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[1] An airborne monitoring system has been used to observe fine-scale filamentation in
the ozone field between 370 and 390 K isentropic levels. The Australian long-range, high-
altitude research aircraft, the Egrett, was used to record multiple atmospheric properties
with a high spatial resolution. Toward the end of 5 June 2000, an intrusion of low-ozone
air was recorded over Aberystwyth, between 360 and 390 K. On the same day, a Rossby
wave was observed to be breaking over western Europe with both poleward and
equatorward components. We suggest that the low ozone at �380 K was caused by the
poleward component of the breaking Rossby wave, stretching from southwestern Ireland
to Iceland. On the eastern flank of the subtropical intrusion the in situ ozone measurements
observed by the Egrett showed distinctive step and trough structures that were not
expected from conventional model analyses. Using Reverse Domain-Filled (RDF)
trajectory analyses to produce a fine-scale view of potential vorticity, we show how
breaking of small-scale Rossby waves along the flank of the main wave over the
northeastern United States, followed by a strong zonal compression, produced fine-scale
filaments responsible for the structures observed in the Egrett ozone
measurements. INDEX TERMS: 3362 Meteorology and Atmospheric Dynamics: Stratosphere/

troposphere interactions; 3364 Meteorology and Atmospheric Dynamics: Synoptic-scale meteorology; 3384

Meteorology and Atmospheric Dynamics: Waves and tides; KEYWORDS: filamentation, ozone, Rossby, Egrett
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1. Introduction

[2] The observed negative-ozone trend at northern mid-
latitudes [Staehelin et al., 1998] has been largely ascribed to
variations within the lower stratosphere [World Meteoro-
logical Organization (WMO), 1998]. Within this region of
the atmosphere soundings of ozone frequently observe
layers where concentrations decrease to less than 100 ppbv,
which have led to the suggestion of a subtropical, upper
tropospheric origin for the air [Vaughan and Timmis, 1998;
O’Connor et al., 1999]. An analysis of ozonesonde data
over the past 25 years, performed by Reid et al. [2000], has
suggested that the frequency of intrusions of subtropical air
into the midlatitude lower stratosphere has recently in-
creased. Reid et al. also used in situ measurements of
nitrous oxide, carbon monoxide and water vapour from

the ER-2 aircraft to add weight to the suggestion that the air
within these layers originated in the tropics.
[3] Bradshaw et al. [2002] have shown that these layers

can be generated by synoptic-scale Rossby waves breaking
in midlatitudes from the region of the subtropical jet stream.
The breaking of such waves is characterized by poleward
excursions of tropospheric air [Peters and Waugh, 1996]
and by equatorward extensions of stratospheric air [Thorn-
croft et al., 1993]. Bradshaw et al., using vertical ozone
cross-sections obtained by airborne ozone lidar over the
Mediterranean, examined a layer of low ozone, about 40 K
in depth, centered on the 390 K isentrope. At the same time
a Rossby wave was observed to be breaking over Europe,
with both poleward and equatorward components. They
concluded that the ‘‘P1’’ component of the breaking Rossby
wave generated the ozone layering in the lower stratosphere
because of the vertical gradients in the background wind
fields, in particular the wind speed, which governs the
growth in wave amplitude. Furthermore, as the layering
and Rossby wave breaking in this scenario were not special
events they suggested that ozone-poor layers in European
midlatitude ozone profiles are generated by the differential
poleward breaking of synoptic-scale Rossby waves.
[4] Studies of isentropic cross-tropopause exchange in the

extratropics have suggested that exchange is strongly
dependent upon season, location and altitude [Chen, 1995;
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Dunkerton, 1995; Haynes and Shuckburgh, 2000; Brad-
shaw et al., 2002]. Chen [1995] showed that between 310
and 330 K isentropic exchange occurs vigorously in all
seasons, mainly due to synoptic-scale baroclinic disturban-
ces. However, between 340 and 360 K Chen found a strong
seasonal cycle with very little stratosphere to troposphere
exchange occurring in the winter hemisphere. It was con-
cluded that exchange was prohibited in winter by the strong
PV barrier at the tropopause and facilitated in summer by
the monsoon circulation. Using ‘‘effective diffusivity’’
[Nakmura, 1996] as a diagnostic of the transport and mixing
structure of atmospheric flows, Haynes and Shuckburgh
[2000] confirmed the existence of a tropopause barrier at the
core of the subtropical jet stream (�30�N) at about 350 K.
However, for a comprehension of ozone decline at northern
midlatitudes it is exchange above 350 K that is important.
Various studies have examined the isentropic exchange of
air from the subtropics to midlatitudes in this altitude region
during Rossby wave induced layering events that undoubt-
edly irreversibly mix tropical upper tropospheric air into the
midlatitude lower stratosphere [Vaughan and Timmis, 1998;
O’Connor et al., 1999; Bradshaw et al., 2002]. These
events occurred in winter and spring, i.e., during the period
when the tropopause barrier is strongest [Haynes and
Shuckburgh, 2000]. In this paper we present evidence of
such an event in the Northern Hemisphere summer.
[5] The important concept pertaining to the observed

ozone trend at northern midlatitudes is how much of the
air that is transferred into the midlatitude stratosphere, in
these layers, is irreversibly mixed with the surrounding
stratospheric air, either horizontally or vertically. Peters
and Waugh [1996] have suggested that the ‘‘P2’’ component
of breaking Rossby waves does not result in significant
irreversible mixing. However, their study concentrated on
using model analyses on the 330 K isentropic surface that is
too low to include these Rossby-wave generated layers.
O’Connor et al. [1999], however, using ozonesondes,
ECMWF analyses and trajectory calculations, have sug-
gested that around one third of the air was irreversibly
mixed with the surrounding stratospheric air during P2
wave breaking events, predominantly by the generation of

filamentation and the subsequent mixing of the anomalous
ozone.
[6] While molecular mixing depends ultimately on

molecular diffusion, the effect of such diffusion can be
enhanced by the rapid scale cascade in 3-D turbulence
[Balluch and Haynes, 1997]. The lower stratospheric flow
is not entirely laminar but contains patches of turbulence
due to breaking inertia-gravity and mountain waves [Pave-
lin et al., 2001]. Dewan [1981] has suggested that the effect
of such turbulence will be to give increased diffusive
transport in the vertical direction as fluid parcels encounter-
ing a succession of such patches will undergo a random
walk with small vertical step size.
[7] Although Rossby waves are a well understood

dynamical process that has been the subject of many
studies, few of these have examined the fine-scale structure
of tropospheric intrusions into the stratosphere. It is the aim
of this study to present a high-resolution view of an ozone-
poor layer induced by a breaking Rossby wave. The
primary tool in this analysis was the Australian long-range,
high altitude research aircraft, the Egrett. An intensive flight
campaign was conducted during May and June 2000 to
study the effects of gravity waves, mixing and filamentation
in the tropopause region as part of the UTLS (Upper
Troposphere/Lower Stratosphere) thematic program. The

Figure 1. Geopotential height (decameters) at 200 hPa at
1200 UT on 5 June 2000.

Figure 2. Contour plot of (a) potential vorticity, PVU and
(b) total horizontal wind, m s�1 on the 355 K isentropic
surface, at 1200 UT on 5 June 2000.
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flight in question took place on 5 June 2000 between 1100
and 1600 UT, with the Egrett measuring ozone, water
vapour, three components of wind velocity and methane
with 1-s (�100 m) resolution.

2. Instrumentation

[8] The Grob 520T, or Egrett, aircraft is a single-engined
2-seater capable of carrying a 500 kg of scientific payload
up to an altitude of 14 km. Its typical flight speed is 70–100
m s�1. During the 2000 campaign the Egrett carried instru-
ments to measure winds and turbulence, as well as water
vapour, ozone and methane. Wind and temperature meas-
urements were provided by a Rosemount turbulence probe
with a sampling frequency of 55 Hz.
[9] Two ozone sensors were provided by the Deutsches

Zentrum für Luft-und Raumfahrt (DLR). A model TE-49C
ultraviolet absorption spectrometer manufactured by Ana-
lytical Systems GmbH provided slow ozone measurements
with a response time of 10–20 s and an accuracy of ±1 ppb.
High-frequency ozone measurements were available from a
chemiluminescence instrument. The measurement technique
employed is based on the emission of photons after the

reaction of ozone with coumarin-47. The intensity of the
emitted light, which is proportional to the ozone partial
pressure, is measured by a photomultiplier. The measure-
ments from this instrument have a response time of 200 ms.
The fast chemiluminescence sensor is ideal for studying the
small-scale structure of the ozone field. However, it does
not reproduce the large-scale absolute ozone concentration
very well. For this reason the ozone measurements pre-
sented in this paper consist of the slow response data from
the UV spectrometer modulated with the high-frequency
signal from the fast ozone instrument.
[10] The tunable Diode Laser Absorption Spectroscopy

(TDLAS) methane instrument was provided by the National
Physical Laboratory (NPL) and the University of Cam-
bridge (UCAM). A near-infrared tuneable diode laser was
used, operating around 1.67 mm. The detector used is an
extended wavelength range InGaAs detector which operates
out to 2.2 mm. The gas concentrations are derived by
nonlinear least squares fitting of a synthetic second har-
monic spectrum to a recorded spectrum, using the entire
lineshape to constrain the deduced concentration. The out-
put signal from the instrument is calibrated prior to each

Figure 3. (a) Ozone cross section and (b) schematic
showing the definition of the magnitude and depth of a low-
ozone layer in the lower stratosphere.

Figure 4. Zonal cross sections of PV, PVU (a) and total
horizontal wind, m s�1 (b) at 52.4�N on 5 June 2000 at
1800 UT.
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flight over a range of pressures using gas standards prepared
gravimetrically at NPL to a concentration accuracy of 1%.
The time resolution of the instrument is 2.3 s, with an
estimated accuracy of 5% and a precision of 1.4 ppb.

3. Synoptic Situation

[11] Extensively used throughout this work are ECMWF
PV and wind fields interpolated to isentropic grid points by
the Norwegian Institute for Air Research (NILU). In June
2000 the ECMWF operational model was run as T319 with
60 vertical levels. It used 6-hour 4D-variational assimilation
[Klinker et al., 2000]. The hybrid-sigma pressure levels
relevant to this study correspond to 318, 286, 257, 228, 202,
177, 154, 133, 113, and 96 hPa, over the sea.
[12] NILU use software provided by ECMWF to extract

fields on a 1.125� grid from the original spectral data.
Linear interpolation in pressure between model levels is
used to obtain winds and temperature on standard pressure
levels. Interpolation from model to isentropic levels
assumed that wind and temperature vary in the vertical as
pk (where k = (cp � cv)/cp, and cp and cv have their usual
meanings). For PV, static stability is calculated by averaging

dq/dp above and below the point in question, after pressure
has been interpolated to theta surfaces as described above.
Vorticity is calculated in a 2-stage process. First, it is
calculated at the center of each box of four grid points by
evaluating r � V in the normal way. Then four values of
vorticity are averaged to obtain the values on the original
grid.
[13] The 200 hPa geopotential height chart for 5 June

2000, derived from ECMWF analyses, on a 1.125� �
1.125� grid, is shown in Figure 1. A strong southwesterly
jet stream (with winds of 70 m s�1) flowed across the
western and central Atlantic at about 45�N. The exit region
of this jet (at 25�W) coincided with a ridge running north
then west over Iceland and Greenland. To the east of the
ridge, over the British Isles, was a short-wave trough, which
extended southward toward north Africa.
[14] Figure 2 shows the potential vorticity (PV) and total

horizontal wind speed on the 355 K isentropic surface for
the same time. Two days previously, a Rossby wave was
propagating along the PV gradient, over the United States.
As the wave moved eastward its amplitude grew causing a
poleward excursion of subtropical tropospheric air. By 5
June, this poleward movement resulted in a downstream-

Figure 5. Isentropic maps of PVat 355 K (a) and 375 K (b) and total horizontal wind speed at 355 K (c)
and 375 K (d), at 1800 UT on 5 June 2000.
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tilting intrusion off the west coast of Europe with a thin
filament of low PV extending toward Iceland. Accompany-
ing this poleward movement was a tongue of stratospheric
air extending across France and Spain toward 25�N, 30�W.
Figure 2b shows the Atlantic jet stream extending from
45�N, 60�W to 50�N, 20�Wand again eastward from 56�N,
10�E. A region of decreased wind speed is present in the
trough over Britain that extends southward over France and
Spain.
[15] The observed PV pattern at this time is characteristic

of a Rossby wave breaking along the edge of the strato-
sphere [McIntyre and Palmer, 1984]. The main intrusion of
low-PV air, south of 50�N, is designated a ‘‘P2’’ component
of the breaking Rossby wave as the ridge of tropospheric air
broadens, tilts downstream and is advected anticyclonically,
whereas the thin intrusion of low PV, extending toward
Iceland, is labeled a ‘‘P1’’ component as this intrusion of
tropospheric air is characterized by upstream tilting, thin-
ning and cyclonic advection [Peters and Waugh, 1996]. The
extrusion of high-PV air being stripped away from the
stratosphere is characterized by an upstream tilting, thinning
streamer of high PV that is advected anticyclonically and is
designated an LC-1 component [Thorncroft et al., 1993].

4. Lidar Observations of 5 June 2000

[16] The ground-based ozone lidar at Aberystwyth is that
described by Vaughan et al. [2001]. The single wavelength
retrieval method, employing the 299 nm wavelength, was
used to obtain ozone values from the tropopause to �18 km
[Vaughan et al., 2001]. To obtain a higher signal-to-noise
ratio the return signals were summed into 300 m bins and
integrated over 20 min. Temperature and geopotential
height data were derived from ECMWF analyses, on a
1.125� � 1.125� grid, which were used to convert ozone
number density to mixing ratio. The ozone cross-section
obtained on 5 June 2000 is shown in Figure 3a; ozone
concentrations are plotted where the standard error is less
than 25%.

[17] Toward the end of the night’s run a layer of low
ozone was observed, centered on the 370 K isentropic
surface. Using the definition of the magnitude of a layer
shown in Figure 3b, its maximum depth was determined to
be 44 K (�3 km) and a minimum ozone concentration of 78
± 5 ppbv was recorded at 370 K (12.75 km) at 2200 UT.

5. Generation of Layering

[18] Bradshaw et al. [2002] have shown that breaking
Rossby waves can generate layering in the lower strato-
sphere because of vertical gradients in the background wind
fields, which govern the growth in amplitude and breaking
characteristics of the waves. The ozone lidar cross-section
shows a layer of ozone-poor air that passed over Aberyst-
wyth toward the end of the night. A zonal cross-section of
PV (Figure 4a), at the latitude of Aberystwyth (52.4�N)
calculated at 1800 UT on 5 June, suggests that the layering
observed in the ozone profile is captured in the analyses,
albeit at a displaced potential temperature. The PV cross-
section suggests a layer of low PV, centered on the 375 K
isentropic surface, approaching Aberystwyth, with PV val-
ues less than 2 PVU (1 PVU = 10�6 K m2 kg�1 s�1). Figure
4a also suggests that there was a region of reduced PV
between 340 and 360 K, �15�E and �5�E, which is
consistent with the modest ozone concentrations (�200
ppbv) in the layer just above the tropopause.

Figure 6. The Egrett flight track of 5 June 2000. The
green line denotes the outbound section of the flight, and the
red line denotes the return leg.

Figure 7. Return leg flight track data: (a) ozone and
methane concentrations (note the inverse scale for methane)
and (b) potential temperature as a function of the flight
longitude.
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[19] The corresponding cross-section of horizontal wind
speed, Figure 4b, shows the location of the North Atlantic
jet wind maximum at 325 K, �35�E. A secondary max-
imum also occurs at 325 K, �6�E, with wind speeds
reaching 45 m s�1. This secondary maximum corresponds
to the region of increasing wind speed on the western side
of the trough (Figure 1). Above this secondary maximum,
the region of maximum wind speed shifts westward, sug-
gesting the retreat of the jet stream from the western coast of
Europe with altitude.
[20] The PV at 355 K (Figure 5a) implies the existence of

the P1 component of the breaking Rossby wave as a small
intrusion of low PV air over Ireland. Further up, at 375 K
(Figure 5b) the P1 component is much broader and has
advected low PV air further poleward. Figure 5c suggests
that at 355 K the P1 component of the breaking Rossby wave
is limited by the region of strong wind speed off the west
coast of France and Britain. However, by 375 K, the wind
speed in this region has decreased and the jet stream has
retreated away from Britain, allowing the Rossby wave to
break in the observed P1 manner (Figure 5d). The breaking
wave develops P1 characteristics due to the propagation of

the wave into the cyclonic region, poleward of the North
Atlantic jet. Hence, the conclusions reached in Bradshaw et
al. [2002], that breaking Rossby waves generate layering in
the lower stratosphere because of vertical gradients in the
background wind fields, are supported in this case.

6. Egrett Flight of 5 June 2000

[21] The Egrett flight of 5 June 2000 took place between
1000 and 1600 UT; after taking off from Boscombe Down
(51.2�N, �1.8�E), the Egrett flew over southern Ireland and
out over the North Atlantic Ocean at�14 km altitude, before
returning to base (Figure 6). Therefore, Figures 6 and 4a
suggest that the Egrett flew into the P1 component of the
breaking Rossby wave, over Ireland and the Atlantic. To
facilitate the analysis of the flight data, the flight track was
split into outbound (green line Figure 6) and return (red line
Figure 6) flight legs. The return leg is presented first.

6.1. Return Leg

[22] The return leg of the flight track took place between
1310 UT (�12�E) and 1500 UT (�1�E). Figure 7a shows

Figure 8. (a) Return leg ozone (blue line) versus 2-day RDF PV at 385 K (red line). (b) Return leg
methane (blue line) versus 2-day RDF PV at 385 K (red line). (c) 2-day RDF PV cross section for the
return leg flight track (c), superimposed is the potential temperature of the Egrett (solid line) and theta =
385 K (dashed line). (d) Contour plot of RDF PV on the 385 K isentropic surface, superimposed is the
return flight track.
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Figure 9. Time series showing the location of the air parcels sampled, by the return leg of the Egrett,
between �12� and �7.5�E on 5 June 2000. Contoured with the trajectories is the PV at 385 K on 3 June
1200 UT (a), 4 June 0000 UT (b), 4 June 1200 UT (c), 5 June 0000 UT (d), and 5 June 1200 UT (e). The
black lines denote the gradients between (west to east) steps 1 and 2, steps 2 and 3, steps 3 and 4.

BRADSHAW ET AL.: TRACER FILAMENTATION ACL 12 - 7



the ozone (blue) and methane (red) concentrations recorded
by the Egrett at the potential temperature shown in Figure
7b, note the inverse scale for methane in Figure 7a. Ozone
concentrations are observed to increase from <130 ppbv to
800 ppbv as the flight progressed, consistent with the
Egrett returning to air of more stratospheric origin after
entering the intrusion of ozone-poor air. Figure 7a shows a
distinctive step structure as the Egrett withdrew from the
intrusion followed by two troughs (centered at �4� and
�6�E), �100 ppbv deep in ozone concentration corre-
sponding to peaks 0.08 ppmv high in methane, as the
Egrett reentered the midlatitude stratosphere. However, in
contrast to the tracer measurements, analysis of the PV
(Figure 4) suggests a smooth transition from low to high
values of PV.
[23] To simplify the analysis of this leg the following

designations are made:
Step 1: Measurements from �12� to �10.8�E.
Step 2: Measurements from �10.5� to �9.6�E.
Step 3: Measurements from �9.5� to �8.8�E.
Step 4: Measurements from �8.6� to �8�E.

Trough 1: Measurements from �6.6� to �6.1�E.
Trough 2: Measurements from �4.8� to �3.3�E.
[24] A couple of the features observed in the ozone and

methane tracers can be attributed to a change in the
Egrett’s altitude. The first is the gradient between step 1
and step 2 that appears to be due to the increase in the
potential temperature of the Egrett from 377 to 382 K.
Initially one would suggest the same reason for the tracer
gradients immediately east of step 4. However, as the
Egrett reaches a potential temperature of 379 K at �7.7�E
the Egrett ozone and methane have already started to
increase, and so this gradient can only be partly attributed
to the increase in potential temperature from 379 to 386 K,
between �7.7� and �6.4�E.
[25] Obviously, the resolution of the ECMWF PV field

is not sufficient to be able to reproduce the structure
observed in the tracers. To produce a fine-scale PV field
for 1200 UT on 5 June, Reverse Domain-Filled (RDF)
trajectories were calculated, as described by Gouget et al.
[2000]. For each isentropic level 16 fine-scale PV fields
were generated, corresponding to the PV along the back-

Figure 10. (a) Return leg ozone (blue line) versus 4-day RDF PV at 390 K (red line). (b) Return leg
methane (blue line) versus 4-day RDF PV at 390 K (red line). (c) 4-day RDF PV cross section for the
return leg flight track, superimposed is the potential temperature of the Egrett (black line) and theta = 390
K (white dashed line). (d) Contour plot of RDF PVon the 390 K isentropic surface, superimposed is the
return flight track.
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Figure 11. Time series showing the location of the air parcels sampled, by the return leg of the Egrett,
between �7.5� and �3.5�E on 5 June 2000. Contoured with the trajectories is the PV at 390 K on 1 June
1200 UT (a), 2 June 1200 UT (b), 3 June 1200 UT (c), 4 June 1200 UT (d), and 5 June 1200 UT (e). The
black cross donates Trough 1 and the white cross donates the location of Trough 2.
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trajectories at 6-hour intervals from 0600 UT on 5 June
to 1200 UT on 1 June 2000. For each fine scale grid and
each isentropic level between 350 and 400 K (at 5 K
intervals), the PV was interpolated onto the return leg
flight points and compared with the ozone measurements.
[26] After comparing every RDF field with the tracer

measurements, the best correlation with the step structure
was found to be with the field calculated using 2-day
backtrajectories at 385 K (Figures 8a and 8b). Note that a
better correlation is observed between the step structure in
the methane measurements and the RDF profile, particu-
larly steps 3 and 4, than with the ozone measurements.
Figure 8c shows a vertical cross-section of fine-scale PV,
calculated using 2-day back-trajectories. At 385 K a wavy,
distorted PV field between �10�E and �8�E is observed,
which the analyses suggest is the reason for the step
structure observed in the ozone field. Figure 8d shows
this structure as a filamentary system running north to
south along the leading edge of the P1 component of the
breaking Rossby wave. The origins of the air sampled by
the Egrett between �12� and �7.5�E is shown in Figure
9. Two days before the flight the air parcels were located
at the northwestern edge of the developing Rossby wave.
At 385 K the edge shows a contorted pattern, indicative of
a smaller-scale Rossby wave propagating along it. Note
that the black sections of the back-trajectory in Figure 9
cross gradients in PV: these correspond to sections of the
flight track where ozone/methane changed rapidly. The
steps, on the other hand, correspond to the white sections
in Figure 9, which rest almost parallel to PV contours. It
appears therefore that the distortion caused by the small-
scale Rossby wave resulted in the stepped structure
observed by the Egrett. From 3 June to 5 June the air
parcels in the small Rossby wave were advected across the
Atlantic, during which a strong compression occurred,
squeezing the air parcels from a �45� zonal extent on 3
June to 4.5� on 5 June.
[27] The best correlation between an RDF profile and

the trough structures was obtained using 4-day back-
trajectories at 390 K (Figures 10a and 10b). The 4-day
RDF PV cross-section, Figure 10c, suggests the existence
of small structures, �5–10 K in vertical extent, that are
responsible for the dips observed in the ozone profile.
Figure 10d shows these features as a ‘‘V’’ shaped fila-
mentary structure over the Irish Sea at 390 K. The time
series of PV maps on the 390 K isentropic surface (Figure
11) shows the origin of the air sampled by the Egrett
between �7.5� and �3.5�E. The PV at 1200 UT on 1 June
2000 (Figure 11a) suggests the existence of a small
intrusion over the Gulf of St. Lawrence, which contains
the air that was later observed as the two troughs sampled
by the Egrett. Figure 11a shows that the air parcels
sampled at �7.5� and �3.5�E were initially located further
west than the air sampled at �5�E. As time progressed the
air moved poleward as it progressed over the Atlantic, and
then southward from 4 June at 1200 UT. From 1 June, the
bottom trajectory branch (i.e., the air sampled between
�5� and �3.5�E, on 5 June) turned anticlockwise as it
moved across the Atlantic which caused this branch to
become collinear with the upper branch (i.e., the air
sampled between �7.5� and �5�E). As in the case of
the ozone steps the air was dramatically compressed as it

was advected eastward, from �30� to 4� in zonal extent in
4 days.
[28] The above analysis has shown how small distortions to

the main Rossby wave, both before and during breaking, has
led to the generation of a fine-scale filamentation. This
filamentation has been generated, to a large part by the
compression of the air parcels as they were advected across
the Atlantic. Figures 9 and 11 suggest that the P1 breaking
Rossby wave is advancing toward Britain at �1� per hour
whereas the stratosphere (west of Britain) is only moving east
at�0.5�per hour.Because of the necessity to conservePV, the
compression meant a north-south stretching, leading to the
observed filamentary structure.

6.2. Outbound Leg

[29] The outbound leg of the flight track took place
between 1140 UT (�4.5�E) and 1310 UT (�12�E). Figure
12a shows the ozone and methane measurements recorded
by the Egrett at the potential temperature shown in Figure
12b. Ozone concentrations are observed to decrease from
750 ppbv to <135 ppbv as the flight progressed. Examina-
tion of Figure 4a suggests that the reason for the reduction
in ozone concentration is due to the presence of the
subtropical intrusion between 360 and 400 K. However,
this analysis would suggest a smooth transition from high to
low values of PV, whereas the tracer measurements show a

Figure 12. (a) Outbound leg ozone and methane concen-
trations (note the inverse scale for methane) and (b) potential
temperature as a function of the flight longitude.
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distinctive trough �120 ppbv deep in ozone and 0.06 ppmv
high in methane, centered at �8.3�E. It is evident from
Figure 12b that the features are not due to a change in the
potential temperature of the Egrett.
[30] RDF trajectories were calculated from 1200 UT on 5

June, every 0.15� in longitude and latitude, as discussed in
Chapter 3. The previous analysis of the return leg has
suggested that a 2-day RDF should be used to examine the
subtropical intrusion and a 4-day RDF for the stratospheric
part of the flight track. Indeed, for the outbound leg, a RDF
field calculated using 2-day back-trajectories at 370 K was
found to best represent the trough structure in the ozone
profile (Figure 13a), and ridge structure in the methane
(Figure 13b).The RDF cross-section, calculated for the locale
of the outbound flight leg is shown in Figure 13c. A similar
picture is observed to the 2-day RDF PV cross-section for the
return flight leg, as would be expected for structures running
north-south off thewest coast of the British Isles (Figure 13d).
The RDF cross-section suggests a blobbed structure, west of
8�W between 360 and 385 K, that is responsible for the
minima observed in the ozone and methane traces.
[31] Figure 14a suggests that the air within the trough

observed in the RDF profile originated 2 days previously

within a regions of low PV, located over the St. Lawrence
river with PV values reaching 6.5 PVU. This intrusion
then cut off from the main breaking Rossby wave and
moved poleward as it moved across the Atlantic. Over the
final 24 hours, the PV suggests the zonal compression of
the cut-off region of low-PV as it moved down the
leading edge of the P1 breaking wave. In fact, a huge
compression occurred over these 2 days, as the region of
the Egrett flight between �10� and �6�E occupied a
region spread over �60� longitude, 48 hours earlier.

7. Vertical Analysis of Small-Scale Rossby Wave
Breaking

[32] The previous section has attempted to present an
explanation of the features observed in the ozone and
methane fields, sampled by the Egrett on 5 June 2000.
Examination of Figures 9a and 14a suggests that the same
‘‘small-scale’’ Rossby wave breaking over the St. Lawrence
river was involved in generating the stepped structure
observed in the return leg tracers at 380 K (385 K in the
RDF PV) and the troughs observed in the outbound leg
ozone at 375 K (370 K in the RDF PV). Whereas Figure 9

Figure 13. 2-day RDF PVat 370 K versus (a) outbound leg ozone and (b) outbound leg methane. (c) 2-
day RDF PV cross section for the outbound leg flight track, superimposed is the potential temperature of
the Egrett (black line) and the theta = 370 K isentropic surface (dashed line). (d) Contour plot of RDF PV
on the 370 K isentropic surface, superimposed is the outbound flight track.
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Figure 14. Time series showing the location of the air parcels sampled, by the outbound leg of the
Egrett, between �10� and �6�E on 5 June 2000. The location of the trough located at 8.5�W in the RDF
profile is shown as a black cross. Contoured with the trajectories is the PV at 370 K on 3 June 1200 UT
(a), 4 June 0000 UT (b), 4 June 1200 UT (c), 5 June 0000 UT (d), and 5 June 1200 UT (e).
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suggests that the distorted pattern simply moved poleward
and then south around the main intrusion of subtropical air,
Figure 14 suggests that small-scale breaking led to regions
of low PV being cut-off, that again moved poleward before
being advected down the leading edge of the P1 component.
[33] An analysis of the total horizontal wind speed on the

370 and 385 K isentropic surfaces (not shown) suggests that
the core of the north American jet stream decreased in
intensity between 0600 and 1200 UT before reintensifying
at 1800 UT on 3 June. This decline in the jet was
accompanied by the jet core splitting, leaving gaps of low
wind speed over Montreal (at 370 K) and New Brunswick
(at 385 K). The regions of low wind speed allowed a small
Rossby wave to grow in amplitude, introducing low-PV air
over the St. Lawrence river. Between �360 K and 380 K a
cut-off region of low PV was produced, but at 385 K the
small-scale breaking simply caused a distortion to the main
P2 component of the breaking Rossby wave.
[34] Concerning the two troughs observed in the return

leg Egrett ozone profile, essentially the same picture was
observed as in the above case. That is, a splitting of the jet
stream on 1 June at 0600 UT led to a region of decreased
wind speed over Quebec. This allowed a small Rossby
wave in this region to amplify and break, producing the cut-
off region of low PV observed in Figure 11, before the jet
reintensified at 1800 UT on 1 June 2000.

8. Filamentation and Mixing

[35] In the introductory comments of this paper reference
was made to the concept of filamentation being generated
by a two-dimensional strain field. It has subsequently been
shown that filamentation in the lower stratosphere can be
produced by another mechanism, viz. small-scale wave
breaking along the edge of a Rossby wave. This filamenta-
tion process is an irreversible one and so filaments must
eventually mix with the surrounding air. This mixing
ultimately depends on molecular diffusion but this can be
enhanced by 3-D turbulence [Balluch and Haynes, 1997].
The Egrett observed turbulence west of 10�W, in both flight
legs, with the standard deviation of the 1-s vertical winds

exceeding 0.1 m s�1 and reaching more than 1 m s�1

(Figure 15).
[36] This turbulence is not related to mountain waves (the

turbulent patch was located west of the Irish mountains, at a
time when the surface winds in southwest Ireland were
westerly and light) or to background wind shear. However,
the turbulence experienced in this case is in the intrusion
and will cause vertical mixing (note that Figure 15 shows
that @O3/@z � 0 in this region). The remaining candidate for
generating the turbulence is inertia-gravity waves (IGWs)
[Pavelin et al., 2001]. Figure 16 shows that in the vicinity of
the ozone-poor layer that was recorded over Aberystwyth,
an IGW was present that according to the local Richardson
number, was sufficient to generate turbulence in the tropo-
pause region. We note that the geostrophic adjustment
process likely to be a cause of IGWs will occur when the
polar jet stream is disturbed by strong meridional waves.
IGWs associated with breaking Rossby waves could cause
turbulence and mixing at small scales which remove the
filamentary structure setup by the larger scales.

9. Discussion and Conclusions

[37] The Egrett flight of 5 June 2000 was conducted to
observe filamentation in the tropopause region. A subtrop-
ical intrusion of low-ozone air was observed over Aber-
ystwyth toward the evening of 5 June 2000, by the ground-
based ozone DIAL. The Egrett flight of the same day flew
into this intrusion (between 370 and 390 K) some 10 hours
previously. This intrusion, characterized as a P1 component
of a breaking Rossby wave, advected a large mass of
subtropical air poleward toward Britain. The Egrett tracer
measurements observed step and trough structures on the
eastern side of the advancing P1 component, which appeared
as thin (less than a degree in zonal extent) north-south
running filaments over western Britain in the RDF analyses.
The excellent agreement between the RDF analysis and the

Figure 15. Outward leg ozone (�375 K) and return leg
ozone (380 < q < 390) versus longitude. Also plotted is the
standard deviation of the 1-s vertical winds for both flight
legs that show turbulence west of 10�W.

Figure 16. Eastward wind component (m s�1) as measured
by the MST radar at Capel Dewi, near Aberystwyth. The
solid black line denotes the approximate location of the
subtropical intrusion obtained from the ozone lidar at
Aberystwyth, the MST vertical power and an ozonesonde
launched from Aberystwyth at 1200 UT on 6 June 2000.

BRADSHAW ET AL.: TRACER FILAMENTATION ACL 12 - 13



tracers allowed a picture of how the filamentary structures
were generated to be produced. Inertial instability was
examined as a process that could have generated the
filamentation, however, in the vicinity of small-scale break-
ing the absolute vorticity was greater than zero and so this
theory was discounted.
[38] Two days previous to the flight, the north American

jet stream weakened producing a region of decreased wind
speed over the St. Lawrence river area. This allowed a small-
scale disturbance to grow, on the Rossby wave, in this area.
Between �360 and 380 K the small disturbance broke,
producing a cut-off region of low PV/ozone that was
advected across the Atlantic. However, at 385 K a different
story was observed; the small disturbance remained super-
imposed on the Rossby wave and traveled clockwise around
it. Similarly, 4 days previous to the flight of 5 June 2000, the
north American jet weakened leaving a region of decreased
wind speed over Quebec. This allowed the amplitude of the
Rossby wave in this region, at 390 K, to grow and break
producing another cut-off region of low PV/ozone.
[39] Essentially, small-scale wave breaking over the

northeastern United States led to incursions of low PV
air into the midlatitude stratosphere. As these incursions
traveled across the Atlantic they experienced a huge
compression due to the rapid advancement of the P1
component of the breaking Rossby wave and the slowly
moving stratosphere. The air was zonally compressed, and
the intrusions were stretched meridionally creating north-
south running filaments that became thinner as time pro-
gressed. These filaments were also distorted in the vertical
because of the forces acting in the ‘‘collision zone’’ be-
tween the incoming subtropical intrusion and the midlati-
tude stratosphere, for example Figure 8b between �11�E
and �7�E. As time progressed the continual compression
of the filamentary structures meant a decrease to finer and
finer scales. Eventually such a fine scale would be reached
that turbulence would act to mix the filamentary structures
with the surrounding stratospheric air. Turbulence was in
fact observed by the Egrett to the west of 10�W, where
vertical gradients in ozone and methane were approxi-
mately zero.
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