduced flux attribution method: A cyclone is counted once
towards all latitude bands where its attributed eddy MSE flux is different from zero along its lifetime (purple bars in Fig. 7).
Thus, the seasonal number of cyclones at a given latitude corresponds to the cyclones that have attributed eddy MSE flux
at this latitude, whereas their corresponding life cycle characteristics, such as maximum intensification rate or maximum
intensity, can occur at any latitude. Based on this, the seasonal sub-sets of strongly intensifying and intense cyclones are
determined using climatological thresholds: Cyclones are considered strongly intensifying if their intensification rate lies above
the 75" percentile determined from the climatological set of all cyclones passing that latitude. Note that the number of strongly
intensifying cyclones for a given season is thus not simply 25 % of the overall cyclone number of that season. If the 75%
percentile of cyclone intensification based on all SH JJA cyclones is, for instance, 24 hPad !, the number of cyclones above

this threshold in a season is not dependent on the corresponding number of all cyclones during that season. Choosing the
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75" percentile instead of a higher one is a compromise between selecting only the strongest cyclones and including a large
enough number of cyclones to counteract the event-to-event variability and method dependency discussed in Sect.4.3. If
the intensification rate lies within the inter-quartile range or below, cyclones are denoted moderately or weakly intensifying,

respectively. The classification of cyclones as strong, moderate, and weak works analogously for intensity.

5.1 Seasonal eddy MSE fluxes and cyclone number

Strongly intensifying cyclones (above the climatological 75 percentile) account for roughly 43 % of ([v/m/ ;YECI]) at 50° S

(yellow box in Fig. 10). This number is slightly higher for intense cyclones. For both intensity and intensification, the fluxes at-
tributed to moderate cyclones (with the respective characteristic between the 25" and 75™ percentiles) are of similar magnitude
(= 40 — 50 %, grey boxes in Fig. 10). This is remarkable because this definition of moderate cyclones includes, on average,
twice as many cyclones as the strong cyclones yet both categories are attributed a similar flux. Weak and weakly intensifying
cyclones, in turn, only account for around 10 % of the attributed fluxes each season. Comparing the attributed fluxes of these
groups of cyclones to the overall TE fluxes, the fractions reduce by a factor of three (not shown) in accordance with how much
of overall eddy MSE flux is attributed to cyclones (Fig. 6b). Thus, intense (and strongly intensifying) cyclones disproportion-
ately contribute to ([W%Cl]) This is in line with the Eulerian perspective adopted in Messori and Czaja (2015) who found
that daily zonal heat fluxes above the 95" percentile account for around 13 % of overall eddy MSE fluxes in SH winter. Yet,

—— cycl
more than half of the seasonal ([v/m/ 1

|) is unrelated to the most intense (or most strongly intensifying) cyclones, which
suggests that their number may not be tightly connected to the seasonal ([W%C]]) or, more generally, ([v'm’1g]).

Indeed, the seasonal zonally and vertically integrated TE MSE flux attributed to cyclones, ([W%CID, is not highly cor-
related with either the number of strongly intensifying (7inensif) Or the number of intense (Tinense) cyclones. In other words,
the number of intense or strongly intensifying cyclones does not determine (by itself) the TE MSE flux that is attributed
to all cyclones during a season. Conversely, the correlation is higher with the overall cyclone number, n,; (Fig.1la—c).
When considering the overall TE MSE flux ({[v’m/rg])) instead, the relationship between the number of intense cyclones
exhibits a larger correlation (Fig. 11f). The correlation with the overall cyclone number slightly decreases but is still visible in
Fig. 11d. This implies that the attribution of TE MSE flux to cyclone masks reduces the link between the seasonal averaged
attributed flux and intense cyclones (cf. Fig. 11c and f). While this suggests that on a seasonal scale <[W;YECI]> ~ ngy and
<[WTE]> ~ Nintense> these correlations vary substantially with flux attribution percentile and flux decomposition method in
both cases (Fig. E1b,h). As described in Sect. 2.3, these analyses are also carried out defining eddy fluxes from high-pass fil-
tered fields (HP) and, separately, from zonal anomalies (ZA). In general, the correlations discussed above depend more strongly
on the flux decomposition method than on the flux attribution percentile. For the 90 % flux attribution percentile rank, the cor-
relation p (<[W§{fl]>,nan) — 0.39 while p ((ng‘p,na") — 0.70 (Fig. E1b). Similarly, for the overall eddy MSE fluxes
p (([WHPD,manse) > 0.65, whereas p ((WZAD,nimense) < 0.27 (Fig. E1h). Note that measuring intensification rate in
Bergeron and intensity based on SLP anomalies from a climatology instead does not yield a qualitatively different picture (not

shown).
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Figure 10. Percentage of seasonal TE MSE flux that is attributed to cyclones within three different ranges of intensification rate (top) and

intensity (bottom). Percentages are shown in terms of cyclone-attributed TE MSE fluxes ({[v'm/ %;CID). Medians are shown with solid lines

within the boxes, which in turn denote the interquartile range. Whiskers indicate 1.5 times the interquartile range while values outside of

this range are not shown. MSE fluxes and cyclone numbers correspond to 50° S. For each life cycle characteristic, cyclones are grouped

seasonally by the 25™ and 75" percentiles derived from the climatological sets of cyclones that have non-zero ([v'm/ %YECID at this latitude.

The seasonal fluxes attributed to the cyclones that lie above the 75" percentile are represented in yellow, the ones between the 25" and 75

in grey, and the ones below the 25" in blue.

5.2 On method dependency

Given the large fraction of flux attributed to the cyclone sets of moderate intensity (or intensification, Fig. 10), it is not surprising
to find low correlations with the number of intense (or strongly intensifying) cyclones. Previously, the main conclusions drawn
in Sects. 3 and 4 based on large cyclone sample sizes were not sensitive to the flux decomposition method. Yet, as pointed out
in Sect. 4.3 the fluxes attributed to individual cyclones can strongly differ from one method to the other. The high correlation
between the number of intense cyclones and high-pass filtered eddy MSE flux — p (([WHP]),nimense) — relative to the
weaker correlation between number of intense cyclone and MSE fluxes defined from zonal anomalies — p (([WZAD,nmmse)
— is likely related to the contribution of stationary signals (in space or time) to the MSE flux and how these are treated in the
MSE flux attribution method. In the frameworks tested in this study, a wave-like signal with a frequency ~ (11 d)~" is filtered
out in the HP framework while it is partly attributed to cyclones in the ZA framework. While the choice of the cut-off frequency
(or likewise the spatial wavenumber) can be motivated dynamically (e.g. Eady, 1949), some spectral power of a warm conveyor
belt, for instance, is contained in the flow that is filtered out. Arguably, this is overestimated in the ZA framework which does
not filter out any low-frequency waves. Yet, in a situation where a cyclone locally constructively interferes with a planetary

wave it is only a subjective choice whether to attribute the entire or filtered energy flux to the cyclone, and the choice depends
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Figure 11. Relationship between seasonally averaged TE MSE flux and cyclone numbers for SH JJA at 50° S. (a) The cyclone-attributed

TE MSE flux, ([v'm/’ %C]D, in PW vs. the number of all cyclones with ([v'm/ %CID # 0 at that latitude. (b, c) as (a) but for the number of

strongly intensifying cyclones and intense cyclones, respectively. (d)—(f) as (a)—(c) but for the overall TE flux ([v’m/1g]). The grey solid line
represents a best estimate of a linear fit and dashed grey lines the corresponding confidence band. Correlation (p) and explained variance of

the linear fit (R?) are indicated on the panels.

on the research question. p (([WHPD,nimCme) >p ((WZA]>,nimeme) suggests that while the intensity of a cyclone has a
footprint in the high-frequency flux component, the low-frequency waves that are attributed to it within the ZA framework
convolve its energy footprint in the seasonal integral. The TE framework is a special case with the amount of background flows
attributed to cyclones lying somewhere between the other two methods. Recall that in the TE framework, transient eddies are
derived from monthly means whereas the monthly means give rise to stationary eddies (SE). All cyclones during the duration

of a full month therefore may influence how much fluxes are attributed to an individual cyclone.
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5.3 Cyclone numbers and total AHT

On the six-hourly timescale, eddy and overturning circulations are temporally anti-correlated in the midlatitudes (Cox et al.,
2024b).5 One could argue that the splitting into eddy and mean circulation of the flow is therefore not strictly related to
circulation features (e.g., surface (anti-)cyclones, troughs, and ridges), which naturally contain signals from eddy and mean
components because the mean was computed including the eddies in the first place. Thus, one would have to investigate the
total AHT, ([vmm]) (the left-hand side of Eq. 2), instead of the eddy MSE flux. Recall, however, that the latitudinal extent of a
cyclone and thereby the cyclone number were determined using the latitudinal extent of the eddy fluxes (Fig. 7). How can one
obtain a cyclone number when addressing the fotal fluxes, which have not been locally attributed to cyclones so far, instead?
One pragmatic way forward is to assume that the eddy MSE fluxes provide a good approximation of the latitudinal extent of
the cyclone — i.e. continuing to count cyclones as above. Doing so yields a correlation between total AHT and cyclone number
of p ({[vm]),nay) of 0.63 at 50° S for TE fluxes attributed with an attribution percentile rank of 90 %. Note that this correlation
remains dependent on the flux decomposition method and attribution percentile because those influence the latitudinal extent
of the attributed fluxes and thereby the cyclone count (Fig. 7). Nevertheless, the dependency on the flux decomposition method
(correlation between 0.40 — 0.64, Fig. E1j) is comparably low. Of the latitude bands tested, however, 50° S is the latitude
where this relationship is largest (Fig. E2j). The decrease towards the pole is not fully understood but in line with the relative
importance of planetary-scale fluxes increasing towards the pole (Stoll et al., 2023). Notably, the correlations with Njense and
Nintensif are around zero throughout the SH (Fig. E1k, 1). Note that taking the number of all cyclones in the entire SH, n, su
(instead of the number of cyclones only at 50° S, ngy), the correlation reduces which suggests that capturing the latitudinal
extent of cyclones is important (p ({[U77]), nan) > p ({{om]), nansu), Fig. E14,j).

To sum up, no robust relationship between the seasonal number of intense or strongly intensifying cyclones and the seasonal
eddy MSE flux is identified. Conversely, total AHT at 50° S exhibits a correlation of 0.40 — 0.64 with the number of cyclone

passing that latitude during that season.

6 Summary and conclusions
6.1 Key findings

In this study we investigated the relationship between extratropical surface cyclones and AHT during SH winter (JJA) based
on the ERAS reanalysis. We connected these using (vertically and zonally integrated) eddy MSE flux and objectively identified
cyclone tracks. The three central objectives of this study were to unveil the evolution of local meridional eddy MSE fluxes
along the cyclone life cycles, to assess the footprint of a cyclone in the zonally integrated eddy MSE flux depending on its life
cycle characteristics, and to explore the relationship between cyclone number and (eddy) AHT on the seasonal scale. In the

following, the key findings are presented for each related research question in Sect. 1.

6In the TE framework, monthly mean TE fluxes are anti-correlated with SE+MOC fluxes
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and explained variance of the linear fit (R?) are indicated on the panel.

— Locally, meridional eddy MSE fluxes in the vicinity of cyclones peak during the intensification phase and before reaching

mature stage (Fig.2). Spatial composites reveal large fluxes in the warm sector confined by warm and cold fronts with
a smaller signal in the cold sector (Fig. 3). Fluxes are enhanced for strongly intensifying and intense cyclones (Fig. 4).
Crucially, a non-negligible fraction of warm-sector and cold-sector fluxes are located outside of the cyclone masks
defined by closed SLP contours. Investigating the energy footprint of cyclones therefore requires attributing these fluxes
to the cyclones as well. Doing so in our study increases the fraction of poleward eddy MSE flux attributed to cyclones
and reduces the meridional offset between the maxima in cyclone mask frequency (and the fluxes therein) and the overall
eddy flux (Fig. 6). This supports the notion that MSE fluxes within warm conveyor belts are important contributors to
zonally integrated (eddy) heat transport proposed in Messori and Czaja (2015). With our approach, around 30 % of the

overall (high-frequency or transient) eddy MSE fluxes are attributed to cyclones in midlatitudes.

Considering the zonal integral, it was found that the life cycle characteristics influence the magnitude of cyclone-
attributed eddy MSE fluxes. In particular, cyclone intensity is the life cycle characteristic for which the fluxes attributed
to the strongest cyclones is largest (Fig. 9). Like intensity, the intensification rate also shows a large ratio of fluxes at-
tributed to strong vs. weak cyclones. Poleward propagation speed, which is not discussed in detail, features a comparably

large ratio at some latitudes but does not stand out over intensity (Sinclair and Dacre, 2019). The accumulated fluxes
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increase with cyclone lifetime — naturally — but when normalizing by the number of time steps this characteristic is a

much weaker indicator for the attributed flux.

— The previously identified link between cyclone intensity and attributed eddy MSE fluxes on the scale of individual
cyclones also extends to the seasonal scale. Storms that have an intensity larger than the 75" climatological percentile
collectively contribute to around 45 % of the seasonally integrated cyclone-attributed AHT (Fig. 10). This contribution is
almost matched by the cyclones intensifying most strongly. For those two characteristics, the ‘strong’ cyclones thereby
transport roughly as much eddy MSE flux as the ‘moderate’ cyclones despite the latter being, on average, twice as
numerous. However, the fractions associated with the intense cyclones are not disproportionate enough for the number

of these cyclones to be robustly linked to the seasonal eddy MSE flux (Fig. 11). This is further discussed below.

The approximate contributions of extratropical cyclones to the total AHT are summarized in Fig. 13: Cyclones contribute to
the high-frequency (or transient) eddy AHT which, depending on the flux decomposition, is accompanied by low-frequency
(or stationary) background fluxes and the mean overturning circulation. The high-frequency eddy MSE fluxes attributed to
cyclones can be linked to different subsets of cyclones based on their intensity or intensification rate. Other high-frequency
eddy MSE fluxes not attributed to cyclones may occur far from the cyclone center, be linked to high pressure systems, or be

unrelated to weather features with closed contours such as meandering zonal flows.
6.2 The interplay of scales

Note that we broadly refer to high-frequency ‘eddy’ MSE fluxes in the above summary (instead of ‘transient eddy’ MSE
fluxes specifically as in Sects. 3-5) since these conclusions overall do not depend on the choice of eddy-mean decomposition
method. A consequential method dependence was only found for the correlation between the seasonal cyclone number and
the eddy MSE flux (Fig. E1). This points to a non-negligible influence of planetary, low-frequency waves to the local eddy
MSE flux attributed to individual systems (Messori and Czaja, 2014; Stoll et al., 2023). In other words, our results suggest
that the influence of a cyclone characteristic on its energy footprint in the zonal integral is partly masked by a background
signal of which a fraction is attributed to the cyclone. While for large enough sample sizes, this method-dependency averages
out (N Z 200 as in Sects. 3 and 4), this effect is thought to influence the picture when considering a seasonal set of intense
cyclones, for instance (N =~ 60, Sect.5). Recall that the most intense cyclones account for approximately half the cyclone-
attributed eddy MSE flux. Therefore, under the somewhat naive assumption that cyclone-attributed eddy MSE fluxes were
unrelated to background signals, one might have expected a correlation between the number of intense cyclones and the
cyclone-attributed eddy MSE flux (Fig. 11f). Of the methods tested, high-pass filtering is most effective at separating synoptic
signals and background flows — correspondingly, the correlation between eddy MSE fluxes and the number of intense cyclones
is largest for this method. With more and more background fluxes being attributed to the cyclones when defining eddies from
anomalies of monthly means, or instantaneously as anomalies from zonal means, the correlation decreases towards zero. At
the same time, high-pass filtering is the method with the smallest fraction of total AHT explained by high-frequency eddies
(Fig. D2).
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Figure 13. Schematic of the decomposition of total AHT into different flux components and contributions by extratropical cyclones: When
adopting an eddy-mean decomposition, the AHT is the sum of a high-frequency, transient eddy flux component, potentially a separate low-
frequency or stationary eddy component, and the zonal mean flux related to overturning. Orange and blue shading denotes poleward and
equatorward meridional MSE fluxes, respectively. The high-frequency, transient eddy fluxes are further split into cyclone-attributed (= 30 %
of the high-frequency eddy fluxes) and other fluxes. Surface cyclones in the left box are illustrated by SLP contours that are accompanied
by warm fronts (red lines), cold fronts (blue), and occlusions (purple). ‘Strong’ and ‘moderate’ refer to the intensity or intensification rate of
cyclones with ‘weak’ cyclones omitted. Grey percentage indications refer to the approximate contribution of those cyclones to the cyclone-
attributed eddy MSE flux (and not the overall high-frequency eddy flux). Low-frequency or stationary flow is sketched by wave-like black
lines in the top right. In the bottom right, the zonal mean flux is drawn in a latitudinal and vertical y-z cross-section with the overturning

circulation illustrated with solid black (Ferrell cell) and dashed grey (Hadley and polar cells) arrows.

The lack of a robust relationship between seasonal cyclone numbers and seasonal mean eddy MSE flux suggests that the
former is not directly constrained by planetary energetics. One can argue that this should not have been expected, however,
because any energetic constraint would relate to the roral AHT instead of the eddy AHT. Given an anti-correlation between
eddy and zonal mean fluxes (Cox et al., 2024b), cyclones may be related to an arbitrarily large eddy flux which — compensated
by the mean overturning — still fulfills the Earth’s energy imbalance (Eq. 1). In addition to high-frequency (or transient) eddies,
low-frequency (or stationary) eddies add further complexity depending on the decomposition method (Fig. 13). As the spectrum
of total AHT is predominantly continuous (see for instance supplementary of Stoll et al., 2023), choosing a scale separation in
time or space is a balance between how much low wavenumber flux is attributed to a background component — which poses

a degree of freedom in AHT variability — and how it imprints in the eddy component, eventually near individual cyclones.
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Conversely, abandoning a flow decomposition would require the definition of an atmospheric reference state such that cold air
moving equatorward is identified as counteracting the equator-to-pole energy imbalance. Thus far, when inspecting the total
AHT at 50° S we find that its correlation with the number of cyclones (counting those that contribute to the eddy AHT at that
latitude) lies between 0.40-0.64 (Figs. 12 and E1j). The comparably high correlation is reduced at other latitudes (Fig. E2j),
however, such that further research is needed to better understand whether changes in cyclone numbers can be related to AHT

changes constrained by the Earth’s energy imbalance.
6.3 Further remarks

Note that the contribution of low-frequency and planetary-scale waves to the zonally integrated AHT likely increases with
height (Stoll et al. (as suggested by the dry and latent heat flux decomposition in 2023). Focusing on surface cyclones, one
possible extension of this work is a repetition of the above analyses using only low-level fluxes. In addition to reducing the
above sensitivity with respect to the definition of what is background flux, this would also segregate stratospheric contributions
unrelated to surface weather. In the SH, we do not expect a strong influence of stratospheric fluxes on our results; at 65° S,
stratospheric fluxes account for only 11 % of the column-integrated fluxes explaining 10 % of its variance (Cardinale et al.,
2021).

While our analysis focused on SH winter, technically, the methods can readily be applied to the NH and other seasons as
well. Yet, in the NH the stationary signal is much larger, which increases the sensitivity with respect to the flux decomposition
method (not shown) and weakens the connection between AHT by cyclones and hemispheric scale radiative budget constraints.
Furthermore, one has to reflect on whether and how to disentangle the signals arising from the Atlantic and Pacific basins due
to different changes in cyclone characteristics. The response of the cyclone number to warming and storm track latitude, for
instance, is different in these two basins (e.g. Seiler and Zwiers, 2016; Chang, 2018). Moreover, stratospheric contributions to
the vertical integral are larger in the NH (Cardinale et al., 2021) such that one should consider a sensitivity analysis with respect
to the vertical integration bound. Lastly, by neglecting zonal heat fluxes we implicitly assumed that the energy imbalance is
counteracted by heat being transported into a zonally symmetric polar cap. The larger zonal asymmetries in the NH (and
horizontal tilting of storm tracks, Fig. 1a) question the applicability of this assumption as meridional heat fluxes alone might
not accurately describe the circulation that underlies a possible energetic constraint.

More sophisticated methods for attributing different kinds of fluxes to cyclones (e.g., Fearon et al., 2021; Lopez-Marti
et al., 2025) are conceivable. Warm and cold sector MSE fluxes could be identified using atmospheric river (Shields et al.,
2018) or warm conveyor belt masks (Heitmann et al., 2024) and cold sector masks (Zolina and Gulev, 2003; Kolstad and
Bracegirdle, 2008; Vanniere et al., 2016), respectively. Note that depending on the identification method, WCB masks might
require computing Lagrangian air parcel trajectories (Heitmann et al., 2024). Attributing fluxes via surface fronts is another
possibility (Papritz et al., 2014), although it is unclear how well these capture fluxes throughout the sectors (Messori et al.,
2017). Instead of attributing fluxes to cyclones, one could directly study the influence of warm conveyor belt and cold sector

numbers on the zonal energy budget. Since fluxes do not peak near the center of weather systems but rather between cyclones

29



655

660

665

670

675

https://doi.org/10.5194/egusphere-2025-2314
Preprint. Discussion started: 30 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

and anticyclones, that would make the question "What about the anticyclones?" — which we have dismissed so far — obsolete
(Ruggieri et al., 2020).

This study has not addressed trends in either MSE fluxes or cyclone numbers. The introduced decrease of SH winter cyclones
in a warmer climate, however, motivates further research on the relationship between extratropical cyclones and zonal mean

energetics. A follow-up study is planned applying our diagnostics to aquaplanet simulations and future climate projections.

Code and data availability. The underlying ERAS reanalysis data can be downloaded from https://doi.org/10.24381/cds.bd0915¢c6 (Hers-
bach et al., 2020). A code repository to reproduce the data and the figures and a data archive are in preparation and will be made accessible

upon publication.

Appendix A: Abbreviations and terminology

To facilitate the lecture of this study, a list of abbreviations (Table A1) and frequently used mathematical terms (Table A2) is
provided.

Appendix B: MSE flux attribution to cyclones and cyclone counting

In our study, we identify events of large eddy MSE fluxes based on a seasonally and latitudinally varying flux threshold. This
threshold is computed by aggregating all values of a latitude band of the same time of every year and computing a percentile
based on that distribution. This is illustrated in Fig. B1. The identified features are then attributed to surface cyclones using
SLP-derived masks as shown in Fig. B2. Note that not all flux features overlap with cyclone masks (yellow patches in Fig. B2g—
i).

Appendix C: Sensitivity and variability of near-cyclone eddy MSE fluxes

To further strengthen the conclusions drawn from the cyclone composites, a significance test is performed for the TE frame-

work. For this we address the standardized flux anomalies (SFA) from the climatological seasonal mean, v'm/5im, defined as

v'miyg(lon, lat, time, pressure) — v'm/Sim(lon, lat, pressure)

SFA(lon,lat, time, pressure) = (C1)

o(v'm'g)(lon,lat, pressure)

with o the standard deviation over the climatological period. Locations in the composite where mean(SFA) = 0, we regard
the v'm/ of the individual events that we used for compositing as not significantly different from climatological v'm/y
fluxes. In other words, the null hypothesis, mean(SFA) = 0, is rejected if within the composite, fluxes are sampled that are on

average different from climatology. We perform a two-sided, one sample #-test at each composite grid-cell (Fig. C1). Overall,

30



680

685

https://doi.org/10.5194/egusphere-2025-2314
Preprint. Discussion started: 30 May 2025
(© Author(s) 2025. CC BY 4.0 License.

Table A1. List of abbreviations used in this study.

EGUsphere\

Abbreviation

Meaning

AHT
DIJF
EQ
HP
JJA
(r)lat
(r)lon
MOC
MSE
NH
SE
SFA
SH
SLP
SP
TE
TOA
WCB
ZA

Atmospheric heat transport
December, January, February
Equator
High-pass (filtering method, framework)
June, July, August
(rotated) latitude
(rotated) longitude
Meridional overturning circulation
Moist static energy
Northern Hemisphere
Stationary eddy
Standardized flux anomalies
Southern Hemisphere
Sea level pressure
South Pole
Transient eddy (framework)
Top of atmosphere
Warm conveyor belt

Zonal anomaly (framework)

the dynamical features that were identified in the composites are based on flux anomalies that on average are significantly

different from zero. Note that low v'm/y can be significant in the composite as it is lower than climatology.

Compared to the TE framework (see Sect. 2.3 for a description of the different frameworks), is also the intensification phase

(and not the mature stage) during which fluxes are largest when adopting the HP and ZA decompositions (not shown). A

comparison of the fluxes at peak cyclone intensification reveals that at 850 hPa, high-pass filtered fluxes are marginally lower

than TE fluxes (Fig. C2a,b). Moreover, the contrast between warm and cold sectors is reduced in the ZA framework (Fig. C2c),

which could be explained by strong warm sector anomalies raising the instantaneous zonal mean MSE such that cold sector

anomalies become larger compared to the other methods. Note that for the NH, the differences between TE and ZA are more

pronounced (not shown) due to the time-stationary signal being declared as SE flux (Eq.2). These descriptions are also valid

for vertically integrated fluxes (Fig. C2d-f).
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Table A2. Description of selected terms used in this study. Subscripts of eddy fluxes change in accordance with dashes and asterisks.

[v*m/*_]) Seasonal mean zonal and vertical integral of ‘overall’ eddy MSE fluxes for an arbitrary framework

Term Description

v'mlg Meridional eddy MSE fluxes derived from monthly anomalies

v' L' Meridional eddy moisture fluxes derived from monthly anomalies

v'mlyp Meridional eddy MSE fluxes derived from high-pass filtering

v M, Meridional eddy MSE fluxes derived from instantaneous anomalies from the zonal mean
[v'm'rg] Zonal mean (or zonally integrated) TE MSE fluxes

v'm/ g Monthly or seasonal mean TE MSE fluxes

{(v'm'rg) Vertically integrated TE MSE fluxes

{[v'm"E]) Vertically integrated zonal mean (or zonally integrated) TE MSE fluxes

{[v'm/1E]) Seasonal mean zonally and vertically integrated (‘overall’) TE MSE fluxes

(v 'm/Tng) Vertically integrated TE MSE fluxes attributed to cyclones

([o'm’ ) Zonal integral of vertically integrated TE MSE fluxes attributed to cyclones

([v'm Cyd]) Seasonal mean zonal integral of vertically integrated TE MSE fluxes attributed to cyclones
([om)) Seasonal mean (‘total’) AHT

o' mlgm Climatology of meridional TE MSE fluxes

(

(

[v/*m/* Cyd]) Seasonal mean zonal integral of vertically integrated eddy MSE fluxes attributed to cyclones for an arbitrary framework
Nall Seasonal number of cyclones with non-zero cyclone-attributed eddy MSE flux at latitude of interest

Nall,SH Seasonal number of cyclones within the entire SH

Appendix D: Method dependence of cyclone-attributed zonally integrated eddy MSE flux

As discussed in Sect. 4.3, a method sensitivity of the results in Sect.4 based on attributing eddy MSE fluxes to cyclones
is performed. Cyclone-attributed eddy MSE fluxes are shown for individual cyclones in Fig,D1 for the TE framework, in
particular the cyclones that intensify least and most rapidly across the SH.

The seasonal contributions to eddy MSE flux by cyclones are shown in Fig. D2. For the ZA framework, the sensitivity is
performed for vertical integrals from pg to the TOA (Fig. D2g—i) and pg to 500 hPa (Fig. D2j-1).

Regarding the method dependency of the zonally integrated eddy MSE fluxes attributed to cyclones of different life cy-
cle characteristics, the lifetime-averaged fluxes of panels Figs. 8c and 9c are repeated in Figs. D3 and D4, respectively. The

corresponding ratios are shown for lifetime-accumulated and lifetime-averaged fluxes in Figs. D5 and D6.

Appendix E: Sensitivity of the number—flux relationship to choice of flux decomposition method

While the relationships between different seasonal TE MSE fluxes and cyclone numbers are shown by scatter-plots (Fig. 11),

for conciseness we only show the correlations for the different flux decompositions and attribution percentiles. In addition to

32



700

https://doi.org/10.5194/egusphere-2025-2314
Preprint. Discussion started: 30 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

06 29 12:00
90&] — ~ 80
60
10" — " 40
20
Percentiles based 0 :é
on N]on ’ Nyear
values F20
- —40
- —60
- —80
T T
—10 0 10
108 Wm~1!

Figure B1. Illustration of the determination of the percentile threshold for eddy MSE flux events: For every six-hourly time step of a year —
29 June, 12:00 UTC, for instance — eddy MSE flux thresholds for poleward and equatorward fluxes are calculated at each latitude. These
are based on the values of that latitude band and every corresponding time of year during the analysis period. Thus, the sample size which
the percentile is computed from is the number of years (Njon) times the number of grid-cells at a latitude circle (Nion). The 10" and 90™
percentiles of the vertically integrated eddy MSE fluxes (color shading on the left panel) for 29 June, 12:00 UTC are shown on the right in
blue and red, respectively. The latitude of 47° S is highlighted in magenta.

the relationships discussed in Fig. 11, we show correlations with the number of cyclones in the entire SH (nysu) and with

total AHT ({[urm])) — for 50° S in Fig. E1 and different latitudes in Fig. E2.
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Figure B2. Snapshot of vertically integrated eddy MSE fluxes and their attribution to surface cyclones. (a) Vertically integrated eddy MSE
fluxes calculated using the TE framework (shading in W m~1) and SLP (black contours in steps of 10 hPa). (b) and (c) as in (a) but for
the HP and ZA frameworks, respectively. (d)—(f) The binary masks corresponding to the identified flux features shaded in reddish and bluish
colors if MSE fluxes are poleward or equatorward, respectively, and in dark and light tones if fluxes correspond to positive and negative MSE
anomalies, respectively. (g)—(i) An addition to above, surface cyclone masks are shown with grey patches. If flux features are not overlapping
with cyclones, the features are colored yellow. Otherwise, black straight lines and dots indicate to which cyclones the features are attributed

to. Coastlines are depicted with black lines.
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Figure C1. Statistical significance of composited TE MSE flux anomalies as in Fig.3. Dotted areas indicate where the null hypothesis

mean(SFA) = 0 (see Eq. C1) is not rejected at the 95 % confidence level. In (d)—(f), grey contours indicate the (vertically sub-sampled) full

meridional wind, v, as opposed to v’ in Fig. 3df.

35



https://doi.org/10.5194/egusphere-2025-2314
Preprint. Discussion started: 30 May 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

10°
TE HP ZA Jkg 'ms!
Q (C)/—\ I—N:1331 22
Fo WO—— 2.0
s A \
E 1.5
\ - 10
© 3 05
= bt 0 ( el 0.0
-— - o
2 = VL[5 L[5
% SEE [ \Ue - & ~05
: L/ sp | -10
—10 e —-1.5
15F /990\ d /990\ : \ —2.0
TP e\ S PO TN N PO [ S T a e ;e S DU TN S DI B U T e w o/ A SN DAY PR S T —25
(f)/—\ 2.0
~ Ao A\ 1.6
~ = 1.2
& L 0.8
i) —_ E 0.4
c o E N 1005 _|
: :/ c /f \ 5 00
< = E
_f,;‘_," = 4 cc:v\” —0.4
E’ : F —0.8
~10F 5 -12
o 990 £ £ _
—15F — E \ a2 \ 1.6
Frouteerrtrrr 908 Ll NG B et 05t b N Bt eerr e 995 e 1 NG -2.0
-15 -10 -5 0 5 10 15 -15 -10 =5 0 5 10 15 —-15 -10 -5 0 5 10 15 9
rlon (°) rlon (%) rlon (%) Wlo .
m

Figure C2. (a)-(c) Cyclone-centered eddy MSE flux at 850 hPa during time of maximum intensification for the 10 % most strongly inten-
sifying SH cyclones during JJA for three different definitions of eddy flux (see method abbreviations in Sect. 1) in Jm ™' kgs™. (d)-(f)
Vertically integrated fluxes analogously to (a)—(c) but in units of W m ™. Black contours indicate composite mean SLP in hPa. The number
of cyclones in the composites are included in the upper right in panels (a)—(c). A grey arrow is included for better orientation indicating

directions of equator (EQ) and South Pole (SP).
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Figure D1. Zonally integrated TE MSE flux attributed to individual extratropical cyclones. (a) The lifetime-integrated flux (PW h) of the
200 most strongly intensifying cyclones (blue thin lines) is compared to the flux of the 200 cyclones that intensify least rapidly (red). Thick

lines denote the arithmetic means shown in Fig. 8a. (b) As in (a) but for the lifetime-averaged flux in PW. The flux attribution percentile

rank corresponds to 90 %.
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Figure D2. Same as Fig. 6 but repeated for different flux decomposition methods (see Sect.2.3) and different percentile thresholds for

attributing flux to cyclones (yellow, dark orange, and red distributions and lines corresponding to percentile ranks of 80, 90, and 95 %).
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Figure D3. Sensitivity of cyclone-attributed averaged flux for all SH cyclones as in Fig. 8. Lines are equal to the ones in Fig. 8c for the
different flux decomposition methods (see Sect.2.3) and different flux percentile thresholds for attributing flux to cyclones (80, 90, and

95 %, see Sect. 2.5). The black dashed line represents the the average of all SH cyclones.
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Figure D4. Cyclone-attributed TE MSE flux for cyclones that reach peak intensification between 50-60° S and have a minimum lifetime
of 3 days as in Fig. 9c but repeated for different flux decomposition methods (columns, see Sect. 2.3) and different percentile thresholds for

attributing flux to cyclones (80, 90, and 95 %. The black dashed line indicates the the arithmetic mean of all cyclones of that subset.
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Figure DS5. Ratio of the flux related to the 200 cyclones of largest vs. lowest characteristic based on all SH cyclones: Fig. 8b,d are combined

and repeated for different flux decomposition methods (columns, see Sect.2.3) and different percentile thresholds for attributing flux to

cyclones (80, 90, and 95 %, see Sect. 2.5). Purple lines correspond to lifetime-accumulated fluxes, yellow lines to lifetime-averaged fluxes,

and the linestyle signifies the cyclone life cycle characteristic.
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Figure D6. Ratio of the flux related to the 200 cyclones of largest vs. lowest life cycle characteristic (indicated by the line-style) based on

the cyclones that pass 50°—60° S: Fig. 9b,d are reproduced for different flux decomposition methods (columns, see Sect.2.3) and different

percentile thresholds for attributing flux to cyclones (rows, see Sect. 2.5). Purple lines correspond to lifetime-accumulated fluxes and yellow

lines to lifetime-averaged fluxes.
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Figure E1. Sensitivity of the correlation (p) between seasonally averaged MSE fluxes and seasonal cyclone number to flux decomposition
method and flux attribution percentile for different MSE fluxes and groups of cyclones. (a) The correlation of the number of all SH cyclones
with cyclone-attributed eddy MSE flux, ([nyfl]), at 50° S is shown for each percentile and flux decomposition method. Depending
on the decomposition method, these fluxes correspond to temporal anomalies (' for TE and HP) or zonal anomalies (* for ZA). Numerical
values are accentuated with colors. Data correspond to SH JJA. This is repeated for (b) all cyclones with ([nyf]]) #0at 50° S, (¢c)
the cyclones with ([nyfl]) #0 at 50° S that have an intensification rate above the 75™ climatological percentile, and (d) as (c) but
for intensity instead of intensification rate. (e-h) as (a-d) but for the overall eddy MSE flux ([v/-*m/* __]). (i-1) as (a—d) but for the total
atmospheric MSE transport ([077]). The arrangement of the panels outlined by the black dashed line corresponds to the arrangement of the

panels in Fig. 11.
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Figure E2. Sensitivity of the correlation (p) between seasonally averaged MSE fluxes and seasonal cyclone number to flux decomposition
method and flux attribution percentile as in Fig. E1 for different latitudes. (a) As in Fig. Ela, the correlation of the number of all SH cyclones
with cyclone-attributed eddy MSE flux, ([nyfl]) is shown here in steps of 5° latitude. Colors of the markers indicate the percentile
and shapes the decomposition method. Markers for the different flux decomposition methods are slightly offset on the x-axis for better clarity.
(b-1) as in (a) but for the different fluxes and groups of cyclones, arranged as in Fig. E1. The arrangement of the panels outlined by the black

dashed line is consistent with Fig. 11.
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