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Abstract This study presents a detailed view of the sea-
sonal variability of upper-level cut-off lows (COLs) in the
Southern Hemisphere. The COLs are identified and tracked
using data from a 36-year period of the European Centre
for Medium Range Weather Forecast reanalysis (ERA-
Interim). The objective identification of the COLs uses a
new approach, which is based on 300 hPa relative vorticity
minima, and three restrictive criteria of the presence of a
cold-core, stratospheric potential vorticity intrusion, and
cut-off cyclonic circulation. The highest COL activity is in
agreement with previous studies, located near three main
continental areas (Australia, South America, and Africa),
with maximum frequencies usually observed in the austral
autumn. The COL mean intensity values show a marked
seasonal and spatial variation, with maximum (minimum)
values during the austral winter (summer), a unique feature
that has not been observed previously in studies based on
the geopotential. The link between intensity and lysis is
examined, and finds that weaker systems are more suscep-
tible to lysis in the vicinity of the Andes Cordillera, associ-
ated with the topographic Rossby wave. Lysis and genesis
regions are close to each other, confirming that COLs are
quasi-stationary systems. Also, COLs tend to move east-
ward and are faster over the higher latitudes. The mean
growth/decay rates coincide with the major genesis and
lysis density regions, such as the significant decay values
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across the Andes all year. As a consequence of using vor-
ticity for the tracking method a longer lifetime of COLs is
detected than in other studies, but this does not affect the
total frequency of occurrence. Comparisons with other
studies suggest that the differences in seasonality are due
to uncertainties in the reanalyses and the methods used to
identify COLs.

Keywords Cut-off lows - Climatology - Southern
hemisphere - Variability

1 Introduction

Cut-off Low pressure systems (COLs) are defined as cold-
core lows in the middle and upper troposphere that form
after their detachment from the mid-latitude westerlies
(Palmén and Newton 1969). COLs develop from a pre-
existing cold trough in the upper air flow and move toward
the equatorward side of the jet stream, leaving an isolated
cold cyclonic vortex. The intensity of COLs associated
with their cyclonic circulation is usually highest at upper
levels but decreases toward the Earth’s surface. They may
remain confined at upper levels or deepen downward result-
ing in surface cyclogenesis (Miky Funatsu et al. 2004).
COLs usually move slowly and preferably eastward, but
may remain stationary or move westward, i.e., retrogressive
motion. A common COL feature is their relatively short
lifetime with the majority of events lasting no more than
3 days (Price and Vaughan 1992).

COLs often affect surface weather conditions via their
associated rainfall, for example, they have caused heavy
rainfall and floods in South Africa (Taljaard 1985; Single-
ton and Reason 2006) and snowfall in the Andean high-
land region (Vuille and Ammann 1997). COLs also play an
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important role in the mass flux between the stratrosphere
and troposphere (Holton et al. 1995). The process of COL
genesis is accompanied by tropopause folding and the isen-
tropic advection of stratrospheric air from the extratropics,
leading to conditions of anomalous values of Potential Vor-
ticity (PV) and static stability in the subtropical troposphere
(Davies and Schuepbach 1994; Ancellet et al. 1994; Van
Delden and Neggers 2003). This stratrosphere-troposphere
exchange affects the ozone concentration in the lower trop-
osphere and allows PV to be used as a useful quantity for
tracking COLs (Herndndez 1999; Cuevas and Rodriguez
2002; Wernli and Sprenger 2007). Several other dynamical
features of COLs, such as Rossby wave breaking have been
broadly documented by Hoskins et al. (1985) and Ndarana
and Waugh (2010, hereafter NW10).

Several hypotheses have been proposed to explain the
seasonal variability of COLs. Kentarchos and Davies (1998)
identified COLs in the Northern Hemisphere based on the
200 hPa geopotential height. They observed the highest fre-
quency during summer, and associated it with the general
decrease of upper level westerlies, as suggested earlier by
Price and Vaughan (1992). Other mechanisms may also be
important for the seasonality of COLs. The role of diabatic
process for the decay stage of COLs has been emphasized by
Garreaud and Fuenzalida (2007). During the austral summer,
deep moist convection is most effective inland over subtropi-
cal latitudes over South America and Africa. The latent heat
release associated with the cumulus convection in the COL
core tends to decrease the horizontal temperature gradient
across the system, reducing the frequency and/or lifetime of
COLs (Kousky and Gan 1981; Hoskins et al. 1985). Unlike
the situation in other continental areas in the Southern Hemi-
sphere (SH), it is reasonably dry over most of Australia and
therefore the latent heating effect is insignificant. Satyamurty
and Seluchi (2007) pointed out that in the absence of the
strong release of latent heating in the mid-troposphere the
adiabatic cooling due to vertical motion and radiative pro-
cesses may contribute to intensify the cold core.

Early observational studies of COLs (Price and Vaughan
1992; Kentarchos and Davies 1998; among others) were
based on subjective analyses, so that longer period clima-
tologies required exhaustive analysis. More recently, auto-
mated methods (e.g. Nieto et al. 2005) have allowed the
analysis to be extended to longer periods and larger areas.
In the SH, the first climatological study of COLs based on
an objective analysis was carried out by Fuenzalida et al.
(2005, hereafter FO5). In fact, they use a methodology that
combines objective detection with visual inspection for a
31-year period. Initially, COLs were identified based on an
objective analysis using the laplacian of the geopotential
field at 500 hPa after which they were validated subjec-
tively (cold core and cut-off). FOS showed that the highest
occurrence of COLs in the SH is around continental areas,
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preferentially in Australia and New Zealand, the west coast
of South America, and southern Africa. Later, climatologi-
cal studies of COLs in the SH were performed focusing on
particular regions (Campetella and Possia 2007, for South
America; Singleton and Reason 2007, hereafter SRO7, for
South Africa) or for the entire SH (Reboita et al. 2010,
hereafter R10; NW10; Favre et al. 2012, hereafter F12),
using the geopotential field for the tracking.

Whilst previous studies agree in many aspects of COLs
such as their spatial distribution and the mean life time,
there are significant differences in terms of seasonality
and number of COLs, which seem to be related to the rea-
nalyses data used and the method used to identify COLs.
Differences in how observations are assimilated by the rea-
nalysis can lead to uncertainties in the results, this is most
obvious for comparisons involving the older reanalyses, as
shown in R10 and discussed in Sect. 3.2. In addition, the
method used to identify COLs also affects the seasonality
and frequency of COLs as each scheme imposes differ-
ent conditions and thresholds for the COL identification.
Therefore, it is possible to say that statistics of COLs can
only be assessed by comparing with each study as there is
no “truth” to be compared with.

Unlike previous approaches, the current study uses the
relative vorticity field to identify COLs. The choice of
relative vorticity for the tracking is due to the fact that the
magnitude of vorticity associated with the COLs does not
depend on the latitude, whereas the geopotential gradient
is normally weak at lower latitudes. Therefore, the use of
vorticity allows the identification of COLs in a weak geo-
potential gradient, which is the case of most COLs at rel-
atively low latitudes, such as those northward from 30°S.
Moreover, another advantage of using vorticity, shown in
this study, is that this variable highlights the spatial and
seasonal variation of COL mean intensity. This study also
emphasizes aspects that have not previously been inves-
tigated, such as genesis and lysis as well as the growth/
decay rate, and how these are related to the mean intensity
of COLs. The study is based on a more recent re-analysis
product than used in previous studies of COLs in the SH.

To improve the understanding of COLs this study pre-
sents a hemispheric climatology of subtropical COLs
using an objective method based on the relative vorticity
at 300 hPa and their main physical characteristics, such as
temperature and PV. Also, comparing the COL frequency
in this study with earlier studies, we will attempt to ver-
ify whether the differences among them are related to the
method or dataset used.

The paper continues with details of the data, tracking
algorithm, criteria for the COL identification and outputs
of the algorithm in Sect. 2. The results are presented in
Sect. 3. Section 4 summarizes the results and presents the
conclusions.



A new perspective of the climatological features of upper-level cut-off lows in the...

2 Data and methodology
2.1 Data

The climatology of COLs has been obtained for a 36-year
period (1979-2014) using data from the European Centre
for Medium-Range Weather Forecast (ECMWF)—Interim
reanalysis (hereafter ERA-I). This is a more modern re-
analysis than used in previous studies of COLs at 300 hPa
in the SH. ERA-I uses a spectral model with resolution of
TL255 and 60 vertical hybrid levels (Simmons et al. 2007).
The data used here in on the reduced resolution 1.5° x 1.5°
grid, which is suitable to identify synoptic systems. Similar
to previous studies of extra-tropical cyclones using vorti-
city (Hoskins and Hodges 2002, 2005) the data are trun-
cated at total wavenumber 42 (referred to herein as T42),
and the large scale background for total wavenumbers <5
are removed.

The full set of variables used for COL tracking and iden-
tification are the relative vorticity, air temperature, potential
vorticity and zonal wind at 300 hPa, obtained at 6 hourly
time resolution. The 300 hPa pressure level was used
because COLs usually reach their maximum intensity just
below the dynamical tropopause, which is around 300 hPa
in the subtropical latitudes. This choice is in agreement
with R10 who showed that larger frequencies of COLs are
found at 300 hPa compared to 500 and 200 hPa.

2.2 New criteria for the COL Tracking

In this study the identification and tracking of COLs was
performed objectively, through a modified version of
TRACK (Hodges 1994, 1995, 1999). Initially all vorticity
centers are tracked. Because the method does not differen-
tiate between closed circulations and troughs in the high
levels, additional criteria were included in this study to cor-
rectly identify COLs.

The criteria used to detect COLs in this study are based
on well-known COL physical characteristics through the
following steps: (1) tracking the Minima of Cyclonic Rela-
tive Vorticity (MCRV); (2) temperature filter; (3) potential
vorticity filter; and (4) identification of easterly flow south-
ward of the MCRV. The steps (2) and (3) were applied in
order to select only upper tropospheric cold cyclonic vorti-
ces with stratospheric air origin. The search for cold-cores
and the high cyclonic PV in steps (2) and (3) are applied
over a spherical cap region within a 5.0 degree geodesic
radius around the MCRV and not for neighbouring grid
points as was used in previous studies (e.g. R10; NW10).
The problem in considering neighboring points is that the
vorticity minima may offset from the geopotential. The
latter additional step (4) is designed to guarantee the full

detachment of COL centers from the high level westerly
flow. All these criteria were applied at the 300 hPa isobaric
level.

Initially (step 1), the tracking is performed using a
threshold —1.0 x 107> s~!. The maximum displacement
distance in a time step is set at 6 geodesic degrees for the
tracking. There is no restriction for the minimum lifetime
displacement distance as COLs are semi-stationary sys-
tems. Previous studies have used the geopotential to track
COLs (Campetella and Possia 2007, hereafter CPO7,
R10), however there are drawbacks in using the geopoten-
tial which has generally weak gradients at lower latitudes
whereas the vorticity variation along a streamline is appre-
ciable because the base of the trough represents the rela-
tive vorticity minimum in the SH, even at low latitudes.
The method has also been applied to the tracking of COLs
at 300 hPa using geopotential minima, this confirms that
the track density presents lower values over low latitudes
than observed in the relative vorticity field, as discussed in
Sect. 3.2.

In step 2 a search for a temperature minimum is per-
formed over a spherical cap region within a 5.0° geodesic
radius from the MCRV. The temperature minimum is deter-
mined after first removing the zonal mean from the tem-
perature data for each time step, i.e., the difference between
grid points and the zonal mean temperature. Tracks with
at least four consecutive points (1 day) with a temperature
minimum less than or equal to —3° Kelvin are retained
for the next step. This threshold is chosen in a somewhat
arbitrary way where several sensitivity tests have been per-
formed with different values. This constraint ensures the
identification of only cold core vortices.

Previous studies have used different methods to deter-
mine the cold-core condition. For the COLs at 300 hPa,
R10 computed the difference in temperature between 300
and 400 hPa, and retained those candidate COLs where the
grid point east from the geopotential minimum has higher
values of temperature. Similarly, NW10 used the thickness
field of 250-500 hPa for COLs at 250 hPa and compared
the value in the geopotential minimum with the value in
its surroundings. Different from other studies, the method
presented here performs the search of the cold-core using
the temperature in 300 hPa but the average temperature of
300-500 hPa has also been tested. As it found no signifi-
cant differences in terms of number of COLs, the tempera-
ture at 300 hPa was used.

In the following step (step 3) a similar criterion is
applied for the PV field, i.e., a search for a PV minimum
is performed over a spherical cap region within a 5.0
degrees geodesic radius from the MCRV. The PV mini-
mum is computed by first removing the zonal mean from
the PV data for each time step. All the tracks that have at
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least four consecutive points with PV minima values less
than or equal to —2 PVU (1 PVU = 10® m* s~! K kg™")
are stored and used for further processing. Several stud-
ies have investigated COLs from a PV perspective (e.g.
Bell and Keyser 1993; Bell and Bosart 1993; Van Delden
and Neggers 2003) and have highlighted that the genesis
of COLs is manifested by a detachment of an isolated PV
anomaly from its stratospheric air reservoir. In this study
the constraint imposed on the PV ensures that only the
tracks associated with relatively large negative PV anoma-
lies in their life cycle are retained. Lastly (step 4), to satisfy
the full conditions of a COL the zonal wind is analyzed.
The zonal wind at five degrees south from the MCRV must
be negative (less than or equal to —8 m/s) for at least four
points along the track. This condition is required to con-
sider only cold-core systems detached from the westerlies.
To be included in the statistical analysis, COLs are required
to last at least 24 h (four consecutive time steps), to elimi-
nate those tracks with very short life cycle.

After the identification steps are completed, the selec-
tion of subtropical COLs was performed by selecting only
those tracks that move northward and reach at least 40°S
or have their genesis north of 40°S. These criteria are nec-
essary to avoid the identification of mid-latitude COLs
and to guarantee that the cold core is completely detached
from the source region. The northern boundary is fixed at
15°8S, so tracks northward of 15°S are excluded. The more
northerly latitudes were rejected in order to avoid the small
probability of the occurrence of tropical cold core cyclonic
vortices (Kousky and Gan 1981), which have dynamical
mechanisms different from subtropical COLs (Mishra et al.
2001). The algorithm was evaluated by a visual inspec-
tion of the 300 hPa streamline and geopotential fields
for a 1-year period. The area chosen for validation of the
methodology was South America and its surrounding areas
(100°W=20°W and 50°S—15°S), which includes a region of
significant density and large seasonal variability of COLs
(FO5, R10). The accuracy of the described method for the
regional area was found to be around 90 % compared to the
visual analysis.

Spatial statistics are created from the tracks using the
spherical kernel estimators (Hodges 1996) for the aus-
tral seasons of autumn (March—-May), winter (June—
August), spring (September—November), and summer
(December—February).

3 Results
This section initially presents the seasonal characteristics

of the COLs in the SH followed by comparisons with pre-
vious studies.

@ Springer

3.1 Temporal and spatial distribution of COL activity

Several aspects of the COL activity at 300 hPa in the SH are
shown in Figs. 1, 2,3,4,5,6,7,8,9, 10, 11 and 12. Dur-
ing the 36-year period (1979-2014) the tracking algorithm
identified 10,248 COLs in the study region, with an annual
average of 285 cases. The track density (Fig. 1) shows a
zonally asymmetric pattern in the subtropical latitudes.
The density maxima are located around the continents
and minima over the oceans, although there are large track
density values in the western Pacific. The highest density
of COLs occurs over eastern Australia and New Zealand,
generally greater than 16 events per season per unit area
(5° spherical cap ~10% Km?). The large number of COLs
in the latter region may be associated with the decrease in
the westerlies (Kentarchos and Davies 1998) and the fre-
quent occurrence of blocking (Trenberth and Mo 1985;
Marques and Rao 2000). In the present study, a pronounced
seasonal cycle of COLs is found, with a peak in the austral
autumn with an average of 30.8 % of the yearly track num-
bers followed by summer (27.5 %), spring (22.5 %), and
winter (19.2 %). The main belt of COL activity shifts about
5° towards the equator from summer to winter, following
the meridional displacement of the polar and subtropical
jet stream. This displacement equatorward from winter to
summer is in agreement with F12, who identified COLs at
500 hPa using data from the NCEP-DOE II reanalysis data
(Kanamitsu et al. 2002).

Another measure of the distribution of COLs is the fea-
ture density which is computed using all points along the
tracks rather than choosing the closest track points to the
estimation points as with the track density (Hodges 1996).
However the feature density is more sensitive to the pres-
ence of slow moving systems, i.e., those that move slower
contribute more to the feature density (Hoskins and Hodges
2002) in particular regions. Figure 2 shows that the main
regions of high feature density occur around the three main
continental areas most of the year, however in summer
the activity extends across the central Indian Ocean, from
the eastern Pacific Ocean to South America, and there is
also a maximum from north of New Zealand to the west-
ern Pacific. The behavior of the feature density is usually
dominated by bull’s-eyes associated with slow moving sys-
tems (Hoskins and Hodges 2002), which can frequently
be seen in the summer eastern subtropical Pacific. Irre-
spective of season, a maximum in feature density is found
immediately west of the subtropical coast of Chile and a
minimum on the lee side of the Andes Cordillera, a feature
that has already been pointed out by Pizarro and Monte-
cinos (2000). Over the mainland, a secondary maximum
appears in southern Brazil as found by CP07, in particular
in autumn.
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Fig. 1 Seasonal Southern Hemisphere COL track density for the austral seasons: a autumn (MAM), b winter (JJA), ¢ spring (SON), and d sum-
mer (DJF), for the period from 1979 to 2014. Unit: number per unit area per season, the unit area is equivalent to a 5° spherical cap (~10° km?)

According to Figs. 1 and 2, most COLs are located in
continental neighborhoods, thus the monthly distribution of
COLs is analyzed in three different sectors, defined as fol-
lows: 20°W—-80°E for Africa, 80°E-140°W for Australia,
and 140°W-20°W for South America. These domains are
defined based on the maxima track density located around
the continents. Figure 3 shows the monthly distribution for
these three sectors expressed as a percentage of the total
annual number of COLs for each region. This shows that
there is a well-defined cycle with the monthly distributions

appearing quite similar for the three sectors, with a maxi-
mum in March, followed by a decrease to a minimum in
August—-September. For the Australia sector, a secondary
maximum is observed in December, preceded by a rapid
increase in frequency from August. These results are par-
tially in agreement with FO5 for COLs identified at the
500 hPa level. They observed a monthly distribution similar
to our study for the South America sector, with a maximum
in April but the minimum occurring in February. The dif-
ferences in seasonality of COLs between 500 and 300 hPa

@ Springer



H. R. Pinheiro et al.

40 40
32 32
24 24
16 16
8 8

40 40
32 32
24 24
16 16
8 8
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Fig. 2 Seasonal Southern Hemisphere COL feature density for the
austral seasons: a autumn (MAM), b winter (JJA), ¢ spring (SON),
and d summer (DJF), for the period from 1979 to 2014. Unit: number

is more related to the pressure level used and not to the
detection method, as observed in R10.

For the African sector, FO5 found the maximum (mini-
mum) in winter (summer), while the Australian sector
shows a distribution almost constant during the year. Con-
sidering the whole SH (Fig. 3), our results are much more
consistent with the climatology of NW10 for COLs iden-
tified at the 250 hPa level, with the maximum occurring
in March—April, and the minimum in August-September.
The annual cycle of COL occurrence in terms of decadal
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(d) Summer

per unit area per season, the unit area is equivalent to a 5° spherical
cap (~10° km?)

time scale (figure not shown) exhibits the same shape as
the whole period but with an increasing trend in the num-
ber of COLs observed from the period 1979-1988 to the
period 1989-2008, as shown in F12. Most of the months
show an increase in the number of COLs, the largest value
occurs in April (6.7 events per month), while December has
a decrease of 0.7 events per month.

During the study period (1979-2014), COLs exhibit
a strong interannual variability (Fig. 4), with the largest
standard deviation in South America (11.5), followed by
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Fig. 3 Monthly distribution of the COL number expressed as a
percentage of the absolute number of COLs for the African sec-
tor (20°W-80°E) in dotted line, Australian sector (80°E-140°W) in
dashed line, South America sector (140°W-20°W) in solid line, and
Southern Hemisphere (180°W—180°E) in red line, for the period from
1979 to 2014
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Fig. 4 Interannual distribution of the COL number for the Afri-
can (20°W-80°E), Australian (80°E-140°W), and South America
(140°W-20°W) sectors, for the period from 1979 to 2014. The line
parallel to the x axis represents the average of the total number of
COLs

Australia (10.8) and Africa (6.7). The lowest annual num-
ber of COLs occurs in 1979 (235 cases) whereas 2008 is
the most active year of COLs (337). In general, COLs are
less frequent for the period 1979-1999 but they increase
substantially from the early 2000s, and reach their maxima
frequency in the three regions. The frequency of COLs
increases by about 10 % for the decade 2000-2009 in

comparison to the decade 1980-1989, but the increase is
about 15 % when considering only the South America sec-
tor. This result is in agreement with F12 and NW10, who
show a positive trend in the number of COLs for the period
1979-2008.

According to FO5, the spatial distribution of inten-
sity, based on the Laplacian of the geopotential, showed
no significant geographical variation. As opposed to the
FOS5 results, the current distribution of COL mean inten-
sity (Fig. 5), based on the MCRYV scaled by —1, exhibits
a distinctive geographical and seasonal variability. The
mean intensity values reach their minimum in the austral
summer, but the values increase during the autumn and
reach their peak in the winter. Also, the average intensity
of COLs has its largest value more equatorward in winter,
reaching the range of 10-12 x 107> s~! along the maxi-
mum track density region and the subtropical jet stream
location (indicated by the zonal mean winds in Fig. 5).
The mean intensities of COLs have a similar behavior but
with weaker values in spring, with local maxima around
10 x 107 s7! in the neighborhood of the continents. In
contrast, the mean intensities are lowest in summer with
the peak values moving toward higher latitudes with values
between 8 and 10 x 107> s~!, coinciding with the average
position of the jet stream.

The maximum intensity distribution of the COLs,
determined by finding the maximum of the relative vorti-
city scaled by —1 along all tracks, is shown in Fig. 6. It
is apparent that there is a broad range of intensities and
significant differences between the seasons, with the most
intense COLs occurring in winter, though COLs appear
much less frequent in winter than in other seasons. For
the spring, the maximum intensity distribution is similar
but slightly weaker than autumn, while the weakest COLs
are found in summer. These results are consistent with the
spatial intensity statistic shown in Fig. 3. It is obvious that
the seasonal intensity distribution based on vorticity is
more sensitive than when the geopotential is used since it
depends on second-order derivatives (Hoskins and Hodges
2002).

An interesting aspect is the preferred areas of COL gen-
esis and lysis, i.e., where the systems originate and dissi-
pate, respectively. These statistics are shown in Figs. 7 and
8 and are conveniently discussed together. The genesis and
lysis densities are determined from the starting and ending
locations of the COL tracks, respectively, excluding any
tracks that start at the first time step and end at the last time
step of the data period. It is worthwhile mentioning that the
starting point does not necessarily represent a closed low
at this specific time. The criteria used to detect COLs are
imposed for at least four time steps, thus open depressions
can be included in the early life cycle of the tracks. Note,
lysis density values are somewhat larger than the genesis
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12
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(@) Autumn

(b) Winter

(c) Spring

Fig. 5 Seasonal Southern Hemisphere COL mean intensity (shaded)
and mean zonal wind >80 km/h (solid line) and >120 km/h (dashed
line) for the austral seasons: a autumn (MAM), b winter (JJA),

over specific regions, which means there are preferred
regions where COLs often disappear.

It is apparent that there are two large lysis regions in
the SH. A maximum of lysis is found over the Andes in
the austral summer and autumn, but this weakens at the
beginning of the austral winter as seen in the monthly sta-
tistics (not shown). The COL lysis therefore seems to be
strongly affected by the topography. This well-known
regional feature has already been observed in FO5 and a
possible explanation is indicated by simply analyzing all
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(d) Summer

¢ spring (SON), and d summer (DJF), period from 1979 to 2014.
Unit: 10~ s~', scaled by —1

the statistics together. In the subtropical Andean region,
summer COL intensities are relatively weak and most of
them die out approaching the mountains. In contrast, winter
COLs are stronger and the lysis associated with the Andes
is quite negligible. This indicates that the mountain wave
may interact with the COLs. When a COL approaches the
mountain it weakens because of the superposition of the
COL with the steady mountain wave ridge (topographic
Rossby wave), as studied by Hayes et al. (1987, 1993) and
observed by Miky Funatsu et al. (2004) over the Andes.
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Fig. 6 Probability density distribution for seasonal maximum inten-
sity of Southern Hemisphere COL based on vorticity tracks for the
period from 1979 to 2014. Unit: 107> s™!, scaled by —1

When the COL is weak it tends to dissipate. However, if the
COL is strong enough, it dominates and after crossing the
mountain ridge axis the COL can start a new intensification
phase. Another prominent lysis region occurs from south-
eastern Australia and the Tasman Sea in autumn, which is
the season of peak COL activity.

The genesis distribution is less heterogeneous than that
for the lysis, although the genesis preferably occurs from
Australia across the Pacific. The overall impression of lysis
and genesis is that both coincide with the peak activity of
COLs. Both of these density distributions show peaks of
activity that are close to each other, suggesting the COLs
are quasi-stationary systems (Bell and Bosart 1989) or a
link may exist between lysis and genesis through down-
stream development (Orlanski and Sheldon 1995; Gan and
Piva 2013).

The development of COLs is evaluated using the mean
growth/decay rate (Fig. 9). This statistic represents the rela-
tive vorticity variation within a 6 hourly time step scaled
to units of per day (Hoskins and Hodges 2002), negative
values for weakening and positive values for intensifying
systems. The mean growth rate shows enhanced values
mainly at middle and high latitudes in the Atlantic and
Indian Oceans, but these are not regions of large genesis.
There is also growth activity in southern-southeastern Aus-
tralia and across the central-southeastern Pacific. Focusing
on South America, large growth appears where COLs in the
Pacific Ocean are on the upstream side of the Andes and
decay over the mountain. Also decay regions can be found
at equatorward latitudes and from South Africa to Mada-
gascar, western Australia, and New Zealand and environs,
mainly from winter to spring. In general, the growth and

decay predominates at poleward and equatorward latitudes,
respectively. The main problem with the combined growth
and decay rate is that there is lots of cancellation between
positive and negative values, thus some growing and decay-
ing regions can be masked out through this cancellation.

Tracks of COLs can be quite variable in terms of their
speed of propagation. The zonal and meridional mean
velocities of COLs are shown in Figs. 10 and 11, respec-
tively. First, the zonal mean velocity shows that COLs usu-
ally move eastward for most of the year and are faster over
higher latitudes. The maximum average zonal speed occurs
in the Indian Ocean, with values greater than 60 km h 1
However, these features are associated with the late stage of
the COLs life cycle and/or mid-latitude depressions, which
should be ignored. In the subtropical and low latitude
regions, there is a predominance of slow-moving systems,
with velocities <30 km h~'. However, winter COLs gener-
ally move faster, even in subtropical latitudes, where they
reach speeds in the range of 30-50 km h™! in western Aus-
tralia, western and central Pacific, and southeastern South
America. It is interesting to note that the Pacific COLs
have lower speeds as they approach the Andes, this is more
noticeable from winter to spring. This could be the result of
the mechanical effect associated with the mountains.

The meridional velocity shows a predominance of posi-
tive values in the SH, i.e., northward displacement. There is
northward movement at the more southerly latitudes across
the Indian Ocean and in southern Australia, whereas there
is a southward component corresponding to the maximum
lysis region, from north of New Zealand to the central
Pacific. This feature is more evident in winter, suggesting
that COLs move northeastward in the development phase
and eastward/southeastward in the decaying phase. Similar
but weaker behaviour can be seen in South America from
winter to spring, when the COL tracks shift from northeast-
ward on the western side of the Andes to eastward/south-
eastward on the lee side, as observed in FO5. The possible
mechanism responsible for the northeastward movement
in the COL initial stage is the relative vorticity advection
at upper levels, whereas the balance between the relative
vorticity advection and the divergent terms is important to
make the COL a quasi-stationary system during the cut-off
and decay stages (Godoy et al. 2011).

The mean lifetime of COLs passing through a region
(Fig. 12) is roughly uniform between 6 and 8 days. Life-
times are shorter in winter (6.8 days) and longer in sum-
mer (7.6 days). Winter and summer also seem to be the
periods with greatest difference in the lifetime spatial dis-
tribution, being lower around southeastern Australia and
New Zealand, and higher over the South America as well
as at higher latitudes, which is consistent with the longer-
lived mid-latitude COLs observed in the Northern Hemi-
sphere (Kentarchos and Davies 1998). The average lifetime
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Fig. 7 Seasonal average of Southern Hemisphere COL genesis rate for the austral seasons of a autumn (MAM), b winter (JJA), ¢ spring (SON),
and d summer (DJF), for the period from 1979 to 2014. It has the same unit as the track density

of features are much longer than found in previous stud-
ies (mostly around 2-3 days), and this is a consequence of
the systems being identified earlier than when identifying
COLs as geopotential minima. It is worth emphasizing that
the longer lifetime does not affect the COLs total number.
The densities produced by the algorithm do not include dis-
placement features, but the combination of mean velocity
and lifetime allow us to deduce that the mean displacement
(figure not shown) is larger (smaller) in winter (summer),
confirming what R10 have found.
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3.2 Comparison with previous studies

Several climatological studies of COLs in the SH have
been performed at different pressure levels using different
methods and data sets as discussed above. In this section,
comparisons of the COL temporal distribution between
the results presented here and previous studies, based on
upper pressure levels (300 or 250 hPa), will be performed.
For the regional analysis focusing on Africa, Australia and
South America sectors, we consider the same or the closest
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Fig. 8 Seasonal average of Southern Hemisphere COL lysis rate for the austral seasons a autumn (MAM), b winter (JJA), ¢ spring (SON), and
d summer (DJF), for the period from 1979 to 2014. It has the same unit as the track density

domain and period used in the other studies. A summary of
the main characteristics of each study on COL climatology
is included in the Table 1.

The statistical study of CPO7 presents a 10-year period
(1979-1988) of the COL distribution for the southern
South America (100°W-20°W and 50°S—15°S) based on
the NCEP-NCAR reanalysis (Kalnay et al. 1996). The
CP07 method tracks COLs at 250 hPa using a combination
of subjective and objective methodology. They found the
largest frequency in autumn, followed by winter, spring,
and summer. Considering the same domain and period,

we observed some differences in seasonality, that is, in
descending order of frequency: summer, autumn, winter,
and spring, although the differences among the seasons
are not that large (not shown). These differences can be
related to the dataset and/or criteria used for each method.
In particular, the method of CP0O7 considers only the COLs
associated with cold-cores and minimum thickness in the
middle levels, both are features usually found in COLs at
500 hPa (F05), and these are likely to be the reason why
CP07 found that COLs are more frequent in winter than in
summer.
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(c) Spring

(d)Summer

Fig. 9 Seasonal average of Southern Hemisphere COL mean growth/decay rate for the austral seasons a autumn (MAM), b winter (JJA),
¢ spring (SON), and d summer (DJF), for the period from 1979 to 2014. Unit: day‘l

For a regional perspective, SRO7 produced a 30-year
(1973-2002) climatology of 300 hPa COLs in south-
ern Africa using the NCEP-NCAR reanalysis by a visual
inspection of the geopotential field. They found the relative
maximum in activity in autumn, followed by spring, win-
ter, and summer, i.e., the same seasonality observed by Tal-
jaard (1985) and confirmed in the present study, using the
same domain but not the same period. Analyzing the COL
monthly distribution, SRO7 found the maximum occur-
rence in April and the minimum in December—January, a
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behavior quite similar to our study with the maximum
occurring in March and the minimum in August.

The hemispheric climatology of R10 has been produced
using two reanalyses (NCEP-NCAR and ERA-40), where
COLs were identified using the algorithm of Nieto (Nieto
et al. 2005) adapted to the SH. The seasonal cycle is ana-
lyzed for the three main regions, Africa (20°W-60°E), Aus-
tralia (60°E-130°W), and South America (130°W-20°W),
for the latitudinal range of 50°S—10°S and a 21-year period
(1979-1999). For South America, the seasonality obtained
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Fig. 10 Seasonal average of Southern Hemisphere COL zonal mean velocity for the austral seasons a autumn (MAM), b winter (JJA), ¢ spring
(SON), and d summer (DJF), for the period from 1979 to 2014. Unit: km h™"

by R10 with ERA-40 is in fairly close agreement with our
study (using the same domain and period), with the maxi-
mum in autumn, followed by summer, spring, and winter.
However, the distribution they obtained with NCEP-NCAR
differs widely since the highest (lowest) frequency occurs
in autumn (summer). These results indicate that the dif-
ferences between ERA-40 and NCEP-NCAR reanalyses
found by R10 are greater than the differences between their
and our identification methods using ERA-40 and ERA-I,
respectively. This means that for the same pressure level
the seasonality seems to be more dependent on the dataset

than the criterion used for identifying COLs. Considering
the Australia sector, the seasonality obtained in this study
is consistent with R10 using ERA-40, where the maximum
frequencies of COLs occurs in summer and autumn, and
the minimum in spring and winter. However, the compari-
son between the present study and R10 with NCEP-NCAR
is slightly different, because the latter climatology shows
the largest frequency in autumn, followed by spring, sum-
mer, and winter. In terms of African COLs, our study is
in agreement with R10 irrespective of the reanalysis used
(ERA-40 or NCEP-NCAR), where the COL occurrence
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(b) Winter

(c) Spring

(d)Summer

Fig. 11 Seasonal average of Southern Hemisphere COL meridional mean velocity for austral seasons a autumn (MAM), b winter (JJA),
¢ spring (SON), and d summer (DJF), for the period from 1979 to 2014. Unit: km h~!

is largest in autumn and spring and less frequent in sum-
mer and winter, providing more confidence in the results
obtained here as they are also consistent with previous
studies (e.g. Taljaard 1985; SR07), as seen before.

More recently, NW10 used a 30-year period (1979—
2008) of NCEP-NCAR to produce a climatology of
COLs at 250 hPa linked to Rossby wave breaking (RWB)
events. The method used to identify COLs is similar to that
of Nieto et al. (2005) and R10, but has a modified crite-
rion for the cold-core condition, where the thickness of
500-250 hPa is compared between the geopotential height
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minimum and its surrounding points. They observed that
COLs are more frequent in summer (maximum in Decem-
ber) and reach a minimum in winter (minimum in August),
a seasonality somewhat different to ours, where the autumn
is the most frequent season. However, for the COLs asso-
ciated with the RWB at 330 K [where RWB is defined as
an irreversible overturning of PV on isentropic surfaces
(McIntyre and Palmer 1983)] the peak activity occurs in
autumn (maximum in April), i.e., the same season observed
in the present study. This helps us to understand some of
the differences among the studies in terms of seasonality,
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(b) Winter

(c) Spring

(d) Summer

Fig. 12 Seasonal average of Southern Hemisphere COL mean lifetime for the austral seasons a autumn (MAM), b winter (JJA), ¢ spring

(SON), and d summer (DJF), for the period from 1979 to 2014. Unit: day

and highlight how the PV anomalies associated with COLs
represent important quantities for the COL identification.
An important point to consider is the differences in the
number of COLs observed between previous studies. Con-
sidering the whole Southern Hemisphere, R10 show large
differences in frequency when using the NCEP-NCAR and
ERA-40 reanalyses, finding the annual average of COLs to
be 197 using NCEP-NCAR and 349 using ERA-40. These
values are much greater than the frequency observed by
NWI10 for COLs at 250 hPa (120 events per year) using

the NCEP-NCAR reanalysis and a tracking scheme simi-
lar to that used in R10, but with a more explicit imposition
of the cold-core condition. For the study reported here the
annual average of COLs is 285 but the frequency increases
to 547 COLs per year if considering only the zonal wind
criteria, that is with no cold core and PV criteria (figure not
shown). However, the number of COLs reduces by about
25 % when the tracking is performed using the geopoten-
tial field. The largest difference in track density between
vorticity and geopotential occurs over areas of high density
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Table 1 Summary of the main characteristics of the previous studies on COL climatologies in the Southern Hemisphere, considering the

approach, data, methodology, period and region used in each study

References Approach Data

Methodology

Period Region

Fuenzalida et al. (2005)

Objective/subjective NCEP-NCAR Geopotential minimum at

1969-1999 Southern Hemisphere

500 hPa (60°S-10°S)
Campetella and Possia Objective/subjective  NCEP-NCAR Geopotential minimum at 1979-1988 South America
(2007) 250 hPa (50°S-15°S/100°W-20°W)
Singleton and Reason (2007) Subjective NCEP-NCAR Geopotential charts at 1973-2002 Southern Africa
300 hPa (40°S-20°S/10°E—40°E)
Ndarana and Waugh (2010)  Objective NCEP-NCAR Geopotential minimum at 1979-2008 Southern Hemisphere
250 hPa (50°S-20°S)
Reboita et al. (2010) Objective NCEP-NCAR Geopotential minimum at 1979-1999 Southern Hemisphere
ERA40 200, 300, and 500 hPa (50°S-10°S)
Favre et al. (2012) Objective NCEP-DOE II Geopotential minimum at 1979-2008 Southern Hemisphere

500 hPa

(45°S-10°S)

values though the differences are also remarkable in lower
latitudes, where the geopotential gradient is usually weaker.
More details on the difference between vorticity and geo-
potential will be discussed in a future paper.

Another reason for the differences in frequency of
COLs is the pressure level chosen for the tracking, as
pointed out in previous studies (e.g. R10). According to
R10, the number of COLs at 300 hPa is greater than those
observed at 200 and 500 hPa, irrespective of the reanal-
ysis used. In terms of the seasonal cycle, R10 found that
the highest number of COLs at 500 hPa occurs in winter
and the lowest number in summer, confirming the results
presented earlier by FOS5. However, the climatology of F12
contradicts the previous results, showing that the peak of
the COL activity at 500 hPa occurs in April and the mini-
mum in August, i.e., a distribution similar to that observed
for COLs at 300 hPa. These inconsistences suggest it is
unclear whether the differences in seasonality of COLs are
related to the method, data or pressure level used to iden-
tify COLs (see Table 1). Although an extensive climatol-
ogy of COLs at 200, 300 and 500 hPa has been presented
in R10, the literature still lacks a comprehensive analy-
sis of the vertical structure of COLs capable of showing
how the high level COLs extend toward lower levels of
troposphere.

As there is no absolute “truth” in terms of the number
and seasonality of COLs, it is possible to say that there are
pros and cons of using more complex criteria instead of
simpler ones. Sensitivity tests show that the multiple step
scheme identifies fewer events than the simpler method of
no cold core test (figure not shown). However, the multiple
step scheme allows us to identify only those systems that
have the typical aspects of COLs (for example, cold core
and stratospheric air intrusion), imposing specific features
for the selected sample.
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4 Discussion and concluding remarks

The use of the ERA-I reanalysis and the algorithm of
Hodges (1995, 1996, 1999) adapted for tracking COLs
provide a detailed perspective of the Southern Hemisphere
COL activity at 300 hPa for a 36-year period (1979-2014).
COLs were identified using a multiple step scheme based
on their main physical characteristics, such as cold-core and
high-PV stratropheric air intrusion. The results of tracking
COLs using 300 hPa relative vorticity are in general agree-
ment with previous studies based on the geopotential field,
although the method detects longer lifetimes of COLs than
seen in other studies as a consequence of using vorticity, as
observed previously (Hoskins and Hodges 2002). However,
the vorticity seems to have advantages over the geopoten-
tial field, because the former contributes to highlight the
spatial and seasonal variation of the COL intensities.

A wide range of statistics has allowed us to explore the
main COL characteristics, validating some previous results
and revealing other interesting new COL properties. The
track density shows that the largest number of COLs is
found around the main continental areas (Australia, South
America and Africa), confirming the previous results (e.g.
FO5; R10; NW10). In contrast, in summer the peak activity
seems to migrate towards oceanic areas (Fig. 2), this behav-
ior might be related to diabatic processes over the conti-
nents, corroborating the hypothesis proposed by Garreaud
and Fuenzalida (2007). As discussed before, during the
summer the latent heat associated with the cumulus con-
vection tends to decrease the horizontal temperature across
the COL cold-core, reducing the frequency of COLs over
continents.

The T42 relative vorticity shows a marked geographical
and seasonal variation, with minimum in summer and max-
imum in winter, a unique feature that has not been observed
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previously in studies based on the geopotential (e.g. FOS5).
A possible link between the COL intensity and lysis den-
sity was examined, suggesting that weaker summer COLs
are more susceptible to dissipate over mountainous regions
(e.g. Andes). This means that large mountain ranges may
influence the trajectories of COLs, especially for weaker
systems. In general, lysis and genesis regions are close to
each other and coincide with the feature density maxima,
meaning the COLs are often quasi-stationary systems
or alternatively there may exist a link between lysis and
genesis through the theory of Downstream Development
(Orlanski and Sheldon 1995). This latter hypothesis will be
examined in a future study.

The mean growth/decay rates, based on the relative vor-
ticity variation within the COL life cycle, coincide with the
major genesis and lysis densities. In general, the growth
predominates at poleward latitudes and the decay at equa-
torward latitudes. In terms of displacement, there is a sig-
nificant seasonal variation of COL zonal mean velocity,
they are faster over the higher latitudes, as suggested by
FO5. These results suggest that COLs move northeastward
in the development phase and eastward/southeastward in
the decay phase, as a result of the relative vorticity advec-
tion mechanism (Godoy et al. 2011).

The seasonal and monthly distribution of COLs shows a
distinctive picture of the temporal variation in each region
in the SH, with the maximum activity found in autumn and
summer, and the minimum usually in winter, opposite to
that found for COLs at 500 hPa (FO5; R10). The monthly
distribution of COLs compares better with the COLs linked
to RWB events than the COLs without this link (NW10),
suggesting that PV anomalies are an important factor that
affect the seasonality of COLs. In addition, the seasonality
of COLs in this study has shown a close agreement with
that produced with ERA-40, but differs significantly when
compared to the NCEP-NCAR climatology (R10). These
results suggest that the uncertainties of reanalyses are
important aspects to be considered since the seasonality has
been shown to be largely dependent on the data as well as
the method used to identify COLs.

Significant differences between ERA-40 and NCEP-
NCAR have also been observed in the NH for COLs (Nieto
et al. 2008) and extratropical cyclones (Wang et al. 2006).
The reason for the differences between the two mentioned
reanalyses might be related to differences in how observa-
tions are assimilated by the two re-analyses as well as the
model resolution. For example, the ERA-40 system uses
the direct assimilation of satellite radiances (Uppala et al.
2005) whereas for NCEP-NCAR retrievals were used.
However, there were problems with the assimilation of sat-
ellite humidity observations in ERA-40 (Bengtsson et al.
2004a), though this had the largest impact in the tropics.

Additionally, in the NCEP-NCAR reanalysis there was
a problem involving the use of Australian bogus pressure
data called PAOBS, in the SH (http://www.cpc.ncep.noaa.
gov/products/wesley/paobs/ek.letter.html) though these
observations have a low weight in the assimilation (Kis-
tler et al. 2001). This is one of the benefits of using a more
recent re-analysis where these problems have been recti-
fied. The intercomparison among reanalyses with respect
to COLs could be further studied in the future using other
recent re-analysis in addition to ERA-I such as NCEP-
CFSR, NASA-MERRA and JRASS, such as has been per-
formed more generally for extra-tropical cyclones (Hodges
et al. 2011).

Another aspect of the temporal variability is the posi-
tive trend of COL frequency observed during the period
19792014, with a remarkable increase from the 2000s.
This positive trend has already been pointed out by F12 and
Ndarana et al. (2012), F12 suggested the increase might be
linked to the rising of surface pressure and the formation
of cut-off highs in mid-latitudes. However, it is also impor-
tant to consider the issues with the assimilation of observa-
tions commented above, in particular from satellites which
have changed over time, with more observation being used
for the latter years and of a better quality. It is well known
that re-analyses can have spurious trends and is a particular
problem in the SH (Bengtsson et al. 2004b). Another point
to consider here is the natural variability of COLs, the data-
set is too short to say much on this. Using a longer data
set such as the twentieth-century reanalysis (Compo et al.
2011) would not be appropriate for this purpose as only
surface observations are assimilated, which are sparse in
the SH, and there are considerable changes in the observa-
tion distribution with time both of which are likely to lead
to spurious trends and variability, in particular in the upper
troposphere.

It is important to mention that the present study focuses
only on the aspects of COLs at 300 hPa. In future work,
we intend to consider the vertical structure of subtropical
COLs and its relation to the precipitation.
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