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Abstract.

Outside the tropics, extratropical cyclones account for most of the poleward atmospheric heat transport, and extreme heat

transport events are known to occur in their vicinity. Yet, it remains unclear how individual cyclones contribute to heat transport

over the course of their lifetime and whether the seasonal heat transport — viewed from a zonally integrated standpoint — is

determined by their number. This study adopts a cyclone-centered perspective to quantify in detail the relationship between5

poleward heat transport and the life cycle characteristics of extratropical cyclones in Southern Hemispheric winter. Specifically,

objectively identified surface cyclone tracks derived from ERA5 data (1981–2021) are combined with a moist static energy

(MSE) framework involving an eddy-mean decomposition of the meridional MSE flux.

It is found that the local transient eddy MSE flux maximizes during the cyclone intensification phase and is largest in the

warm sector with a secondary maximum in the cold sector. A considerable fraction of the flux in the warm-sector is located10

well equatorward of the cyclone and thus outside the cyclonic region identified by the tracking algorithm. This leads to a

latitudinal shift between maxima in cyclone frequency and transient eddy MSE fluxes. To bridge the gap between zonally

integrated MSE flux and contributions from individual cyclones, local vertically integrated transient eddy MSE flux events are

attributed to cyclones based on spatial overlap with the identified cyclone area. Poleward of 50◦ S, the cyclones that become

most intense are the ones that exhibit the largest zonally integrated cyclone-attributed MSE flux while the strongly intensifying15

cyclones dominate equatorward thereof. Although both of these sets of cyclones contribute disproportionally to the cyclone-

attributed transient eddy MSE fluxes, the relationship between their seasonal number and the seasonal mean poleward transient

eddy MSE flux is sensitive to the choice of the eddy-mean decomposition method. This result indicates that low wavenumber

background flows mask the influence of cyclone intensities and intensification rates in the vertical, zonal, and seasonal integral.

Notably, at 50◦ S the relationship between the overall cyclone number and total MSE flux shows a peak. Further research on20

the interplay between synoptic and planetary MSE fluxes in the vicinity of cyclones is needed to understand to which extent

the cyclone number may be constrained by the global energy imbalance.
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1 Introduction

The life cycle of an extratropical cyclone typically consists of an intensification phase followed by a weakening phase. A

key characteristic of the cyclone life cycle is the rate of intensification, which is not only of scientific interest but also of25

societal relevance as rapidly intensifying cyclones can be related to particularly large economic impacts (e.g., storm ‘Lothar’

Wernli et al., 2002). It is well known that extratropical cyclones intensify in regions of large baroclinicity, i.e., where horizontal

temperature gradients are large and static stability is relatively low (Lindzen and Farrell, 1980) — for instance in the Gulf

Stream region which exhibits a land-sea temperature contrast or across the Antarctic sea ice edge. The mean baroclinicity

thereby helps to understand why extratropical cyclones develop in localized geographic regions (called storm tracks). The30

intensification of individual storms can be further amplified by the release of latent heat during condensation (e.g., Booth

et al., 2013; Büeler and Pfahl, 2017), which takes place in the ascent regions along the fronts or within the cyclone center

(e.g., Attinger et al., 2019; Rüdisühli et al., 2020). Therefore, the strengthening of an individual extratropical cyclone can be

described as baroclinic intensification modulated by diabatic heat release and an associated poleward heat transport. However,

baroclinic theory falls short when it comes to explaining the number of storms that develops over a certain time span (e.g., a35

season) or how changes in the number of cyclones relate to changes in different life cycle characteristics, which also include

the lifetimes and intensities. A small number of intense cyclones, for example, may erode as much baroclinicity as many weak

cyclones (Sinclair and Catto, 2022).

According to baroclinic theory, cyclones intensify as long as there is a poleward transport of heat in their vicinity (Charney,

1947; Eady, 1949). These systems thus contribute to the poleward atmospheric heat transport which counteracts the radiative40

imbalance between the equator and the pole (Peixoto and Oort, 1992). Especially in the warm sector downstream of a cyclone,

the poleward heat transport is not only linked to sensible heat but also the fraction of latent heat that is not immediately

condensed. Thus, a convenient quantity to quantify the total atmospheric heat transport is the flux of moist static energy

(MSE). MSE is the sum of latent and dry heat and potential energy.

The poleward flux of MSE occurs on different time-scales and length-scales. Therefore, the total flux is commonly decom-45

posed into eddy and background flux contributions (e.g., Priestley, 1949; Marshall et al., 2014; Barpanda and Shaw, 2017).

Traditionally, one then inspects the zonal integrals of the MSE fluxes. In such a zonal integral framework, the MSE flux related

to the zonally averaged circulation represents the overturning circulation, which in the midlatitudes corresponds to the Ferrell

cell that transports heat equatorward. Another considerable fraction of poleward MSE flux is associated with low-frequency

planetary-scale waves, especially in the Northern Hemisphere (NH; Barpanda and Shaw, 2017; Stoll et al., 2023). The largest50

share of midlatitude MSE flux is, however, related to synoptic-scale eddies (e.g., Peixoto and Oort, 1992; Armour et al., 2019;

Stoll et al., 2023). If the eddy-mean decomposition is adopted in the time dimension, this is often referred to as the ‘transient’

eddy MSE flux (e.g., Messori and Czaja, 2015; Barpanda and Shaw, 2017). So far, most efforts to relate this transient eddy

MSE flux to storm track dynamics have largely relied on zonally integrated MSE fluxes (Barpanda and Shaw, 2017; Shaw et al.,

2018). The zonally integrated MSE flux, separated by spatial scale, has been investigated in the context of weather regimes55

(Lembo et al., 2022). Regardless of the chosen decomposition method, however, the contributions of (individual) cyclones to
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the zonally integrated MSE �ux have not been systematically quanti�ed. From analyses on the transport of latent heat, it is

known that cyclones play a pivotal role for the total transport throughout the SH extratropics (Sinclair and Dacre, 2019) and

into Antarctica (Tsukernik and Lynch, 2013). This motivates investigating to which degree extratropical cyclones modulate the

total MSE �ux in the zonal integral.60

Previously, local (extreme) transient eddy MSE �uxes have been linked to the warm- and cold-sectors of midlatitude cyclones

(Messori and Czaja, 2015; Messori et al., 2017). These MSE �ux peaks typically form banded structures which, in some cases,

follow the frontal zones near surface cyclones (Geen et al., 2016; Messori et al., 2017). These events majorly contribute to

the zonally integrated transient eddy MSE �ux (Messori and Czaja, 2013). In addition, days with enhanced zonally integrated

transient eddy MSE �uxes have a disproportionate impact on the seasonal integral (Messori and Czaja, 2015) which suggests65

that local extreme events may signi�cantly contribute to climatological zonally integrated �ux. Conversely, it was found that

local �ux extremes arise from a constructive interference of synoptic and planetary waves in MSE and the meridional wind

(Messori and Czaja, 2014). This indicates that transient eddy MSE �uxes in the vicinity of a cyclone might not solely be

determined by its life cycle characteristics but also contain contributions from low-frequency background �ows. Despite this

extensive research on local MSE �uxes, a systematic analysis of when during the cyclone life cycle MSE �uxes maximize has70

not been performed. Consequently, it remains unclear which life cycle characteristic most strongly modulates the instantaneous

zonally integrated transient eddy MSE �ux and how much individual cyclones contribute to the seasonally integrated �ux

(Messori and Czaja, 2015) depending on their characteristics.

This study is further motivated by the modeled decrease in the number of cyclones under global warming. Most studies

that investigate cyclone numbers within coupled climate simulations agree that the cyclone number in SH winter decreases in a75

warmer climate (König et al., 1993; Geng and Sugi, 2003; Lambert and Fyfe, 2006; Grieger et al., 2014; Chang, 2017; Priestley

and Catto, 2022) whereas Chang et al. (2012) identi�ed no robust decrease apart from the Atlantic sector. This response to

warming is also underpinned by highly idealized atmosphere-only experiments (Sinclair et al., 2020; Schemm et al., 2022). A

plausible explanation for this reduction could be that, as individual cyclones transport more latent heat because of the Clausius-

Clapeyron relationship (Geen et al., 2016), fewer cyclones account for same amount of MSE �ux (Zhang and Wang, 1997)80

that is required to counteract the equator-to-pole radiative energy imbalance. Yet, the total MSE �ux does not remain constant

under CO2-forcing (as had been suggested by Boer, 1995) but exhibits a latitude-dependent response (Donohoe et al., 2020).

Moreover, the change in MSE transported by individual cyclones likely also depends on the cyclone characteristics such as the

intensity or spatial extent, which are projected to change as well (Dai and Nie, 2022; Priestley and Catto, 2022). Thus, how

the partitioning of the total MSE �ux onto extratropical cyclones changes under warming is non-trivial. Addressing the storm85

track response to climate forcing therefore necessitates a more profound understanding of the relationship between zonally

integrated MSE �uxes and the number of cyclones under present climate conditions. To achieve this, it is inevitable to examine

how MSE �ux is locally related to extratropical cyclones in the �rst place.

The overarching goal of this study is to bridge the gap between the synoptic-scale cyclone and zonally integrated poleward

heat transport perspectives under current climate conditions. We follow the assumption that the poleward MSE �ux related to90

cyclones is described by the eddy component of a �ux decomposition, and hereafter refer to this simply as the transient MSE
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�ux (regardless of whether referring to a decomposition in time or space). To build a solid understanding of how transient

MSE �ux relates to cyclones, �rst the spatio-temporal relationship is explored locally and along the typical cyclone life cycle.

Building on that, we inspect the contribution of individual cyclones to the zonally integrated transient MSE �ux by introducing a

feature-based approach to attribute transient MSE �uxes to individual cyclones. We �nally examine the inter-annual variability95

of the seasonal cyclone number along with seasonal transient MSE �uxes. We focus on the SH storm track during the winter

months June, July, and August (JJA). In contrast to the NH, the SH storm track is nearly circumpolar and therefore more

zonally symmetric, which simpli�es linking zonally integrated �uxes to cyclone characteristics. Moreover, winter is the season

during which cyclone activity is maximum. The speci�c research questions thus are:

– How does the local transient MSE �ux evolve during the life cycle of extratropical cyclones?100

– How much of the zonally integrated transient MSE �ux can be attributed to cyclones, and how do their contributions

differ according to their key life cycle characteristics such as intensi�cation rate, intensity, and lifetime?

– On a seasonal scale, how are (transient and total) MSE �uxes related to the number of cyclones at a given latitude band?

The methods applied in this study are detailed in Sect. 2. The evolution of transient MSE �uxes along cyclone life cycles,

including spatial composites, is presented in Sect. 3. How cyclone characteristics in�uence the MSE �ux of a cyclone in the105

zonal integral is shown and discussed in Sect. 4. The seasonal relationship between (transient) MSE �ux and the number of

cyclones is examined in Sect. 5. Finally, the results are summarized and discussed in a broader context in Sect. 6.

2 Methods

2.1 Reanalysis data

All computations of this study are based on the ERA5 reanalysis (Hersbach et al., 2020). The focus is on the winter season,110

i.e., JJA, in the SH during the years 1981 to 2021. All variables are obtained at0:5� � 0:5� horizontal grid resolution. MSE

�uxes are computed using six-hourly resolution and on 28 of the 37 available pressure levels spanning1–1000 hPa1.

2.2 Cyclone tracking

Automated cyclone tracking

Extratropical cyclones are objectively identi�ed using the cyclone tracking algorithm developed by Wernli and Schwierz115

(2006), which was re�ned to improve the handling of splitting and merging events by Sprenger et al. (2017). Local min-

ima in sea level pressure (SLP) are identi�ed and followed over time which yields individual cyclone tracks. In a second step,

a cyclone mask is de�ned as the area within the outermost closed SLP contour around a SLP minimum. Following Sprenger

1The exact levels used are1, 3, 5, 10, 30, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 875, 900, 925, 950, 975,

and1000 hPa. Note that we ensured that the sub-selection of vertical levels has minimal impact on the calculated MSE �ux.
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et al. (2017), the upper bound for the outermost closed contour is chosen to be7500 km. The lifetime of a cyclone is de�ned as

the number of time steps of its track starting at genesis and including lysis. The maximum intensity is de�ned as the minimum120

SLP along the track and the intensi�cation rate as the change in SLP between two consecutive time steps. 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 �uxes.

Track postprocessing

In this study, the goal is to focus on well-de�ned cyclone tracks that exhibit a clear intensi�cation phase. This requires �ltering125

out all of the objectively identi�ed tracks that only weaken over time, i.e., for which the minimum SLP solely increases. For

our track selection, we make use of the intensi�cation metric proposed by Sanders and Gyakum (1980): For each track, the

running �nite difference in SLP over24 h is normalized withsin60 � S
sin � , where� represents the latitude of the cyclone center

averaged over the corresponding24 h. The minimum of the resulting timeseries is multiplied with� 1 and thereby de�nes

the peak intensi�cation rate of the cyclone. The multiplication with� 1 is performed such that a positive value signi�es that130

the cyclone undergoes intensi�cation during its life cycle. This intensi�cation rate is usually expressed inBergeron. As a

reference,1 Bergeroncorresponds to an change in minium SLP of� 24 hPa d� 1 at60� S. In short, we only consider tracks with

intensi�cation rate larger than0 Bergeron. By design of the above metric, tracks shorter than24 hare excluded. Moreover, we

discard tracks with for which the minimum SLP remains above990 hPato remove spurious tracks in and around topography.

Lastly, we �lter out tracks that do not intensify poleward of30� S, i.e., tropical cyclones without an extratropical transition.135

Measuring the intensi�cation rate inBergeronis particularly important when investigating and comparing cyclones across

an entire hemisphere. Likewise, when selecting cyclone subsets we de�ne the intensity of a cyclone using SLP anomalies from

local climatology (as in Cornér et al., 2025, for instance) rather than absolute SLP values. This correction is performed to

circumvent a systematic bias arising from the climatological decrease in SLP towards the poles.

Cyclone-centered composites140

To investigate the transient MSE �uxes associated with cyclones, cyclone-centered composites are computed at different stages

of the cyclone life cycle. For the composites, atmospheric �elds are regridded such that the cyclone center is located at (0,0)

in cyclone-centered coordinates. Bilinear interpolation is used for all variables except precipitation, for which conservative

remapping is applied. Importantly, we refrain from rotating along the direction of propagation (unlike, e.g., Catto et al., 2010)

in order to preserve the distinction between meridional and zonal winds and MSE �uxes.145

2.3 MSE �uxes

The general zonal mean heat budget of the atmosphere

The atmospheric heat transport is quanti�ed by the �ux of MSE. MSE is de�ned asm = h + � where the �rst contribution is

the thermal energy of the atmosphereh = cpT + Lq wherecp is the speci�c heat capacity,L is the latent heat of evaporation,
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T is temperature,q denotes speci�c humidity, and� is geopotential. In the vertical integral and zonal average (denoted with150

h�i and[�], respectively), the local atmospheric heat budget (as derived, for instance, in Trenberth, 1991) is written as

@t h[h]i = [ FTOA � FS] � @y h[vm]i . (1)

FTOA andFS represent the net energy �ux at the top of atmosphere (TOA) and surface, respectively, andv denotes meridional

wind (Neelin and Held, 1987; Barpanda and Shaw, 2017).FTOA is comprised of only radiative �uxes whereasFS includes

both radiative �uxes at the surface and turbulent �uxes. The temporal change in the storageh is thus simply determined by the155

convergence of MSE �ux and the net energy input at the surface and TOA.

The meridional divergence is computed as@y (�) � @� f cos� (�)g=(a cos � ) wherea is the radius of Earth. The vertical

integral is mass-weighted (h�i � 1
g

RpS

0 (�)dp) and computed from the TOA to the climatological mean surface pressurepS (Boer

and Sargent, 1985). This formulation neglects kinetic energy and latent heat related to the liquid-ice transition (Mayer et al.,

2024) and de�nes �uxes relative to a �xed mass of atmosphere following Cox et al. (2024b).160

Decomposition of the MSE �uxes

We further decompose the MSE �ux into eddy and mean components. Eddy �uxes are de�ned via deviations from a background

mean state and are traditionally thought to be related to synoptic weather systems (e.g., Kaspi and Schneider, 2013; Barpanda

and Shaw, 2017). One established approach de�nes the background state using monthly means, such that the monthly mean

�ux reads165

[vm] = [ v0m0] + [ v� m� ] + [ v][m] (2)

with dashes and asterisks signifying anomalies from the monthly(�) and zonal averages, respectively (Priestley, 1949; Peixoto

and Oort, 1992). Following Barpanda and Shaw (2017), the �rst two terms on the right hand side represent �uxes by transient

and (temporally) stationary eddies, respectively, whereas the third term corresponds to the meridional overturning circulation.

To investigate the total MSE �ux, we perform a correction to account for mass conservation which is not guaranteed in170

ERA5 (e.g., Mayer et al., 2021). In the zonal mean, mass-conservation corresponds toh[v]i = 0 when calculating MSE �ux

with respect to a time-independent atmospheric mass. We thus adopt the approach introduced by Marshall et al. (2014) and

subtract vertical averages of[m] and[v] before computing the overturning circulation. Thereby, the MSE �ux that is related to

a net mass �ux, which can be unrealistically large (Cox et al., 2023), is removed.

Sensitivity regarding the decomposition175

De�ning transient eddies as deviations from monthly mean data introduces discontinuities at the end of each month. We explore

the sensitivities of the results using two additional de�nitions of transient eddies: (i) high-pass �ltering (e.g., Hoskins et al.,

1983; Schemm and Rivière, 2019; Franzke and Harnik, 2023) with a cut-off frequency of 10d and; (ii) de�ning eddies as

anomalies from instantaneous zonal means (Cox et al., 2024b). This eddy �ux thus depends on the atmospheric state up- and
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