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Service d' Aéronomie du CNRS, Paris, France

(Manuscript received 2 June 1999, in final form 14 February 2000)

ABSTRACT

In June 1996, an airborne ozone lidar was successfully used to observe the decay of a cutoff low over southern
Europe. This weather system was tracked during several days and sampled with an 8-km horizontal resolution.
Most of the measurements took place in the 4-12-km altitude range and ozone-rich layers with avertical thickness
often less than 500 m were seen. Ozone vertical cross sections were obtained at the edges of the cutoff low or
in frontal regions next to it. Using complementary data it is shown that these bidimensional cross sections
characterize the ozone spatial field well. Two main features of the ozone distribution are large variability of the
ozone tropopause and the presence of numerous ozone-rich layers within the troposphere. This paper focuses
on thefirst feature. Observed ozone tropopauses compare well with potential vorticity onesderived from ECMWF
analyses. The magnitude of the ozone to potential vorticity ratio also indicates that no significant diabatic
mechanism contributes to the ozone transfer from the stratosphere to the troposphere above 325 K. An analysis
of the evolution of the ozone vertical gradient in the upper troposphere (80—120 ppb) and lowermost stratosphere
(120-200 ppb) is used to illustrate its usefulness as a diagnostic tool of dynamical processes. Large differences
are found between air masses near and within the cutoff low. Vertical stretching induced by the PV anomaly
cannot completely account for them. Differential advection in frontal regions and convective erosion on the
eastern edge of the cutoff low tend to sharpen the vertical ozone gradient. On the contrary, clear sky turbulent
mixing tends to smooth it. Convective erosion is also likely to transfer ozone from the stratosphere to the
troposphere. This is corroborated by ozone vertical cross sections sampling tropospheric air masses three days
after the decay of the cutoff low.

1. Introduction transport circulation and transport to the troposphere at
midlatitudes by a combination of diabatic subsidencein
the stratosphere and frontgenesis in the troposphere
(Holton et al. 1995). In order to better understand this
global-scale circulation, intrusions of stratospheric air
into the midtroposphere resulting from instabilities of
the polar front must be well characterized to quantify
the tropospheric ozone budget and the atmospheric’s
oxidizing capacity over Europe (Kley et al. 1997). Qua-
si-isentropic deformations of the midlatitude tropopause
are very common but may not significantly contribute
to chemical tracer exchanges. These intrusions must be
stretched to small-scale features in order to achieve an
efficient irreversible mixing (Appenzeller and Davies
1992). Instahilities in the jet streams on an isentropic
surface may lead to long streamers extending over sev-
eral thousands of kilometers coupling the subtropical
- region and the midlatitudes (Langford and Reid 1998).

* Current affiliation: Harvard University, Cambridge, Massachu- ~ Bréakup of these long streamers occurs at intermediate
setts. scales between synoptic-scale (>1000 km) and small-
scale features (<100 km) where turbulence and radia-
tive processes can mix stratospheric and tropospheric

The chemical, dynamical, and radiative balance of
the atmosphere is extremely sensitive to the chemical
composition of the 8-15-km atmospheric layer. There-
fore, perturbations due to human activities must be care-
fully studied in this altitude range. The upper part of
this atmospheric layer, the lower stratosphere, isastrong
0zone source to the upper troposphere. The lower part
of this atmospheric layer, the upper troposphere, is the
main source region to the stratosphere for gases in-
volved in ozone chemical destruction and in strato-
spheric water vapor budget.

The classical view of the Brewer circulation assumes
transport to the stratosphere across the tropical tropo-
pause through convection followed by poleward mean
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modeling work (Lamarque and Hess 1994). Such astudy
is developed in this paper. We present afield experiment
designed to investigate the decay of a cutoff low (COL)
and its impact at the tropopause on the transport of
chemical species like ozone and water vapor. Such ex-
perimental studiesin a COL were done in the past using
aircraft, satellite, or ground-based observations. Bamber
et al. (1984) showed from vertical distributions of long-
lived trace gases, ozone, and light hydrocarbons that
transport and mixing probably exist in a COL system
without specifying mechanisms responsible for such
transport. To better understand these mechanisms, Price
and Vaughan (1993) followed the time evolution of
ozone in a COL using satellite observations, but limited
vertical resolution of these data and difficulty account-
ing for the effect of clouds made interpretation difficult.
More recently, ground-based lidar observations with
good vertical and time resolution revealed strong var-
iability of the tropopause barrier in such events (An-
cellet et al. 1994; Langford et al. 1996). Contrary to
Price and Vaughan (1993), however, time evolution
could not be properly studied. Here ozone distribution
again will be the primary parameter to describe COL
evolution.

In order to track the COL area over severa days,
ozone was measured by an airborne lidar during this
experiment. Of course, the ozone distribution recon-
structed from the lidar cross sections remains limited
because of our inability to forecast precisely enough the
motion of the COL and because the lidar instrument
cannot provide reliable measurementsin clouds. Use of
data assimilation techniques combining meteorol ogical
analysisand lidar datais probably the only way to obtain
an ozone field suitable for numerical models. However
use of the airborne lidar remains a definite improvement
in the sampling strategy as compared to ground-based
stations. This instrument and data processing are dis-
cussed in section 2. In section 3, the meteorological
situation relative to the campaign is described. In sec-
tions 4 and 5, ozone datasets are first presented and are
then used to document mechanisms responsible for
stratosphere-troposphere ozone exchange. In this paper
we will focus on identification of dynamical processes
at the tropopause from aircraft datasets and on formu-
lation of questions to be answered by modeling studies.
Comparison of ozone data with modeling results will
be addressed in another paper.

2. The airborne ozone lidar
a. Description of the instrument

An airborne lidar for tropospheric ozone (ALTO)
measurement has been developed to describe the ozone
vertical cross section with good horizontal and vertical
resolution (Ancellet and Ravetta 1998). Thisdifferential
absorption lidar (DIAL) system was installed in a Fok-
ker 27 (F27) aircraft to achieve better temporal conti-
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nuity for analysis of moving meteorological systems. A
Nd-YAG laser is used in combination with a single Ra-
man cell to generate three wavelengths that are simul-
taneously transmitted to the atmosphere: 266-289—-316
nm. A 40-cm telescope is used to collect the backscat-
tered light and to focus received photons on a fused
silicaoptical fiber. The sounding angleis 24° off-vertical
for the upward-looking configuration when the system
is mounted on the F27 aircraft.

The radiation at the exit of the fiber is input into a
grating spectrometer for wavelength separation and
background sky light filtering. Output of six photo-
multiplier tubes is recorded by photocounting units and
waveform recorders. Combination of two different de-
tection methods provides a dynamical range larger than
7 km for the lidar measurement. Hardware averaging of
the waveform recorder and counter outputs has been
implemented to allow time for further data processing
by the computer. The number of averaged shots can be
selected by the operator and is typically 600, that is, a
30-s sampling for an ozone profile. A real-time analysis
of the signals is performed to produce a cross section
of the ozone concentrations along the flight track. Air-
craft data (position, meteorological parameters, ozone
measurement by a UV photometer) are recorded every
second on a separate tape, and the computer clock is
controlled by the aircraft data acquisition system.

b. Data processing

For this campaign, 600-shot averages are further add-
ed to increase the signal-to-noise ratio. The maximum
number of shots averaged does not exceed 2000, cor-
responding to horizontal averaging of data over 8 km
when using the F27 aircraft. Range averaging of the
range-corrected lidar signal is performed with a nu-
merical low-pass filter to improve the signal-to-noise
ratio further. The corresponding range resolution isthen
300 m at 1 km and 1000 m at 6 km. Of course large
ozone structures at smaller scales (100 m) remainvisible
after this filtering since the sampling is less than 40 m.
Correction of molecular extinction (Rayleigh extinction)
is based on an atmospheric density model, which de-
pends on season and latitude (Chedin et al. 1985). An-
alog and photocounting slope signals are combined and
0zone concentrations are calculated for two wavelength
pairs. 266-289 nm and 289-316 nm. Ozone absorption
cross sections are calculated for the three wavelengths
using the work of Molina and Molina (1986) including
cross-section temperature dependence.

The 266-289-nm wavelength pair is less sensitive to
systematic errors (beam alignment, aerosol interferenc-
es), but it can only be used for ranges less than 1.8 km
since the 266-nm signal is rapidly absorbed in the at-
mosphere. For ranges above 1.8 km, the pair 289-316
nm is used, except when large aerosol interferences are
observed. Indeed, large ozone error is generally asso-
ciated with these interferences for this wavelength pair.
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Although ozone molecular density isthe parameter mea-
sured by the lidar, the ozone mixing ratio will be used
in this paper. The mixing ratio is calculated from ozone
molecular density using the atmospheric molecular den-
sity model considered for Rayleigh scattering calcula-
tions. This may create a 5% bias in the ozone mixing
ratio for an unusual temperature profile (i.e., with a 10-
K departure from average temperature). Use of mete-
orological radio sounding data could improve the mix-
ing ratio calculation but this is not necessary for the
discussion developed in this paper.

c. Error analysis

When no significant aerosol layers are present, the
DIAL measurements are limited first by statistical errors
related to decreasing signal-to-noise ratios at long rang-
es and second by systematic errors arising from instru-
mental limitations, namely geometrical error at near
range and electronic noise in the analog signal. No
ozone data are calculated when the statistical error be-
comes larger then 30%. At near range below 1 km, the
DIAL measurement remains subject to a bias related to
differences between the geometrical telescope overlap
function of each emitted laser beam. The shortest dis-
tance where an o0zone measurement is possible is 500
m, since a 12-ppb overestimate of ozone may exist at
shorter ranges. At 750 m, maximum uncertainty asso-
ciated with the geometrical overlap becomes less than
3 ppb. Residual noise at frequencies less than 50 kHz
is frequently apparent in the analog signals and is not
always suppressed by averaging. The analog signal at
289 nm becomes noisy above a 2.5-km range, and one
must switch to the photocounting signal, which is gen-
erally no longer saturated at this range. The narrow
overlap range for this wavelength is sometimes a source
of error in the ozone calculation at 2.5 km. This can be
controlled by a careful examination of the lidar signal
slope at this wavelength.

When aerosol layers are present, the aerosol back-
scatter coefficient is calculated with the lidar signal at
316 nm, where ozone absorption is negligible, using a
backward integration scheme described by Browell et
al. (1985). This information is used to verify whether
significant aerosol layers are present in the measurement
area. Cloud layers are then clearly identified and ozone
data are removed from these areas because no useful
corrections can be made in such conditions. Otherwise,
comparisons of the lidar data with other instruments
have shown that its accuracy is usually better than 10%—
15% (Ancellet and Ravetta 1998).

—

FiG. 1. (@)—(c) PV maps at 315 K from 20 to 22 Jun 1996 and (d)—
(9) from 23 to 26 Jun 1996. The white areas correspond to PV > 1
PVU. The full black lines are aircraft trajectories. Flight numbers are
in boxes (see aso Table 1).
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FiG. 1. (Continued)

3. Description of the meteorological situation

A cutoff low that forms over the mid-Atlantic Ocean
on 14-15 June 1996 drifts eastward over Europe. The
potential vorticity field on the 315-K isentropic surface
provides agood description of the evolution of the COL.
The potential vorticity (PV) was calculated using Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWF) T-106 analyses. On 20 June the COL is lo-
cated south of England and is stretched over northern
France because of a strong zonal flow associated with
a well-developed trough over Scandinavia (Fig. 1). Ac-
cording to the IR Meteosat image at 1800 UTC (Fig.
2a), convective clouds over the Pyrénées Mountains are
associated with southerly flow on the eastern edge of
the COL. Within the COL itself, although cloudinessis
also related to convective motion, stratified clouds on
the western part of Spain also contribute to the IR ra-
diances seen by Meteosat. This will be verified by the
lidar observations.

On 21 June, the COL moves to northern Spain as the
trough located over Scandinaviadevelops over England.
The areawith PV > 2 PVU (1 PVU = 10-¢K kgt m?
s 1) decays significantly on this day. The Meteosat im-

age indicates that convection is nhow present over asig-
nificant area within the COL probably because of up-
slope motions in the Pyrénées Mountains and the Span-
ish plateau (Fig. 2b). Following the work of Wirth
(1995), convection may thus be responsible for the PV
diabatic erosion below the tropopause on this day. In
the frontal zone south of the COL, a band of cirrus
clouds is still clearly visible. These bands of high-al-
titude stratified clouds on the edge of a PV anomaly are
important since they reveal horizontal structuresin the
humidity field and possibly in the ozone distribution.
These layers with different humidity and ozone con-
centrations may then undergo a strong deformation by
differential advection leading to irreversible exchange
of air. On 22 June the COL moves rapidly from Spain
to Corsica and convection is mainly present on the east-
ern edge of the COL (not shown).

On 23 June, the COL merges into a large trough that
extends southward from the North Sea (Fig. 1) and a
new COL was generated. It remains over southern
France for three days before dissipating farther to the
east. The COL structure during the second phase of this
event (25-26 June) is not as well defined. An area of
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Fic. 2. Meteosat satellite IR image at (a) 1800 UTC 20 Jun and
(b) 1200 UTC 21 Jun.

relative PV minimum appears on the edge of the COL
since instabilities in the balanced flow over southern
France will lead to wave propagation along the PV band
(Appenzeller et al. 1996). Existence of these PV de-
formations at scales smaller than 200 km is important
since they lead to new vortices and to fragmentation of
the PV anomaly.
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4. Ozone measurements relative to the 2022 June
COL

a. Aircraft data
1) AIR MASSES SAMPLED BY THE AIRCRAFT

From 20 to 22 June, four aircraft flights were passed
near the COL. The flight tracks (Table 1) are indicated
by thick black lines in Fig. 1. It was not possible to
obtain several cross sections through the COL during
its evolution. During flight 10, only, on 22 June, the
aircraft sampled several regionswithin the COL. Flights
6, 7, and 9 are mainly representative of the frontal region
around the COL. The wind field at 250 hPa near the
tropopause shows that on 20 June, during flight 6 from
Paris to Toulouse, the lidar cross section is mainly rep-
resentative of a transverse cross section through a jet
streak (wind > 40 m s*) in southwesterly flow at the
eastern side of the COL (Fig. 3d). At the beginning of
this flight the measurements were made near the edge
of the COL (Fig. 1). Flight 7, close to 1700 UTC on
the same day, was between Toulouse and Minorca |Is-
land. During the first part of this flight the aircraft tra-
jectory exhibits a V shape corresponding to a folded
vertical cross section through the edge of the jet streak
at the eastern side of the COL. Wind values in the jet
streak are weaker than before but remain close to 40 m
s 1 at the westernmost point of the aircraft trajectory.
In the second part of this flight, the aircraft flew in a
high pressure system with weaker wind speed (<20 m
s1) (Fig. 3b). On 21 June the aircraft flew back toward
the COL position and the lidar cross section associated
with flight 9 is representative first of a cross section at
the edge of the COL (Fig. 1) and then of a cross section
through the southwesterly flow (Fig. 3c). Thus, these
four lidar cross sections obtained near the COL during
a 3-day period provide measurements in air masses at
different positions from the COL center. Price and
Vaughan (1993) showed that different transport mech-
anisms should act on the ozone profiles around the COL
(strong differential advection, convection, turbulent
mixing, etc.). Our goal is to identify the signature of
these processes in the observed ozone field near the
tropopause. Ozone is not a perfect tracer of transport
processes from the stratosphere to the troposphere. Re-
cent airborne measurements in frontal systems showed
that it can be transported from the boundary layer to

TaBLE 1. Aircraft flight times.

No. Date Departure Arrival

F6 20 Jun Creil (49.3°N, 2.6°E; 1212 UTC) Toulouse (43.6°N, 1.4°E; 1436 UTC)
F7 20 Jun Toulouse (43.6°N, 1.4°E; 1524 UTC) Minorca (39.9°N, 4.2°E; 1812 UTC)
F9 21 Jun Biarritz (43.5°N, 1.6°W, 1306 UTC) Minorca (39.9°N, 4.2°E; 1512 UTC)
F10 22 Jun Minorca (39.9°N, 4.2°E; 0700 UTC) Bastia (42.5°N, 9.5°E; 0830 UTC)

F13 25 Jun Creil (49.3°N, 2.6°E; 0818 UTC) Montpellier (43.6°N, 4.0°E; 1018 UTC)
Fl14 25 Jun Montpellier (43.6°N, 4.0°E; 1230 UTC) Figari (41.5°N, 9.1°E; 1430 UTC)

F15 26 Jun Figari (41.5°N, 9.1°E; 0842 UTC) Vichy (46.2°N, 3.4°E; 1106 UTC)

F16 26 Jun Vichy (46.2°N, 3.4°E; 1324 UTC) Creil (49.3°N, 2.6°E; 1448 UTC)
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the upper troposphere (Bethan et al. 1998). However,
Spring 0zone concentrations associated with these events
do not exceed 50 ppb in the mid- and upper troposphere,
while o0zone concentrations, considered in this paper for
the discussion of dynamical processes, are in the range
80-200 ppb.

2) OZONE DATASET

The ozone vertical cross sections are presented in Fig.
4 using isomixing ratio contours from 40 to 190 ppb.
The contour line step is 10 ppb in the troposphere (40—
80 ppb) and increasesto 30 and 40 ppb in the tropopause
region (80—190 ppb). The color in the area between two
contour lines corresponds to the smallest contour value.
The 1-h timescale given in Fig. 4 corresponds approx-
imately to a distance of 300 km. The regions with miss-
ing data delineate air masses where clouds have been
observed. A full strip of missing datais often indicative
of convective clouds while missing data above 6 km are
associated with altostratus or cirrus clouds. The hori-
zontal distribution of these cloud layers can be derived
from Meteosat images (Fig. 2). A UV absorption ozone
monitor was mounted in the aircraft for this campaign.
These ozone measurements have been included in the
lidar cross sections to give the order of magnitude of
ozone in the lower and midtroposphere for this mete-
orological event. Although adirect comparison between
the two datasets is not possible, ozone variability in the
lowest lidar altitude range compares well with ozone
values provided by the ozone monitor. Most of the time,
the ozone mixing ratio remains near 60 ppb at altitudes
below 5 km suggesting a small impact of photochemical
ozone production on the observed ozone distribution
and variability in the lower troposphere. Indeed, ozone
mixing ratios larger than 80 ppb were measured at 5
km only in the jet streak region at the eastern side with
a connection to layers reaching the tropopause (see be-
low).

In Fig. 4, the ozone vertical cross sections exhibit two
main features: a variability in the vertical gradient at
the tropopause and the occurrence of many ozone layers
in the frontal zone around the COL. The ozone vertical
gradient appears to be less defined in the return flow at
the eastern side of the COL than in the northerly jet on
the western side. This is due to larger ozone concen-
trations below the tropopause in the return flow and it
can be interpreted as the effect of stratosphere—tropo-
sphere exchange in these air masses. This point will be
further developed in section 4b. One could argue that
the positive ozone gradient in the upper troposphere is
related to ozone photochemical production. But thisis
very unlikely for this event due to the low ozone con-
centration in the lower layers. Furthermore, a high-res-
olution global model study recently showed that, in the
upper troposphere, the stratospheric source of ozonein-
creases with altitude, from 20 ppb at 5 km up to 80 ppb
at the tropopause, while its photochemical source de-
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(a) Creil Toulouse - 20/06/96 - 03 ppb

altitude (km)

k T T + T r + T + ' —
124 126 128 13 132 134 136 138 14 142 144
(49.25N:2. 42E)  time (UT)  (43.55N;1.44E)

 (c) Biarritz/Minorca - 21/06/56 - 03,ppb

altitude (km)

e T T - . T T
132 134 13.6 138 14 14.2 144 146 148 15 152
[A3ATN-1.E61W)  time (UT)  (39.82N:4.21E)
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(b) Toulouse/Minorea - 20/06/96 - O3,ppb

altitude (km)

155 16 165 17
(43.64M;1.26E)  time (UT)  (39.9M;4.23E)

(d) Minorca/Bastia - 22/06/96 - O3,ppb

altitude (km)

]
B G0

T 75 8 B85
(30.93N4.23E)  time (UT)  (42.42N:0.54E)

Fic. 4. The O, vertical profile time series measured by the airborne lidar for flights 6, 7, 9, and 10 (see Table 1). The geographical
coordinates of takeoff and landing places are given in the label of the horizontal axis. The width of one pixel corresponds to a horizontal

distance on the order of 10 km.

creases from 35 ppb down to 20 ppb (Roelofs and Le-
lieveld 1997). We will then assume that ozone gradient
variation in the upper troposphere is mainly driven by
dynamical mechanisms.

Several ozone layers observed in the frontal zone
(Fig. 4) are correlated with the position of the jet streak
maxima, identified in Fig. 3. This can be seen for the
layers observed at 1300 UTC 20 June near 7 km, at
1412 UTC 21 June by the UV photometer, and at 0712
UTC 22 June near 7 km. It is then likely that the ob-
served structures are related to tropopause folding pro-
cesses followed by a strong differential advectionin the
jet core region. In Fig. 4, tilting of the vertical ozone
gradient is clearly visible on the cyclonic side of the jet
when these ozone layers are observed. This supportsthe
hypothesis of stratospheric origin for these layers. Three
ozone layers—observed at 8 km, 1418 UTC and 5.5

km, 1630 UTC 20 June and at 6.5 km, 1506 UTC 21
June—are not clearly related to a subsidence of air mas-
ses below the jet streak. But these ozone layers are
below bands of high-atitude clouds observed in the
lidar cross section (absence of datain Fig. 12) and in
Meteosat pictures. It is difficult to conclude much about
the connection between both observations athough it
is quite possible that dynamical mechanismsresponsible
for the cloud structure are also responsible for ozone
layer formation. Bands of high-altitude clouds are re-
lated to patterns of the vertical velocity field formed by
superposition of synoptic-scale events and mesoscale
motions. This was documented during the First Inter-
national Satellite Cloud Climatology Project (ISCCP)
Regional Experiment field campaign held in 1986 (Starr
and Wylie 1990). The origin of these layers will not be
discussed further in this paper since this requires a de-

Unauthenticated | Downloaded 01/24/21 07:44 AM UTC



SePTEMBER 2000

tailed analysis of dynamical processes using a 3D-me-
soscale model, which will be done in future work.

b. Comparison with ECMWF analysis

Here, the altitude of the large ozone gradient between
80 and 200 ppb is used as a good diagnostic parameter
to monitor tropopause horizontal variability. Indeed Be-
than et al. (1996) have already shown that the tropo-
pause can be defined in terms of the ozone mixing ratio.
The ozone region 80—200 ppb corresponds to a 1.6-4
PVU potential vorticity range using an ozone-to-PV ra-
tio characteristic of the lower stratosphere (50 ppb
PVU-1) (Beekmann et al. 1994). Comparisons of ozone
and potential vorticity are then based on the 335- and
325-K isentropic horizontal distributions of the PV band
1.5-4 PV U, which have been calculated using ECMWF
analysis (Fig. 5). Tropopause horizontal variability,
characterized by ozone lidar cross sections in Fig. 4 at
10-11-km altitude on 20 June and at 8-9-km altitude
on 21-22 June, is in good agreement with the PV map
derived from ECMWF analysis. For this event, this
shows that the meteorological analysis captures most of
the dynamical structure modulating the tropopause at
scales larger than 100 km (Fig. 5). Even the 80-ppb
0zone maximum at 8 km is reproduced on 22 June by
PV values larger than 1 PVU on the western edge of
the COL. On the top of this layer, the 50-ppb ozone
minimum at 9 km does not correspond (not shown) to
lower PV values owing to the poor vertical resolution
of the analysis near 300 hPa.

In addition to lidar data, other ozone measurements
are available on 21 June from balloon soundings and
from the measurement of ozone and water vapour by
Airbus in-service aircraft (MOZAIC) database (Mar-
enco et al. 1998). On 20 June, a MOZAIC aircraft flew
from Paris to South America crossing the COL near 335
K above Spain between 1000 and 1112 UTC (Fig. 6).
The flight track is perpendicular to the PV contours near
the western edge of the PV anomaly while it remains
close to the 3-4-PVU band on the eastern edge (Fig.
7). This explains the large difference of ozone time
variation for both sides of the anomaly (Fig. 5). The
sharp horizontal ozone gradient at 1118 UTC is con-
sistent with a tilting of the tropopause on the western
edge as observed by the lidar cross section on the next
day. For theflight part closeto the 3-PV U contour ozone
modulation between 0930 and 1030 UTC is in good
agreement with the oscillation of the PV contour on the
isentropic surface.

On the same day, four ozonesondes were launched in
different sites along the edge of the PV anomaly: Madrid
(40.3°N, 3.4°W), Toulouse (43.6°N, 1.4°E), Gap
(44.4°N, 6.0°E), and Payerne (46.8°N, 7.0°E). The Ma-
drid, Toulouse, and Payerne soundings were made near
1200 UTC and ozone data are representative of the PV
= 3 PVU region at 335 K (Fig. 6) and PV = 0.75 PVU
at 315 K (Fig. 1). An ozone increase at 315 K for the
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FiG. 6. Time series of the O, H,0 mixing ratios, wind speed, and potential temperature measured
by the MOZAIC aircraft flying from Frankfurt to Sao Paulo on 21 Jun. (bottom) The aircraft's

atitude is plotted.

Madrid and Toulouse soundings is consistent with the
proximity of the PV anomaly (Fig. 8). The Gap sounding
at 0930 UTC is less influenced by the COL with PV
values less than 0.5 PVU at 315 K and less than 2 PVU
at 335 K. The ozone profiles from the sondes are then
in a good agreement with the PV distribution on the
eastern edge of the COL. Furthermore, the Toul ouse and
Madrid ozone soundings are similar to ozone lidar pro-
files obtained near 1412 UTC during flight 9. Two ozone
layers are indeed observed near 4.5 and 7.5 km in the
sonde profiles and at 4 and 6 km in lidar data. Also the
smooth positive vertical gradient between 8 and 11 km
(i.e., between 320 and 335 K) appears in both datasets.
This implies that the ozone lidar cross section perpen-
dicular to the COL eastern edge is representative of a
large fraction of the eastern edge of the PV anomaly.
Combining the sondes and the lidar then gives areliable
estimate of the ozone field on the eastern side of the
COL. To conclude this discussion on the good com-
parison between PV calculated from ECMWF analysis
and the ozone variability near the tropopause, one can
notice that the ozone to PV ratio for potential temper-
ature larger than 320 K is close to the 50-ppb—PVU
ratio characteristic of stratospheric air implying that
strong diabatic processes associated with convective
clouds did not perturb the ozone nor the PV distributions
at these altitudes above 8 km.

¢. Analysis of the ozone gradient at the tropopause
1) SIGNIFICANCE OF THE O, VERTICAL GRADIENT

In this section we will concentrate on the vertical
ozone gradient evolution identified in the lidar cross
section presented in Fig 4. The goal isto use the vertical
ozone gradient dy/dz, where y is the ozone mixing ratio
and z the altitude, as a diagnostic tool to identify the
influence of different transport mechanisms acting on
ozone at the tropopause. This was already suggested by
Price and Vaughan (1993) who have related transport
mechanisms in COL to tropopause sharpness defined by
radiosonde temperature profiles. In this paper we will
add spatial dimension to this discussion using the hor-
izontal variability of the tropopause sharpness derived
from ozone lidar profiles. These profiles have been av-
eraged over a time period where the ozone gradient
appears to be stationary. This will remove part of the
variations in ozone due to small-scale atmospheric var-
iability. Before relating gradient to transport mecha-
nisms, one must remember that the gradient dy/dz re-
mains sensitive to stretching of the isentropic surfaces
since it can be written as the product of dyx/d6 by do/
dz, where 6 is potential temperature. A change in the
stability of the atmosphere will thus modify the vertical
ozone gradient dy/dz and the total ozone column, as
observed by McKennaet al. (1989) for ozone miniholes
correlated with anticyclonic flows. But this does not
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Fic. 7. MOZAIC aircraft trajectory plotted on the PV map at 335
K at 1200 UTC 21 Jun. PV contours are 0.75, 1, 2, 3, 4 PVU (PV
< 0.75 PVU or PV > 3 PVU is white). The open circles represent
the aircraft’'s position at 0900, 0930, 1000, 1030, 1100, and 1130
UTC (from right to left). The crosses represent the positions of the
ozone sounding ground-based stations: Madrid, Toulouse, Gap, and
Payerne (from south to north).

imply necessarily an ozone mixing between the strato-
sphere and the troposphere, which would lead to a
change of dy/d6.

In the case of a positive PV anomaly, it has been
shown (Hoskins et al. 1985; Thorpe 1986) that static
stability is anomalously high in its center and that it is
lower than the reference state in regions above and be-
low the anomaly. Under the assumption of adiabatic
motion, an air mass entering a region of the anomaly
where the static stability is high will thus experience an
increase of its vertical ozone gradient dy/dz, even if dy/
de is conserved in this case. Therefore, before discuss-
ing the lidar dataset where one cannot calculate sepa-
rately dy/de and d6/dz, it isfirst important to verify that
the vertical stretching of the isentropic surfaces is not
the dominant process in the ozone gradient variability
observed for dy/dz in the vicinity of the COL. Using a
potential temperature vertical scale to plot the ozone
soundings on 21 June (Fig. 7), one notices an increase
of the positive gradient of the ozone mixing ratio be-
tween 320 and 330 K in Madrid, Payerne, and Toul ouse,
whilethisisnot the casein Gap, where the ozone mixing
ratio remains constant near 80 ppb. This implies that
the stretching of the volume between the 320- and 330-
K isentropic surfacesisnot the unique factor responsible
for smoothing of the mixing ratio vertical gradient dy/
dz observed on the edge of the anomaly. If this were
the case, one should not observe a change in the mixing
ratio gradient dy/d6é perpendicular to the isentropes at
two different locations across the frontal zone. There-
fore either vertical transport associated with convective
clouds or differential advection of air masses near the
tropopause, both being able to modify dy/d6, must play

RAVETTA AND ANCELLET

3261

asignificant rolein the observed variability of the ozone
gradient dy/dz at the tropopause, at least at the eastern
edge of the COL.

2) ANALYSIS OF THE LIDAR DATA

For flights 6, 7, and 9, each of the three ozone profile
time series has been split into two subsets according to
position from the COL center. The measurement times
corresponding to this cut are, respectively, 1306, 1700,
and 1400 UTC for these three flights. For flight 10,
where different parts of the COL were sampled, the data
were divided into three subsets: 0700-0734, 0739—
0748, and 0800-0824 UTC. For this flight, profiles
where the tropopause is strongly tilted have been re-
moved from the average. Following the flight descrip-
tion in section 4a, nine different subsets can be sorted
into five different air masses: frontal region west of the
COL, western edge of the COL, the eastern edge of the
COL, cloudy frontal area east of the COL, and a high
pressure region far away from the COL. The latter one
can be considered as a reference ozone profile against
which one might compare the ozone distribution influ-
ence by atmospheric circulation near the COL.

The nine ozone profiles are shown in Fig. 9 including
the straight line fit to the vertical profile for two con-
centration intervals: 80—120 ppb (upper troposphere)
and 120-200 ppb (lowermost stratosphere). The 120-
ppb threshold has already been viewed asavalid criteria
for separating tropospheric and stratospheric air (Thour-
et et al. 1998). This correspondsto a2.4-PV U dynamical
tropopause, which is in good agreement with the 1.6—
3 PVU range used to define the tropopause (Hoerling
et al. 1993). Ozone is thus used to define the position
of the air mass relative to the tropopause. As shown by
Bethan et al. (1996), this is very useful in highly cy-
clonic regions where the thermal tropopause is very
often indefinite. But those authors recommend an 80-
ppb value to define the tropopause and to estimate the
tropospheric ozone content. This lower limit is useful
to define the top of the tropospheric column, but not
necessarily to separate different dynamical processesin
the tropopause region.

In Table 2, the values of the vertical gradient dy/dz
are given for the different air masses. For the reference
state, one cannot distinguish between the ozone gradient
in the troposphere and lower stratosphere. This means
that the 120-ppb ozone threshold is not very well suited
to define the barrier between tropospheric and strato-
spheric air in anticyclones. This is a good indication
that mixing occurs in high pressure regions. It might be
related to the weaker influence of the strong vertical
differential advection bringing air from the polar front
where a strong ozone gradient can be maintained. On
the contrary, frontal regions are very likely to exhibit
strong ozone vertical gradients, in good agreement with
the suggestion of MclIntyre and Palmer (1984) that syn-
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Fic. 8. The O, mixing ratio and relative humidity vs potential temperature as measured by ozone soundings performed in Toulouse,
Payerne, Madrid, and Gap on 21 Jun.

optic-scale baroclinic eddies can sharpen the isentropic
gradients of PV marking the extratropical tropopause.
Indeed, for the four regions around the COL, and
contrary to the reference state, thereisaclear separation
of the upper-tropospheric part of the flow from the low-
ermost stratosphere where gradients are always stronger.
The vertical differential advection encountered in its
frontal zones must play a significant role to maintain
this separation that must have arisen before the low cuts
off from the general circulation. Accordingly, the tro-
pospheric—stratospheric contrast decreases with time, as
the jet streak at 250 hPa does between 20 and 21 June
in the return flow associated with the eastern front (Fig.
3). However, strongest values of the vertical ozone gra-
dient are found in the northerly flow associated with the
western front, a region where on 22 June the jet streak
is much weaker than on the eastern flank on 20—21 June
(not shown here). But the COL is then under the influ-
ence of alarger trough. Observed gradients on this side
may thus be more representative of the sharp gradient

associated with the frontal zone of the general circu-
lation than of the COL itself. Other mechanisms are
likely to account for variability of the vertical ozone
gradient in the frontal regions, especially when com-
paring the eastern side to the western one. Indeed, tur-
bulent mixing is enhanced in the presence of the strong
jet streak on the eastern side and will tend to smooth
the sharp gradient induced by differential advection.
This has been documented by several experimental stud-
ies using aircraft (Shapiro 1978) or clear air VHF radar
data (Caccia and Cammas 1998). This may partly ex-
plain why smoother values of the vertical gradient are
found on the eastern side. However, it must be a second-
order mechanism compared to differential advection;
otherwise, variation of the gradient in the eastern front
regions should be opposite to the one observed. A strik-
ing difference is also that the atmosphere is cloudless
in the western front area and cloudy in the eastern one,
where isentropic motions are upwelling. However, it is
not obvious to identify a transport mechanism related
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Fic. 9. Lidar ozone profiles averaged over the given time interval for flights 6, 7, 9, and 10. The heavy lines are
linear fits to the profiles in the 80-120- and 120—200-ppb ozone ranges. Correspondence between the symbols and the

air masses is given in Table 2.

to the cloud development and capable of smoothing the
ozone and stability gradient at the tropopause.

The second noticeable feature in Table 2 is the weak
tropospheric ozone vertical gradient within the COL
when no convective clouds are present. The smallest
values are observed in the upper troposphere at the edg-
es of the COL. This is probably due to lower static
stability usually observed in the troposphere below the
center of the PV anomaly. Moreover, a larger turbulent
mixing below the jet, where vertical wind shear is gen-
erally largest, may also account for these observations.
At this stage, it is not possible to separate both mech-
anisms. Finally, the ozone gradient at the eastern edge
of the COL varies significantly whether convective
clouds have developed below the COL or not. Both in
the upper troposphere and the lowermost stratosphere,
it increases strongly once the PV anomaly has been
convectively eroded. Indeed, this erosion will sharpen
the ozone gradient at the tropopause, accounting for the
large values observed in the upper troposphere. Con-
vection will also mix stratospheric air into the tropo-
sphere, which leads to an increase of the ozone back-

ground level (cf. section 5). For the lowermost strato-
sphere using the vertical ozone gradient it isnot possible
to distinguish enhancement of the gradient induced by
convection from the gain of static stability still to be
found within the remaining PV anomaly.

5. Decay of the second COL on 25-26 June
a. Description of the flights in the second COL

From 25 to 26 June, four aircraft flights were carried
out in the new COL located over the Genova Gulf
(Table 1). The rationales for these new flights in a
different COL system were twofold: 1) the new COL
builds up from the trough that absorbed the first COL,
and 2) the new COL decays without further interaction
with the polar front. Therefore one may expect to sample
air being influenced by the first COL, and transport of
stratospheric air to the troposphere may be more effec-
tive for this COL, which breaks up without returning
to the polar reservoir. From the aircraft tragjectories
shown in Fig. 1, one can notice that, contrary to the
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TABLE 2. Ozone vertical gradients (ppb km~=) and corresponding
flight numbers for two ozone ranges in different air masses around
the COL: high pressure (HP), western front (WF), western COL edge
(WE), eastern COL edge (EE), and eastern front (EF).

Ozone
range
(ppb) HP(®) WF (+) WE (¥) EE (0) EF (0)
80-120 41 (F7) 80 (F10) 22 (F10) 35 (F6) 40 (F6)
72 (F9)2 39 (F7)
88 (F10)2 35 (F9)
120-200 33 (F7) 162 (F10) 119 (F10) 62 (F6) 134 (F6)
124 (F9)2 83 (F7)
189 (F10)2 44 (F9)

a2 |nfluence of convective clouds.

previous period, most data are collected in the northerly
flow around the COL. For the two flights near Corsica,
the COL was crossed near a wedge of low potential
vorticity at 315 K. This region corresponds also to up-
per-level clouds seen inthe Meteosat IR picturefor 1130
UTC 26 June (Fig. 10). It implies that a streamer of
humid tropospheric air penetrated the positive PV anom-
aly on its western flank.

b. Discussion of the ozone dataset

The ozone vertical cross sections through this second
COL are presented in Fig. 11 using the same color scale
as for Fig. 4 for the ozone mixing ratio contour lines.
As expected with air masses sinking from the upper
troposphere, cloudiness on the western flank of the COL
was not a problem for these four flights. Again one can
notice the good agreement between the lidar cross sec-
tion and the in situ measurements of the aircraft. |n both
cases the largest ozone values, recorded in the 4-5-km
altitude band, are obtained below the COL during the
flights arriving to and departing from Figari in Corsica.

The most striking feature in Fig. 11 as compared to
Fig. 4 is the ozone values in the midtroposphere below
the PV anomaly are larger for the second COL (>70
ppb) than for the first one (<60 ppb). Thisis especially
true for the ozone in situ aircraft measurements near 4
km. To identify a correlation between this ozone en-
richment of the midtroposphere and the decay of the
first COL system, two clusters of airmass back kine-
matic trajectories were calculated using ECMWF anal-
yses. These trajectories end, respectively, at 400 hPaon
1400 UTC 25 June, and 1000 UTC 26 June, in the
ozone-rich region observed below the COL (Fig. 12).
Markers on the figures indicate the air mass position at
their arrival and three days (Fig. 12a) or four days (Fig.
12b) before. Some air masses came from the polar res-
ervoir and remained almost isobaric. They may have
been rich in ozone since then. But several trajectories
moved through the area above the Genova Gulf on 21—
22 June. We have seen before that thisis aregion where
convection may play a significant role on the eastern
side of the COL. Indeed, these air masses experience
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Fic. 10. Meteosat satellite IR image at 1130 UTC 26 Jun 1996.

strong upward motions at that time (lower panel of Figs.
12a and 12b). This may lead to their ozone enrichment
through mixing with lower-stratospheric air masses.
Howeuver, it is not possible to rule out those air masses
were already rich in ozone since they came from the
boundary layer.

In addition to ozone enrichment of the midtropo-
sphere, well-devel oped tropopause folds on the western
side and local ozone minima below the COL are ob-
served in the lidar cross sections. The tropopause fold
seen during the last flight between Vichy and Crelil is
in surprisingly good agreement with the PV streamer
shown on the 315-K isentropic surface considering the
poor resolution of the analysis (T-106). The large
ozone-PV ratio in thislayer (100 ppb—PvU) is probably
related to underestimate of PV in the streamer (Ancellet
et al. 1991). But Lamarque and Hess (1994) showed
that PV tendency is negative in a tropopause fold and
depends both on the effect of diffusion on wind and on
temperature. As ozone turbulent mixing is not neces-
sarily proportional to PV diffusion, part of the large
ozone—PV ratio may also point to turbulent mixing mod-
ifying PV in the fold. The ozone local minima observed
at 1030 UTC 26 June, on the top of a 100-ppb ozone
peak at 6 km, iswell correlated with two ozone profiles
performed on the same day in Gap by an el ectrochemical
sonde and in Frankfurt (50.04°N, 8.56°E) by aMOZAIC
aircraft (Fig. 13). This means that the ozone-rich layer
at 6 km remained well separated from the tropopause
region over a significant horizontal distance (1000 km)
along the frontal region. The cloud distribution revealed
by the IR Meteosat image shows the same thing, namely
a long band of high-altitude clouds along the eastern
border of France on 26 June (Fig. 10). Such interleaving
of low and high ozone layers at tropospheric level is
likely to stimulate irreversible mixing of tropospheric
and stratospheric air.
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Fic. 11. The O, vertical profile time series measured by the airborne lidar for flights 13, 14, 15, and 16 (see Table 1). The geographical
coordinates of takeoff and landing places are given in the label of the horizontal axis. The width of one pixel corresponds to a horizontal

distance on the order of 10 km.

6. Conclusions

From several ozone vertical cross sections measured
with an airborne lidar, we documented the decaying
phase of a cutoff low with ahigh spatial resolution. The
description of temporal evolution of this COL was not
easy to explain as it merged into a larger trough. But it
was possible to get useful data in various areas in and
around the COL, especialy on its eastern side, which
is usually difficult from the ground. Comparing well
with complementary data, these cross sections turn out
to give a redlistic description of the ozone field. Two
main features are observed: a large variability of the
ozone vertical gradient at the tropopause and numerous
ozone-rich layers in the midtroposphere.

The first feature is to be linked with a splitting in-
duced by the COL between the upper troposphere and

lowermost stratosphere. A change in vertical stability,
increasing in the stratospheric part of the PV anomaly
but decreasing below, modifies the vertical ozone gra-
dient but it cannot account for al its observed vari-
ability. Other dynamical processes account for it. Dif-
ferential advection in frontal regions and convection,
when taking place, tend to sharpen this gradient. On the
contrary, turbulent mixing in the presence of a strong
jet streak tends to smooth it.

There is also avery clear differentiation between the
western and eastern part of the COL. First, air masses
in the return flow on the eastern side are upwelling,
which favors the formation of convective clouds and of
narrow bands of cirrus clouds. Second, the jet streak
associated with thiscyclonic flow islarger on the eastern
side. Contrary to the first one, the latter observation is
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Fic. 13. The O, and relative humidity vertical profiles measured
on 26 Jun (top) by an ozonesonde launched in Gap at 0900 UTC and
(bottom) by a MOZAIC aircraft during its ascent over Frankfurt at
0830 UTC.

highly unlikely to be a generic characteristic of a COL.
Indeed, the weak jet streak observed on the western side
may result from the interaction of this COL with alarger
trough.

The transport of ozone from the stratosphere to the
troposphere was not addressed here. However, convec-
tive erosion of the COL, tropopause folding on the side
of the COL, and clear air turbulence in the vicinity of
the jet streak should play a significant role. Indeed, such
mechanisms were observed here and the background
ozone level increased with time below the COL.

The second feature was not studied in detail here, but
the presence of numerous thin ozone-rich layers tends
to reinforce theideathat layering is an intrinsic property
of the troposphere (Newell et al. 1996). For this case
study, their stratospheric origin was not always estab-
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lished. However, a link sometimes observed with the
stratospheric reservoir and the high ozone in their core
tend to discard theidea of a photochemical origin. Being
trapped in the free troposphere, they contribute to the
budget of tropospheric ozone. The magnitude of this
contribution remains an open question at this stage.
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