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Abstract. Cut-off lows (COLSs) exhibit diverse structures and
lifecycles, ranging from confined upper-tropospheric sys-
tems to deep, multi-level vortex structures. While COL cli-
matologies are well documented, the mechanisms driving
their deepening remain unclear. To bridge this gap, a novel
track matching algorithm applied to ERA-Interim reanaly-
sis investigates the vertical extent of Southern Hemisphere
COLs. Composite analysis based on structure and eddy ki-
netic energy budget differentiates four COL categories: shal-
low, deep, weak, and strong, revealing similarities and dis-
parities. Deep, strong COLs concentrate around Australia
and the southwestern Pacific, peaking in autumn and spring,
while shallow, weak COLs are more common in summer and
closer to the Equator. Despite their differences, both contrast-
ing types evolve energetically via anticyclonic Rossby wave
breaking. The distinct roles of jet streams in affecting COL
types are addressed: intense polar front jets correlate with
more deep COLs, whereas stronger subtropical jets relate to
fewer shallow COLs. The COL deepening typically occurs
in the presence of a robust upstream polar front jet, which
enhances ageostrophic flux convergence and baroclinic pro-
cesses. The subtropical jet positively correlates with COL in-
tensity but weakens when considering the seasonality, sug-
gesting uncertainties in this relationship. Additionally, we
highlight the significance of diabatic processes in COL deep-
ening, addressing their misrepresentation in reanalysis and
emphasizing the need for more observational and modelling
studies to refine the energetic framework.

1 Introduction

Cut-off low-pressure systems are closed low-pressure sys-
tems that detach or “cut off” from the main westerly flow
(Palmén, 1949). These systems manifest as isolated cyclonic
potential vorticity anomalies and form both equatorward and
poleward of the polar front or mid-latitude jet (Portmann et
al., 2021). Cut-off lows (COLs) are known for their slow
movement, varying in duration from short-lived to persisting
for several days. Their prolonged periods of precipitation of-
ten result in significant accumulations and eventually floods
(Singleton and Reason, 2007; Llasat et al., 2007; Mclnnes
and Hubbert, 2011).

One critical aspect of COLs is their vertical extent, which
directly influences their precipitation intensity and duration.
Deep COLs, reaching lower-atmospheric levels, are usu-
ally linked to heavier rainfall compared to shallow systems
(Porcu et al., 2007; Pinheiro et al., 2021). Early studies
(Palmén, 1949) have established the groundwork for under-
standing their vertical structure, revealing their key features,
such as a quasi-barotropic structure, tropopause folding, and
thermal dipole patterns. Subsequent studies, including those
of Frank (1970) and Porcu et al. (2007), have observed a clear
relationship between COL vertical extent and the associated
cloud and precipitation patterns. More recently, Portmann et
al. (2021) highlighted the influence of jet streams on the pre-
cipitation intensity of COLs based on their relative position.

Published by Copernicus Publications on behalf of the European Geosciences Union.



882 H. R. Pinheiro et al.: Deepening mechanisms of cut-off lows in the Southern Hemisphere

Significant progress has been made in understanding the
mechanisms driving the development of COLs. Studies have
shed light on the crucial role of jet streams in supplying en-
ergy to these systems (Pinto and da Rocha, 2011; Gan and
Dal Piva, 2013; Ndarana et al., 2021). Their formation of-
ten results from a split flow associated with Rossby wave
breaking, leading to convergence of ageostrophic geopoten-
tial fluxes (hereafter, ageostrophic fluxes) and baroclinic pro-
cesses (Ndarana et al., 2021; Pinheiro et al., 2022). Diabatic
processes, such as radiative cooling and latent heating, also
play a role in COL development (Sakamoto and Takahashi,
2005; Garreaud and Fuenzalida, 2007; Cavallo and Hakim,
2010; Portmann et al., 2018).

Despite these advancements, a comprehensive understand-
ing of COL deepening mechanisms remains unclear. The role
of jet streams in deepening COLs and the complex influence
of diabatic processes require further investigation. Elucidat-
ing these key aspects is crucial for both accurate predictions
and improved understanding of COL dynamics. This study
aims to address these critical gaps by addressing the follow-
ing scientific questions:

1. How sensitive are methods for estimating the vertical
depth of COLs?

2. Can COLs be affectively classified based on their inten-
sity and vertical depth? Do these classifications differ in
terms of their spatial distribution and temporal variabil-
ity?

3. How do jet streams influence COLs? Does the influ-
ence on deepening mechanisms differ between different
COL types? Can specific jet stream characteristics be
identified as particularly conducive to the deepening of
COLs?

By addressing these key questions, we hope to significantly
improve our understanding of COLs and their role in atmo-
spheric dynamics. The remainder of the paper is organized as
follows. Section 2 outlines the data and methods employed
for tracking, estimating vertical depth, and producing com-
posites of the structure and energetics of COLs. Section 3
presents the results, and finally, Sect. 4 provides a summary
of the main findings and conclusions.

2 Data and methods
2.1 Reanalysis dataset and tracking methodology

This study uses the ERA-Interim reanalysis data (Dee et
al., 2011) obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) for the period from
1979 to 2014. ERA-Interim reanalysis employs a spectral
model with an N128 reduced Gaussian grid (~ 80km) and
60 vertical hybrid levels, produced with a four-dimensional
variational data assimilation (4D-Var) system.
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Before the tracking, the data are spectrally truncated at
42 wavenumbers (T42), and coefficients corresponding to to-
tal wavenumbers less than five are set to zero. This is done
to reduce noise and eliminate large-scale background influ-
ences, similarly to previous work (Pinheiro et al., 2017, 2021,
2022). The established TRACK algorithm (Hodges, 1995,
1996, 1999) is employed to track T42 vorticity minima at var-
ious pressure levels (1000, 900, 800, 700, 600, 500, 400, and
300 hPa), using a consistent threshold (—1.0 x 107 s~ 1) in-
tentionally set relatively low to capture diverse cyclonic sys-
tems. The tracking is performed by minimizing a cost func-
tion for track smoothness subject to adaptive constraints on
track smoothness and displacement distance. The tracking
algorithm is the same as the one used for extratropical and
tropical cyclones (e.g. Hodges et al., 2011, 2017) but with
some adjustments to the slower movement of COLs, as dis-
cussed in Pinheiro et al. (2019). The resulting tracks are fil-
tered based on horizontal wind components (u, v) at four 5°
geodesic offset points from the vorticity centre: 0° (u > 0),
90° (v < 0), 180° (u < 0), and 270° (v > 0) relative to the
north. This retains only closed cyclonic centres, as discussed
in Pinheiro et al. (2019). The retained tracks are those that
either move equatorward and reach latitudes north of 40°S
or originate north of 40° S and persist for at least 24 h.

Spatial statistics of the COLs are computed using the track
information and spherical kernel estimators for track density
and mean intensity (Hodges, 1996). Track density represents
COLs per season per unit area (5° spherical cap = 10° km?),
while mean intensity derives from T42 relative vorticity,
scaled by —1 for the Southern Hemisphere.

2.2 Approach to estimate the vertical depth of COLSs

To analyse and quantify COLs, numerous algorithms have
emerged, though only a few of them address multi-level cy-
clone detection and their connections. Existing algorithms
establish cyclone position correspondence between levels
based on feature point distances, utilizing geopotential or
vorticity centres. These methods span from basic search tasks
(Lim and Simmonds, 2007; Porcu et al., 2007) to more ad-
vanced techniques based on optimal solution (Lakkis et al.,
2019).

In this study, the track matching algorithm introduced by
Hodges et al. (2003) and used to match tracks in different
datasets (Bengtsson et al., 2009; Hodges et at., 2011, 2017;
Pinheiro et al., 2020) is employed to match tracks between
different pressure levels. The algorithm is used to compare
tracks across different pressure levels by defining a mean
separation distance (dp,), chosen here to be 5° geodesic,
and considering overlaps in time () between corresponding
points in the tracks. Temporal overlaps between tracks are
determined following a sensitivity analysis, as discussed in
Sect. 3.1. The percentage of points overlapping in time is cal-
culated using the approach described in Hodges et al. (2003),
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defined as follows:

x =100[2ny/ (n) +n2)], (1)

where np, is the number of points that match in time, and 7
and ny are the number of points in the track corresponding to
different pressure levels.

Since our focus is on the upper-level forcing driving sur-
face cyclone development and the mechanisms governing
this interaction, our method works in a top-down manner,
starting with two levels at a time and progressively extend-
ing the matches to adjacent pressure levels. Vorticity tracks
(&300) are matched against &4q¢ if the mean separation dis-
tance is < 5° and temporal overlap exists. Successful matches
indicate extending COLs; unmatched &3¢ tracks imply the
COL is confined to 300 hPa. An iterative process continues
to lower levels (500, 600 hPa, and so on), stopping at the last
match at 1000 hPa. The deepest successful match determines
the COL vertical extent.

Complex interactions between COLs and lower-level cy-
clonic features make capturing the full range of coupling pro-
cesses challenging. Our algorithm, while simpler than the op-
timal solution-based approach in Lakkis et al. (2019), consis-
tently establishes vertical associations and a sequential stack-
ing process. However, diverse matching procedures might re-
sult in distinct COL evolution outcomes, although prior re-
search has shown similar results between bottom-to-top and
top-to-bottom approaches (Lakkis et al., 2019).

2.3 Compositing analysis of the structure and
energetics of COLs

Employing a system-centred compositing method similar to
that of Pinheiro et al. (2022), we investigate the composite
structure of COLs and their eddy kinetic energy (EKE) bud-
get. Initially, COLs are identified and categorized into shal-
low, medium, and deep types based on their vertical extent;
however, due to space constraints only the findings concern-
ing deep and shallow COLs are presented in the paper. Shal-
low COLs are limited to the upper troposphere, extending
no lower than 400 hPa, while deep COLs originate at high
levels and extend down to 800 hPa or lower. The depth lev-
els are chosen to capture the contrasting vertical extents of
COLs, which are typically found in either the upper or the
lower troposphere. These depth categories, each accounting
for around 30 % of the total COLs, are chosen to ensure a
balanced representation across different types in our analy-
sis. Additionally, we classify COLs as strong (above the 50th
percentile) or weak (below the 50th percentile) according to
their maximum intensity observed along each track, based on
the 300 hPa vorticity.

Atmospheric fields and energetic quantities are sampled
on a 25° latitude-longitude rectangular grid, initially defined
centred on the Equator then rotated to the COL 300 hPa
vorticity centre, with a horizontal resolution of 0.5°. The
sampling is performed at each vertical level from 1000 to
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100 hPa, taking the 300 hPa track point as the reference. We
present vertical composites for west—east cross-sections cen-
tred on the vorticity centre. These composites are produced
for various time intervals relative to the peak intensity of
COLs, but only times within £48 h of the peak intensity are
shown. Extending the compositing window beyond this time
frame often introduces noise due to variations in COL life-
times.

Using the Orlanski and Katzfey (1991) method, we inves-
tigate the energy dynamics associated with the COL deep-
ening through the EKE budget. This approach considers es-
sential mechanisms such as baroclinic and barotropic con-
versions and ageostrophic flux convergence (downstream de-
velopment). In this study, the focus is on baroclinic con-
version and ageostrophic flux convergence, the two primary
EKE budget mechanisms in COLs (Gan and Dal Piva, 2016;
Ndarana et al., 2021; Pinheiro et al., 2022).

The budget residual accounts for processes not fully cap-
tured by the EKE budget calculation, including friction and
discretization errors such as interpolation and finite differ-
ences. Errors could also arise from how diabatic processes
are represented in reanalysis products (Pinheiro et al., 2022).
Time-mean quantities are calculated for each month aver-
aged over 28-31d for the 6-hourly data, separately for each
individual month and year.

2.4 Link with jet streams

The connection between COL extent and jet streams is also
explored using Pearson correlation coefficients and scatter-
plots. Following Bals-Elsholz et al. (2001), the characteris-
tics of the polar front and subtropical jets are defined by av-
eraging the 300 hPa zonal mean zonal wind at 50-65° S and
25-35°S8, respectively. The polar front jet, characterized by
large zonal variations, is defined as a wide latitudinal band,
contrasting with the subtropical jet, which exhibits relatively
minor spatial and seasonal variations in its position within
the Southern Hemisphere (Simmonds and Jones, 1998). Cor-
relation coefficients are employed to verify the relationship
between jet strengths and COLs, with significance exceeding
95 % and 99 %.

3 Results and discussion

3.1 Sensitivity of track matching algorithm for the
estimation of COL depth

To assess the sensitivity of the track matching algorithm in
determining COL depth, we investigate the influence of the
mean separation distance (dp) and temporal overlap () be-
tween tracks at different pressure levels. We systematically
varied x from 1% to 100 % while keeping dy, fixed at 5°
geodesic. This choice is based on observations that the depth
estimation is more sensitive to x than dy,. Setting dp, to
a large value leads to a significant rise in the number of

Weather Clim. Dynam., 5, 881-894, 2024
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matches; however, this can introduce false matches involv-
ing unrelated cyclonic systems. Therefore, we set dp, to 5°
geodesic, which is suitable considering the typical small ver-
tical tilt of COLs (refer to Fig. 9 in Pinheiro et al., 2021).

A sensitivity analysis varied x across a range of values.
Setting x to 1 % requires a minimum of 1 % time overlap be-
tween tracks at different pressure levels. Table A1 in the Ap-
pendix shows that 20.3 % of &399 COLs extend to the surface
in at least one time step, indicating interconnected cyclonic
features across all levels from 300 to 1000 hPa. The number
of systems reaching the surface remains relatively consistent
for x values ranging from 1 % to 25 % at 20.3 % to 19.5 %
of all COLs. However, matches significantly decrease when
x exceeds 50 %, likely due to COLs only associating briefly
with lower-level features. With x set to 75 %, less than 10 %
of systems are identified as deep COLs, suggesting an un-
derestimation due to association with short-lived lower-level
features. Relaxing the x threshold increases the chance of
capturing a stacked cyclonic system, guaranteeing vertically
aligned or tilted COLs across adjacent levels using x =1 %
and d, =5°.

Using geopotential data instead of relative vorticity to
estimate COL depth is an alternative approach. However,
some care is required in selecting an appropriate threshold
as geopotential magnitude generally increases with height
in baroclinic systems. Previous studies (Porcu et al., 2007
Barnes et al., 2021) have used varying geopotential thresh-
olds for each pressure level, requiring different subjective
thresholds at each level. In contrast, vorticity-based identifi-
cation does not require vertical adjustments, as vorticity mea-
sures atmospheric flow rotation. Moreover, weaker COLs are
less likely to be identified in a geopotential field-based track-
ing method (Pinheiro et al., 2019).

3.2 Relationship between intensity and vertical depth
of COLs

Classifying COLs by grouping similar systems is crucial for
uncovering the key factors influencing their diverse types, al-
lowing for a deeper understanding of their dynamics and pro-
viding a framework for evaluating climate impacts. This sec-
tion explores the contrasting characteristics among four COL
categories: shallow, deep, weak, and strong COLs (Fig. 1).
These categories are defined based on intensity and verti-
cal extent, as detailed in Sect. 2.3. While intermediate-level
COLs exist, this study focuses on the contrasting features of
their vertical extent. This analysis does not focus on verti-
cal tilt, which is comprehensively addressed in Pinheiro et
al. (2021).

Figure 1 shows the annual track density of COLs in the
four categories described above. Deep and strong systems
exhibit similar distribution patterns, both primarily concen-
trated in Australia and the southwestern Pacific, with a sec-
ondary maximum in the southeastern Pacific off the west
coast of South America. These two groups exhibit similar in-
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Figure 1. Track density (shaded) and mean intensity (dots) for
(a) deep, (b) strong, (c) shallow, and (d) weak COLs in the South-
ern Hemisphere. Track density is measured in number per sea-
son per unit area, where the unit area is equivalent to a 5° spher-
ical cap (= 10° kmz). Mean intensities less than —8 x 107> s~1
(—12 x 1075 s_l) are represented with red (blue) dots.

tensity patterns, with maxima (blue dots) located in Australia
and upstream of the main continents, as previously demon-
strated (Barnes et al., 2021; Pinheiro et al., 2021, 2022). Shal-
low and weak COLs also share similarities; they are less
intense and more dispersed than the deep and strong sys-
tems. These systems are predominantly found in the South
Atlantic, southeastern Africa (Madagascar), and the south-
ern Indian Ocean, and they are more frequently found equa-
torward than their deep and strong counterparts, a notable
feature over the central-eastern Pacific Ocean.

By contrasting the tracks within each category, we found
that 81 % of deep COLSs correspond with the 50th percentile
of the strongest systems, suggesting a significant correlation
between the two categories. However, it is noteworthy that
19 % of deep COLs fall into the category of weak COLs,
indicating a level of variance within this classification. Simi-
larly, 71 % of weak COLSs correspond to shallow COLs. De-
spite the similarities shared between strong and deep COLs,
as well as weak and shallow COLs, it is important to recog-
nize that they are not entirely comparable. These distinctions
arise from differences in classification and the dynamics in-
herent in these systems and their development processes.

https://doi.org/10.5194/wcd-5-881-2024
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Figure 2 shows the seasonal variations in the average
monthly number, intensity, and latitude of COLs for each of
the four distinct categories. A clear correspondence in sea-
sonality is evident between deep and strong COLs, as well
as between shallow and weak types. Deep and strong COLs
exhibit similar intensities (Fig. 2c), though the deepest sys-
tems display a more pronounced seasonal cycle in intensity
compared to the strongest ones. Deep and strong COLs are
more prevalent at 31-33° S (Fig. 2b) from autumn to spring,
with two peaks in May and October (Fig. 2a). These peaks
appear to be associated with a semiannual oscillation in the
polar front jet, albeit with a 2-month delay after the first peak
(Fig. 2d). The half-yearly cycle in the eddy-driven jet is at-
tributed to a response of meridional temperature and pressure
gradients between middle and high latitudes, which peaks
during equinoctial seasons (Van Loon, 1967). Our findings
align with previous studies and demonstrate a similar cy-
cle to that observed for mid-latitude COLs and Rossby wave
breaking events on the 330 K isentropic surface (Ndarana and
Waugh, 2010; Favre et al., 2012).

In summer, shallow and weak COLs exhibit notably
higher frequencies compared to the fewer occurrences ob-
served in winter months. This seasonal pattern appears to
be closely linked to the fluctuations in subtropical jet inten-
sity, which experiences a decline (increase) in summer (win-
ter). The increased (reduced) frequency of COLs appears to
correspond with the weakened (intensified) subtropical jet
strength in summer (winter). This association likely arises
because shallow and weak COLs tend to occur more equa-
torward, roughly coinciding with the subtropical jet position
(see Fig. 3). This aligns with the idea that COLs are primar-
ily found over regions of weakened westerly winds (Nieto et
al., 1998), and this hypothesis is supported by a robust nega-
tive correlation of —0.95 (—0.97) significant at 95 % between
shallow (weak) COLs and subtropical jet intensity.

Overall, there exists a discernible relationship between
upper-tropospheric intensity of COLs and their vertical
depth, establishing both classifications as pertinent param-
eters for assessing the vertical structure of these phenom-
ena. The association of deeper COLs with stronger cyclonic
vorticity can be attributed to geostrophic balance and the
vertical coupling of atmospheric motions. Enhanced upper-
tropospheric circulations induce increased vertical motions
and static stability anomalies, resulting in the formation of
deeper vertical structures. To maintain consistency and sim-
plicity in our analysis, our subsequent investigations will
solely concentrate on the classification based on COL depth.

3.3 Seasonal variations in jet—-COL interactions

The interplay between COLs, jet streams, and Rossby wave
breaking has been documented in previous studies (Ndarana
and Waugh, 2010; Barnes et al., 2021). To unravel this
relationship further and elucidate how jets influence COL
deepening, we present seasonal mean maps of upper-level
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zonal winds and track density for deep and shallow COLs,
as illustrated in Fig. 3. A distinct polar front jet, often re-
ferred to as the mid-latitude jet in the literature, is apparent
from the South Atlantic to the South Pacific oceans through-
out the year, exhibiting a poleward spiraling pattern. In the
Australia—New Zealand sector, the well-known split jet flow
becomes more pronounced during the cool season due to a
stronger subtropical jet (Fig. 3c). This pattern results in weak
westerlies between the jets, inducing anticyclonic vorticity
on the equatorward side of the subtropical jet and cyclonic
vorticity poleward (refer to Fig. S2).

Deep COLs occur at more poleward latitudes and typi-
cally near the equatorward exit region of the polar front jet.
This is particularly noticeable around Australia, albeit with
some seasonal and spatial variations. During winter, COLs
are less frequent but more intense than in other seasons (see
Fig. 2), which might be a result of a stronger subtropical jet,
which generates a cyclonic vorticity anomaly over its pole-
ward side. Conversely, the subtropical jet is weak or absent in
summer, when a higher occurrence of shallow, weak COLs is
observed, particularly over the oceans and closer to the Equa-
tor compared to deep systems. Interestingly, deep COLs peak
in autumn and spring, coinciding with a strengthened polar
front jet reaching a comparable magnitude to the subtropi-
cal jet. Additionally, during transitional seasons, a secondary
maximum in deep COLs is observed near the west coast of
South America, particularly in spring when the maximum
density occurs with reduced zonal flow at the end of the polar
front jet on the poleward side of the subtropical jet.

Our findings support the idea that the subtropical and po-
lar front jets affect COLs differently, aligning with previ-
ous observations of their contrasting effects on Rossby wave
breaking and COL development (Ndarana and Waugh, 2010;
Muiioz et al., 2020). While the polar front jet seems to
favour the COL deepening, the subtropical jet emerges as
a key mechanism for their intensification. However, uncer-
tainty persists regarding the exact relationship between sub-
tropical jet intensity and COL intensity. It is notable that
while Rossby wave breaking and COLs manifest over re-
duced zonal flow which generally occurs in regions of weak
climatological zonal winds, the mechanisms conducive for
COL deepening and/or intensification are more likely in the
proximity of jets. This is supported by earlier observations
indicating that a stronger polar front jet leads to a more pro-
nounced dipole pattern with enhanced cyclonic and anticy-
clonic vorticity anomalies (Bals-Elsholz et al., 2001). A more
detailed discussion on the influence of jet streams in COLs is
provided in the following sections.

3.4 Distinct effects of polar front and subtropical jets
on COL depths

To further investigate the influence of jets on COLs, scatter-

plots are employed to visualize the relationship across dif-
ferent jet intensities, as given in Fig. 4. Following the ap-

Weather Clim. Dynam., 5, 881-894, 2024
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Figure 2. Zonal monthly mean characteristics of COLs categorized by deep, strong, shallow, and weak for (a) number, (b) latitude reached
at the time of maximum intensity, and (¢) maximum intensity at 300 hPa vorticity (scaled by —1 x 10-5 s_l). (d) Intensity of subtropical
and polar front jets as represented by the climatological 300 hPa zonal mean zonal wind at 25-35° S and 50-65° S, respectively.

proach detailed in Sect. 2.4, we found a moderate positive
correlation between COL number and polar front jet inten-
sity (r =0.47 at 99 % confidence level), implying that in-
tensifying polar front jets are correlated with an increased
occurrence of deep COLs. This correlation accounts for ap-
proximately 22 % of the variability in deep COLs. Shallow
COLs also show a positive correlation with the polar front
jet intensity but weaker than that for deep COLs (r =0.25,
p < 0.01), explaining only 6 % of their variability. Consid-
ering the subtropical jet (Fig. 4b), no significant relationship
with the occurrence of deep COLs is observed. In contrast,
a significant negative correlation of 0.75 (99 % confidence
level) is found for the relationship between the intensified
subtropical jet and the reduction in shallow COLs. Approx-
imately 56 % of the variability in shallow COLs can be at-
tributed to changes in subtropical jet intensity, aligning with
their seasonal variations, as illustrated in Fig. 2.

However, whilst the raw counts show a robust relationship
between the intensified subtropical jet and the reduction in
shallow COLs (see Fig. 4b), the strength of this relationship
weakens when the seasonal cycle is removed from both vari-
ables (Fig. 4d). This is also observed for the relationship be-
tween the polar front jet and deep COLs (Fig. 4c). Hence,
whilst there are issues in removing the seasonal cycle as a
fixed factor (Pezzulli et al., 2005), the relationship between
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the strength of the subtropical and polar front jets and COLs
remains a hypothesis due to its uncertainty, which requires
further study.

Our analysis reveals a notable positive correlation between
the intensity of both shallow and deep COLs and the sub-
tropical jet (refer to Fig. S3), but the strength of these rela-
tionships weakens when the seasonal cycle is removed. This
weakening is likely due to the pronounced seasonal cycle in
the subtropical jet compared to the monthly variations from
climatological means (as shown in Fig. S4). Removing the
seasonal cycle weakens the signal, posing a limitation in con-
sidering the annual cycle as a fixed factor (Pezzulli et al.,
2005). This highlights some uncertainty regarding these re-
lationships, suggesting the need for further work to under-
stand the influence of the jets and their seasonal cycle on
the COL intensity. Additionally, no significant relationship
is found between the intensity of COLs and the polar front
jet (Fig. 4c), implying that the polar front jet primarily influ-
ences the variability of COLs rather than their intensity.

These differential effects likely arise from the distinct po-
sitions and roles of both polar front and subtropical jets
within the large-scale atmospheric circulation. The polar
front jet, primarily occurring at middle and high latitudes,
is an eddy-driven jet associated with enhanced temperature
gradients and baroclinicity. In contrast, the subtropical jet,
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(@) Summer (b) Autumn

Figure 3. Zonal mean wind (shaded) and track density for deep
COLs (blue contour) and shallow COLs (red contour) in the South-
ern Hemisphere for (a) summer (DJF), (b) autumn (MAM), (¢) win-
ter (JJA), and (d) spring (SON). Unit is as in Fig. 1 for track density
and in metres per second for zonal wind. Track densities are plotted
for interval contours of four units. All fields are represented at the
300 hPa level.

situated around 25-30°S, arises from the momentum flux
of the meridional circulation at the Hadley cell edge, which
seems to act as a waveguide for Rossby wave breaking asso-
ciated with 200 hPa COLs typically found at lower latitudes
(Muiioz et al., 2020). The results of this study corroborate
previous findings regarding the formation of COLs under re-
duced zonal wind. However, it is important to emphasize that
the presence of a nearby jet is crucial for providing the en-
ergy necessary for the intensification and/or deepening of the
system. A more detailed discussion on the jet—-COL interac-
tion is provided in the next section.

3.5 Shallow COLs vs deep COLs: contrasting from an
energetics point of view

When it comes to unravelling the intricate mechanisms be-
hind the deepening of COLs, understanding the role of spe-
cific mechanisms in determining their vertical extent can be
aided by examining their energetics. Early studies have in-
vestigated the dynamical mechanisms of COLs by examin-
ing their vertically integrated energy budgets (Gan and Dal
Piva, 2013, 2016; Ndarana et al., 2020; Pinheiro et al., 2022).
In this study, we adopt a similar approach but direct our at-
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tention towards the two primary contributing mechanisms of
the EKE budget: baroclinic conversion and ageostrophic flux
convergence. We compare deep and shallow COLs and inves-
tigate the possible implications of energetics for their deep-
ening.

Figures 5 and 6 show the temporal evolution of composite
shallow and deep COLs, respectively, for horizontal and ver-
tical fields. The four stages described in the conceptual model
of Nieto et al. (2005) and shown in Pinheiro et al. (2021)
are seen to be reproduced for shallow and deep COLs, in-
volving the following stages: upper-level trough (—48 h), tear
off (=24 h), cut off (0), and decay or dissipation (+24 and
448 h). Time is referenced to the time of maximum intensity
in the 300 hPa vorticity.

In the upper-level trough and tear-off stages of shallow
COLs (T =—48h and T = —24h in Fig. 5), a poleward jet
located upstream of the ridge axis, i.e. west of the COL, acts
as the primary energy source for the COLs. Concurrently,
ageostrophic fluxes transport EKE northeastward from the
poleward jet to the rear side of the COLs, forming an en-
ergy centre downstream of the ridge axis, referred to as the
western energy centre. As the trough-ridge system deep-
ens in an anticyclonic orientation, the western energy centre
expands due to the convergence of ageostrophic fluxes and
positive baroclinic conversion that arises downstream of the
ridge axis, driven by descending cold air (not shown). The
eastward propagation of the poleward jet and its increasing
zonal flow give rise to anticyclonic barotropic shear flow and
subsequent potential vorticity overturning, as documented in
prior studies (Ndarana et al., 2021; Pinheiro et al., 2022). The
COL decay occurs when the poleward jet shifts to the east,
ceasing to provide energy to the system, as shown in Fig. S5.

Differences in the structure and lifecycle of shallow and
deep COLs are observed. While shallow systems exhibit a
gradual weakening and anticyclonic circulation at the sur-
face, deep COLs display a multi-level interconnected vor-
tex structure, as illustrated in Fig. 6. During their develop-
ment phase, deep COL systems exhibit stronger ageostrophic
fluxes along the ridge axis and larger baroclinic conversion
on the upstream poleward jet compared to shallow systems.
The positioning of deep COLs near the equatorward exit re-
gion of a strong polar front jet (as depicted in Fig. 3) in-
tensifies the convergence of ageostrophic fluxes, thereby in-
creasing baroclinic conversion. Consequently, this amplifi-
cation leads to heightened vertical motions and deeper circu-
lation. This distinct feature is prominently observed within
deep COLs, distinguishing them from their shallow counter-
parts.

Another distinct aspect of deep COLs arises during the
cut-off stage (T =0 onward), when enhanced vertical mo-
tions drive increased baroclinic conversion towards the
east and near the surface. The interaction between upper-
and lower-tropospheric eddies, as in mid-latitude baroclinic
waves (Hoskins and Karoly, 1981; Trenberth, 1991; Naka-
mura, 1992), suggests an eddy feedback mechanism between
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intensity.

the eddy-driven jet and lower-level thermal forcing (Kushner
et al., 2001; Deser et al., 2004; Lu et al., 2014). This feed-
back likely arises due to thermal wind adjustment (Ring and
Plumb, 2007; Nie et al., 2016). Additionally, downward eddy
momentum activity fluxes also likely contribute to vertical
energy propagation, as observed in earlier studies (Trenberth,
1991; Riviere et al., 2015).

During the decay stage of deep COLs, ageostrophic fluxes
and eddy feedback mechanisms facilitate the downstream ex-
port of EKE, maintaining and shifting the jet eastward (refer
to Fig. 6 at T = +448). The stronger baroclinic processes and
ageostrophic fluxes observed in deep systems explain their
longer lifetimes (4.7 d) compared to shallow COLs (3.3d)
due to a greater interaction between mechanisms operating
at various levels within these systems.

A key feature of our approach lies in its consideration
of pre-existing low-level cyclones linked to COLs. This is

Weather Clim. Dynam., 5, 881-894, 2024

achieved by using a relatively short temporal threshold for
matching, which significantly expands our ability to detect
a wide range of multi-level stacked lifecycles. While the re-
sults exhibit some sensitivity to the chosen method, they re-
main remarkably consistent with previous observations of the
rapid vertical evolution of potential vorticity cut-offs, which
typically reach their maximum extent roughly 1 d after gene-
sis (Portmann et al., 2021). Furthermore, the observed char-
acteristics of deep COLs closely align with patterns identi-
fied in Catto (2018) for Cluster 3 and Sinclair and Revell
(2000) for Class T in the Australia and New Zealand region,
with a cyclone originating directly beneath a deep upper-
level trough or a cut-off potential vorticity streamer.
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Figure 5. Temporal evolution of shallow COLs in the Southern Hemisphere relative to the time and space of maximum intensity in £3q¢.
The panels depict the following: (a) vertical cross-sections of total EKE (shaded) with baroclinic conversion (contour); (b) vertically inte-
grated ageostrophic flux convergence (contour) with EKE (shaded), geopotential height (orange line), and ageostrophic fluxes (vectors) at
300 hPa; (c) vertically integrated baroclinic conversion (red contour) with EKE (shaded), geopotential height (orange line), and ageostrophic
fluxes (vectors) at 500 hPa; and (d) EKE, geopotential height (orange line), and ageostrophic fluxes (vectors) at 1000 hPa. Contours repre-
sent 0.003 x 1010751 for integrated quantities, 50 gpm for geopotential height at 300 and 500 hPa, and 20 gpm for geopotential height at

1000 hPa, while total EKE is indicated by 1097

3.6 Impacts of diabatic processes on residual energy
and its influence on the deepening of COLSs

Numerous studies have demonstrated the influential role
of diabatic processes, such as radiation, latent heating,
and planetary boundary layer processes, in the develop-
ment of synoptic-scale systems (Davis and Emanuel, 1991;
Stoelinga, 1996). As pointed out above and discussed in
some detail by Pinheiro et al. (2022), inaccuracies arising
from the misrepresentation of diabatic heating in reanaly-
ses can introduce uncertainties into the energetic framework.
Therefore, investigating the influences of diabatic processes
on residual energy can enhance our understanding of their
impact on the deepening mechanisms of COLs.

Figure 7 shows the spatial and temporal distribution of
residual energy in composites of shallow and deep COLs.
The patterns of residual energy exhibit similarities in shallow
and deep COLs, with significantly higher magnitudes ob-
served in deep systems. Negative residual energy dominates
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throughout the lifecycle of both shallow and deep COLs, as
indicated by the red values in Fig. 7, representing the resid-
ual integrated volume within a 15° radial distance centred on
the vortex centre.

While negative residual energy prevails, it is worth not-
ing that positive values emerge west of the COLs during the
upper-level trough and tear-off stages. Conversely, negative
residual energy is observed to the east of the COLs during
the cut-off and decay stages. This contrasting pattern is par-
ticularly pronounced in deep COLSs, consistent with previous
findings on strong COLs (see Fig. 4 of Pinheiro et al., 2022).

The residual energy suggests the existence of develop-
ment mechanisms that are either not considered in our ap-
proach or inadequately represented in the reanalysis data. A
common issue lies in accurately representing diabatic pro-
cesses, such as radiative cooling and latent heating, which
poses challenges for reanalysis. A significant negative resid-
ual, particularly pronounced in deep COLSs, is observed east
of COLs where enhanced ascent and convection can intro-
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duce additional energy sources and unresolved phenomena
contributing to the residual. In contrast, positive residual pre-
vails along the western COL edge, possibly influenced by
sinking air that promotes radiative cooling.

Uncertainties in measurement techniques, including inho-
mogeneous observations, analysis increment, and model pa-
rameterizations, are especially important in regions of in-
tense convection. Although diabatic heating does not directly
influence the EKE budget as it is not included in the ener-
getic framework, errors in the reanalysis due to the misrep-
resentation of these processes (see https://confluence.ecmwf.
int/display/FUG/Section+4.2+Analysis+Increments, last ac-
cess: 24 June 2024) can lead to inconsistencies in the en-
ergetic analysis, as discussed by Pinheiro et al. (2022). Our
results suggest that COLs that are more strongly dependent
on diabatic processes are less well represented by reanalysis
data. Additionally, the contribution of friction remains an un-
known factor and is challenging to quantify directly. It is pos-
sible that stronger systems have a heightened residual contri-
bution from frictional effects, although this remains an area
of ongoing investigation.

4 Discussion and conclusions

This study has introduced a track matching algorithm applied
to ERA-Interim reanalysis for accurate estimation of COL
depth. Our findings highlight that the accuracy of COL depth
estimation is primarily influenced by the temporal overlap
(x) between tracks at different pressure levels. We found that
employing x =1 % with a mean separation distance of 5°
geodesic provides a feasible approach for capturing COLs
during specific lifecycle stages. Notably, our method reveals
a lower proportion of deep COLs compared to previous stud-
ies (Porcu et al., 2007; Barnes et al., 2021). This discrep-
ancy arises from differences in methods, where our vorticity-
based approach detected a larger number of systems, leading
to a relatively smaller frequency of deep COLs. However,
vorticity-based identification offers advantages over geopo-
tential data as it avoids subjective threshold adjustments
across pressure levels and is more sensitive to weaker COLs,
providing a more consistent method for analysing their verti-
cal structure.

Further, we investigated the contrasting characteristics of
COLs based on their vertical depth and intensity, catego-
rizing them into four main types: shallow, deep, weak, and
strong. Deep and strong COLs exhibit similar distribution
patterns, predominantly concentrated in Australia and the
southwestern Pacific. They are more intense and frequently
found poleward of the subtropical jet, displaying a semian-
nual oscillation peaking in autumn and spring. In contrast,
shallow and weak COLs are less intense, situated more equa-
torward and with increased frequencies in summer. However,
despite these similarities, approximately 20 %-30 % of deep
and shallow COLs align with the 50th percentile of the weak-
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est and strongest systems, respectively. The variability within
these classifications underscores the complexity inherent in
COL dynamics, highlighting the need for future research to
explore the interdependencies among these categories.

A particular novel aspect of our study is the differential im-
pact of both subtropical and polar front jets on COLs. While
COLs typically originate in regions characterized by weak
zonal flow, the proximity of a jet streak is crucial for the sys-
tem intensification and/or deepening. Our findings reveal that
the COL deepening is more probable in the presence of a ro-
bust upstream polar front jet due to enhanced convergence
of ageostrophic fluxes and baroclinic conversion, resulting
in intensified vertical motions and a deeper cyclonic circula-
tion. However, a stronger polar front jet does not necessarily
correlate with more intense COLs.

Conversely, a positive correlation exists between COL in-
tensity (both shallow and deep) and the subtropical jet, al-
though this weakens when considering the seasonal cycle.
This suggests limitations in using the annual cycle as a fixed
factor. The COL intensification might be induced by the wind
shear along the subtropical jet edge, which is supported by
the observed small-scale jet stream equatorward of COLs
(Ndarana et al., 2021). Nevertheless, uncertainties remain re-
garding the causal nature of this relationship. Further inves-
tigations employing causal inference methods (e.g. Samaras-
inghe et al., 2019; Docquier et al., 2024) could be employed
to establish the cause-and-effect connections between COLs
and jet streams.

Our findings suggest that the deepening process is also in-
fluenced by diabatic processes, which enhance vertical mo-
tions and lead to increased baroclinic conversion around the
COLs. These processes contribute to longer lifetimes and
greater interaction between mechanisms operating at differ-
ent levels within deep COL systems. However, the misrep-
resentation of diabatic processes in reanalysis is a particu-
lar issue that affects the residual energy, leading to uncer-
tainties. Negative residual energy dominated throughout the
COL lifecycle, notably higher in deep systems. The presence
of negative (positive) residual energy east (west) of the COLs
points to the existence of dissipation (intensification) mecha-
nisms not adequately represented in the reanalysis data, pos-
sibly related to latent heating (radiative cooling), as observed
in Cavallo and Hakim (2010). Accurately representing dia-
batic processes in reanalyses is essential for maintaining con-
sistency in the energetic analysis and understanding their role
in deepening COLs. Therefore, it is crucial to re-evaluate
COLs and the EKE budget whenever new reanalysis prod-
ucts such as ERAS become available in future work.

In summary, our research emphasizes the importance of
classifying COLs for understanding their key features and re-
veals their intricate relationships with jet streams. However,
further development of the energetic framework, incorporat-
ing vertical ageostrophic fluxes as in Riviere et al. (2015),
remains essential for comprehensively elucidating the eddy
feedback mechanisms.
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Table A1. Sensitivity of the number of £399 COLs to time overlap for each pressure level (hPa), expressed as a percentage of the total number.
The overlap thresholds are 1 %, 5 %, 10 %, 25 %, 50 %, 75 %, and 100 %.

1% 5% 10% 25% S50% 75% 100%
300 100.0 100.0 100.0 100.0 100.0 100.0 100.0
400 80.9 80.9 80.9 80.8 79.2 66.0 11.2
500 65.5 65.5 65.5 65.1 619 429 2.2
600 51.1 51.0 50.9 50.3 45.7 25.8 0.5
700 37.7 37.7 37.5 36.9 31.6 14.9 0.2
800 28.8 28.8 286  28.0 230 9.7 0.1
900 23.1 23.0 229 223 18.1 6.9 0.0
1000 20.3 20.2 20.1 19.5 15.4 5.6 0.0
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