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Abstract. Convective tropical cyclones initiate exchanges of mass and energy between the
troposphere and the stratosphere. Recent analyses of ozone and water vapor
measurements from Measurements of Ozone by Airbus In-Service Aircraft (MOZAIC)
data [Suhre et al., 1997] suggest that stratospheric ozone inputs to the troposphere can
occur in the tropics near zones of deep convection. In the present paper, we analyze a
case study of spectacular stratosphere-troposphere exchange directly linked to the strong
tropical cyclone Marlene, that occurred near Mauritius and Reunion Island on April 1995.
The amplitude of the ozone peak (300 ppbv at 300 hPa) is comparable to those observed

by Suhre et al. In this case, ageostrophic phenomena dominate advective phenomena.
Therefore convective effects can be at the origin of mesoscale tropospheric ozone
contaminations which affect the entire tropical free troposphere.

1. Introduction

Tropospheric ozone studies are of wide interest because of
ozone’s oxidizing capacity and toxicity. Using satellite data,
Fishman et al. [1991] observed a widespread seasonal enhance-
ment of ozone over the tropical South Atlantic Ocean during
austral spring. Using airborne measurements, other authors
identified enhanced ozone air masses coming from different
origins in the high troposphere of tropical and equatorial re-
gions of the Atlantic Ocean [Gouget et al., 1996; Suhre et al.,
1997]. Since 1992, ozone measurements have been performed
regularly in the southwestern region of the Indian Ocean, at
Reunion Island [Baldy et al., 1996] and less regularly at Irene in
South Africa [Diab et al., 1996]. Multiple mechanisms may be
required to explain high ozone concentrations in upper levels
of the troposphere in this region. Part of ozone in the upper
tropical troposphere comes from the stratosphere by dynami-
cal exchanges linked to subtropical jet-front systems. These
dynamic singularities in the upper troposphere have been ex-
tensively studied, measured, and modeled in midlatitudes
[Reed, 1955; Danielsen, 1968; Reiter, 1975; Shapiro, 1980; An-
cellet et al., 1991; Holton et al., 1995], but interest in the sub-
tropical jet stream is relatively new. Recent studies show that
the subtropical jet stream can in some cases be the origin of
tropopause folds, leading to stratospheric intrusion into the
troposphere. Mechanisms are similar to those observed at mid-
latitudes in relation to the polar jet stream [Gouget et al., 1996;
Folkins and Appenzeller, 1996]. A first case study, using total
ozone mapping spectrometer (TOMS) and European Centre
for Medium-Range Weather Forecasts (ECMWF) data, in the
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Indian Ocean region suggested a baroclinically driven strato-
spheric intrusion into the tropical troposphere between Re-
union and Madagascar Islands [Baray et al., 1998a].

Ozone inputs to the troposphere can be also explained by
emissions from biomass burning. Seasonality of vegetation fires
occur during the August to November period at Madagascar
and in the southeastern part of Africa [Randriambelo et al.,
1997, 1998]. When a biomass burning zone and a convective
zone are close enough in time and space, large quantities of
ozone and ozone precursors may be injected into the free
troposphere [Chatfield and Delany, 1990]. Under the influence
of westerly winds, air masses can be also advected eastward
and are expected to contaminate ozone profiles of Reunion
Island (which is located approximately 600 km east of Mada-
gascar).

Finally, large tropospheric ozone variability is often directly
related to convection mechanisms. Links between ozone and
tropical convection have been studied extensively from aircraft
measurements of trace chemical species [Pickering et al., 1991,
Kritz et al. 1993] and from satellite imagery analysis and nu-
merical simulations [Soong and Tao, 1980; Tao and Simpson,
1989; Lafore and Moncrieff, 1989; Pickering et al., 1990; Thomp-
son et al., 1997]. This link between ozone variability and con-
vection was one of the questions addressed by a major field
observing program known as the Central Equatorial Pacific
Experiment (CEPEX), conducted in March of 1993 [Kley et al.,
1993; Lohmann et al., 1995]. Apart from its role in upward
transport and diffusion of chemical species produced by bio-
mass burning, the influence of convection upon tropospheric
ozone is complex and has both dynamical and chemical as-
pects. The dynamical removal of ozone by convective clouds
has not been rigorously proven, but it has been established that
tropical convection reinforces the destruction of ozone and the
production of hydroxide radicals by photochemical reactions
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Figure 1. Map of the southwestern Indian Ocean region
showing the location of the three stations used in this study.

[Logan et al., 1981; Lelieveld and Crutzen, 1990)]. Lightning is
also thought to contribute significantly to the NO, budget and
could lead to the photochemical production of ozone in the
free troposphere [Pickering et al., 1993]. From a dynamical
point of view, the role of the convection not only includes
upward lifting of low ozone air from the PBL, but also the
detrainment of air in the upper tropospheric layers could play
an important part in the tropospheric ozone budget [Lelieveld
and Crutzen, 1994). The tropical troposphere contains a large
quantity of water, and the influence of convective tropical
cumulonimbus and cyclones reaches the level of the tropo-
" pause in many cases, inducing a weakening of the tropopause
[Mitra, 1996]. The tropopause structure near strong convective
events is often complex, and exchanges between the strato-
sphere and the troposphere during these events should occur
in both directions (although usually only the transport from the
troposphere to the stratosphere is considered). Large ozone
peaks (100 to 500 ppbv) associated with tropospheric water
vapor mixing ratios (0.4 to 0.6 g kg~") have been recently
identified in the high troposphere of the equatorial Atlantic
Ocean from Measurement of Ozone by Airbus In-Service Air-
craft (MOZAIC) data. These air masses, rich in ozone and
humidity, have been associated with stratosphere-to-tropo-
sphere quasi-isentropic transport caused by tropical convection
[Suhre et al., 1997; Crutzen and Lawrence, 1997). The objective
of this work is to explore a case study of stratosphere-
troposphere exchange directly linked to Marlene, a strong
tropical cyclone that occurred near Mauritius and Reunion
islands in April 1995. The next part, section 2, describes the
data set used in this paper. Section 3 summarizes the climato-
logical characteristics of the region, in order to provide the
background values and the meteorological context against
which the present study is discussed. Sections 4 and 5 include
an analysis of experimental and numerical data for Marlene.

2. Data

Three measurement sites, relatively close to each other and
located in the same latitude band (between 20°S and 25°S,
Figure 1) are used to establish the background values of the
region of study.

2.1. Irene and Reunion Radiosonde Data

Vertical ozone, pressure, and temperature profiles are ob-
tained from radiosondes launched at Irene between June 1990
and August 1993 and from sondes launched at Reunion Island
between September 1992 and November 1997. The frequency

of measurement is every 2 weeks at Reunion, giving a total of
86 profiles. At Irene the frequency was weekly, with an in-
creased rate during the Southern African Fire-Atmosphere
Research Initiative (SAFARI-92) campaign in September and
October 1992. The balloon-borne device used at Itene was a
Science Pump, Type SA electrochemical concentration cell
(ECC) ozonesonde, and the corresponding Reunion material
was a Vaisala, RS 80-15 PTU sonde in association with an
EN-SCI ECC ozonesonde. The accuracy of these devices has
been evaluated to 6-10% in the troposphere by field test [Bar-
nes et al., 1985], and the vertical resolution of the data is
approximately 50 m.

2.2. MOZAIC Data

Aircraft data were used in this study to document climato-
logical ozone, temperature, and humidity distributions (section
3). The MOZAIC program is a European research project
which consists of five commercial Airbus A340 aircraft
equipped with ozone, temperature, humidity, and wind mea-
suring instruments [Marenco, 1996]. Most of the equipped air-
craft fly in Europe and North America, but some measure-
ments occur near the region of present study. In this work, we
used measurements in the vicinity of the Johannesburg airport,
obtained from aircraft on the Vienna-Johannesburg route
(Austrian Airlines). This data set includes 184 profiles (97
landings and 87 takeoffs) between March 1995 and April 1997.
The vertical resolution of the MOZAIC data is approximately
150 m during the takeoff and landing phases. The ozone-
measuring device is a Dasibi UV absorption thermo-electron
model 49-103, the water vapor measurements are obtained
from a Vaisala humicap-H, and temperature is derived from a
PT100 temperature sensor. All the sensors are located at the
front of the plane, to minimize the aircraft’s influence on the
measurements.

2.3. Model Data

The basic medium-range data used in this study are National
Centers for Environmental Prediction/National Center for At-
mospheric Research (NCEP/NCAR) and ECMWF analyses.
Resolution of the analyses is 2.5° in latitude and longitude for
17 vertical levels of pressure between 1000 and 10 hPa for the
National Meteorological Center (NMC) model and 1.125° for
15 levels of pressure for the ECMWF model. The time reso-
lution is 6 hours (0, 6, 12, and 18 hours UT).

2.4. Satellite Data

Two kinds of satellite images are available in Indian Ocean:
geostationary satellite images (Meteosat), and polar orbiting
satellite images National Oceanic and Atmospheric Adminis-
tration-advanced very high resolution radiometer (NOAA-
AVHRR). Reunion Island is located near the edge of geosta-
tionary observations (Meteosat), while NOAA satellite images
offer a wider coverage of the Indian Ocean. Consequently, we
use for the present study two types of high-resolution (1 km)
satellite images obtained from the NOAA-AVHRR detector.
The first, composed of data from several satellite passes, dis-
plays the sea surface temperature (SST) [Barton and Cechet,
1989; Barton et al., 1989] and permits detection of cloudy
regions (but does not give information on the type of cloud).
The second is obtained from only one pass of the satellite and
presents the brightness temperature of channel 4 [Kidwell,
1995], and these data represent the cloud top altitude near
Reunion Island.
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3. Background Climatological Profiles

We have calculated climatological profiles for each site using
available data to describe four seasonal periods (Figure 2). The
December-February period (austral summer) is mainly influ-
enced by convection motions near the Intertropical Conver-
gence Zone (ITCZ). The June-August winter profile is influ-
enced by the proximity of the westerly subtropical jet stream.
During the September-November period the spring ozone
profile is thought to be mainly influenced by biomass burning
emissions in Africa. Tropospheric ozone follows an annual
cycle, with minimum ozone mixing ratios in autumn and max-
imum in spring. This seasonal variation and the average ozone
profiles are the same at all the sites. However, the Irene ozo-
nopause (the height where the vertical ozone gradient goes up
from a tropospheric value, less than 5 ppbv km ™!, to a strato-
spheric value, about 50 ppbv km™!) is systematically about 1
km lower than the Reunion ozonopause. This is probably due
to the respective geographical positions of Irene and Reunion.
The Irene latitude is 25°S, while the Reunion latitude is 21°S,
and so the influence of jet stream is stronger over Irene than
Reunion. The fact that the ozonopause is lower than the ther-
mal tropopause (the height where vertical temperature gradi-
ent goes up from a tropospheric value, about —6°C km™", to a
stratospheric value, about +3°C km™") means that there is
ozone in the upper tropical troposphere. This factor suggests
the permeability of the tropical tropopause, which can arise
from ageostrophic circulations near the jet stream (in winter)
and from vertical motions in convective system (in summer).
This is sometimes observed at midlatitude sites in the northern
hemisphere [Bethan et al., 1996], but it is not a quasi-
permanent feature as observed at tropical latitude, and the
photochemical source is lower than in the northern hemi-
sphere. This observation may support the stratospheric origin
of the ozone measured in the 12-16 km region. Temperature
profiles are quite similar for the three measurement sites, and
the tropopause level is quite constant during the year, between
17 and 18 km height. A maximum in humidity appears during
the convective seasons, as expected, from September to Feb-
ruary. The humidity profiles extracted from the MOZAIC data
give higher values than the radiosoundings, especially in the
September-November period. Considering the good agree-
ment between the ozone profiles (less than 20% deviation), a
nearly perfect accordance of the temperature profiles (less
than 2%) and a more approximate accordance for humidity
profiles, we have calculated regional average profiles (averag-
ing the three sites). We will consider these profiles as repre-
sentative of our region of study: the southwestern part of the
Indian Ocean. It should be in addition considered that for
humidity, some differences are to be expected between the
various sites of measurement.

4. Observations of the Case Study

A radiosonde was launched from St. Denis de la Réunion on
April 6, 1995 (Figure 3). This radiosonde shows very unusual
characteristics. Extremely high values of the ozone profile in
the whole free troposphere (ozone partial pressure higher than
50 to 80 nbar between the pressure levels 800 and 250 hPa, and
an ozone concentration higher than 100 ppbv between 800 and
100 hPa) are observed. These values are largely above those of
the average profile calculated for the austral autumn in section
3. In addition to the very high average level of this ozone
profile, two peaks are apparent, one at 260 hPa (10.5 km)

above 300 ppbv, and a secondary peak of lower intensity (200
ppbv) at 350 hPa (9 km). The humidity profile is characterized
by high values in the low layers (60% below 6 km), yet the two
ozone peaks are strongly anticorrelated with humidity. To
highlight these characteristics, we have plotted in Figure 4 the
difference between the April 6 profile and the climatological
background profile calculated in section 3 from MOZAIC data
and from Irene and Reunion radiosondes corresponding to the
March-May period. In lower layers (1 to 6 km), humidity and
ozone are slightly anticorrelated (the slope of the regression
line is —0.41). For the layers which are strongly enriched in
ozone (6 to 14 km), the anticorrelation is much clearer (the
slope of the regression line is —2.82). The corresponding cor-
relation coefficients (—0.36 and —0.48) are significantly differ-
ent from zero, as indicated by a 98% ¢ test. The temperature
profile presents a very regular vertical gradient for the whole
troposphere, close to the saturated lapse rate (—6.5°C km™?).
The thermal tropopause is well defined with an abrupt break of
the lapse rate at the height 17 km. This temperature profile is
consistent with deep convection of the whole troposphere.
Wind measurements indicate a weak easterly wind (5 to 10 m
s~} in the lower layers, and a regular rotation of the wind
resulting in a westerly wind of slightly higher intensity in the
higher layers (over 600 hPa).

To exclude the possibility of ECC sonde measurement error,
we carefully checked all the sonde parameters. The airflow rate
of the ozone sonde sensor was 222 mL min~!, within the usual
range. The temperatures of the ozone and PTU sondes pre-
sented in Table 1 do not present any anomaly. The strato-
spheric values of ozone partial pressure (130 nbar) are of the
order of magnitude of what one usually observes on Reunion
radiosoundings. All these points are a good indication that the
sonde sensitivity response is satisfactory. The radiosounding
reached the altitude 31 km, which corresponds to the 10 hPa
pressure level, well above the maximum of ozone partial pres-
sure level (130 nbar at 25-26 km), so we can calculate the
integrated ozone content between the ground and the top of
the profile, and we obtain the value 246 Dobson units (DU) (1
DU = 2.69 10'® molecules cm™~2), This value compares well to
the integrated contents of ozone measured by the Systéme
d’Analyse par Observation Zénithale (SAOZ) spectrometer
(251.7 DU on April 6, 1995, Table 2), and the similarity of
these integrated values give evidence that the sonde worked

properly.

5. Analyses, Origins, and Causes

Ozone excess in the troposphere can come from two physical
phenomena: photochemical production or transfer of ozone
from the stratosphere to the troposphere. Photochemical pro-
duction is favored when ultraviolet radiation is at a maximum,
when ozone precursors (NO,, CH,, CO, etc.) have been in-
jected into the free troposphere and when moisture values are
not too important. Reunion Island is not a very polluted place,
and the only significant source of ozone precursors in the free
troposphere are the bush fires. The fires influencing Reunion
Island occur mainly in Madagascar and in the southeastern
part of Africa, but their influence is significant only during
southern spring [Baldy et al., 1996]. Moreover, this influence
does not exceed a net production of 5 ppbv d~ [Taupin, 1998].
Inputs from the stratosphere hence are the only plausible ex-
planation. Yet the elaboration of a mechanism that could ex-
plain the observation of very large ozone values in the tropics
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Figure 2. Seasonal climatological profiles of temperature, humidity, and ozone concentration over Johan-
nesburg, Reunion, and Irene in (a) austral summer, (b) autumn, (c) winter, and (d) spring. The error bars
represent =1 standard deviation calculated on the global profiles.

8518017 SUOWILIOD BAIeR1D) 3|edldde 3y} Ag peusenob aJe s3[o e O ‘SN JO S9N o AReiq 1T 8UIIUO AB]IM UO (SUORIPLOD-pUR-SWLBH LI A8 |IM ATed 1 BUIIUO//SANY) SUORIPUOD PUe SWB | 34} 89S *[5202/20/TT] Uo ArlqiaulluO AB|IM ‘Soueld aUeiyo0D Aq 820006Qr666T/620T OT/I0p/L0Y A8 |1m Ariq puljuosgndnfe//sdny Wwo.y papeoumod ‘TTA ‘666T ‘P202zISTe



24

22

20

18

2

24

22

20

18

16

-100-75 -50 =25 0 25

BARAY ET AL.: CYCLONE AND STRATOSPHERE-TROPOSPHERE EXCHANGE

¢) June—August

22

20

18

16

14

12

10

1 L 1

T(°C)

d) September-November

0 20 40 60 8
H (%)

-100-75 -50 -25 0 25
T(°C)

0 20 40 60 80 100
H (%)

Figure 2. (continued)
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Figure 4. Scatterplot of [03]-[O3]m and [H}-[H]m.

[O3] and [H] correspond to the April 6 sounding, and

[O3]m and [H]m are calculated from all the data in the March-May period.

during summer is still pending. Elements for this elaboration
are furnished in the following.

The potential temperature and equivalent saturated poten-
tial temperature vertical profiles (® and ©,, Figure 3d) indi-
cate a stable layer above 300 hPa (9.7 km) and below 300 hPa
suggest recent convective activity. The altitude of the ozone
peak (7 km below the tropopause, Figure 3b) and the temper-
ature gradient (larger than —6.5 K/km, Figure 3a) support the
hypothesis of a relatively stable layer following a deep convec-
tive rearrangement. Recent studies showed that the subtropi-
cal jet stream could be at the origin of the penetration of
stratospheric air to the troposphere via a mechanism similar to
the tropopause folds induced by the polar jet stream [Folkins
and Appenzeller, 1996; Gouget et al., 1996; Baray et al., 1998a].
Considering the Reunion island latitude (21°S) and the aver-
age latitude of the southern subtropical jet stream (40°S during

Table 1. ECC and PTU Sondes Temperatures

Ascent Descent

P TP!U TCCC Tp(u TECC
50 —53.38 16.4 -12.63 26.99
100 -51.73 13.24 -32.11 26.3
150 —38.63 124 —46.85 24.8
200 —-27.91 135 —49.3 234
300 -11.53 18.4 -40.8 213
400 —-0.05 22.5 —28.57 19.9
500 8.462 26.3 —16.83 19.2
600 14.64 29.9 —8.483 19.2
700 20.66 333 —0.8299 19.38

austral summer and 30°S during austral winter [Hastenrath,
1991]), the ozone peak observed on April 6 is probably not a
phenomenon related to the subtropical jet stream. Strong in-
fluence of the subtropical jet stream occurs mainly during
southern winter, under specific meteorological situations
[Baray et al., 1998a]. Both NMC and ECMWEF analyses for the
first 15 days of April 1995 suggest no strong jet streak effects.
Upper level winds on the 300 hPa isobar are weak and located
at 60°E-80°E, 20°S-30°S for the NMC model and are slightly
stronger and located at S0°E-65°E, 25°S-30°S for the Euro-
pean model (Figures Sc and 5d). Horizontal wind gradients are
not very important; a strong acceleration in the entrance zone
and a strong deceleration in the exit zone are not expected.
Nevertheless, considering this zone as a jet streak, Reunion
Island would be located near the entrance zone, on the anti-
cyclonic face (i.e., the geopotential height of the isobar 300 hPa
is over 9.66 km on this side and under 9.56 km on the other

Table 2. Total Ozone Contents Measured by SAOZ

SAOZ Values,

Date DU
April 1, 1995 251.9
April 2, 1995 2473
March 4, 1995 249.1
April 4, 1995 250.3
May 4, 1995 249.7
June 4, 1995 251.7
July 4, 1995 2439
April 8, 1995 246.5
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a) NMC horizontal wind (m.s—1) 95040606 P=925hPa

-30

Figure 5. NMC and ECMWF horizontal wind on the (a and b) 925 hPa surface and on the (¢ and d) 300
hPa surface on April 6.
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c) NMC horizontal wind (m.s—1) 95040606 P=300hPa
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d) ECMWF horizontal wind (m.s—1) 95040606 P=300hPa

I \;-/I-’ﬁ;n_\l N
N s
.........._sﬁ,.

NN N N N m e e N -

Figure 5. (continued)
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NMC ageostrophic wind (m.s-1) 95040600 P=300hPa

- 1

70

Figure 6. NMC ageostrophic wind and geopotential height on the 300 hPa surface on April 6.

side, Figure 6). However, the probability of a tropopause fold
on the anticyclonic side is theoretically weak, and exchanges on
this face occur mainly by turbulent flux [Bertin et al., 1995]. This
weak jet streak is rectilinear, with a weak intensity (25 m s™")
in the NMC analyses and a little curved and 35 m s~ " in the
ECMWEF analyses. To the contrary, a very strong jet streak
associated with a well developed frontogenesis would be
needed to explain an ozone peak like that observed on April 6
(Figure 3b), which could only be generated by an extremely
significant tropopause fold. Then, the mechanism at the origin
of the ozone profile is not likely to be related to the dynamic of
the subtropical jet stream.

On the other hand, during this period, the southwestern part
of the Indian Ocean was affected by a tropical depression,
which was formed on March 30, 1995, about 2000 km northeast
of Reunion island. On April 1 it became a tropical cyclone,
Marlene, the strongest of the season 1994-1995 in the Indian
Ocean [Lander and Angove, 1998]. Between April 3 and 4,
Marlene reached a maximum of intensity, with gusts of 160
knots (82 m s~ *) and sustained winds of 130 knots (67 m s™").
On April 6 its position was at its nearest to Reunion, about
1000 km east. Then Marlene moved away in east-southeast
direction while weakening. Meteorological observation data
and the trajectory are presented in Figure 7. The satellite
images (Plate 1 and Figure 8) enable us to observe the impor-
tance of this cyclone and the horizontal area of the associated
cloud coverage. The brightness temperature corresponding to
this cloud cover is extremely low (less than 200 K). This low
value supports the hypothesis of deep convective clouds asso-
ciated with the cyclone and suggests a cloud development
reaching the tropopause. Reunion is not situated in the cloudy

area of the cyclone, but is in its close periphery at around 500
km. In Figure 8 one can observe some low-level convective
cloud (280 K) just above Reunion. Upper level clouds (prob-
ably cirrus) form a spiral around the most active central part of
the cyclone and represent the apparent extension of the upper
level divergence associated with the cyclone. These cloud
structures, visible on the satellite images, are in agreement with
the ageostrophic anticyclonic circulation calculated from the
model data (Figure 6).

The cyclone is clearly visible on the NMC data. The cloud
zone detected by the satellite images corresponds to cyclonic
circulation in the lowest layers (Figures 5a and 5b) and to
anticyclonic ageostrophic circulation in the highest layers (Fig-
ure 6). Because of the smoothing due to the low resolution of
the data, the wind intensity is typically low compared to the
observed winds (Figure 7). A modeled wind of 20 m s™! cor-
responds approximately to an observed wind of 30 m s~ The
agreement between the vertical structure of the observed wind
(Figure 3c) and both model NMC and ECMWF wind is good,
with in both cases a southeasterly wind of moderate intensity (5
to 10 m s™') in the lowest layers, and a westerly wind of higher
intensity (15 to 20 m s~ ') in the high layers. The wind pattern
observed over Reunion (Figure 3c) corresponds to the devel-
opment of a cyclone in a tropical context. The cyclonic circu-
lation reinforces the southeasterly trade winds usually ob-
served in the lower layers at this location. The wind inversion
usually observed in the absence of a cyclone is replaced by a
regular rotation of the winds up to the westerly near the tropo-
pause. All these considerations are consistent with the strong
apparent influence of cyclonic activity over Reunion. The good
agreement between model, satellite, and various observation
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Figure 7. Track of the eye of the cyclone Marlene. Maximum sustained wind and gusts in storm are
indicated each day, using knot units (1 kt = 0.51 m s™').

data suggests good validity of the model data. We therefore
use NMC and ECMWF data for a qualitative dynamic study.

The most spectacular effect of a tropical cyclone is the gen-
eration of violent and destructive winds close to surface. How-
ever, the disturbances are not limited to the strong winds close
to the surface, since instabilities are also generated over the
whole troposphere in the zone of the cyclone and in its prox-
imity. We calculated the potential vorticity (PV), which is a
criterion of stability, and is conserved in the atmosphere in the
absence of vertical gradients of diabatic heating and friction
force [Hoskins et al., 1985]. This is not rigorously the case in the
very lower layers, or in the center of the cyclone, but it is
roughly true in the periphery. The PV fields on the 225 hPa
isobar surface (Figure 9) enable us to notice a dipole structure,
characteristic of cyclonic weather circulations [Salby, 1996].
The atmosphere is divided in three zones: a band of high PV
values (20°S), a band of weak PV (20°S to 30°S), and a zone of
strong PV below 30°S, corresponding to midlatitudes air
masses (Figure 9). The vertical cross sections along the 21°S
zonal line (Figure 10) display the vertical structures of the PV
anomaly and the vertical wind instabilities. The two models
display a rather similar structure, with ascent and strong PV
anomalies in the cyclonic zone near 70°E, and with subsidence
in the upper troposphere west of the cyclone (55°E). Thanks to
a better resolution, fine scale PV structures appear more
clearly over Reunion Island in the ECMWEF cross section (Fig-
ure 10b) than in the NMC cross section (Figure 10a). Taking a
typical value for vertical velocity of 0.5 Pas™' (Figure 10), one
can evaluate the time required for an air mass from 60 hPa
level to reach the 300 hPa level. The 60 hPa level corresponds
to the stratospheric level where ozone concentrations near 300

ppbv are typically observed, while the 300 hPa level is the
altitude of the ozone peak. The resulting transport time of 13
hours is significantly lower than the lifetime of the cyclone (1
week). However, the weak horizontal and vertical resolution of
the data makes it difficult to build a more detailed interpreta-
tion. To understand the particular structure observed on the
ozone profile obtained on April 6, 1995, we calculated the
profile of PV over Reunion Island in two ways: first, using only
model data, and second, using the relative vorticity from the
model and the vertical stability observed by the Reunion ra-
diosonde (Figure 11). Although the NMC model exhibits a
tropopause 2 km lower than the ECMWF model, both display
the same overall structure for the profile. The layer, which is
dry and rich in ozone on the radiosounding (8 to 12 km),
corresponds quite well to a relative maximum of PV on the
profiles of models, even if the PV values remains less than 2
PVU. The PV profiles are in good agreement with the ozone
profile. That indicates that erosion from diabatic phenomena
has little time to develop and the air is poorly mixed. The
strong enhancement of a large range of ozone profile and the
different dynamical elements of this study seem to support the
hypothesis of local direct significant downward movements in
peripheral regions of intense convective developments. Differ-
ential advection from the midlatitude stratospheric reservoir
should not play an important role in the observed ozone dis-
tribution. It is to be noted that the layer above the ozone peak
at the level 150 hPa (Figure 3b) corresponds to the tempera-
ture 200 K (Figure 3a); this layer corresponds to the upper
level clouds observed on satellite imagery (Figure 8), where
some ozone destruction by heterogeneous chemistry should
occur [Reichardt et al., 1996]. Lightning can produce NO,, and
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Figure 8. Grey level image showing convective clouds in the east of Reunion Island. The image is obtained
from the brightness temperature of AVHRR channel 4 at 1034 UT on April 6, 1995. White and black surfaces
correspond respectively to cool and warm temperature.

PV NMC (PVU) 95040612 P=225hPa
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7
-40
20

Figure 9. Contour map of potential vorticity on April 6, 1995, on the 225 hPa surface. The unit used is the
PVU (1 PVU = 107 m? s~ ! kg™2).
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Figure 10. (a) NMC and (b) ECMWF zonal (21°S) cross sections showing the potential vorticity (continuous
lines), the potential temperature (dashed lines), and the vertical wind component (dotted lines). Negatives
values of w indicate ascents, and positive values indicate subsidences.
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Plate 1. False color composite of the sea surface temperature showing convective clouds associated with the
cyclone Marlene in the east of Reunion Island. The image is obtained from combining all the satellite crossing
over on April 6, 1995.
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Figure 11. Profiles of potential vorticity over Reunion island. Profiles 1 and 3 are calculated directly from
model data. Profiles 2 and 4 are obtained by using the vertical stability of the radiosounding and interpolating

over 500 m.

then, through photochemistry, influence the ozone budget
[Pickering et al., 1993], but that influence is probably not very
important. Lightning is dominant over land areas, and it is
rarely created by tropical oceanic cyclones like Marlene [Or-
ville and Henderson, 1986; Price and Rind, 1992].

A recent analysis of MOZAIC data made it possible to
detect ozone-rich transients (100 to 500 ppbv) in the high
troposphere of the equatorial Atlantic [Suhre et al., 1997).
These transients were associated with convective activity, and
the authors suggested that transport from the stratosphere
toward the troposphere takes place either by direct movement
of the air masses or by quasi-isentropic transport. Our study
indicates that the first mechanism is more influential. Since
these transients were detected during MOZAIC flights, the
authors were able to determine the horizontal dimension
(about 20 km), but not the vertical extension. The case we
analyze in this paper is probably rather similar to that studied
by Suhre et al., with transfer to mesoscale generated by a
particularly intense convective activity (in our case, a cyclone).
The contribution of this study, compared to the study of Suhre
et al,, is that the radiosonde gives us the vertical distribution of
the disturbance that can be generated by a case of convection.
This kind of event can, in a specific way, strongly modify a great
part of the tropospheric ozone distribution (background values
plus 250 ppbv between 10 and 11 km, plus 150 ppbv between 7
and 14 km). These ozone injections of stratospheric origin into
the troposphere probably remain too to rare to strongly impact
the climatological ozone values, but they could explain a part
of the small gradient of climatological ozone measured be-
tween 10 and 18 km for tropical areas in autumn (Figure 2a).
Global-scale models generally do not take into account this

kind of phenomenon and consequently obtain unrealistic cli-
matological profiles for the tropical regions, with near-zero
ozone concentrations in the upper tropical troposphere, result-
ing in a very clear-cut ozonopause [Roelofs et al., 1997].

6. Summary and Conclusions

A tropical cyclone is characterized by extremely violent hor-
izontal winds, convergent in the cyclonic direction in the lower
layers, divergent in the anticyclonic direction in the high tro-
posphere. By continuity and conservation of mass, secondary
vertical circulations are induced (Figure 12). Disturbances in
the tropopause above the most active cloud masses can be the
origin of transfer from the high troposphere to the low strato-
sphere. When the cyclone is particularly strong, which was the
case for cyclone Marlene, its influence can extend to the outer
environment of the cyclone, where mesoscale stratosphere-
troposphere transfers are possible. In this article, we observe a
perturbation of the ozone profile obtained over Reunion Is-
land, which was in the vicinity of the cyclone. This perturbation
is important to almost the whole free troposphere. Qur study
suggests a direct transport of the mesoscale air masses, induced
by strong ageostrophic movements generated in the upper
troposphere around the convective area. Model analyses en-
abled us to detect zones of instability and subsidence above
Reunion, although explicit determination of the exchange is
not easily visible in the model data which are too diffuse and
whose grid is too coarse. Stratosphere-troposphere exchanges
linked to midlatitude mesoscale convective complexes (MCC)
have been studied with models [Stenchikov et al., 1996] and
airplane measurements [Poulida et al., 1996]. These authors
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Figure 12. Schematic representation showing the circula-

tions generated by the cyclone Marlene.

showed the fine structure of exchanges and contribution on
tropospheric ozone. In the case of very strong tropical cy-
clones, because of the force of the winds, aircraft measure-
ments are more difficult (and very dangerous!).

In our future investigations we plan to supplement these
studies by using analyses of mesoscale models (RAMS, me-
soNH) and contour advection programs [Waugh and Plumb,
1994; Mariotti et al., 1997] to further determine the effect of
isentropic transport and to provide a more refined depiction of
interesting phenomena such as subsidence which occurs in the
eye of the cyclone. Moreover, new experimental data will allow
us to look at the longer-term evolution and frequency of such
an observed ozone anomaly. Airborne instrument data will be
provided by the Indian Ocean Experiment (INDOEX) cam-
paign in 1999 and a new tropospheric ozone lidar at Reunion
operational since June 1998 and will allow tropospheric ozone
measurements in clear-sky conditions [Baray et al., 1998b].
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