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Stratospheric filamentation into the upper tropical troposphere
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Abstract. We investigate the process of Rossby wave breaking on the subtropical
tropopause and the resulting filamentary structures of stratospheric air transported into
the upper tropical troposphere. We make extensive use of the Measurements of Ozone
by Airbus In-Service Aircraft (MOZAIC) flight database, both for identifying individual
wave-breaking events and for analyzing the small-scale features of the filamentation
process. Two models are used to provide a dynamically consistent description of the
evolution of a particular wave-breaking event, one a limited area, high-resolution general
circulation model, MesoNH, the other an isentropic contour advection model. The ability
of both of these to represent the small-scale evolution of the filament is examined by
explicit comparison with the MOZAIC ozone data; at larger scales, comparison is made
with analyses from the European Centre for Medium-Range Weather Forecasts. Two
other wave-breaking events are presented briefly, on the one hand, verifying that the
filamentary structure is ubiquitous, on the other hand, illustrating additional, distinct
features of the evolution. A simple analysis of all the MOZAIC flights over the southern
tropical Atlantic provides an indication of the frequency of wave-breaking events over this
region. Together with the small-scale development suggested by the model studies and
present in the MOZAIC data we infer a potentially significant contribution to the global
stratosphere-troposphere exhange from the wave-breaking processes.

1. Introduction

The chemical compositions of the stratosphere and the
troposphere play a crucial role in both stratospheric ozone
destruction and in the radiative properties of the atmosphere.
Since the chemical compositions in each are also very differ-
ent, evaluating the stratosphere-troposphere exchange (STE)
of air between one region and the other is crucial to our un-
derstanding of both the short- and the long-term behavior of
the atmosphere. One important mechanism by which STE
can occur is through the quasi-horizontal motion on those
isentropic surfaces that intersect the tropopause. Since this
motion is inhibited by the dynamical barrier at the tropo-
pause [e.g., Haynes and Shuckburgh, 2000], which may be
identified with the strong isentropic gradients of potential
vorticity (PV) and chemical species, it is important to assess
the strength of this barrier and the mechanisms by which it
may be crossed (see Holton et al. [1995] for arecent review).

At high latitudes in the stratosphere the dynamical bar-
rier associated with the strong isentropic PV gradients of the
winter polar vortex has received considerable attention, in-
cluding studies of vortex erosion and filamentation using a
wide range of observations, theory, and numerical modeling
[e.g., Norton, 1994; Waugh et al., 1994, Mclntyre, 1995].
Although it is widely accepted that in low latitudes and near
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the tropopause there is a similar dynamical barrier acting to
inhibit mixing [e.g., Polvani et al., 1995], the strength of this
barrier is not well understood. Observational and modeling
evidence suggests, however, that the barrier at low latitudes
is weaker than that of the stratospheric polar vortex, con-
sistent with the more dynamically active troposphere, and
that substantial STE can occur in both directions [e.g., Chen,
1995; Appenzeller et al., 1996]. ‘

In midlatitudes, where the tropopause intersects isentr-
opes approximately in the 300-330 K range, STE can oc-
cur in regions of large tropopause deformation, or tropo-
pause folds. These are associated with strong baroclinicity
and upper level frontogenesis and typically result in deep
intrusions of stratospheric air into the middle and even the
lower troposphere. Numerous studies have been conducted
recently examining the structure of, and the STE associated
with, such events, including intensive observational cam-
paigns [e.g., Appenzeller and Davis., 1992; Appenzeller et
al., 1996] and numerical modeling [e.g., Ebel et al., 1991;
Mariotti et al., 1997; Bithell et al., 1999]. In the subtropics,
where the tropopause intersects isentropes approximately in
the 340-370 K range, STE can again result from tropopause
folding events [e.g., Gouget et al., 1996; Baray et al., 2000].
In this region, however, strong tropopause deformation can
also result from large-amplitude barotropic Rossby waves.
The breaking of these waves can lead to STE through the
irreversible deformation of the isentropic PV contours near
tropopause and the pinching off of filaments of stratospheric
air into the upper tropical troposphere [Postel and Hitchman,

11,835



11,836

1999; Waugh and Polvani, 2000]. Note that here, in contrast
to tropopause folding events, strong baroclinicity is not an
essential ingredient and the wave breaking can occur over a
large (e.g., 340-370 K) vertical extent.

In this paper we consider a particular wave-breaking event
and provide a detailed description of the resulting filamen-
tary intrusions of stratospheric air into the upper tropical tro-
posphere. Our work complements that of Appenzeller et al.
[1996] and other studies referenced above, which have fo-
cused on the structure and development of low-latitude and
midlatitude tropopause folds. We focus on the geographi-
cal region over the southern tropical Altantic, which is one
of the regions identified by Postel and Hitchman [1999] and
Waugh and Polvani [2000] as having a relatively high occur-
rence of such wave-breaking events (the other being over the
Pacific). We further restrict attention to the summer hemi-
sphere, identified by Postel and Hitchman [1999] as the pre-
ferred season for Rossby wave breaking in the subtropics

(and see also section 5.3 below). This is also consistent with .

the study of Chen [1995], who found evidence of STE on the
350 K isentropic surface only in the summer hemisphere, in
association with the summer monsoon circulation. We note
that stratospheric intrusions in this and other subtropical re-
gions could also be of interest to recent discussions consern-
ing observed tropospheric ozone and its seasonal and geo-
graphical variability [e.g., Diab et al., 1996, and references
therein].

We make use of ozone and other data gathered by sev-
eral Measurements of Ozone by Airbus In-Service Aircraft
(MOZAIC) [Marenco et al., 1998] flights between Europe
and South America that cross the tropical Atlantic in the
upper troposphere. These provide high-resolution, along-
trajectory measurements of quantities such as ozone mixing
ratio, potential temperature, relative humidity, wind speed,
and wind direction. European Centre for Medium-Range
Weather Forecasts (ECMWF) analyzed fields and Meteosat
imagery of water vapor are used to consider the synoptic sit-
uations in which the MOZAIC measurements are made.

We also use two kinds of numerical models to obtain a de-
tailed description of the evolution of one such wave-breaking
event, in which stratospheric air is advected deep into the
tropics. One model is a high-resolution limited area nonhy-
drostatic (anelastic) model, MesoNH, [Lafore et al., 1998;
Mallet et al., 1999] with a full suite of physical parame-
terizations; the other is an isentropic Lagrangian advection
model, the contour advection with surgery (CAS) model
[Dritschel, 1989]. A secondary aim of the paper is to ex-
amine the utility of these models for studying the evolution
of wave-breaking events in the subtropics. Numerous stud-
ies have established the utility of CAS for studying mixing
across the stratospheric polar vortex edge, and its ability to
represent the fine scale, filamentary structures that are pro-
duced [e.g., Norton, 1994; Waugh and Plumb, 1994; Waugh
et al., 1994; Mariotti et al., 1997]. Less attention, however,
has been given to its potential for analyzing similar processes
in the dynamically and radiatively more active region near
the subtropical tropopause. Similarly, MesoNH has already
been used in the study tropopause folds [e.g., Donnadille et

~al., 2001], but its ability to represent the filamentary struc-
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tures resulting from wave-breaking events has not yet been
addressed.

The remainder of the paper is organized as follows. In
section 2 we present observations and analyses that illustrate
a particular case of stratospheric filamentation following a
Rossby wave-breaking event at the subtropical tropopause.
This case is investigated in more detail in sections 3 and 4
using the MesoNH and CAS models. Both the horizontal
and the vertical structure of the filamentation are considered.
In section 5 we discuss various implications of the modeling
results, consider the extent to which the particular event ex-
amined is representative of other wave-breaking events, and

* present a brief climatology of such events based on all the

MOZAIC flights over the tropical Atlantic. Conclusions are
given in section 6.

2. Observed and Analyzed Data for
November/December 1995

In this section, we present observations of anomalous
ozone-rich air in the tropical upper troposphere by two MO-
ZAIC flights and relate these, using global meteorological
analyses, to the filamentation of stratospheric air following
a wave-breaking event. The particular event presented here
was selected over others because of the deep extension of
the filament to equatorial latitudes, with MOZAIC measure-
ments detecting high ozone anomalies at 3°S. See Marenco
et al. [1998] and other papers in the special issue “First Re-
sults from the MOZAIC I Program” in Journal of Geophysi-
cal Research, 103,25,631-25,737, 1998, for an overview of
the MOZAIC program and for details of the instruments and
measurement accuracies.

Anomalously high ozone values were measured by two
MOZAIC flights over the tropical Atlantic on November 30,
1995, at 1800 UT and on December 1, 1995, at 0300 UT, the
first flying from Frankfurt to Rio de Janeiro, the second re-
turning from Rio de Janeiro to Frankfurt soon after. Several
of the measured fields from each flight are shown in Figure 1,
plotted as a function of latitude. The actual trajectories of
the flights in the region of interest are indicated in Figure 2.
As the first, southbound, flight passes soucth over the tropics,
flying at an altitude of 10660 m (239 hPa), observed values
of ozone mixing ratio rise steadily from around 35 ppbv at
12°N to around to 65 ppbv at 3°S. From here the observed
ozone values rise more sharply to above 70 ppbv, reaching
peaks of 90 ppbv near 4°S and 85 ppbv near 5°S, and then
drop sharply again near 6°S. These peaks have ozone mix-
ing ratio values significantly higher than the ambient tropo-
spheric values. The horizontal scale of the anomaly defined,
say, by ozone mixing ratio above 70 ppbv, between 3.4°S
and 5.7°S, is about 300 km. Following this double peak,
there is a gap of lower (below 60 ppbv) mixing ratio before
values rise once more above 70 ppbv in a smaller scale, sin-
gle peak, with a length scale of about 100 km at 8°S.

Consideration of the other fields shown in Figure 1 sug-
gests that the anomalies are consistent with a positive local
PV anomaly and hence with a locally lower equatorial tro-
popause [cf. Hoskins et al., 1985, Figure 15a]. In particular,
Figure 1b shows a sharp cyclonic change in the wind shear
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Figure 1. Flight data from MOZAIC flights on (a-d)

November 30 (southbound flight) and (e-f) December 1,
1995 (northbound flight), plotted as a function of latitude:
ozone (Figures 1a and 1e), wind speed and direction plotted
along the flight trajectory (Figures 1b and 1f), relative hu-
midity (Figures 1c and 1g), and potential temperature (Fig-
ures 1d and 1h).

with a near-zero minimum of wind speed centered on the
strongest ozone peak, and Figure 1d shows a broad poten-
tial temperature minimum over the whole region with a local
maximum also centered on the strongest ozone peak. Note
also minima in relative humidity shown in Figure 1c coin-
ciding with both the strong, double peaks and the weaker,
single peak in the ozone. This small-scale structure will be
considered in detail in sections 35 below.

The return, northbound, flight shows similar structure and
anomalously high mixing ratios (Figures le—h), though these
are lower than those measured by the southbound flight.
Since the return trajectory is also a few degrees further west
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(see Figure 2), the lower mixing ratios suggest that the fea-
ture measured by the southbound flight is a local one. (The
high ozone anomalies north of the equator in Figure le, and
situated in a region of strong convective activity, were dis-
cussed in detail by Suhre et al. [1997]; they are not the focus
of the present work.)

In support of the claim that the ozone anomalies are of
stratospheric origin, Figure 2 shows potential vorticity (PV)
from ECMWF analyses, with a spectral horizontal resolu-
tion of T213 (approximately 0.65° grid point resolution in
the tropics), interpolated from pressure levels onto the 344 K
insentrope. Also shown superposed is the water vapor chan-
nel image of Meteosat, near the time of the high-ozone mea-
surements. The locations of the high-ozone measurements
are indicated on each of the flight trajectories by the white

.diamonds. The 344 K isentrope corresponds approximately

to the level of the flight before it enters the region of high
ozone. From Figure 2 it is seen that the region of high
ozone mixing ratios measured by the southbound flight cor-
responds to a filament of high PV (hereafter referred to as
a PV filament) stretching equatorward from around 20°S.
Similarly, the lower mixing ratios measured by the north-
bound flight can be understood as the result of the flight tra-
jectory traversing the filament toward its northernmost ex-
tremity, where the signature of stratospheric air is weak. The
Meteosat image, which indicates water vapor in a vertical
region around 400 mbar, shows dry air over a much broader
region, with a strong constrast a few degrees north of the
equator giving an indication of the location of the intertrop-
ical convergence zone. Although the PV filament crosses
north of the equator, it does not cross the convergence zone.

In Figure 3, snapshots of the ECMWEF PV field on the
344 X isentrope at several times up to the time the south-
bound flight crosses the PV filament illustrate the develop-
ment of the filament from a wave-breaking event at subtrop-
ical latitudes a few days earlier. On November 27 at 0000
UT the crest of a Rossby wave (i.e., the trough in the geopo-
tential height) is located at 30°W. East of this, filamentary
PV remnants from a previous wave-breaking event lie on the
western edge of a stationary blocking anticyclone centered
near 0°W. The combined influence of the wind field asso-
ciated with these features contributes to the steepening of
the PV contours defining the wave and its eventual breaking,
with a filament of high PV air being drawn off the crest.
Over the next 2 days, Figures 3b-3d, the filament drifts
equatorward and is distended further by the strong deforma-
tion field induced by the blocking anticyclone. It remains
longitudinally stationary while the crest of the parent wave
moves off east. By the time of the flight crossing at 1800
UT on November 30, the filament extends from 25°S all the
way to the equator and has become separated from the crest
of the parent wave, which is now situated at 5°W.

3. Simulation with a Mesoscale
Nonhydrostatic Model

We use a nonhydrostatic limited area general circulation
model, MesoNH, based on the anelastic equations, with full
physics to analyze the evolution of the PV filament described
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Figure 2. ECMWF PV on 344 K isentrope superimposed on Meteosat water vapor image, at the times
of the (a) southbound and (b) northbound MOZAIC flights. The contour interval for the PV is -0.5 pvu
where 1 pvu = 107% m2 s~! K kg™*. The flight trajectories are shown dotted, and the maxima in the
ozone measurements are indicated with white diamonds.

above. The model was jointly developed by Météo-France initial and boundary conditions. The domain is the region
and the Centre National de Recherches Scientifiques and is  56°W-16°W, 53°S-20°N, ground-20 km, with a horizon-
described by Lafore et al. [1998] and Mallet et al. [1999]. tal resolution of 40 km, and with 52 vertical levels, giving
The model uses T213 resolution ECMWF analyzed fields for  a resolution of approximtely 600 m in the free troposphere
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Figure 3. PV and wind fields on the 344 K isentrope from ECMWF analyses over the period November
27-30, 1995: (a) November 27 at 0000 UT, (b) November 27 at 1800 UT, (c) November 28 at 1200 UT,
(d) November 29 at 0600 UT, (e) November 30 at 0000 UT, (f) November 30 at 1800 UT. Colorbar units
are potential vorticity units.
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(b) MNHI: Nov30, 06GMT
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Figure 4. (a-c) Stratospheric passive tracer on the 344 K isentrope and (d) synthetic Meteosat brightness
temperature (d) from the MesoNH simulation MNH]1 initialized on November 29 at 0600 UT: (a) tracer
field on November 30 at 0000 UT, (b) tracer field on November 30 at 0600 UT, (c) tracer field on November
30 at 1800 UT, and (d) brightness temperature on November 30 at 1800 UT.

and above and increasing resolution toward the ground. The
physical parameterizations used include stratiform cloud and
precipitation, convection, a planetary boundary layer, sur-
face exchanges, radiation, and horizontal diffusion. In addi-
tion, a passive stratospheric tracer is included in the model,
initialized with a mixing ratio & given in ppbv by @ = 100q
for |g| > 0.75, a = 20 for |g| < 0.75, where g is the PV dis-
tribution in potential vorticity units (pvu) [Ebel et al., 1991],
with 1 pyvu=10"¢m? s~! K kg™ *.

One objective of using this model is to obtain a dynam-
ically consistent picture of the evolution and to improve on
the horizontal and vertical resolution of the ECMWF anal-
yses. Another objective is to use the passive statospheric
tracer, a basic representation of ozone in the model, in con-
Jjunction with the PV as an indicator of air of stratospheric
origin. A final objective is to assess the ability of the model
to accurately represent the evolution of filamentary struc-

tures such as the one studied here. Since these structures
are essentially advected upper level PV anomalies, they are
associated with changes in the static stability of the tropo-
sphere below [Hoskins et al., 1985]. It is anticipated there-
fore that future studies will use this model to investigate the
relation between upper level filamentation and the triggering
of deep convection in the troposphere.

‘We present the results of one simulation, MNH1, initial-
ized on November 29 at 0600 and later remark on the sensi-
tivity of the evolution to different initial times. At the initial
time of the simulation the filament is already well formed,
with some weak internal structure toward the filament tip
(compare Figure 3d). The evolution of the filament can be
seen in Figure 4a—c, which shows the stratospheric passive
tracer on the 344 K isentrope for November 30 at 0000,
0600, and 1800 UT. It shows a roll up of the filament tip,
similar to that hinted at in the ECMWEF analyses (compare
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Figure 3e) but beginning slightly later on the November 30 at
0600. By the time of the southbound flight the return branch
of the filament roll up dominates the original filament (Fig-
ure 4c). The roll up also suggests the origin of the smaller
scale (around 100 km width) peaks in the MOZAIC ozone
data shown in Figure 1a. This will discussed more fully in
section 5.1 below.

Validation of the larger scales of the simulation was pro-
vided by the geopotential height and wind fields on 250 hPa
(not shown), which revealed broad agreement with both the
ECMWF analyses and the MOZAIC wind data, with only
a slight distortion of the overall geometery. Further, com-
parison of the synthetic water vapor brightness field calcu-
lated from the model by the method used by Chaboureau et
al. [2000] with the Meteosat water vapor channel indicates
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broad agreement of the location of the Intertropical Conver-
gence Zone and the dry air in the region of the filament (Fig-
ure 4d).

The vertical structure is illustrated in Figures 5a~d. This
is a vertical cross section between 45°W and 15°W at lati-
tude 5°S. The depth of the original filament branch is clearly
visible in Figure 5a, spanning the whole region between the
340 K isentrope, just below the level of the flight, and the
tropical tropopause above 370 K. The evolution of the roll
up of the filament is also visible in Figures 5b~d. This ex-
hibits a stronger vertical dependence, with the roll up begin-
ning at lower altitudes on November 30 at 0600 UT and not
developing high up until 1800 UT. Also evident at lower al-
titudes is the intensification of the return branch of the roll
up and the weakening of the original branch, as seen in the
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Figure 5. Stratospheric passive tracer on a vertical cross section at 5°S between 45°W and 15°W (as
depicted by the line in Figure 4) from the MesoNH simulation MNH1 initialized on November 29 at 0600
UT: (a) on November 30 at 0000 UT, (b) on November 30 at 0600 UT, (c) on November 30 at 1800 UT,

and (d) on December 1 at 0000 UT.
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isentropic fields shown in Figure 4. The roll up thus has an
approximate spiral or corkscrew form and is similar in char-
acter to the vertical structures found in idealized models of
three-dimensional vortex dynamics [e.g., Dritschel and Sar-
avanan, 1994]. We note that such an evolution is consistent
with the wind field near the filament tip, which is induced
primarily by the filament PV itself rather than the more dis-
tant large-scale PV field associated with the stratosphere.

Two other simulations were initialized on November 28
at 1200 UT (MNH2) and November 30 at 0000 UT (MNH3)
18 hours earlier and later than MNHI to test the sensitivity
to the initialization time. Similar behavior is observed but
with some changes in the timing of events and in the verti-
cal structure. For example, MNH2, which was initialized in
the early stages of the filament evolution (Figure 3c¢), repro-
duced the subsequent filament evolution and roll up. The roll
up, however, occurred slightly earlier than in MNHI, so that
by the time of the southbound MOZAIC flight the resulting
double structure was no longer present. On the other hand,
MNH3, which was initialized in the late stages of the fila-
ment evolution (Figure 3e), followed the ECMWF analyses
more closely through the later stages of the filament devel-
opement, around the time of the MOZAIC flights. We con-
clude that the MesoNH model is able to reproduce consis-
tently the internal dynamics of the filament evolution, both
in the early, roll up stage and in the later, decaying stage.

4. Simulation with a Contour Advection
Model

In this section we use an isentropic Lagrangain advection
technique, contour advection with surgery (CAS), developed
by Dritschel [1989], to analyze the small-scale development
of the filament. In the configuration used here, CAS uses ex-
ternally imposed winds on an isentropic surface to materially
advect an initial distribution of PV on that isentropic surface.
Both the externally imposed advecting wind field and the PV
are taken from T213 ECMWF 6-hourly analyses [e.g., Mar-
iotti et al., 1997]. The initial PV distribution is chosen on
a particular day sometime before the wave-breaking event,
and the advecting wind field is determined on that isentrope
at each model time step by interpolating in time and space
the ECMWF wind fields over a time interval from the ini-
tial time to some time after the end of the simulation. When
scales become so small that the distance between contours
is less than a threshold distance (here 20 km), surgery is ap-
plied to cut or join contours as appropriate. This configura-
tion is similar to that used by Dethof et al. [1999] to inves-
tigate water vapor transport from the tropical troposphere to
the lower stratosphere.

4.1. Representation of the Horizontal Evolution

Figure 6 shows results of a CAS simulation on the 344 K
isentrope initialized on November 28 at 1200 UT at selected
times (every 18 hours) from shortly after the initial time
(Figure 6a) to the time of the southbound MOZAIC flight
(Figure 6d). Dark shading represents stratospheric air with
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absolute PV values greater than 2 pvu. In Figure 6a the re-
mains of the old filament resulting from the earlier wave-
breaking event can be seen pressed against the right-hand
side of the new developing filament. The stationary blocking
anticyclone lies to the east of the filament and contributes to
the wind field causing the extrusion of the new filament, as
described in section 2 above. The event resembles a weakly
supercritical wave-breaking event [see Polvani and Plumb,
1992], where the stagnation point in the wind field lies inside
but close to the defining contours of the high PV region and
arelatively small amount of high PV air is stripped away. By
November 29 at 0600 UT the filament is well developed and
the roll up of the filament end, similar to that described in
sections 2 and 3, has started. By November 30 at 0000 UT,
Figure 6¢, the roll up of the filament end is well developed
and the return branch has been stretched back down much
of the length of the filament. Soon after, the —1.0 pvu con-
tour separates from the main stratospheric reservoir. At this
point the original connecting part of the filament has become
so stretched out that all the higher PV air (absolute values
above 1.5 pvu) has been advected around the northern tip of
the filament and is being stretched out southward along its
eastern edge. Note that the deformation field at the northern
tip of the filament is weaker than that in the main part of the
filament so that the high PV air there is less stretched out
than that farther south. By the time of the MOZAIC flight
on November 30 at 1800 UT, Figure 6c, there is a broad re-
gion of high PV air around 30°W, 3°S and a finer filament
of high PV air that has been stretched farther southward fol-
lowing the roll up of the filament tip.

The general form of the filament produced by CAS is very
similar to that shown in the ECMWF analyses (Figures 3c—
3f) as is the timing of the roll up of the filament tip. In addi-
tion, the smaller scales of the return “subfilament” following
the roll up show qualitative agreement with the smaller scale
(100 km) ozone peaks seen in the MOZAIC data. This will
be considered in more detail in section 5.1 below. Here we
note the correspondence between the thin subfilament and
the small second ozone peak, and between the broader re-
gion of high PV air around 30°W, 3°S and the stronger, dou-
ble ozone peak.

4.2. Sensitivity to Initial Conditions

‘We consider the sensitivity of both the large and the small-
scale evolution of the filament described above to changes in
the initial time of the CAS simulations. Figures 7a~7c show
the final fields, at the time of the southbound bound MOZ-
AIC flight, of 3 CAS simulations initialized on November
29, 27 and 26 at 0000 UT. The corresponding field of the
simulation initialized on November 28 at 1200 UT is in Fig-
ure 6d, while Figure 7d will be discussed below. In the fol-
lowing discussion we refer to these simulations as C28' (Fig-
ure 6d) and C29, C27, C26 (Figures 7a~7c¢).

First consider the large-scale structure. The final position
and general shape of the filament is similar between each of
the four simulations, implying that these are determined by
the externally imposed wind field (which is the same in each
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Figure 6. The CAS simulation C28' initialized on November 28 at 1200 UT, PV field on 344 K: (a) on
November 28 at 1200 UT (the initial time), (b) on November 29 at 0600 UT, (c) on November 30 at 0000
UT, and (d) on November 30 at 1800 UT (the time of southbound flight).

simulation) rather than by the particular distribution of the
initial PV field (which varies). On the other hand, defining
the strength of the filament as, say, the area integral of the
PV over the filament, we see that the strength of the filament
is weaker, the earlier the initial time. This could either be a
result of the divergent component of the-advecting winds, or
else details of the PV fields at the initial times of the simula-
tions. (It was verified that the surgery algorithm in the CAS
model was not responsible.)

Next consider the creation of small scales, or “subfila-
ments”, within the filament, important for determining the
mixing rate of stratospheric air into the troposphere. Again
considering Figure 6d and Figures 7a~7c, we see there is a
distinct change in the character of the filament between the
simulation initialized on November 29, C29 in Figure 7a,
and those initialized earlier. As a crude indicator of the
small-scale structure, one may count the number of extrema
in the PV field along a line of latitude cutting through the
main part of the filament, for example, a line at 5°S: there

is a jump from three extrema for C29 to seven extrema for
C28'. Simulations initialized earlier, C27 and C26, contain
similar small-scale structure except that the combination of
the weaker filament strength and the surgery algorithm of the
model eliminates some of the finer details. A similar picture
is seen by considering the PV field along the southbound
MOZAIC flight trajectory (see Figure 9¢c). The wind field
during the filament development gives a turn around time of
the filament of about 2 days (e.g., Figure 6b~d), which is
also the length of time it takes the filament to develop from
its formation from a wave-breaking event. Thus the lack of
fine scales in C29 should not be too surprising. Alternatively,
one could argue that the sharp difference between C29 and
C28' suggests a minimum timescale for the development of
small scales within a filament evolution, this being of the
order of the filament turn around time.

Finally, we mention a recent development of the CAS
model to include a basic representation of diabatic processes
[Mariotti, 1997]. Every 6 hours the CAS PV field is com-
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Figure 7. (a-c) The CAS simulations C29, C27, C26 initialized on November 29, 27, 26 and (d) the
pseudo diabatic CAS simulation C26D initialized on November 26; PV field on 344 K on November 30

at 1800 UT (the time of southbound flight).

pared with the PV field from the ECMWF analyses. The
large-scale difference is calculated from the lowest spectral
modes and is used to calculate a “pseudo wind field” that
advects the PV isocontours in a second advection stage. The
pseudo wind field is calculated such that the second advec-
tion stage gives a large-scale CAS PV field that is in bet-
ter agreement with the large-scale PV field from the anal-
yses; thus it contains a representation of the diabatic evo-
lution of the PV. Calculating the pseudo wind field using
only the large-scale components of the PV fields ensures that
the small scales generated by the CAS model are unaffected
by the second advection stage. Figure 7d shows an exam-
ple of the effect of including such a diabatic representation
for a simulation initialized on November 26, which we refer
to as C26D. In this simulation, the pseudo wind was cal-
culated using the T41 component of the CAS/observed PV
field difference. Comparing it to C26 in Figure 7c, it is clear
that a much stronger filament is produced, in better agree-
ment with the large-scale ECMWEF analyses, and of similar

strength to the simulation C29 initialized much later. On
the other hand, C26D contains more small-scale structure
than C29, and qualitatively at least, suggests a better agree-
ment with the small scales seen in the MOZAIC ozone data.
Though we do not pursue this further here, we note that the
technique has potential applications for allowing an earlier
initialization of the CAS simulation and hence more time
for small-scale development, while maintaining accuracy at
large scales.

4.3. Vertical Dependence

It can be seen from Figure 5 that the wave-breaking event
and resulting filament extends in the vertical downward to
about the 340 K isentropic surface. This is consistent with
CAS simulations on that level (Figure 8a), which showed
a significantly weaker filament evolution than that at 344 K.
Despite the weaker filament, however, the same roll up of the
filament tip on November 29 was found, and until November
30 the evolution closely follows that of C28' on the 344 K
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Figure 8. CAS simulations initialized on November 28th at
0000 UT PV field on (a) 340 K and (b) 350 K, on November
29 at 1800 UT.

isentropic surface described in section 4.2 above. On the
350 K isentropic surface the evolution is again similar to that
on 344 K, Figure 8b, with a somewhat stronger roll up of the
filament tip.

At higher levels, 360 K and 370 K (not shown), although
the filament is still present, other strong PV anomalies be-
gin to dominate the picture. These can be traced back
through the CAS evolution and the ECMWF analyses and
can be seen to originate from isolated regions of anoma-
lously strong PV at earlier times in the analyses. These are
retained in the CAS simulations but generally dissipate in
the analyses within a day or two. Although it is possible
that the anomalies are real and are subject to strong diabatic
processes in their subsequent evolution, it seems more likely
that they are simply artifacts of the analyses or of the vertical
interpolation. Caution is therefore necessary when interpret-
ing the CAS results at these higher levels.
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5. Discussion
5.1. Comparisons of the Models and Data

The roll up of the filament tip was seen as a robust fea-
ture in both the MesoNH and the CAS simulations. We note
that the roll up in MNHI1 is strongest on the 344 K to 360 K
isentropes (Figure 5c), which is in agreement with the CAS
simulations on the 340 K, 344 K, and 350 K surfaces (Fig-
ure 6d and Figures 8a and 8b). Although the lower (T213)
resolution analyses represent the filament on the 30th at 1800
UT by a single, stretched out maximum of PV (Figure 3f),
consideration of Figure 3e and the PV fields at the interme-
diate times (0600 UT and 1200 UT, not shown) do suggest a
similar roll up event. In particular, the rightmost maximum
in Figure 3e corresponds to the return branch, and this then
moves south to become the single maximum in Figure 3f.

The limiting factor in both the analyses and the MesoNH
model is the inclusion of horizontal diffusion, necessary
to retain model stability. In MesoNH this takes the form

O3 ppbv

100

60

PV; pvu
Passive Tracer; ppbv

~ 120

CAS PV; pvu

12S 8S 4S EQ

Figure 9. Comparison of (a) MOZAIC ozone data from
the flight on November 30 with PV/ozone from ECMWFE,
MesoNH, and CAS interpolated onto the flight trajectory:
(b) MNH1 MesoNH simulation PV (solid) and stratospheric
passive tracer (dotted), and ECMWF PV (dashed), interopo-
lated in space onto the flight trajectory from the November
30 1800 UT fields; (c) PV from the C29, C28', C28 CAS
simulations (from top to bottom) interopolated in space onto
the flight trajectory from the November 30 1800 UT fields.
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of a scale-selective, V* hyperdiffusion acting on the prog-
notic variables. This diffusion is such that length scales
shorter than L(Tyef), where Tyer is a characteristic deforma-
tion timescale, will not persist in the simulation. Consider-
ing the velocity field across the filament, for example, near
30°W, 15°S, we can estimate a deformation timescale of ap-
proximately 5x10% s, giving L ~ 240 km. Thus we would
expect the fine scales generated along the filament length in
Figures 4a and 4b to be removed by the model diffusion dur-
ing the course of the simulation. This explains the weaker
filament shown in Figure 4c. On the other hand, the defor-
mation field at the filament tip is somewhat weaker (compare
section 4.1 above), with the result that the double structure
that develops from the roll up persists for longer, until De-
cember 1 (Figure 5).

To compare the small-scale structure in the MOZAIC
data, that is, the ozone peaks with length scale ~ 100 km,
with the MesoNH and CAS simulations, we plot the model
output along the flight trajectory in Figure 9. Comparing
Figure 9a with Figure 9b (solid and dotted lines), we see
there is some correspondence between the PV and passive
tracer from the MNHI1 simulation and the MOZAIC ozone.
Although the structure is more stretched out in MNH], there
is still evidence that the small-scale structure in the MOZ-
AIC data is related to the roll up of the filament tip described
above. On the other hand, the PV from the analyses (dashed
line in Figure 9b) shows no internal structure, with a single
PV maximum located near the ozone anomalies.

Figure 9c shows the PV along the trajectory for the CAS
simulations C29, C28', and C28 (descending). Although
these fields are taken from the 344 K isentropic surface and
so not exactly along the flight trajectory, there is neverthe-
less good qualitative agreement with the MOZAIC ozone.
Note, however, that the double peak structure in C29 is fun-
damentally different from the structures in the simulations
C28' and C28 initialized earlier. In C29 the peak at 9°—10°S
is associated with the original filament, whereas for the ear-
lier simulations most of the structure is associated with the
differential stretching of the subfilament created after the roll
up event. Since the filament is already several days old by
the time of the MOZAIC flight, we believe the earlier CAS
simulations give a better representation of the origin of the
ozone anomalies.

5.2. Other Filamentation Events

Numerous example of filament formation following wave-
breaking events have been found using the MOZAIC data
(see section 5.3 below) and the ECMWF analyses. The
above event was selected for analysis because of the deep
equatorward intrusion, but it is important to assess to what
extent it is representative of others. We do not present an ex-
haustive analysis here but instead describe briefly two other
events that illustrate interesting possible differences in fila-
ment evolution.

The first of these is closer to the strongly supercritical case
of Polvani and Plumb [1992], with a stagnation point deeper
inside stratospheric reservoir and stronger wave breaking.
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Figure 10. (a) PV on November 11, 1996, at 0000 UT from
a CAS simulation initialized on November 6, 1996 at 0000
UT and (b) ozone from the MOZAIC flight on November 11,
1996. The line in Figure 10a shows the approximate flight
trajectory.

More high PV air is drawn off the stratospheric reservoir, re-
sulting in a larger filament. The subsequent evolution of this
filament shows a similar roll up of the filament tip as before
but is much more pronounced. After the initial development
the roll up forms a strong, coherent vortex patch, or cutoff
low (COL), as shown in Figure 10a, that persists for several
days (note the different scale in the shading). The COL has
little internal structure, the smaller scale, subfilamentation
being restricted to the edge of the COL and to the orginal
filament stretched between the COL and the stratosphere.
The lack of internal structure is confirmed by the MOZAIC
ozone measurements in Figure 10b, which shows a strong,
single peak, with smaller scale structure on the flanks.

The second event is an example of weaker wave break-
ing. In this case, rather than forming a strong filament with
internal dynamics, we see instead a gradual and persistent
stripping, or erosion, of high PV air from the crest of the
wave as it propagates east (Figure 11a). This erosion results
in a broad, diffuse region of -0.5 and -1.0 pvu air situated be-
tween the tropopause and the equator and between 60°W and
0°W. The MOZAIC ozone data from a flight crossing this
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Figure 11. As Figure 10, but for February 7, 1997 at 1200
UT, with a CAS simulation initialized on February 6, 1997,
at 0000 UT.

region on the same day (Figure 11b) are in good agreement,
with high ozone values over a broad area and little smaller
scale structure. Further, the MOZAIC wind data (not shown)
are characterized by weak winds with very little shear, again
indicating that the high ozone values are not associated with
a strong, coherent PV anomaly.

5.3. Frequency of Wave-Breaking Events Derived from
MOZAIC Data

The irregular distribution in space and time of the MOZ-
AIC flights, governed by commercial strategies, makes an
objective analyses of high-ozone anomalies difficult [Cam-
mas et al., 1998]. For example, a filament of high-ozone
air resulting from a wave-breaking event may last several
days, or there may be more than one flight traversing it. With
this in mind, we searched the MOZAIC database of flights
between Europe and South America for all ozone anoma-
lies between 0°S and 22°S. A high-ozone event was defined
to occur if measured ozone values remained above a given
threshold value over a given threshold length of the flight
trajectory. An additional criterion based on the observed
wind direction along the trajectory was also used to refine
the search, selecting only those high-ozone events associated
with a wind signature typical of a filament of high PV air.
Various threshold values and trajectory lengths were used to
verify the robustness of the results. Attention was restricted
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to segments of the flight trajectory at altitudes higher than 10
km, to avoid high-ozone events associated with subtropical
foldings sometimes observed in the ascents/descents at the
South American end of the flights.

To reduce the effect of the irregular density of the MOZ-
AIC flights, we sampled all flights between 1994 and 2000
and formed a composite year, arriving at a density of be-
tween 50 and 85 flights each composite month. All flights
in a given month that contained an event satisfying the se-
lection criteria were counted and divided by the total num-
ber of flights for that month. The ratio for each month
is displayed in Figure 12, using an ozone threshold value
of O = min(50, (O3) + 20) over a threshold trajectory
length of LT, = 70 km. It shows a minimum of high-
ozone events in Southern Hemisphere (SH) autumn and win-
ter and a maximum in SH spring and summer. Adding the
additional selection criterion that the wind direction must
change direction by at least $7 = 90° within a trajectory
length of LT, ; = 230 km centered on the ozone max-
imum changes the structure slightly, shifting the October
maximum to November and emphasizing the February max-
imum. The patterns were found to be robust to changes in
the threshold values OF, LT, ¢T, LT, .. with overall am-
plitudes weakening for higher threshold values.

These results are in approximate agreement with the Sou-
thern Hemisphere results of the climatological studies of
subtropical Rossby wave breaking by Postel and Hitchman
[1999] and Waugh and Polvani [2000], though with some
notable differences. In particular we find a local minimum in
December/January that was not present in the other studies.

1.0
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M A M J J A S O N D

Figure 12. Occurrence of high-ozone events in all tropical
Atlantic flights in the MOZAIC data set, for each month as a
fraction of the total number of tropical Atlantic flights: high-
ozone events defined by ozone values alone (light grey) and
high-ozone events defined by ozone values and wind direc-
tion (dark grey). See text for details.
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There are several possible explanations. For example, the
latitude range from which we selected the high-ozone events
was 0°S to 22°S, constrained by the southernmost latitude
of the MOZAIC flight trajectories. The poleward displace-
ment of the subtropical jet stream in the summer, and the
corresponding poleward displacement of the high PV gra-
dients defining the tropopause around the 340-350 K isen-
tropic surfaces, could result in Rossby wave-breaking events
occurring too far south in December/January to be present in
our data. Another possibility is the longitudinal localization
of the present study, for example, as compared with the zonal
average taken by Postel and Hitchman [1999, Figure 3]. Fi-
nally, processes other than Rossby wave breaking, such as
tropopause foldings and cutoff lows, could be responsible
for the high frequency of high-ozone events detected in Oc-
tober/November in this study.

6. Conclusions

A search of all the MOZAIC flights crossing the tropi-
cal Atlantic has revealed signatures of wave breaking and
filamentation of stratospheric air into the subtropical tro-
posphere. These events are characterized by anomalously
high tropospheric ozone values and low humidity, as well as
wind and potential temperature fields consistent with strato-
spheric PV values. ECMWF analyses and two numerical
models were used in this study to verify the stratospheric
origin of the high-ozone air and to investigate the evolution
of filaments of stratospheric air resulting from Rossby wave
breaking near the tropopause (as opposed to the more widely
investigated tropopause folding processes). The high-ozone
events occurred in a significant fraction of the total num-
ber of MOZAIC flights over the southern tropical Atlantic
region, with the largest number of events in spring and sum-
mer.

The model results from both MesoNH and CAS indicate
that the small-scale structure in the MOZAIC ozone data re-
sults from the internal dynamics of a filamentary structure
that is left behind after a Rossby wave-breaking event. Al-
though diffusion prevented the MesoNH model from retain-
ing the smallest scales produced, it was nonetheless able to
represent qualitatively the roll up of the filament tip. The
vertical structure obtained by MesoNH was suggestive of
the vertical structure sometimes seen in idealized models of
vortex evolution. The small scales produced by CAS were
in good agfee_ment with the MOZAIC ozone data, provided
the initial time of the simulation was long enough before the
flight for the small scales to develop. Finally, consideration
of two other cases showed the dependence of the filament
evolution on the strength of the wave-breaking event, with
the formation of a strong, coherent vortex in the strong wave-
breaking case, and the gradual erosion of high PV air in the
weak wave-breaking case.

Crucial to quantifying the stratosphere-troposphere ex-
change associated with these features is an understanding
of the small-scale generation and evolution within the larger
scale filamentary structures, and the associated timescales
for mixing into the troposphere. Our study has shown a
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largé range of small-scale development depending on the
strength of the wave-breaking event prior to the filamenta-
tion. The mixing timescales in these different cases will be
correspondingly diverse. On the basis of the frequency of the
wave-breaking events, and of the general small-scale devel-
opment suggested by numerical modeling studies, we can in-
fer a significant contribution by these processes to the global
stratosphere-troposphere exchange. It is anticipated that fu-
ture work providing quantitative estimates of mass transport
arising from stratospheric intrusions of the type examined
here will build on the above results.
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