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Abstract The present paper examines the vortex break-
down and large-scale stirring during the final warming of
the Southern Hemisphere stratosphere during the spring of
2005. A unique set of in situ observations collected by 27
superpressure balloons (SPBs) is used. The balloons, which
were launched from McMurdo, Antarctica, by the Straté-
0le/VORCORE project, drifted for several weeks on two
different isopycnic levels in the lower stratosphere. We
describe balloon trajectories and compare them with sim-
ulations obtained on the basis of the velocity field from the
GEOS-5 and NCEP/NCAR reanalyses performed with and
without VORCORE data. To gain insight on the mecha-
nisms responsible for the horizontal transport of air inside
and outside the well-isolated vortex we examine the bal-
loon trajectories in the framework of the Lagrangian
properties of the stratospheric flow. Coherent structures of
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the flow are visualized by computing finite-time Lyapunov
exponents (FTLE). A combination of isentropic analysis
and FTLE distributions reveals that air is stripped away
from the vortex’s interior as stable manifolds eventually
cross the vortex’s edge. It is shown that two SPBs escaped
from the vortex within high potential vorticity tongues that
developed in association with wave breaking at locations
along the vortex’s edge where forward and backward FTLE
maxima approximately intersect. The trajectories of three
SPBs flying as a group at the same isopycnic level are
examined and their behavior is interpreted in reference to
the FTLE field. These results support the concept of stable
and unstable manifolds governing transport of air masses
across the periphery of the stratospheric polar vortex.

Keywords Stratospheric polar vortex dynamics -
Vortex breakdown - Large-scale stirring -
Finite-time Lyapunov exponents - Hyperbolic manifolds

1 Introduction

The spring breakdown of the strong cyclonic vortex that
characterizes the winter circulation in the middle atmo-
sphere at high-latitudes—and subsequent transition to
summer conditions—is referred to as the final warming.
During this period, both vertically propagating planetary
waves from the troposphere and increased radiative heating
as sunlight returns to the polar regions cooperate in
decelerating the flow (Yamazaki and Mechoso 1985). In
the Southern Hemisphere the large-scale circulation during
the final warming shows systematic features, with a strong
anticyclone developing over the Indian Ocean and the
cyclonic vortex moving off the pole to break down in the
upper levels first and in the middle levels later (Mechoso
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et al. 1988). Episodes of enhanced planetary wave activity
punctuate this systematic evolution, and are often the most
interesting dynamical events in a hemisphere without
major mid-winter warmings. A very strong event produced
a hitherto unobserved split of the southern polar vortex in
September 2002; Charlton et al. (2005) proposed that the
dynamics implicated in the split involved non-linear
dynamics in the coupled troposphere—stratosphere system,
and that the notion of forcing from the lower atmosphere
could be inadequate.

Studies of the southern stratosphere and analyses of its
final warming accelerated after the discovery of the
“Antarctic Ozone hole” by Farman et al. (1985). In the
consensus view, chemical processes responsible for ozone
destruction are initiated both by sunlight and very low
temperatures. The right conditions are reached in early
spring inside the Antarctic polar night vortex. On an
isentropic surface in the lower stratosphere, enhanced
potential vorticity (PV) gradients signal the transition to the
polar vortex at the approximate location of the westerly jet.
Several studies using Lagrangian techniques have con-
ceptually shown how planetary waves propagating and
breaking along the vortex edge externally erode the vortex
through the formation of filaments (Polvani and Plumb
1992; Waugh and Plumb 1994). This type of erosion is
responsible for the formation and continuous regeneration
of the enhanced PV gradients that characterize the vortex
“edge”. According to Bowman (1993), stirring results
from repeated stretching and folding of material lines due
to planetary wave breaking, and finds much higher stirring
rates outside than inside the vortex. Mariotti et al. (2000)
examined the ozone “collar” (i.e., the band of maximum
values in ozone mixing ratio around the Antarctic ozone
“hole”) and argued that diabatic descent is responsible for
maintaining the local ozone concentrations approximately
constant while filaments isentropically disperse collar-like
mixing ratios towards lower latitudes. The mechanisms by
which air parcels cross the polar vortex edge have been
investigated in several studies. Bowman (1996) presents
evidence of stirring control in the stratosphere by critical
lines, and argues that regions of wave-breaking develop
wherein the phase speeds equal the background wind
velocity around the austral polar vortex since no waves
have phase speeds comparable to the velocities in the jet
core. Different arguments have been proposed to explain
the formation of barriers to transport: (1) the “PV barrier”,
which states that large PV gradients are associated with a
Rossby restoring force that reduces meridional exchange
(Juckes and Mclntyre 1987; Dritschel and McIntyre 2008),
and (2) the “strong KAM stability”, which is based on the
existence of a Kolmogorov—Arnold—Moser (KAM) invari-
ant torus that survives in a perturbed system; non-chaotic
trajectories on such a torus constitute the transport barrier
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(Rypina et al. 2007a, 2007b). The former argument leads to
the expectation of mixing barriers only on eastward jets,
whereas the latter also opens the possibility to westward
jets (Beron-Vera et al. 2008).

The present study focuses on the Southern Hemisphere
stratosphere during the final warming in 2005. This is a
special period because the Stratéole/VORCORE campaign
provided a unique set of in situ observations (Hertzog et al.
2007). The project’s observational platforms were super-
pressure balloons (SPBs) designed to drift in the lower
stratosphere on isopycnic surfaces near the pressure levels
of either 50 or 70 hPa. Information collected in preparatory
exercises with Stratéole balloons have demonstrated the
usefulness of SPB datasets for studies on lower strato-
spheric dynamics. One campaign based in Ecuador pro-
vided evidence of mixed Rossby-gravity and Kelvin waves
in the equatorial stratosphere (Vial et al. 2001). The data
from another campaign based in Kiruna, Sweden, revealed
an enhanced contribution to the spectrum of the horizontal
wind component by near-inertial waves (Hertzog et al.
2002). VORCORE launched a total of 27 SPBs from
McMurdo, Antarctica. These remained inside the strato-
spheric polar vortex for several weeks. Boccara et al.
(2008a) compared VORCORE data of temperature and
horizontal wind velocity with those from the National
Center for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis and the
European Centre for Medium-range Weather Forecasts
(ECMWEF) operational analysis. The ECMWF analysis
provides more accurate fields that the NCEP/NCAR
reanalysis, although both exhibit an overall temperature
bias. Boccara et al. (2008b) provide a method for esti-
mating features of the gravity wave field from quasi-
Lagrangian observations, and Hertzog et al. (2008) apply
the method to show, using VORCORE data, that almost
two-thirds of the total gravity-wave momentum flux can be
attributed to waves generated by mountains. In addition,
zonally averaged fluxes over the ocean are similar in
magnitude to those above the continent, highlighting the
importance of non-orographic gravity waves in the
Southern Hemisphere.

The present paper uses VORCORE data to gain insight
into the motions of air parcels in the stratospheric polar
vortex during the southern final warming of 2005. SPBs
are constrained to move on isopycnic surfaces and hence
they are not perfect tracers of air parcels. However, from
September to mid-October the polar vortex is relatively
undisturbed and isopycnic surfaces are almost parallel to
isentropic surfaces. Therefore, balloon trajectories during
that period can be assumed to approximate air parcels
trajectories at least for a few days. The approximation
also holds after the vortex final breakdown in early
December, when the SPBs drifted in the vicinity of the
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zero wind level and the waves became evanescent
(Hertzog et al. 2007).

We start in Sect. 2 by providing details on the datasets we
use. In Sect. 3 we describe the large-scale evolution of the
flow based on zonally averaged quantities and deviations
from the zonal mean. In the southern spring of 2005, the
vortex in the middle stratosphere moved off the pole after an
enhancement in the wavenumber-2 component of the flow
(wave 2 event), and gradually weakened until it finally
disappeared at the end of November. In the lower strato-
sphere the changes in the zonal-mean quantities proceeded
at a slower pace, and the cyclonic circulation remained until
early December. Section 4 describes selected features of the
balloon trajectories and compares them with trajectories of
air parcels simulated by using the velocity field from the
GEOS-5 and NCEP/NCAR reanalyses.

The core of the paper is in Sect. 5, where we look into
the mechanisms responsible for the horizontal transport of
air inside the vortex and across its edge in the framework of
Lagrangian coherent structures (LCS) of the flow. Exam-
ples of these structures are hyperbolic invariant manifolds,
which govern the transport and mixing in dynamical sys-
tems: stable and unstable manifolds act as repelling and
attracting material lines, respectively (Haller 2002). Fig-
ure 1 is a schematic illustration of these properties. When
turbulent flows are time-dependent, stable and unstable
manifolds can intersect in a so-called hyperbolic trajectory.
Two fluid parcels initially close to each other on either side
of the stable manifold will approach the hyperbolic tra-
jectory and diverge on either side of the unstable manifold
after a sufficiently long period of time. Consequently,
invariant manifolds constitute a barrier that fluid particles
cannot cross. In this paper we refer to a SPB as located on
either the right or left side of a stable manifold according to

Forward
Stable
manifold

Unstable
manifold

Hyperbolic
trajectory

Fig. 1 Behaviour of the hyperbolic trajectory and the trajectories on
and near the stable and unstable manifolds. Two trajectories starting
from nearby initial conditions across the stable manifolds will diverge
after a sufficient time period

the view from a point on the stable manifold in the direc-
tion toward its intersection with the unstable manifold.

To identify the LCS we apply a Lagrangian technique
known as finite-time Lyapunov exponents (FTLE). The
method quantifies the dispersion rates of fluid parcels by
measuring the separation between their trajectories after a
predetermined (finite) period. Shadden et al. (2005) pro-
vide a numerical method to compute FTLEs, and define
LCSs as ridges in their distribution. Haller (2002) examines
the accuracy of using FTLEs to extract LCS from a model
velocity field. He showed that the invariant manifolds are
robust as long as the errors in the model are small
according to a special time-weighted norm. Koh and
Legras (2002) and Joseph and Legras (2002, JLO2 hereaf-
ter) visualize the hyperbolic structure of the flow on the
Antarctic stratosphere by using the finite-size Lyapunov
exponents (FSLE) method. Similar to the FTLE outlined
earlier, the FSLE approach quantifies the dispersion rates
of fluid parcels based on the period required for the sepa-
ration between their trajectories to reach a predetermined
(finite) length or size. JLO2 highlight hyperbolic manifolds
in the polar vortex during the southern spring of 1996, and
find that the manifolds surrounding the vortex are embed-
ded within a stochastic layer outside the vortex edge
(defined as the maximum of the potential vorticity gradi-
ent). Their results support the findings by Koh and Plumb
(2000) that exchanges of air found by applying lobe
dynamics do not occur across the vortex edge, but between
the stochastic layer and air at lower latitudes. We have
selected to the FTLE method based on our familiarity with
it, and our understanding that the results obtained are
qualitatively similar to those with FSLE. We emphasize
that by using the FTLE method we only seek an approxi-
mate determination of the hyperbolic structures of the flow.
In this context, the method’s usefulness will become evi-
dent in a posteriori inspection of observed balloon
trajectories.

2 Data sets
2.1 Reanalyses from operational centers

To obtain the hemispheric fields of horizontal wind
velocity, temperature and geopotential heights of pressure
levels required by our trajectory calculations we use two
global reanalyses: (1) NCEP/NCAR (Kalnay et al. 1996),
and (2) Goddard Earth Observing System Version 5
(GEOS5) (Reinecker et al. 2007). The former is available
four times daily, with a horizontal resolution of 2.5° x 2.5°
in longitude and latitude, and 17 levels in the vertical from
1,000 to 10 hPa. The GEOSS reanalysis is available eight
times daily, with a horizontal resolution of 0.66° x 0.5° in
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longitude and latitude, and 72 levels in the vertical from
976.6204 to 0.0150 hPa. The use of two reanalyses pro-
vides a comparative cross-validation of their accuracy and
increases the confidence in our findings.

Furthermore, we have at our disposal two different
GEOSS runs for the southern spring of 2005: the first one
incorporates wind data from the VORCORE balloons in the
assimilation process (hereafter, GEOS5w); the second run
does not contain any VORCORE data and will be referred
to as GEOS5wo. The VORCORE information used in
GEOS5w is wind data from the SPBs, thinned to one
observation each 6 h within a 1° x 1.5° grid box.

2.2 VORCORE data

The VORCORE campaign took place in the southern
spring of 2005, when 27 SPBs were launched from
McMurdo, Antarctica, during September and October. In
order to survey two different constant-density levels in the
lower stratosphere (at around 50 and 70 hPa pressure
levels) there were two SPB types, one with a 10 m
diameter and the other with an 8.5 m diameter. The bal-
loons flew successfully inside the stratospheric polar
vortex during an average period of 2 months, recording
position, pressure and temperature every 15 min. Position
was determined using the global positioning system
(GPS). The horizontal wind velocities are derived from
successive positions by centered finite differences. The
number of balloons simultaneously sampling the polar
vortex reached a maximum of 21 at the end of October.
The VORCORE observations covered the Antarctic con-
tinent and ocean poleward of 55°S. The region sampled
varied in time due to displacements of the vortex location
during the breakdown process. Hertzog et al. (2007) give
a complete description of the VORCORE campaign.
Further details can also be found in www.Imd.end.
fr/STRATEOLE/.
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3 Analysis of the large-scale evolution
of the 2005 vortex breakdown

In this section we use the NCEP/NCAR reanalysis, which
is perfectly adequate for depicting the large-scale features
of the flow. Figure 2a presents a time—height section of the
zonal-mean temperature at 65°S, from September to
December. A slow but persistent warming is clearly seen in
the lower and middle stratosphere from the late winter to
the early spring. In the middle stratosphere the warming
stops around the second half of November, while in the
lower stratosphere continues at a slower rate until the end
of December. Figure 2b is a time-latitude plot of the zonal-
mean temperature at 20 hPa for the same period as Fig. 2a.
The meridional temperature gradient changes sign during
the first half of October at this level, thus coinciding with a
strong wave 2 event (not shown). A similar sign reversal
does not occur in the lower stratosphere until mid-
November (not shown).

The behavior of the zonal-mean zonal wind from Sep-
tember to December is displayed in Fig. 3. The zonal flow
slows down during the whole period, at a faster rate above
30 hPa, where the zonal flow becomes easterly in mid-
November (Fig. 3a). The lower stratosphere shows weak
mean easterlies only at the very end of the period. The
westerly jet core at 20 hPa is between 55 and 65°S at the
beginning of September, with velocities over 60 m/s
(Fig. 3b). During the last week of September the strongest
zonal winds start to weaken and move slightly poleward.
By mid-November the zero wind line is at high latitudes.

The final breakdown of the polar vortex in 2005 broadly
shows the systematic evolution identified by Mechoso et al.
(1988). This includes development of a strong anticyclone
over the Indian Ocean (not shown), erosion of the cyclonic
vortex first at the top and later at lower levels, and pole-
ward shift of the zonal-mean jet. The early warming event
in the middle stratosphere during the first half of October
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Fig. 2 Time evolution of the zonal-mean temperature from 1 September to 31 December 2005. The contour interval is 5 K. a Height-time

section at 65S. b Latitude—time section at 20 hPa
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Fig. 3 Time evolution of the zonal-mean zonal wind from 1 September to 31 December 2005. The contour interval is 10 m s~'. a Height—time

section at 65S. b Latitude—time section at 20 hPa

(Fig. 2b), the strong wave 2 event in mid-October (not
shown), and the final westerly vortex breakdown in late
November together with the onset of the easterly flow
(Fig. 3a), closely match one of the two extreme types of
spring in the southern stratosphere which Newman (1986)
refers to as “early final warming and a strong wave event in
mid-October”.

4 Simulated balloon trajectories
4.1 Methodology

In this section we present simulated balloon trajectories
using velocity fields from the NCEP/NCAR and GEOSS5
reanalyses. As explained in a previous section, VORCORE
balloons were designed to fly at two different constant-
density levels. In order to calculate the simulated trajec-
tories on the same isopycnic levels, we interpolate the
horizontal wind—available at pressure levels—to the iso-
pycnic levels upon which the balloons drifted using the
following methodology (similar to Boccara et al. 2008a):

— First, the average density at flight level is computed by
using the temperature and pressure for the two sets of
balloons. The values are 0.0916 kg m™ for the 10 m
diameter and 0.1237 kg m— for the 8.5 m diameter
balloons.

— Second, density is calculated at each grid point using
temperature data at pressure levels from the reanalysis.

— Finally, wind data are vertically interpolated to the two
isopycnic levels at the balloon locations.

The initial conditions for the trajectories were set as
close as possible to the initial location of the VORCORE
balloons. The velocity field for the advection calculation
was linearly interpolated from the reanalysis to the position

of the simulated balloons at each time step. For advection,
we used a second-order Runge—Kutta integration scheme
with a time-step of 3 h during 30 days. The results are
insensitive to using a higher order scheme.

4.2 Results

Figure 4 shows the mean spherical distance between actual
and simulated balloon positions as function of flight
duration, using wind fields from the NCEP/NCAR,
GEOS5w and GEOSwo reanalysis. Vertical bars in Fig. 4
indicate the standard deviation (std), computed the fol-
lowing way:

c [y - )]
std_\/ BLE (1)

where nb is the number of SPBs, x} and y; are the positions
of the simulated and actual balloon as a function of time #,
respectively, and overbars indicate an average for all the
balloons. We note a rapid increase at an almost constant rate
during the first ten simulated days, followed by a period of
slower growth and more fluctuations. The calculations by
Boccara et al. (2008a) using the ECMWF reanalysis show
similar behavior. The distances (errors) are larger with the
NCEP/NCAR reanalysis, at least during the first 15 days,
when distances reach 1,390 4+ 925 km at day 5 and
2,090 £ 1090 km at day 10. The corresponding values for
GEOSS5w are 790 + 605 km and 2,030 & 1,450 km, while
those for GEOS5wo are 840 £+ 570 km and 1,740 +
1,385 km. Thus, including wind data from the VORCORE
balloons in the GEOSS run has primarily local impacts both
in space and time near the balloon trajectories.

The results in Fig. 4 are consistent with the trajectories
computed using wind fields from the ECMWF reanalysis
versus those from the NCEP/NCAR reanalysis as reported
by Boccara et al. (2008a). Hertzog et al. (2004) obtained
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Fig. 4 Mean (solid lines) and standard deviation (£ 10) (error bars)
of the distance between simulated and VORCORE balloon positions
as a function of the simulation time. Computed trajectories were
calculated using GEOS5w (red), GEOS5wo (blue) and NCEP/NCAR
(black) winds

similar results in simulated trajectories in the northern lower
stratosphere. The accuracy obtained using both GEOSS5 runs
is intermediate between the two other reanalysis datasets.

Dvorkin et al. (2001) use a hybrid model for recon-
structing four balloon trajectories in the equatorial lower
stratosphere. They modify the pure advection model by
adding a correction velocity—calculated on the basis of a
two-dimensional frictional model—that accounts for the
insufficient accuracy of the velocity fields, and find sub-
stantial improvement in the computed trajectories. They
are cautious, however, in promoting the applicability of
their model due to the limited dataset (only four trajecto-
ries) and spatial coverage (tropical stratosphere). In the
next section we argue that no more refined calculations for
parcel trajectories are needed to properly address the goals
of the present study.

5 Analysis of selected VORCORE balloon trajectories

In this section we examine selected features in the balloon
trajectories in the context of Ertel’s potential vorticity and
FTLE distributions. This will allow for an assessment of
the power of Lagrangian diagnostics in studies of local
dispersion properties of turbulent flows. FTLE will help us
to identify aspects in the chaotic behavior of the balloons
that are not easily explained in an Eulerian framework.

5.1 Methodology for FTLE and PV calculation

Our implementation of the FTLE is as follows. We ini-
tialize a reference distribution of parcels on a 0.66°
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longitude and 0.5° latitude grid over the extratropical
Southern Hemisphere on the two isopycnic levels of
VORCORE balloons (i.e., 0.0916 and 0.1237 kg/rn3 on
average). For each parcel we consider four others at the
grid points to the north, west, south and east. Next, each
parcel and the four around it are advected forward and
backward in time using GEOS5w wind data linearly
interpolated in the horizontal and the vertical directions to
the parcel positions, as explained in Sect. 4.1. The time
step for the calculation is chosen to be 3 h (the results are
insensitive to the choice of a shorter time step). To obtain
the FTLEs we apply the same methodology as Shadden
et al. (2005). Briefly, the method consists of computing
the Cauchy-Green deformation tensor and its maximum
eigenvalue (An,.x). This gives:

FTLE = ﬁln(\/ﬂvmax) 2)
where T is the time interval from the initial to the final
position of the parcels, chosen to be 4 days. We have
verified that the results using 7 = 4, 6, and 8 days (not
shown) are practically identical.

As mentioned in the Introduction, FTLE are not used in
the present study to precisely determine hyperbolic mani-
folds and hyperbolic trajectories. Nevertheless, we will
refer to the FTLE maxima as manifolds in this section, and
to lines joining FTLE maxima—i.e., where values are
above a certain threshold—in the forward (backward)
integration as stable (unstable) manifolds. We will justify,
a posteriori, that this terminology does not lead to incon-
sistencies. Moreover, the width of the hyperbolic manifolds
visualized by the high FTLE value above the threshold is
not representative of the actual width of the kinematic
boundaries. Legras et al. (2005) estimated the practical
width of the kinematic boundary as a few tens of kilome-
ters based on the ratio of the maximum strain and the
diffusion.

Ertel’s potential vorticity is calculated in pressure levels
(Hoskins et al. 1985)

Q=—g0£+§va)'§p9 (3)

where Q is PV, g is acceleration of gravity, fis the Coriolis
parameter, V is the horizontal velocity vector and 0 is
potential temperature. The values of Q are vertically
interpolated to the balloon-flight levels.

5.2 Results

Figure 5 shows the horizontal distribution of PV at the
p = 0.0912 kg/m? level, superimposed on the lines join-
ing FTLE values above 0.033 h™' for the forward (blue)
and backward (red) integrations for six different times
around the end of November and beginning of December
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2005. The PV distribution in Fig. 5 depicts a weakened
and zonally distorted cyclonic polar vortex centered off
the pole. As mentioned in Sect. 3, the north-south tem-
perature gradient has already changed signs in the lower
stratosphere by the time considered. On 21 November
(Fig. 5a), the region of high PV air is located over Ant-
arctica, but shifted towards the Indian Ocean. Westerly
winds are very weak at these levels (Fig. 3a), and verti-
cally propagating waves from the troposphere can easily
propagate into the lower stratosphere. An anticyclone
developing near the date line over the continent is eroding
the cyclonic vortex, and a tongue of high PV air is
ejecting from the cyclone’s periphery and extending to
the date line. The anticyclone strengthens as it reaches
higher latitudes, and the tongue of PV air lengthens
(Fig. 5b, c). In 25 November (Fig. 5d) the tongue has
separated from the main vortex, and debris from this
separation is visible around the location 60°W-60°S.

Fig. 5 Contours: potential
vorticity maps on the isopycnic
level p = 0.0916 kg m—>.
Contour interval 8 PVU (1
PVU = 107%m? s™! kg™! K).
Shaded Central initial location
of set of particles with FTLE
values above 0.033 h™'for the
forward (blue) and backward
(red) integrations at the same
isopycnic level. Green dots
Location of SPB-3 and SPB-27.
a 21 November at 06 UTC, b 22
November at 06 UTC, ¢ 31
November at 18 UTC, d 25
November at 18 UTC, e 28
November at 09 UTC and f 2
December at 00 UTC

Let us now consider the structure of stable and unstable
manifolds in Fig. 5. As pointed out by JLO2, the FTLE
technique provides a fuzzy description of the manifolds.
However, an overall structure clearly emerges, with stable
and unstable manifolds surrounding the vortex and inter-
secting in several locations. The relatively broad appear-
ance of the manifolds impedes a clear view of the
complicated tangle of crossings. Nevertheless we do
identify main intersections, such as the crossing of a stable
and an unstable manifold, from which the high PV air
tongue emerges in Fig. 5a and which extends outside the
vortex. This feature may indicate the presence of a
hyperbolic point in the particular intersection (Haller and
Poje 1998; Koh and Plumb 2000).

Figure 5 also shows the location of SPBs number 3 and
27 (SPB-3 and SPB-27, respectively). We will highlight the
behavior of these two balloons since they were the only
two that managed to escape from the cyclonic vortex
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before complete breakdown. Let us start with SPB-27,
which was ejected outside the vortex through the PV ton-
gue mentioned earlier. We can justify this behavior by the
possible location of a hyperbolic trajectory. On 21
November (Fig. 5a) SPB-27 is located at 130.7°E and
79.6°S, which is within a region of high PV gradient that
characterizes the vortex edge. We are not able to discern
the relative position of the balloon with respect to the
unstable and stable manifolds on 21 November, but we can
see that it is clearly on the left side of the stable manifold
on 22 November (Fig. 5b). An analysis based exclusively
on the PV contours would be unclear as to whether the
balloon will stay at the vortex edge or will go into the
emerging PV tongue. A prediction of behavior can be made
by examination of the manifolds. SPB-27 approaches the
possible hyperbolic trajectory along the stable manifold
and, according to dynamical systems theory, the balloon
will move away from the hyperbolic trajectory along the
unstable manifold. Hence, SPB-27 will drift along the PV
tongue. This is precisely the situation found on 23
November (Fig. 5c).

To our knowledge, this is the first time that results
obtained using FTLE—or related Lagrangian analysis
tools—are checked against observed trajectories of quasi-
Lagrangian tracers in the stratosphere. Even though FTLE
are not precise indicators of material barriers for the bal-
loon motions, they give useful hints on the balloon
behavior.

We next focus on SPB-3. On 21 and 22 November, this
balloon is closely following SPB-27 along the maxima of

Fig. 6 The same as Fig. 5, but
showing the location of SPB2,
SPB7 and SPB15. a 3 December
at 00 UTC, b 4 December at 00
UTC, ¢ 5 December at 00 UTC
and d 6 December at 00 UTC
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PV gradient. On 23 November (Fig. 5¢) SPB-3 is at the
base of the PV tongue along which SPB-27 is escaping.
However, SPB-3 and SPB-27 are clearly situated on dif-
ferent regions divided by the manifolds; hence SPB-3 will
not exit the vortex on this occasion. On 25 November
(Fig. 5d) SPB-3 is still poleward of the region delimited by
the intersection of the manifolds, although it is equatorward
of the region of high PV gradient. On 28 November
(Fig. 5e), another tongue of high PV air is developing
around the date line, just in the vicinity of an intersection
between a stable and an unstable manifold. The configu-
ration is very similar to that of Fig. 5a. Again, SPB-3 is
approaching a tongue on the left side of the stable mani-
fold, and will drift along the unstable branch directly to the
PV tongue as shown on the panel corresponding to 2
December (Fig. 5f).

Figure 6 shows plots similar to those in Fig. 5 for four
consecutive days in early December. On 3 December the
PV field has the imprint of a wave 3 disturbance, which is
also discernible in the layout of the manifolds. Figure 6
also shows the positions of three balloons at the same
isopycnic level (0.0916 kg m ™), SPB-2, SPB-7 and SPB-
15, which on 3 December seem to be drifting as a group.
Notably, as we go forward in time (Fig. 6b—d), one of the
balloons turns right in its flight and separates from the other
two. According to the distribution of FTLE maxima around
the group of balloons on 3 December (Fig. 6a), SPB-2 and
SPB-7 are located on a stable manifold, but the former is
slightly to the right and the latter is a little to the left side of
the manifold. SPB-15 is on a different forward FTLE
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maximum, a bit to the east. The three balloons are clearly
inside the region delimited by the maximum PV gradient,
and SPB-2 and SPB-7 are both inside a small pool of
higher PV air than the surroundings. On 4 December
(Fig. 6b) the three balloons are in a region with the same
PV, and there is no reason to expect a separation in the
group of balloons. However, SPB-2 is slightly on the right
of a stable manifold, which separates this balloon from the
other two. During the following 2 days (5 and 6 December;
Fig. 6c, d), while the PV contours show the progression of
the final breakdown of the vortex at this level, SPB-2 stays
inside a lobe delimited by intersections of FTLE maxima,
whereas SPB-7 and SPB-15 drift away from SPB-2. Both
SPB-2 and SPB-7 are still in the same PV region, but have
drifted far away from each other. These results provide
observational evidence of hyperbolic manifolds delineating
different regions of stirring in the Southern Hemisphere
stratospheric polar vortex during its final breakdown.

6 Discussion

We have reported two examples of VORCORE SPBs
(SPB-3 and SPB-27) that managed to escape from the
Antarctic polar vortex (Fig. 5). The flight histories of those
balloons are very different from each other. SPB-27 was
launched on October 28 already at the vortex edge (high
horizontal PV gradient); SPB-3 was released early in the
campaign on September 9 and inside the well-isolated
vortex of early spring. During September, SPB-3 remains
well inside the vortex, following an almost isentropic tra-
jectory since it moves practically along PV contours and
isopycnic and isentropic surfaces are nearly parallel to each
other. Isopycnic and isentropic surfaces do not remain
parallel during October and November due to the pro-
gressive warming and the effects of planetary wave dis-
turbances in the lower stratosphere. In this way, SPB-3
could cross PV isolines and approach the vortex edge as a
prelude to its escape. From a physical viewpoint, erosion of
the vortex by wave disturbances and development of high
PV air tongues that are expelled out are the responsible
mechanisms for the balloons leaving the vortex. On the
other hand, the presence of hyperbolic trajectories does
seem to control which balloons succeed in escaping and
which do not. Hence, FTLE diagnostics enhances the
power of isentropic analysis for a better understanding of
the balloons’ motions.

Joseph and Legras (2002) provided evidence of a sto-
chastic layer around the vortex, the interior closure of
which is the vortex edge. They also showed hyperbolic
manifolds—identified by application of the FSLE tech-
nique—governing air stirring in this layer, and identified
lobe dynamics as the responsible mechanism for injection

of air from the stochastic layer to lower latitude areas and
vice versa. Although JLO2 did not directly address the
kinematic mechanisms at work for the transport across the
vortex edge, they hypothesized that the stochastic layer and
its interior closure (the vortex edge) need to be defined over
time intervals short enough for isentropic advection to
dominate over diffusion and diabatic processes (in our
case, isentropic advection will always dominate over
molecular diffusion for the resolved spatial scales). They
stated that from one of these intervals to the next, parts of
the new stable manifolds may lie inside the previously
isolated vortex and thus vortex air might be incorporated
into the stochastic layer. Our results in Fig. 5 support this
hypothesis. SPB-27 flies along the vortex edge—high PV
gradients—for several days (not shown), but it is not until
the stable manifold intrudes into this region that the balloon
leaves the vortex.

Our success in applying FTLE to study observed balloon
trajectories suggest that the accuracy of the trajectory
calculations (Sect. 4) is adequate for the calculation of
FTLE. Haller (2002) concludes that errors in individual
particle trajectories will spread along hyperbolic manifolds,
but errors transverse to hyperbolic manifolds remain small.
This is to say that true and computed material lines will not
separate exponentially though true and computed trajec-
tories may do so. In the present paper there has been no
discrimination between maximized FTLE and hyperbolic
manifolds. Even so, it has been shown that this discrimi-
nation is not required since there is good agreement
between balloon trajectories and the FTLE distribution.
Therefore, an improvement in the trajectory computa-
tions—i.e., a higher order scheme of integration, shorter
time step for the integration or the use of a more complex
model for balloon motion as in Dvorkin et al. (2001)—
might lead to a more realistic representation of the motions
of individual fluid parcels, but it would not necessarily
change the general structure of the hyperbolic manifolds.

7 Summary and conclusions

We have investigated the vortex breakdown in the southern
stratosphere during the spring of 2005. A large-scale
analysis of the final warming has been performed by means
of zonally averaged quantities—zonal wind and tempera-
ture. The results indicate that persistent zonal mean eas-
terlies at high latitudes do not appear in the middle
stratosphere until December, whereas the reversal of the
latitudinal temperature gradient already occurs during the
first half of October.

Our main goal has been the better understanding of the
control exerted by the polar vortex on the motion of air
parcels during the process of vortex weakening and

@ Springer
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breaking. We made use of a unique set of in situ obser-
vations of the lower stratosphere provided by the Stratéole/
VORCORE superpressure balloons that drifted on isopyc-
nic surfaces in the Antarctic region for several months.
Simulated balloon trajectories using horizontal wind data at
isopycnic levels from NCEP/NCAR, GEOS5w and
GEOSS5wo reanalysis were obtained and compared with the
observed trajectories. The results showed a rapid increase
in the distance between simulated and actual balloon
locations during the first 10 days, followed by a period of
fluctuations. These findings are in agreement with Troun-
day et al. (1995). The accuracy of our trajectories com-
puted with GEOSS is intermediate between ECMWF—the
best accuracy—and NCEP/NCAR reanalyses, in agreement
with Boccara et al. (2008a).

Selected balloon trajectories were analyzed using a
combination of potential vorticity diagnostic and FTLE at
isopycnic levels. FTLE are used to determine approximate
locations of maximum divergence of air parcel trajectories,
and hence to broadly identify hyperbolic manifolds in the
lower stratospheric flow. To our knowledge, this is the first
time that FTLE have been successfully used to analyze
observed trajectories in the stratosphere.

We have shown that two SPBs escaped from the vortex
inside tongues of high PV vortex air ejected from its
periphery. The tongues developed in the region where an
anticyclone erodes the vortex, and they are thus interpreted
as a signature of wave breaking. In addition, the ejections
occur in the intersection of forward and backward FTLE
maxima (approximately stable and unstable manifolds,
respectively), indicating the presence of a hyperbolic tra-
jectory. For the ejection of SPB-27, the flow evolves in
such a way that the stable manifold slightly crosses the
edge of the vortex in the location where SPB-27 is posi-
tioned. SPB-27, therefore, moves away from the hyperbolic
trajectory along the unstable manifold inside the high PV
air tongue. This result supports JLO2’s contention that a
stable manifold, usually located in the outside surroundings
of the vortex edge (in the “stochastic layer”), may lie
inside the vortex and take out air from inside.

We have also reported an example of manifolds
delimiting different regions of stirring when the vortex is
breaking down in the lower southern stratosphere (Fig. 6).
In this regard we examined the trajectories of three bal-
loons flying as a group at the same isopycnic level. At
some point in time one of the balloons separates from the
other two. Our FTLE calculations using analyzed winds are
successful in locating the three balloons on different mix-
ing regions separated by hyperbolic manifolds.

A number of studies have applied FTLE or related
techniques to identify LCS and investigate transport and
stirring in the stratosphere and the ocean (d’Ovidio et al.
2004; Lehahn et al. 2007; Waugh and Abraham 2008).

@ Springer

Some of these studies have used indirect observational
evidence to support the conclusion that the calculation of
manifolds using reanalysis products is useful for analyzing
real trajectories. For example, Bowman et al. (2007) cal-
culated invariant manifolds in the upper troposphere and
successfully contrasted them with the distribution of in situ
and satellite measurements of different constituents (water
vapor, ozone, etc.). To our knowledge, the present paper is
the first to verify the calculations from manifolds against
observed trajectories of quasi-Lagrangian tracers in the
stratosphere. These results have implications for the better
understanding of the dynamics of the polar vortex isolation,
which is an integral component of the Antarctic ozone hole
formation.
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