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Abstract

Extratropical cyclones (ETCs) are primary drivers of mid-latitude weather variability, yet
most climatologies rely on single-level tracking, leaving their vertical structure poorly char-
acterised. Because the vertical extent of a cyclone reflects its degree of baroclinic coupling
and the tropospheric layer in which it resides is closely linked to the dominant physical
processes governing its formation and impacts, a multi-level perspective is essential. Using
the STACKER 4D tracking algorithm and ERAS5 reanalysis (2000-2023), this study pro-
vides a comprehensive climatology of shallow ETCs (2-3 pressure levels) across 12 levels
(925-100 hPa) over the Southern Hemisphere (14° S-78° S). A total of 21,701 shallow sys-
tems were detected, representing 42% of all multi-level ETCs. Classification into three
subfamilies, shallow low (SL, 925-600 hPa; 43%), shallow mid (SM, 500-250 hPa; 35%), and
shallow upper (SU, 200-100 hPa; 22%), suggests a possible linkage with different physical
mechanisms: surface baroclinic instability for SL, upper-level potential vorticity forcing
for SM, and tropopause-level dynamics for SU. SM and SU systems, jointly accounting
for 57% of shallow events, are unlikely to be detected by conventional single-level-based
tracking methods. Three-level systems (S3) exhibit higher vorticity, longer lifetimes, and
greater interaction with the UTLS region than two-level systems (S2), with implications for
stratosphere—troposphere exchange. Maximum cyclone density is concentrated between
30-40° S and 50-60° S.

Keywords: extratropical cyclones; shallow family and subfamilies; Southern Hemisphere;
tracking algorithm STACKER

1. Introduction

Extratropical cyclones, usually referred to as ETCs, are dominant features of mid-
latitude day-to-day weather variability in the mid-latitudes and their presence strongly
impacts regional climates, as they are associated with extreme winds, large moisture
gradients, temperature changes and precipitation [1-5]. In a climate that is expected to
become warmer in the future, with more frequent severe events, a more accurate under-
standing of the cyclone behaviour and its changes is a significant and complex challenge,
relevant for both immediate and long-term adaptation measures, especially considering
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their potential economic and human impact [6,7]. This understanding must include not
only their characteristics, location, intensity and frequency, but also their path, origin
and evolution [8].

The first efforts to identify and understand extratropical cyclones were led by the
Bergen School of Meteorology using the European telegraph network to track air pressure,
temperature, and wind observations, describing the evolution of these systems on a conti-
nental scale for the first time. These observations gave rise to the well-known concept of
fronts by Bjerknes in 1919 [9]. Since then, owing to their significant role in the poleward
transport of heat and momentum, as well as the growing amount of information provided
by reanalysis data over a long period of time, ETCs have been broadly researched across
the globe, particularly over the Northern Hemisphere (NH) given the greater availability
of data there. Current approaches are usually built around various automated tracking
algorithms, analysing atmospheric data fields, in particular reanalysis data products, such
as mean sea-level pressure (MSLP) and vorticity to identify cyclone centres as local minima
in MSLP or maxima/minima in vorticity, depending on the hemisphere. Other key vari-
ables include geopotential heights, geostrophic vorticity, and relative vorticity, which can
be used singly or in combination to detect and track atmospheric events globally [10-16].

The results of these different approaches on a global scale are not conclusive. Most of
the results seem to agree that the total number of extratropical cyclones will decrease in
the future [4,17-24], but there is no consensus on how the number of extreme cyclones will
change, with some studies projecting an increase [17,20,25-27] and others a decrease [22].
As pointed out in [24], these differences may arise from the model used, the variable
examined, the criteria and the selection of cyclones studied, as well as the geographic area
under study.

At hemispheric scale, results tend to show that cyclones are projected to increase in
intensity in the Southern Hemisphere (SH), but with a decrease in the Northern Hemisphere
(NH) [18,21,24,26]. Yet, depending on the variable used, some authors observed increasing
trends when mean sea-level pressure is examined, but others using vorticity show a very
slight change or even a decreasing trend [24]. When geographical distribution is considered,
comparing the hemispheres, cyclone density distribution is more zonally symmetric in the
SH than in the NH due to the larger land masses and topographic features in the latter [28].

However, cyclone detection and tracking are highly complex and while strong,
long-lived cyclones are typically better identified consistently, differences in the detec-
tion of weaker systems may arise depending on the tracking method, dataset, and
resolution [29,30]. It is important to note that the vast majority of these results belong
to analyses focusing on one or at most a few pressure levels, typically from gridded fields
of sea-level pressure or 850 hPa geopotential height, but the vertical structure of tracked
cyclones remains unclear even though it is known to play an important role in cyclone
development and their impacts [15].

To date few analyses have examined the cyclonic systems at multiple pressure levels.
In the SH, Lim and Simmonds [31] assessed the vertical structure of the cyclones in austral
winter (JJA) from 1979 to 2000 by comparing tracks at six levels from mean sea-level
pressure (MSLP) to 500 hPa. The study was based on cyclone tracks defined in terms of
multi-level events by considering their variations in height, as well as sequences of multi-
level overlaps defined for track points at different contiguous levels at a given timestep.
Results were further separated into shallow systems up to 700 hPa and well-organised
cyclones, at least up to 500 hPa. They found that cyclones are most commonly observed at
the surface and at 500 hPa, with a minimum frequency value at 700 hPa with around 52%
of the systems being considered “vertically well-organised”, extending from the surface up
to 500 hPa. On the other hand, Pepler and Dowdy [15] using the Lim and Simmonds [31]
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methodology, studied the global distribution of cyclones at six vertical levels using mean
sea-level pressure (MSLP) from ERA-Interim (ERA-I) reanalysis dataset. They found that
about 50% of global cyclones show a coherent vertical structure extending to at least
500 hPa, while shallow cyclones were most common in the global midlatitudes. However,
differences between the vertically well-organised and shallow systems” impacts still need
to be further addressed [15].

More recently, based on the Hoskins and Hodges [13] single-level cyclone tracking
algorithm, and with the aim of providing a more comprehensive picture of the cyclone
events as time-evolving physical entities, we implemented a more complex 4D feature-
tracking algorithm to track systems by analysing their entire 3D structure rather than just
2D features [32,33]. This approach combines tracks from different atmospheric levels into
a single, integrated track, providing a multi-dimensional view of the cyclone’s evolution
over its lifecycle. This objective iterative method allows for a more comprehensive un-
derstanding of the cyclone’s development by combining and stacking different levels of
data, resulting in optimised 4D determination of relative vorticity anomalies. The analysis
considered 12 pressure levels for systems track activity between 925 hPa and 100 hPa. As
such, systems were classified into three main families, shallows, intermediates and deeps,
on the basis of the maximum number of levels an event has at any stage during its lifetime.
The research, derived from 17 years of ECMWF Reanalysis ERA-I dataset between 2001 and
2017, was focused on describing annual and seasonal characteristics of all the event occur-
rences between 14° S and 78 S. A complete overview of the results can be found in Lakkis
et al. [33], where velocity, density, lifetime and vorticity among other characteristics were
considered. Briefly, 58,231 multi-level events lasting at least 2 days with vertical structures
spanning two levels or more were detected. Results from the whole sample showed that
most of the events develop over the oceans rather than over land, and the 700 hPa pressure
level plays an important role in the analysis, regardless of the family. During the whole
period, the highest cyclone density was observed at mid-to-high latitudes, extending from
the midlatitudes towards Antarctica, while high- and low-density values occurred over
the South Pacific and over the Southern Central Indian Ocean, respectively. Areas with the
highest density values were observed in regions associated with the polar jet instead of the
subtropical jet. In terms of families, shallow events were found to be the most populated
family followed by intermediate and deep cyclones, respectively. A clear distinction was
also observed in the spatial distribution of densities among the three families. The shallow
family cyclones were more frequently detected from the subtropics well into polar latitudes
while intermediates extend from the extratropics into polar latitudes, and deeps were
mostly sub-polar and polar. Regarding genesis and lysis of the events, shallow and deep
systems tend to have a large percentage of genesis with their lowermost level at 925 and
700 hPa, while the intermediate ones have their genesis maxima near the surface and at
500 hPa. However, a refined analysis into each family considering subfamilies was not ad-
dressed at all, and this is a key aspect in order to advance in our understanding of cyclones
and their impacts. Within each family, the vertical extent of a cyclone, i.e., the number of
pressure levels over which cyclonic activity is detected, is not merely a geometric descriptor
but a proxy for the degree of baroclinic coupling between atmospheric layers. According
to potential vorticity (PV) theory, the development and intensification of extratropical cy-
clones depend critically on the interaction between upper-level PV anomalies and low-level
temperature gradients [34]. Systems achieving coherent vorticity overlap across a greater
number of pressure levels therefore imply a more advanced stage of baroclinic development
and a stronger tropospheric column interaction, with direct consequences for their intensity,
persistence, and capacity to transport heat and momentum poleward [3,35]. More vertically
developed systems are generally longer-lived, more intense, and exert greater influence on
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surface weather and upper-atmospheric dynamics, whereas systems with limited vertical
extent tend to be more energetically constrained and shorter-lived [15,31].

Beyond vertical extent, the tropospheric layer in which a cyclone resides is closely
linked to the physical processes governing its formation and impacts. Extratropical cy-
clones developing in the lower troposphere are predominantly driven by surface baroclinic
instability and are closely associated with the passage of fronts, boundary-layer conver-
gence, and strong surface pressure gradients; they are the primary contributors to extreme
precipitation and surface wind events at midlatitudes [2,3,27]. In contrast, cyclones devel-
oping in the mid-troposphere are more likely to be associated with upper-level forcing
mechanisms, such as potential vorticity anomalies propagating along the jet stream and
troughs partially detached from the main westerly flow [34,36]. Finally, cyclonic systems
residing in the upper troposphere and lower stratosphere represent a distinct class; they
are more likely to correspond to cut-off lows or tropopause-level vorticity anomalies, with
different formation mechanisms and the potential to influence stratospheric dynamics and
stratosphere—troposphere exchange (STE) processes [36,37]. Recognising these distinct
behaviours is essential for interpreting cyclone statistics in a climatologically meaning-
ful way and motivates an approach that classifies systems not only by their horizontal
and temporal characteristics, but also by their vertical location and extent within the
tropospheric column.

Building on the multi-level climatology of Lakkis et al. [32], the present study fo-
cuses specifically on the shallow cyclone family in the SH, motivated by three key aspects:
(i) What fraction of SH extratropical cyclones are structurally shallow, and how does their
degree of vertical development, spanning different pressure levels, relate to their inten-
sity, lifecycle, and capacity to interact with the upper troposphere and lower stratosphere
(UTLS)? (ii) Do shallow cyclones occurring in different tropospheric layers represent dis-
tinct classes of systems with different formation environments, spatial distributions, and
potential weather impacts? (iii) What does a comprehensive 24-year multi-level climatology
of shallow events, spanning 12 pressure levels from 925 to 100 hPa, reveal about the popu-
lation of extratropical cyclones that remain undetected by conventional single-level-based
tracking approaches?

To address these questions, annual statistics of cyclone frequency, translational velocity,
relative vorticity, lifetime, track density, and genesis and lysis levels are examined across
the 14° S-78° S latitudinal band using the ERA5 reanalysis dataset for 2000-2023 and
the STACKER multi-level tracking algorithm [32,33]. The manuscript is organised as
follows: Section 2 describes the data and methodology; Section 3 presents the results for
the shallow family and its subfamilies; and Section 4 provides an integrated discussion and
concluding remarks.

2. Data and Methodology

The data used in this study are from the ERAS reanalysis obtained from the Copernicus
Climate Change Service which is the newest atmospheric reanalysis produced by the
European Centre for Medium Range Weather Forecasts [38], and it is based on the Integrated
Forecasting System (IFS; cycle 41r2). The dataset has a horizontal resolution of 31 km, and
vertically it has 137 levels from the surface up to approximately 80 km and provides hourly
analysis and forecast fields, covering from 1950 onwards. In the present study fields of
relative vorticity (RV) at 6 hourly intervals were used from 2000 to 2023.

The present study closely follows the methodology established in the previous SH
cyclone tracking studies by Lakkis et al. [32,33], and it draws from concepts introduced
in Lim and Simmonds [31] and Hoskins and Hodges [13]. The range of pressure fields
where the systems are explored ranges between 925 hPa and 100 hPa and the area spans

https://doi.org/10.3390/atmos17050508


https://doi.org/10.3390/atmos17050508

Atmosphere 2026, 17, 508

5 of 31

the latitude band between 14° S and 78° S. Although the entire detection and tracking
process can be read in unabridged form in the previous manuscripts, it is worth mentioning
some details here. The tracking is performed using the STACKER algorithm involving
single-level cyclone tracks obtained with the Track algorithm [39,40] for 100, 125, 150, 200,
250, 300, 400, 500, 600, 700, 850 and 925 hPa pressure levels. The methodology considers
that potential cyclone centres at a given level are initially identified in the T42 filtered
data as minima for SH by comparing the relative vorticity values of each grid point to its
neighbouring grid points and then refined to find their off-grid locations using B-splines
and steepest descent minimization [39]. The cyclones are allowed to have any lifespan at a
given level, but multi-level events are only retained when they persist for at least 2 days.
The relative vorticity threshold used is —1.0 x 107> s~! at all levels. Using the objective
function criterion, the STACKER algorithm associates all tracks obtained from a given
single-level feature-tracking algorithm that represents the same synoptic event at different
vertical levels. The process is performed iteratively over adjacent pressure levels until the
stacking of tracks is complete. The analysis is based on cyclone tracks defined in terms
of multiple-level events by considering their variations in height, as well as sequences
of multi-level overlaps defined for track points at different contiguous levels at a given
timestep (whose coordinates at an immediate upper level fall within a 4° latitude radius
[~444 km] of the track point being considered at the lower level). The algorithm works
both bottom-to-top and top-to-bottom, capturing such features as upper-level troughs or
cut-off lows. It is worth mentioning that both bottom-to-top and top-to-bottom procedures
resulted in highly consistent detections between each other.

To improve the analysis of the vertical extent of the systems, detected cyclones are
classified into families and broken down into subfamilies or subtypes. It is relevant to
emphasise here that, to reinforce the idea that cyclones are physical entities rather than
sample slices at specific pressure levels, the classification into families is based on the
most frequent number of pressure levels that an event has at any stage of its lifetime.
That is, the family classification is based on the most frequent value of the vertical extent
observed across all timesteps of the system’s lifecycle: the number of levels that the system
most frequently exhibits, rather than the maximum it ever reaches. This ensures that
the classification reflects the system’s typical three-dimensional configuration rather than
an occasional or transient state. Family classification was defined as shallow (2-3 levels),
intermediate (4-5 levels) and deep (at least 6 levels) and further subdivided into subfamilies,
or subtypes, depending on the height ranges of the pressure levels where the entities are
detected. To better illustrate the concept, the reader may refer to the schematic diagram of
families and subfamilies provided by [41] in their Figure 2, where a cyclone is represented as
a cylinder with the base and top denoting its lower and upper pressure levels, respectively.
However, there are several key differences between the two approaches that must be noted:
the classification into families and subfamilies and the pressure levels assigned to each of
them are different; Yao et al. [41] set up the “radius” of the cylinder or searching range in
555 km whereas in our case it is fixed at 444 km, and the events considered in this analysis
have no minimum trajectory length restriction. The present analysis is restricted solely to
the shallow family and its subfamily is defined as shallow low, middle and upper, covering
pressure levels of 925-600, 500250 and 200-100 hPa, respectively.

The cyclone properties analysed are track density, translational velocity, vorticity,
lifetimes, genesis and lysis areas. All variables are plotted at 2° x 2°-pixel resolution for
the full study area. In the case of track densities, these are corrected for cell central latitude,
so that the density refers to equal-area pixels. The number of events occurring on each
pixel are further expressed as mean annual values. Lifetimes are obtained by considering
the times and dates of the first and last positions of each cyclone event. These values are
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then assigned to the cells over which the cyclone event moved. All the lifetimes in each
cell were then averaged. The translational velocity and the vorticity are calculated at each
timestep and pressure level in a given event and averaged in height and assigned to the
corresponding cell at each timestep. All values for events in each cell were then averaged.
Genesis and lysis density distributions are also considered. As in previous analyses, the first
(last) position of the event is considered for genesis (lysis) plots; but, in order to develop a
more comprehensive picture of the vertical structure of the entity in the present approach,
we have also determined the lower and upper levels of genesis and lysis.

Finally, the trend of cyclone frequency is obtained using the linear regression method
calculated from least-squares. The Mann-Kendall (MK) non-parametric test of statistical
significance [42] is used as an indicator of the statistical significance of the trend at the
confidence level of 95%.

3. Results
3.1. An QOuverview of the Shallow Family Distribution

Throughout the study period, a total of 51,430 multi-level events were detected, with
21,701 of them belonging to the shallow family. That is approximately 904 events per
year and around the 42% of the total events, a percentage that, although lower than that
recorded in Lakkis et al. [33] using the ERA-I dataset for the period 2001-2017, also shows
that shallows are still the family with the highest number of events. As was mentioned
above, many authors have noticed that results may vary depending on the database used,
even using the same methodology for detecting and tracking cyclonic systems; these
discrepancies not only impact cyclone detection but also several other topics. For instance,
during 2017, Hoffmann et al. [43] observed differences between transport simulations
using ERA5 and ERA-I data as large as 3K in temperature, 30% in specific humidity, 1.8%
in potential temperature, and 50% in potential vorticity after 1 day. McErlich et al. [44]
compared the output from the ERA5 reanalysis with WindSat data to identify the similarities
and differences in the cyclone characteristics between these two products. They found that
the ERAD reanalysis underestimated precipitation in the warm sector of SH extratropical
cyclones while overestimating it in the cold sector and cloud liquid water in the cold sector,
resulting in some biases in the frequency and lifetime of the detected systems. On the other
hand, Marrafon et al. [45] examining extratropical cyclones in the SH, showed differences
in magnitude and significance of the detected trend of the annual frequency between ERA-I
and ERA5. Due to the high spatial and temporal resolution of the ERA5 dataset, it is also
plausible to hypothesise that some of the events previously detected with ERA-I as shallows
are now observed as having a larger vertical extent and therefore fall into another family.

The frequency distribution per year is shown in Figure 1a. The maximum number of
events is detected in 2011 (978), while the minimum is observed during 2012 (842). Even
though the number of events appears to decrease very slightly over time, no significant
trend is observed through the MK test. The figure could suggest the existence of decadal
to interdecadal variability. If the vertical extent is considered, from Figure 1b, it is clear
that shallow systems developing in two levels are the most populous group, with almost
13,000 cyclones detected.
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Figure 1. (a) Number of shallow events per year over the period analysed and (b) number of events
with 2 and 3 levels of vertical extent.

A preliminary inspection of the frequency distribution given in terms of the lowermost
pressure level per event, constructed by assigning an event, determined by STACKER to
the lowermost level present during its lifecycle, shows a clear maximum value at 925 hPa
(Figure 2a). Above 700 hPa and up to 300 hPa, the distribution is roughly constant in
terms of events at each pressure level, although there is a relative maximum at 500 hPa
with 1940 events detected. Fewer systems are observed to have their lowermost level in
the upper troposphere/lower stratosphere (UT/LS), with the absolute minimum value
at 125 hPa (307 cyclones). Thus, close to 50% of the observed systems occur near the
surface, while around 40% of cyclones have their lowermost level in the mid-troposphere
up to 300 hPa. Comparison with other results appears challenging as there are no studies
involving this many pressure levels and focusing on just shallow events. However, in
general terms, the distributions are consistent with those obtained in the previous analysis
using the ERA-I dataset. Figure 2b shows the distribution for the uppermost levels. Here,
the difference between maxima and minima narrows and the distribution is slightly more
homogeneous, but with the absolute maximum values at 125 hPa with 5400 cyclones. High
values are also observed at 250 and 200 hPa, as well as close to the surface at 850 hPa and
700 hPa. In light of the results, and considering that the corresponding pressure ranges
of the tropopause are about 150 to 320 hPa at the SH [46,47], it is clear that, although
ETCs were thought to be predominantly a tropospheric phenomenon, many of them can
“punch up” into the lower stratosphere, influencing the upper atmosphere’s structure and
dynamics and even involving some stratosphere—troposphere exchange. Hirschberg and
Fritsch, as early as 1991 [48], postulated that the tropopause undulations can influence
the extratropical cyclone development by creating temperature and potential vorticity
anomalies and acting synergistically with the developing cyclone, intensifying the vertical
circulation and contributing to the storm’s growth. These events developing upward into
the stratosphere may fall into the upward-stratospheric explosively developing cyclone
category (US-EC) defined by Qian et al. [49]. According to their statement, these US-
EC systems, originating in the lower troposphere, can pass through the tropopause and
exhibit significant vertical development extending into the stratosphere. From a broader
perspective, Canziani and Legnani [50] presented observational studies analysing the
local circulation conditions that allowed for tropospheric synoptic-scale systems to extend
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beyond the tropopause into the lower stratosphere, up to 100 hPa. Nathan and Hodyss [51]
provided a theoretical framework based on an extended Charney-Drazin condition to
explain such observational results. We will touch on this topic again later in the analysis.
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Figure 2. Histogram of the (a) lowermost and (b) uppermost level distribution for shallow events.
The histograms are constructed by assigning an event to the lowermost (uppermost) level present
during its lifecycle.

Figure 3 shows the mean values of the lifetime, vorticity, velocity and distance travelled
for the shallow family over the 24 years under study. According to the results, the systems
live for on average 4.27 days (Figure 3a), with mean velocity values of around 12.5 m/s,
and a mean distance travelled of around 3229 km (Figure 3b,c). Mean vorticity values
(Figure 3d) have been observed to be close to 4.6 x 10 1/s. The values appear to be
consistent with [31] and [33], but somewhat higher. As mentioned above, differences may
arise due to the seasonal time in which the analysis is performed, the number of pressure
levels considered, the use of different variables to track systems instead of vorticity, and
different datasets and sampled periods.

The frequency histograms corresponding to genesis and lysis levels of the shallow
cyclone activity throughout the year and for the entire period of study are shown in Figure 4.
In line with the idea of addressing cyclone behaviour as physical entities with a defined
vertical ‘structure’ given by the maximum vertical extent, frequency histograms have
been developed for the lower- and uppermost levels of genesis (Figure 4a,b) and lysis
(Figure 4c,d). That is, considering the lower and upper level of their first and the last
appearance defined as the lower and upper first (last) point identified by the algorithm.
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Figure 3. Mean values of lifetime in days (a), mean velocity in m/s (b), trajectory length in km
(c) and vorticity in 1/s (d) for the shallow family events during 2000-2023.

According to the results, almost 31% of the systems have their lowermost genesis level
near the surface at 925 hPa; while less than 17% can be observed in the stratosphere. At mid-
range pressure levels, the number of events shows an increasing distribution between 850
and 300 hPa, above which the number of systems decrease until reaching their minimum
at 125 hPa (Figure 4a). Uppermost genesis levels (Figure 4b) show maximum values also
near the surface but a high number of the events are concentrated in the UTLS, being
the minimum at 150 hPa. On the other hand, frequency distribution of the lysis levels
(Figure 4c,d) is quite similar for both the lower- and uppermost level, except for the number
of events detected at 125 hPa. While at the lowermost lysis level, the number of events is
closely to the absolute minimum value observed at 850 hPa, for the uppermost level, there
are almost the same number of events as at the absolute maximum value at 925 hPa.
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Figure 4. Lowermost and uppermost genesis (a,b) and lysis (c¢,d) for the shallow family for the
2000-2023 period.

A simple additional analysis using both the lower and upper levels of both genesis
and lysis can reveal a slightly clearer picture of the behaviour of these shallow events, par-
ticularly related to their vertical extent and their dynamic. Figure 5 shows the distribution
by pressure levels of the difference between the lowermost and uppermost level, both for
genesis (a) and lysis (b).

As expected, since we are dealing here with shallow events that can develop at most
at three levels, the histograms show for each lowermost level (the base of the cyclones
structure and where the events birth (y axis)), a two-colour combination corresponding
to the most frequently uppermost levels detected. For example, systems with their birth
at 925 hPa (Figure 5a), display their decay (uppermost levels) at 850 hPa and 700 hPa. A
similar procedure made with lysis levels show that most of the events with their lowermost
level at 925 hPa (Figure 5b), display their uppermost level at 850 hPa and 700 hPa.
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(a) Vertical extent of the system at genesis
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Figure 5. Vertical extent of the systems in the genesis (a) and lysis (b) stages. Plots were constructed
by subtracting the upper level to the lower level-the last one considered as the base of the event of
the genesis (lysis).

At first glance, the histograms show results that reinforce those obtained in Figure 4:
most of the shallow systems usually have their genesis and lysis close to the surface and
in the middle troposphere, with decreasing number in higher altitudes, meaning that
the tropopause plays a key role in the development of systems, acting as a barrier that
slows down their move towards the stratosphere. However, it should be noted that the
number of systems whose genesis and lysis can be observed at lower stratospheric levels
is not negligible. As mentioned above, the cyclones, particularly shallow events, weaken
and tend to dissipate on the ground or at the tropopause as they lose energy and upper-
level divergence decreases; nonetheless, there is well-documented evidence of events
that cross the tropopause barrier and reach the stratosphere, modifying the tropopause
structure and dynamics as well as stratosphere-troposphere exchange (STE) processes
in the upper troposphere and lower stratosphere (UTLS) region [52-54]. However, it
should be noted that, since the STACKER algorithm detects cyclonic systems based on
relative vorticity anomalies without distinguishing their formation mechanisms, some of
the detected shallow systems, particularly within the SU subfamily, may correspond to
isolated low-pressure systems or cut-off lows (COLs). These low-pressure systems are
usually closed circulations in the middle and upper troposphere developed from a deep
trough in the westerlies [55]. They are usually smaller than extratropical cyclones during its
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mature phase and have a lifecycle of around 2 to 3 days, although their duration can be as
long as 5 days. The main difference between COLs and ETCs is the developing mechanisms.
While COLs become completely detached from the jet stream, the cyclone events usually
remain connected to the basic westerly flow. Given that the purpose of the results shown in
Figure 5 is to present basic statistics on shallow events, delving deeper into the mechanisms
of formation and therefore distinguishing both classes of systems is beyond the scope of
this study as it would require additional dynamical information not available in the present
framework, such as an explicit analysis of jet stream detachment or upper-level potential
vorticity fields.

Figure 6 shows the relation between velocity, lifetime and distance travelled for
the shallow events. As may be expected, and in accordance with previous results with
ERADS [33], those systems with higher velocity tend to travel larger distances (Figure 6a),
while (Figure 6b) ETCs with shorter lifetime tend to be faster.
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Figure 6. Relationship between (a) distance (km) and velocity (m/s) and (b) velocity (m/s) and
lifetime (days) for shallow events. The red line shows the linear fit.

3.2. Picturing Shallow Events by Number of Levels

Before proceeding further and focusing on the characteristics of the subfamilies, it is
interesting to note the differences and similarities between shallow events developed at
two (hereafter S2) or three (hereafter S3) levels of vertical extent. As mentioned in Figure 1,
the most numerous group of shallow events corresponds to systems with two vertical
levels. Both of them display distributions per events and years with no significance trends
detected.

Figure 7 shows the distribution of velocity, trajectory length and vorticity for events
52 (left panel) and S3 (right panel). The lifetime is not shown in the figure because the
difference is barely noticeable in the distribution, but the results account 4.13 days for
the S2 systems and 4.46 days for the S3. The results also indicate that S2 are on average
almost 1 m/s slower than the S3, with a left-skewed distribution in which most systems
are clustered on the right side with values ranging between 7 and 17 m/s (Figure 7a). The
probability decreases slowly at first but drops sharply from 19 m/s onwards. In contrast,
53 events present a near-Gaussian behaviour, with values around the mean average of
the order of 13 m/s (Figure 7b). A similar behaviour can be found when trajectory length
is observed. Both, S2 and S3 systems show a left-skewed distribution, although higher
values are more frequently observed in 53 distribution. On average more S3 systems travel
larger distances. Average and maximum values are found to be around 3090 and 1300 km
for S2 and 3440 and 1700 km for the S3. As far as vorticity is concerned, the difference is

https://doi.org/10.3390/atmos17050508


https://doi.org/10.3390/atmos17050508

Atmosphere 2026, 17, 508 13 of 31

more remarkable. Most of the S3 vorticity values, displaying a quasi-normal distribution
behaviour, are higher than S2 cyclones with average values around 4.4 and 4.8 x 107 1/s,
respectively. Following the same criteria as in Figure 6, Figure 8 shows the difference
between the lowest and uppermost level for the events, but for systems per number of
levels (S2 and S3). As expected, the behaviour of the genesis and lysis of two- and three-
level systems closely follows the same pattern as that of the entire family (Figure 5), with
most of the cyclones with their genesis near the surface and decreasing above 300 hPa
near the tropopause. However, this decrease appears to be slightly more noticeable for S2s
than for S3s, given that two-level events account for 60% of shallow systems (Figure 1b). It
is particularly interesting that S3s have a higher percentage of their lysis stage near and
beyond the tropopause than S2 systems.

(a) S2 mean velocity (m/s) (b) S3 mean velocity (m/s)
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Figure 7. Velocity, trajectory length and vorticity for shallow events with 2 levels (left panel

(a,c,e)) and 3 levels (right panel, (b,d,f)) of vertical extent. Note the differences in the scales for
better viewing.
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Vertical extent of the S2 systems at genesis
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Figure 8. Histograms of vertical extent at genesis and lysis of the S2 (a,b) and S3 (c,d) systems
constructed as the difference between the lower- and uppermost levels.

These differences between S2 and S3 systems suggest that the distinction is not merely
statistical but may reflect underlying dynamical differences. Within the framework of
baroclinic development theory [34], the additional level of vertical coherence in S3 systems
is consistent with a stronger interaction between the upper-level potential vorticity anomaly
and the low-level baroclinic zone and, consequently, greater vorticity amplification and
longer system persistence (Figure 7d,f). The different velocity distribution shapes (left-
skewed for 52 and quasi-Gaussian for S3), further suggest that these two subtypes do
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not simply represent different stages of the same developmental process, but may arise
from different large-scale forcing environments or initial conditions. More critically, the
high proportion of S3 lysis events at or above the tropopause implies that three-level
shallow cyclones are the subgroup most capable of interacting with the UTLS region. This
has potential consequences for stratosphere—troposphere exchange (STE); when cyclonic
circulation reaches tropopause levels, it can induce tropopause folding and downward
transport of ozone-rich stratospheric air into the troposphere [37,56], a process relevant for
both atmospheric chemistry and upper-tropospheric dynamics. In contrast, S2 systems,
being more energetically limited and predominantly confined to the lower and middle
troposphere, contribute less significantly to UTLS dynamics but account for the majority
of shallow cyclone activity (60%) and therefore constitute the dominant mode of shallow
cyclone activity across the SH midlatitudes.

3.3. Subfamilies Results

The shallow family was further subdivided into three subfamilies according to the
lowermost pressure level of the system during its lifetime: shallow low (SL; 925-600 hPa),
shallow mid (SM; 500-250 hPa), and shallow upper (SU; 200-100 hPa). This subdivi-
sion is relevant since the atmospheric layer in which a cyclone resides is closely linked
to the dominant dynamical processes driving its formation, structure, and dissipation.
SL systems develop within the planetary boundary layer and lower troposphere, where
baroclinic instability is primarily driven by surface temperature gradients, frontal dynam-
ics, and boundary-layer convergence; they are the class most directly linked to surface
weather impacts including extreme precipitation and surface winds [2,3]. SM systems,
located in the free troposphere between 500 and 250 hPa, are more closely associated
with upper-level forcing mechanisms, potential vorticity anomalies propagating along
the jet stream, and cold closed lows that have become partially detached from surface
baroclinicity [34,36]. SU systems, residing in the upper troposphere and lower stratosphere
between 200 and 100 hPa, represent a dynamically distinct class more closely related to
cut-off lows and tropopause-level anomalies, with formation mechanisms that differ fun-
damentally from classical surface baroclinic development and with potential implications
for stratosphere—troposphere exchange [36,37]. Crucially, both SM and SU systems are
not captured by conventional single-level or MSLP-based tracking methods, which means
they are absent from the majority of existing SH cyclone climatologies, a significant gap
that the present multi-level approach is designed to address. Figures 9 and 10 and Table 1
summarise the main characteristic values on average for each subfamily.

Subfamily of shallow events

upper |

Subfamily
3
o

1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000
Number of events

Figure 9. Number of shallow events per each subfamily.
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Figure 10. Frequency distribution of velocity (a), lifetime (b), vorticity (c) and trajectory length (d) for
each subfamily.
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Table 1. Average values of the main characteristics for each subfamily of shallow systems. Maximum
values are highlighted in yellow.

Subfamily Velocity (m/s) Lifetime (Days) Vorticity x 1073 1/s  Distance Travelled (km)
SL 124 4.64 4.6 3406
SM 12.2 3.25 4.6 2590
SU 12.6 2.87 4.0 2395

As with all the family of shallow cyclones (Figure 1a), the histogram of the distribution
of event counts by year and subfamily does not yield a significant trend over time, and
the number of events remains relatively constant. Based on the results from Figure 9, SL
systems are the most frequently detected, accounting for 43% of the total sample, while SM
and SU events account for 35% and 22%, respectively.

The distribution of the main characteristics for each subfamily and the mean values
are shown in Figure 10 and Table 1. According to the histograms, the lifetime (Figure 10a)
exhibits a similar behaviour to that of the entire shallow family, with a left-skewed dis-
tribution and maximum values of around 3 days for all the subfamilies. On average, SL
events are the longest-lived system with a lifespan of almost 4.7 days. Including all the
subfamilies, lifespan range is similar to that described by Simmonds and Keay (2000) [28]
in their climatology of SH extratropical cyclones, although they also considered systems
with a minimum duration of one day. Regarding the behaviour of the velocity (Figure 10b)
the overall distribution is somehow right-skewed and the number of events is the highest
at lower velocities and gradually decreases as velocity increases. Most events occur be-
tween 3 and 20 m/s, with very few beyond 25 m/s and virtually no events occur beyond
27 m/s. With regard to subfamilies, the SL subfamily dominates the distribution, reaching
its maximum around 7-8 m/s with approximately 800-900 events, and then decreasing
steadily beyond 15 m/s. The SM subfamily peaks slightly later, around 8-9 m/s, with
about 500 systems, and decreases more rapidly afterwards. Finally, SU systems remain
consistently low, with fewer than 150 cyclones at all speeds. According to Table 1, although
SU systems are the fastest, the differences in the average values for each subfamily are
unremarkable, and the systems travel at an average velocity of approximately 12 m/s.
The results are consistent, although slightly higher than those obtained by [15], who, us-
ing mean sea-level pressure (MSLP) data from the ERA-Interim reanalysis as a tracking
variable, studied systems between 925 hPa and 500 hPa. They found an average speed
of around 10 m/s. The mean values are also similar to those found in Lakkis et al. [33],
although slightly higher too.

On the other hand, the distribution of vorticity per subfamily (Figure 10c) exhibits a
right-skewed pattern, with most events occurring at low vorticity values between 2 and
7 x 107 1/s. The SL systems show maximum values around 3-4 x10~° 1/s, followed
by the SM subfamily with a smaller but similar pattern, while the SU subfamily shows
consistently low frequencies across all values. Overall, the results indicate that low-vorticity
events are much more common, while high-vorticity occurrences are relatively rare across
all subfamilies. Considering trajectory length, the figure shows a clear upward trend: as
distance increases, the number of events also increases, but the most notable difference
between subfamilies is related to mean values: cyclones belonging to the SL subfamily
travel the furthest, with an average of around 3400 km, while the SM and SU systems
show values close to 2600 km and 2400 km, respectively (Figure 10d and Table 1). When
combining the results shown in Figures 8 and 9 and Table 1, it appears that SL events with
higher vorticity and lifetime, covering larger distances, are potentially the most reliable
candidates for explaining the percentage of S2 and S3 cyclones whose genesis/lysis stage
occurs above the tropopause.
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Regarding the lower- and uppermost level for each family, 925 hPa, 500 hPa and
100 hPa corresponds to the lowermost level with high number of events for each family,
while uppermost levels are usually mostly detected at 850 hPa, 250 hPa and 100 hPa for SL,
SM and SU events, respectively (Table 2).

Table 2. Lower- and uppermost level with maximum number of events for each subfamily.

Subfamily Lower(rlr:l()):; Level Number of Events Upper(rlrlll())z; Level Number of Events
SL 925 9100 850 2282
SM 500 1825 250 1735
su 150 717 100 924
If the lower- and uppermost levels are observed at genesis and lysis stages (Table 3),
results show that shallow low systems, as expected, usually have their genesis and lysis
levels mostly near the surface (925 and 850 hPa respectively). For SM cyclones, lower and
upper genesis and lysis levels are observed at 500-250 hPa and 400-300 hPa, respectively.
Finally, for SU systems, lower- and uppermost levels correspond to 150 and 100 hPa for
genesis and 150-100 hPa for lysis phases.
Table 3. Lower- and uppermost level at genesis and lysis stage with maximum number of events in
brackets for each subfamily.
. Genesis Lowermost  Genesis Uppermost Lysis Lowermost Lysis Uppermost
Subfamily (hPa) (hPa) (hPa) (hPa)
SL 925 (6324) 850 (4063) 925 (4787) 850 (3782)
SM 500 (1128) 250 (2014) 400 (1542) 300 (1317)
SU 150 (701) 100 (682) 150 (676) 100 (659)

3.4. Basic Annual System Spatial Characteristics

Before proceeding any further and delving deeper into the average annual spatial
characteristic of the systems, it is worth briefly examining some details related to the
movement of the shallow cyclones. Figure 11 shows the net displacement, i.e., the path
and direction of the movement, of the shallow family and subfamily events obtained as the
difference between latitude and longitude of the lysis and genesis phases. As expected, the
extratropical shallow systems form along and are guided by the jet stream’s flow in the
midlatitudes, which acts as a steering mechanism and energy source; therefore, cyclones
mainly move meridionally, but they also have a significant vertical component in the
displacements which becomes evident when considering the results shown above, in which
the level of genesis is different to that of lysis in many cases. Similar results are obtained
when subfamilies are considered. The mechanisms responsible for both horizontal and
vertical movements need to be more thoroughly explained and it is beyond the scope of
this analysis. However, broadly speaking, the meridional movement is supposed to be
primarily driven by nonlinear advection, which can move shallow cyclones poleward but
upper-level ones equatorward, while vertical movement is attributed mainly to diabatic
heating and the cyclone’s interaction with the background flow. A more comprehensive
thesis of the different propagation mechanisms of the cyclones can be found in [41].
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Figure 11. Net displacement of the shallow system calculated as the difference between latitude and
longitude at genesis and lysis stages.

Figure 12 shows the annual spatial distribution of the cyclone density for the shallow
family and subfamilies, during 2000-2023 for all multi-level systems detected. Note that
this spatial density pattern complements the information provided in Figure 11; the high-
density regions along the circumpolar belt correspond to the strong eastward and poleward
displacement vectors visible in the net displacement field, illustrating how the preferential
propagation directions of shallow cyclones translate into the observed concentration of
tracks across the SH. In overall terms, the cyclones (Figure 12a) are broadly distributed
from the subtropics (approx. 30° S) into the polar region, but maximum values are mainly
observed in two latitudinal rings. The first extends between 30° S and 40° S, close to the
subtropical jet stream, with maximum values in the Pacific Ocean and a narrow portion
northwest of the Andes Mountain range, near the Altas Cumbres, between 6000 and 7000 m
a.s.l., as well as in the Atlantic Ocean up to the region of southern Africa (Cape Agulhas).
In the Indian Ocean, the intensity decreases, although there are some spots with very high
values, especially to the north and west of Australia and near New Zealand. The second belt
with high-density systems is observed in the circumpolar belt (50° S-60° S) in the vicinity of
the polar jet stream, almost around the Southern Ocean, with particularly higher values off
West Antarctica coast. Higher values are also observed across the Magellan Strait and the
surrounding areas. Several climatological analyses of the SH have also pointed out that a
high frequency of extratropical cyclones can be found in this southwestern part of the South
Atlantic Ocean [13]. Lower values are observed in the belt equatorward of 20° S, except
for some hotspots near the Malay Archipelago and East Timor, and also over Antarctica,
approximately south of 65° S, both in the eastern and the western sector, in particular over
the Weddell, Amundsen, Bellinghausen and Ross Seas and the Ronne Ice Shell. As can
be seen, the distributions of the subfamilies (Figure 12b—d) show a similar pattern to the
previous one throughout the hemisphere, but with decreasing density values. Minimum
values can be detected in the case of SU events, where the pattern is more homogeneous
and shows a minimum density value around almost all of Antarctica and in the latitudinal
band between 0° S and 30° S. The observed SU density is in reasonable agreement with
the subtropical cut-off low climatology obtained by [36]. In general terms, the results are
consistent with those obtained by [13], although they focused mainly on seasonal results
and systems observed primarily in the lower and upper troposphere. Similarities can also
be found with the results shown by [31], that derived MSLP cyclones using data from
the ECMWEF 40-year reanalysis (ERA-40), despite differences in pressure level coverage,
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tracking algorithm, and the seasonal perspective of analysis. The result is also similar to
that obtained in [33], particularly in the Antarctic area.
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Figure 12. Annual density cyclones distribution from 2000 to 2023 for (a) all shallow events over SH,
(b) shallow low, (c) shallow mid, and (d) shallow upper events. Note that different scales are used in
the panels. Density is calculated as the total number of events at a given timestep where there is a
track position present at each 2° x 2° pixel.

The progressive decrease in density from SL to SM to SU events, combined with the
more latitudinally homogeneous pattern of SU systems, appears consistent with the distinct
physical processes mentioned in Section 3.3. SL density maxima tend to coincide with
regions of strong low-level baroclinicity, the subtropical jet stream belt and the polar front,
where surface temperature gradients provide the primary energy source for cyclogenesis.
In contrast, the more diffuse SM pattern may reflect the influence of upper-level dynamical
forcing, which is less geographically constrained than surface baroclinic zones, while the SU
distribution, in reasonable agreement with the subtropical cut-off low climatology of [36],
suggests that these systems may respond primarily to tropopause-level dynamics rather
than to surface-driven instabilities. This spatial differentiation supports the interpretation
that the three subfamilies are not merely altitude-stratified subsets of a single popula-
tion but likely arise from different formation mechanisms operating at different levels of
the troposphere.
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Genesis and lysis stages for the entire shallow family and subfamilies are shown
in Figures 13 and 14, with enlarged views of selected areas provided in Supplementary
Figure S1. Most cyclogenesis activity occurs between 30° S and 70° S (Figure 13a), with
the highest intensities concentrated in a nearly continuous ring surrounding Antarctica
over the Southern Ocean. Two primary maxima can be distinguished: one east of the
Antarctic Peninsula over the Weddell Sea region and a second in the Indian Ocean sector off
East Antarctica, near the Somov Sea, consistent with [57,58]. These maxima are associated
with intense baroclinic zones near the Antarctic sea-ice edge and along the main SH storm
tracks. The circumpolar belt is a well-documented zone of high cyclogenesis for both short-
lived and long-lived midlatitude systems [1,59], where complex atmosphere-ocean-sea-ice
interactions play a significant role. The relationship between sea-ice concentration over
Antarctica and ETCs is complex and not yet fully understood, as correlations may vary
regionally and seasonally; a detailed mechanism of these interactions exceeds the scope of
this analysis, but comprehensive descriptions can be found in [60-63], among others.
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Figure 13. Genesis of (a) all the shallow events, (b) shallow low, (c) shallow mid, and (d) shallow
upper events over SH for the period 2000-2023. Note that different scales are used in the panels for
better viewing.
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Figure 14. Lysis of (a) all the shallow events, (b) shallow low, (c) shallow mid, and (d) shallow
upper events over SH for the period 2000-2023. Note that different scales are used in the panels for
better viewing.

Additional cyclogenesis maxima are found off southeastern South America, adjacent
to southern Brazil, Uruguay, and northern Argentina, extending southward along the
Patagonian coast. This region is a well-documented area of lee-side cyclogenesis, driven by
the interaction of cold polar air with subtropical moisture, Andean orographic forcing, and
strong coastal SST gradients [13,28,64-66]. Lower cyclogenesis activity is observed over the
western Pacific near Chile, where systems are more frequently associated with cut-off lows
and upper-level PV anomalies rather than classical surface baroclinic instability [67-69].

In the African sector, cyclogenesis maxima occur over the Southwest Indian Ocean,
driven by the strong baroclinic contrast between the warm Agulhas Current and cold
midlatitude air masses [70], with a secondary maximum off the west coast associated with
the Benguela Current and upper-level trough activity. Near New Zealand, intermediate
cyclogenesis intensity is observed over the Tasman Sea and southwest of the South Island.
Minimum cyclogenesis values are found in the subtropical belt equatorward of 30° S and
over the Antarctic continent.

Focusing on events by subfamily, the spatial pattern (Figure 13b—d) remains fairly
similar in the belt between 30° S and 45° S, but with substantial changes in intensity. For
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the SL systems (Figure 13b and Supplementary Figure Sla with enlarged view of the area),
areas with enhanced activity can be detected over South America, covering the region
adjacent to southern Brazil, Uruguay, and Argentina (Andes Lee Cyclogenesis), primarily
between 30° S and 45° S. There is also a distinct clustering of genesis events along the
western and southern coasts of South Africa, especially near the Cape of Good Hope
region, where the Atlantic and Indian Oceans meet and in the belt of the Southwestern
Indian Ocean, south of Madagascar although with lower density. Around the Antarctic
Peninsula (Supplementary Figure S1b), an intense band of high activity extends over the
high southern latitudes of the Southern Ocean, particularly with higher values concentrated
around the North Antarctic Peninsula and extending eastward over the Weddell Sea.

Minimum values on the other hand are observed mainly in latitudes near the Equator
and the Antarctica mainland itself, where katabatic winds are dominant. With regard
to SM events, the pattern is similar to that of SL events but considerably more diffuse,
considering the lower densities of the events, but with the same areas of high and lower
genesis. However, unlike SL events, there is a higher activity over the Antarctic Peninsula
itself, particularly in the south portion of the eastern sector (Supplementary Figure S1d).

As for the lysis stages (Figure 14), the pattern for the entire family (Figure 14a) shows
a distribution that resembles the genesis fields, but with a lower level of intensity and some
key differences that must be noted. The highest frequency of extratropical cyclone decay is
seen in a broad, nearly continuous circumpolar belt in the Southern Ocean, particularly
in the very high latitudes (between 60° S and 70° S) approaching the Antarctic continent.
Other areas with high intensity are found over the Weddell and Ross Sea Sectors and East
Antarctica extending into the high-latitude South Indian Ocean sector. The whole area is
usually known as cyclone graveyard for extratropical systems that form further north and
track poleward and even for those that are generated near Antarctica which are generally
found to remain near it [13]. Yuan et al. [59], in their analysis of mid-latitude cyclones in
the Southern Ocean based on satellite data, highlighted the same area for the lysis stage,
although with different intensities and considering both long- and short-lived systems.

The South American sector exhibits significant areas of high decay frequency over
both sides of the continent, with notable concentrations near the Andes and extending
into the Southwest Atlantic as part of the general high-frequency belt that merges with the
circumpolar maximum further south. Over the Pacific, between 30° S and 45° S, several
spots also show high decay activity, and moderate lysis frequencies occur near Australia
over the Great Australian Bight and the southern continental interior.

When subfamilies are considered individually (Figure 14b—d), lysis density decreases
considerably in all cases, but there are differences worth noting, especially when focusing
on Supplementary Figure S1d. In South America, genesis activity exceeds lysis, consistent
with the observation by Hoskins and Hodges [13] that, in the lee of the Andes, cyclogen-
esis is associated with the subtropical jet while system decay occurs on the upslope and
regeneration on the downslope. The key role of the Andes is evident in Supplementary
Figure Sla—c, where the intensity of SL lysis is higher than that of SM and SU systems,
in accordance with their vertical extents. SL and, to a lesser extent, SM lysis events are
concentrated along the western side of the Andes, near the Chilean coast, as observed in
Lakkis et al. [33].

Regarding southern Africa, systems follow a poleward and eastward track after
formation towards the Southern Ocean, with high lysis concentrated over a broad high-
latitude belt south of the continent. The pattern is similar for SL, SM, and SU events,
with a decrease in frequency, although SM and SU systems show greater lysis density
over the continental landmass, particularly from the Cape Peninsula eastward into the
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Agulhas Current region, while SU lysis appears more latitudinally homogeneous within
the subtropical band.

Near Australia, all the subfamilies show high density over the entire band of the
Southern Ocean surrounding Antarctica, generally poleward of °50 S. The concentration of
activity around the continent highlights the role of the Circumpolar Trough acting as the
preferred zone for cyclonic development and decay.

Similar to Figure 14, Figure 15 shows the family and subfamily spatial pattern, but
for vorticity. For the whole family of shallow cyclones (Figure 15a) the highest overall
concentration of vorticity can be observed in the main Southern Ocean storm track, a broad
band that circles the continent of Antarctica, primarily between 45° S and 65° S latitude,
particularly in the mid-ocean sectors over the South Indian and South Pacific Oceans. A
clear local maximum in the intensity vorticity can also be found east of the Andes and
extending into the South Atlantic Ocean. Although the value in this area seems slightly
lower than the peak activity found in the main circumpolar storm track further south, this
local maximum indicates that the cyclones formed here rapidly intensify as they move
eastward off the coast. The maximum activity then moves southeast, merging into the main
Southern Ocean storm track, which highlights that the South American genesis region feeds
a large number of systems into the global storm track [13,71]. These areas also correspond
to the regions of highest event density and also represent the vorticity maxima for SU, SM
and SL events, with minimal differences in intensity (Figure 15b—d).
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Figure 15. Vorticity x 1075 (1/s) of (a) all the shallow events, (b) shallow low, (c) shallow mid, and
(d) shallow upper events over SH for the period 2000-2023. Note that different scales are used in
the panels.
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Finally, Figure 16 shows the mean velocity for the shallow family (a) and subfamilies
(b—d). As expected according to the values indicated in Table 1, the distribution for the
entire family and subfamilies shows no remarkable differences in the values range. The
pattern is also very similar in all cases and shows some well-defined areas with distinguish-
able velocity values. The first ring is over and around Antarctica with cyclones moving
~1, surrounded by a higher velocity ring between
35° S and 50° S with velocities up to 18 ms~! particularly over the Pacific Ocean. This

with velocities between 6 and 12 ms

area corresponds to the location of the strongest mean westerly winds in the Southern
Hemisphere. It is the tropospheric manifestation of the subtropical jet stream and the polar
front jet stream, which are crucial for driving the extratropical cyclones and, according

to Figure 12, this area also hosts the majority of shallows events and displays the highest

vorticity values. From 30° S towards the equator, the velocity values decrease up to 6 ms~!.

1

The lowest velocities, ranging between 0 and 6 ms™", are concentrated over the polar

landmass where the density and vorticity are also lower.

=3
)
-

Figure 16. Velocity (m/s) of (a) all the shallow events, (b) shallow low, (c) shallow mid, and
(d) shallow upper events over SH for the period 2000-2023. Note that different scales are used in
the panels.
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4. Discussion and Concluding Remarks

Despite the extensive body of literature on extratropical cyclones, the vast major-
ity of existing climatologies remain confined to surface or near-surface levels, relying
on single-level datasets that capture only a partial picture of these systems. The few
multi-level analyses available typically span no more than six pressure levels and show
significant discrepancies among themselves, leaving substantial uncertainties regarding
cyclone behaviour across the full depth of the troposphere [15,31]. The present study ad-
dresses this gap by providing a comprehensive 24-year climatology of shallow extratropical
cyclones across 12 pressure levels in the SH, using the STACKER multi-level tracking algo-
rithm [32,33] and considering the cyclones as integral three-dimensional physical entities
rather than isolated pressure level slices. The results show that this approach captures
a substantially broader and more physically heterogeneous population of extratropical
cyclones than conventional approaches, with direct implications for our understanding of
midlatitude weather variability and its potential changes under a warming climate.

A total of 21,701 shallow multi-level systems were detected within the 14° S-78° S
latitudinal band over the 2000-2023 period, using a minimum duration threshold of two
days, accounting for 42% of all extratropical cyclones identified by the STACKER algorithm,
confirming that the shallow family remains the most populous class of ETCs in the SH,
consistent with [33]. The absence of a significant long-term trend, combined with the possi-
bility of decadal to interdecadal variability, suggests that the shallow cyclone population
is sensitive to low-frequency modes of climate variability rather than to the monotonic
forced changes projected for deep systems [18,24]. The predominance of systems with
their lowermost level near the surface (925 hPa) and their uppermost level near 125 hPa
underscores the role of the tropopause as a dynamical barrier that mostly, but not always,
bounds the vertical development of these systems. On average, the main characteristics of
the shallow events are consistent with previous analyses [31,33]. Lower- and uppermost
levels at genesis and lysis indicate that the majority of shallow systems originate and
dissipate near the surface or within the mid-troposphere, although a non-negligible fraction
exhibits genesis and lysis within the lower stratospheric levels.

Within the shallow cyclone population, 60% of events span two pressure levels (52)
and 40% develop across three levels (S3). Although both subtypes belong to the same
family by definition, S3 systems exhibit systematically higher mean relative vorticity
(~4.8 x 1075 1/s vs. ~4.4 x 107> 1/s for S2), longer lifetimes (4.46 vs. 4.13 days), and
greater distances travelled (~3440 vs. ~3090 km), consistent with a more advanced stage
of baroclinic coupling and stronger interaction between upper-level potential vorticity
anomalies and the low-level baroclinic zone [34,35]. The distinct velocity distribution
shapes, left-skewed for S2 and quasi-Gaussian for S3, further suggest that these two
subtypes may arise from different large-scale forcing environments rather than representing
different stages of the same developmental process [29]. Perhaps the most physically
significant finding is that S3 systems exhibit a substantially higher proportion of lysis events
near and above the tropopause, indicating that they are the subgroup most capable of
interacting with the UTLS region, with potential consequences for stratosphere-troposphere
exchange through tropopause folding and downward transport of stratospheric air [37,56].
In contrast, S2 systems, being more energetically limited and predominantly confined to
the lower and middle troposphere, constitute the most frequent mode of shallow baroclinic
disturbance across the SH midlatitudes.

The subfamily classification reveals that the shallow population does not represent a
single class of baroclinic disturbance but rather a physically heterogeneous ensemble. The
dominance of SL systems (43%) reflects the prevalence of classical surface baroclinic instabil-
ity, where strong meridional temperature gradients along the polar front provide the energy
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source for low-level cyclogenesis [1,34]. The substantial presence of SM events (35%) indi-
cates that upper-level dynamical forcing, through potential vorticity anomalies propagating
along the jet stream and troughs partially detached from surface baroclinicity, constitutes an
independent and climatologically significant pathway for cyclone development [36]. The
22% of SU events points to a third behaviour associated with tropopause-level dynamics
and cut-off lows [36,37]. Both SM and SU systems lack a detectable signature in mean
sea-level pressure fields and are therefore absent from the large majority of published SH
cyclone climatologies [13,28,57]. That these two subfamilies jointly account for 57% of all
shallow events underscores that establishing their climatological baseline is a necessary
step toward understanding how each formation regime may respond to projected changes
in baroclinicity, jet stream position, and tropopause height under a warming climate [18,24].

The annual spatial density patterns show that shallow systems are distributed from the
subtropics to the polar regions, with maximum density concentrated in two main latitudinal
ranges: the 30° S—40° S band and the circumpolar belt (50° S-60° S), with particularly high
values close to the West Antarctica sector. These results are in good agreement with [13,33].
Across subfamilies, spatial distributions remain consistent, though density values decrease
progressively, reaching a minimum for SU events. The more spatially uniform distribution
of SU events, compared to the geographically constrained SL pattern, is consistent with
their association with upper-level dynamical processes such as Rossby wave breaking and
cut-off low formation, which can occur across a broader range of latitudes wherever the jet
stream undergoes sufficient meridional undulation [36,37]. This latitudinal organisation,
consistent with the positions of the subtropical and polar front jet streams, confirms that
shallow cyclones are steered by the same large-scale circulation features as deeper systems,
while their more limited vertical development reflects a lesser degree of baroclinic energy
extraction from the background flow [13,15,31].

Most cyclogenetic activity in the SH, driven primarily by land—-sea distribution and
baroclinic zones, occurs between 30° S and 70° S. Two primary maxima are located east
of the Antarctic Peninsula, over the Weddell Sea, and within the Indian Ocean sector of
the Southern Ocean. In contrast, lower cyclogenetic activity is observed over the western
Pacific, near the Chilean coast, where ETCs are frequently associated with cut-off lows
and potential vorticity cut-offs rather than classic surface baroclinic instability [67-69].
The fact that genesis patterns differ substantially in intensity across subfamilies, while
remaining spatially similar, suggests that the three formation mechanisms share common
geographic preconditioners but may respond to different dynamical triggers depending on
the tropospheric level at which the instability develops.

Regarding lysis, the spatial pattern resembles the genesis fields but is displaced
eastward, with the highest frequencies concentrated within a broad circumpolar belt
between 60° S and 70° S. The concentration of dissipation over the high-latitude Southern
Ocean suggests that the weakening of shallow cyclones is linked to the reduction in
baroclinic forcing as systems move poleward into more barotropic environments [28,31].
The marked decrease in lysis density at the subfamily scale reflects the probabilistic nature
of the classification: systems assigned to a subfamily based on the pressure range reached
during their lifetime may dissipate at a different level, producing a more diffuse signal [33].

The mean translational velocity shows no remarkable differences across subfamilies,
and the spatial patterns remain highly consistent. Distinct velocity zones are evident, with

values between 6 and 12 ms~!

over and around Antarctica, a high-velocity ring between
35° S and 50° S reaching up to 18 ms~!, and the lowest velocities over the Antarctic land-
mass. This spatial homogeneity indicates that the zonal propagation of shallow cyclones

is governed primarily by the large-scale background flow rather than by the tropospheric
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layer in which they reside. It is therefore the differences in lifetime, vorticity, and trajectory
length that most clearly distinguish the dynamical character of each subgroup.

In summary, this study provides evidence-based answers to the three scientific ques-
tions posed in the Introduction. First, the degree of vertical development within the shallow
family carries clear physical meaning, with S3 systems exhibiting systematically stronger
dynamical properties and greater interaction with the UTLS region than 52 systems. Sec-
ond, the subfamily classification confirms that the shallow population comprises three
distinct classes of systems operating across different levels of the tropospheric column.
Third, more than half of all shallow extratropical cyclonic activity in the SH, comprising
SM and SU systems, could not be detected by conventional single-level surface-based
tracking methods, reinforcing the need for 3D or 4D tracking frameworks, particularly in
the context of climate projections [18,24]. The present climatology establishes a physically
grounded baseline for the shallow cyclone family; subsequent analyses addressing seasonal
variability and the intermediate and deep families are currently underway.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos17050508 /s1, Figure S1. A zoomed-in view of the areas of
genesis (red dots) and lysis (blue dots) in South America and Africa (left panel) and Antarctica (right
panel) for SL (a, b), SM (c, d), and SU (e, f) events.
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