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[11 We present here 14 new flights of the aerosol counter
STAC, performed in the 2008-2010 period under 3 different
geophysical conditions: equator, summer Arctic, and spring
Arctic. Measurements were conducted during the balloon
ascent, at float altitude, and during the balloon descent. The
float altitude was between 14 and 2 hPa (29-42 km),
depending on the flights. Aerosol enhancements were
detected for altitude levels above 40 hPa, with a stronger
variability above 20 hPa. Two of them could be attributed to
the fortuitous detection of meteoric debris. Thin layers of
strong local enhancements of submicronic aerosols were
detected during the other flights. Using simultaneous in situ
measurements of the N,O tracers by the infra-red SPIRALE
balloon-borne spectrometer, it can be concluded that the
occurrence of these enhancements is not directly linked to
the variability of air mass origins. A process involving
atmospheric electric field is proposed to tentatively explain
the aerosol containment. Citation: Renard, J.-B., G. Berthet,
V. Salazar, V. Catoire, M. Tagger, B. Gaubicher, and C. Robert
(2010), In situ detection of aerosol layers in the middle stratosphere,
Geophys. Res. Lett., 37, 120803, doi:10.1029/2010GL044307.

1. Introduction

[2] The interests of studying stratospheric aerosols are
numerous, all of them of great importance. Aerosols affect
global climate forcing through direct and indirect radiative
effects [Lary et al., 1999]. In the stratosphere, aerosols
influence ozone chemistry, especially the ozone depletion
though polar stratospheric clouds formation [Solomon,
1999]. Studies of stratospheric aerosols have contributed to
better characterize their general distribution and the content
variability during volcanic and post volcanic conditions [e.g.,
Hitchman et al., 1994; Deshler et al., 2003; Bingen et al.,
2003; Hofmann et al., 2009].

[3] However stratospheric aerosols are difficult to study,
because of their different natures, shapes and sizes. The
vertical and horizontal distribution of aerosols in the middle
and higher stratosphere, as well as their nature, origin and
physical properties, are still poorly documented and not yet
totally understood. Aerosols are usually considered to be
almost non-existent above 35 km. In fact, their detection in
the middle stratosphere is difficult due to their low optical
thickness. Fussen et al. [2001] have analyzed the strato-
spheric aerosol distributions measured by the solar Occul-
tation RAdiometer (ORA) satellite instrument from August
1992 to May 1993, and have shown evidence for efficient
transport of particles coming from the Junge layer (around
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the tropopause) up to 50 km of altitude. Other examples of
detection of aerosols in the middle and upper stratosphere
can be found in the literature. Hervig et al. [2009] have made
the first satellite observations of meteoric smoke particles
from 35 to 85 km altitude, using the Solar Occultation For
Ice Experiment (SOFIE). Klekociuk et al. [2005] have
observed one enhancement of aerosol content around 30 km
using a lidar, which was well identified as coming from the
disintegration of a large meteoroid of a few meters of
diameter on 3 September 2004 over Antarctica. The detected
layer had a vertical extent of several hundred meters.

[4] The presence of aerosols between 25 and 30 km in the
free-volcanic aerosol period was also detected using the
balloon-borne aerosol counter STAC and the UV-visible
spectrometer SALOMON [Renard et al., 2005]. In a further
study carried out with these instruments, along with the bal-
loon-borne radiometer MicroRADIBAL, and the GOMOS/
Envisat satellite instrument, Renard et al. [2008] have con-
cluded on the presence of significant amounts of aerosols
above 30 km, and suggest the existence of a layer of soot
particles between 22 and 30 km.

[5] In the present paper, we study the content of strato-
spheric aerosols in the stratosphere up to an altitude of 42 km,
using new in situ measurements obtained by an improved
version of the balloon-borne aerosol counter STAC. Such an
instrument provides one-shot measurements at given loca-
tions and times, with high accuracies in counting and in
vertical resolution. It is well adapted to tentatively detect
short-time variability of the aerosol content.

2. STAC Aerosol Counter

[6] STAC (Stratospheric and Tropospheric Aerosol
Counter) is an aerosol counter dedicated to the measure-
ments of aerosols concentrations in various size classes
[Ovarlez and Ovarlez, 1995; Renard et al., 2005, 2008]. The
measurements of light scattered by aerosols that cross the
laser beam are performed at a scattering angle of 70°. Since
the publication of papers mentioned above, STAC has been
improved. Firstly, 14 size classes are now available between
0.30 and 5 pum (the 0.30 and 0.35 size classes have been
available since 2010), instead of the previous 7 size classes
between 0.40 and 2 pm. Secondly, in-flight calibrations are
conducted in order to determine the variations of stray light
that can occur from one flight to another (the size classes
can slightly differ for all the flights).

[7] Some of the new measurements presented here are
performed close to the highest altitude that stratospheric
balloons can reach. Tests in a low pressure chamber have
been conducted to assess the pumping system in order to
check STAC’s good operating at such altitudes. By tak-
ing into account the pump efficiency, the counting
uncertainty is of 60% for aerosol concentrations lower than
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Table 1. Conditions of the Measurements

Launching  Float Altitude

Date Time TU Place hPa (km)
9-10 June 2008 23:20 — 06:20 Teresina 7 (34)
19-20 June 2008 21:20 — 01:00 Teresina 6 (35)
2 August 2009 18:10 — 22:05 Kiruna 12 (30)
7 August 2009 01:40 — 06:25 Kiruna 7 (34)
14 August 2009 09:35 — 15:50 Kiruna 7 (34)
18 August 2009 13:35 — 18:30 Kiruna 12 (30)
24-25 August 2009 20:40 — 02:00 Kiruna 7 (34)
25 August 2009 15:10 — 22:30 Kiruna 5 (36)
26 August 2009 19:15 — 23:35 Kiruna 12 (30)
7-8 September 2009 14:50 — 06:307 Kiruna 7 (34)
4 April 2010 17:45 — 20:50 Kiruna 12 (30)
9 April 2010 15:00 — 19:25 Kiruna 6 (34)
25 April 2010 15:00 — 15:25° Kiruna 5 (35)
19 May 2010 03:30 — 07:50 Kiruna 2 (42)

*Vertical excursion between 7 hPa (34 km) and 14 hPa (29 km) during
float.
*Measurements conducted only during the descent.

103 em ™ pm ™', 20% at 10 2 cm > um ', and better than 6%

for concentrations higher than 0.1 cm™ pm™'. The back-
ground noise of the detector and of the electronics limits the
lower size of aerosol that can be detected.

[8] STAC is calibrated in order to provide size distribu-
tions of liquid aerosols. For measurements in presence of
solid aerosols characterized by a non-negligible imaginary
part of the refractive index, the light scattered at 70° scat-
tering angle is weaker than for liquid particles. The con-
centration at a given size class can be underestimated,
because the contribution of solid aerosols could be attributed
to lower size classes, depending on the nature of the parti-
cles. In this case, the size distribution becomes inaccurate.
Nevertheless, the aerosols counter can be used to determine
the total number of aerosols (liquid and solid) that scatter
amounts of light above the sensitivity threshold of the
detector.

[9] There are 3 copies of STAC, which can be mounted
on various gondolas under stratospheric balloons. In par-
ticular, STAC can be onboard the SPIRALE gondola.
SPIRALE is a tunable diode laser absorption spectrometer
[Moreau et al., 2005], providing in situ measurements of
tracer species such as N,O and CHy. Since STAC and
SPIRALE analyze the same air masses, it is possible to
investigate the correlation between the aerosol content and
the air mass origin.

3. Conditions of the Measurements

[10] Measurements are conducted during the balloon
ascent, at float altitude which can last from tens of minutes
to several hours, during the controlled slow descent, and
during the fast descent under parachutes at the end of the
flight. The conditions of these measurements allow us to
retrieve two vertical profiles several tens of km apart during
one flight, and to perform horizontal scan at a given altitude
along tens of km.

[11] Fourteen flights were performed under 3 different
geophysical conditions over the 2008—2010 period; Table 1
provides the conditions of the measurements. Two flights
were conducted in June 2008 from Teresina, Brazil (5°03'S,
42°49'W) during dry season; 8 flights were conducted in
August—September 2009 from Kiruna/Esrange (67°53'N,
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21°04'E), Sweden, and 4 flights from Kiruna/Esrange in
April-May 2010. Due to technical reasons, only measure-
ments obtained during the descent were available for the
25 April 2010 flight. STAC was onboard the SPIRALE
gondola on 9-10 June 2008 (Teresina) and on 7 and
24 August 2009 (Kiruna).

[12] The measurements are available from the middle
troposphere up to the 14 - 2 hPa (29-42 km) altitude range
depending on the size of the balloon. Flights were per-
formed at various times of the day. In particular, the 7—
8 September 2009 flight was conducted from sunset to
sunrise; the float altitude level of the balloon decreased from
7 to 14 hPa during sunset, and increased from 14 to 9 hPa
during sunrise, allowing us to obtain two additional small
vertical scans of the middle stratosphere.

4. Aecrosol Content in the Middle Stratosphere

[13] Figures 1 and 2 present examples of size class ver-
tical profiles obtained with STAC, on 19-20 June 2008
above Teresina (Brazil) and on 9 April 2010 above Kiruna
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Figure 1. Aerosols size distribution above Teresina (Brazil)
on 19-20 June 2008, assuming liquid aerosols.
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Figure 2. Aerosols size distribution above Kiruna (Sweden)
on 9 April 2010, assuming liquid aerosols.

(Sweden). The profiles are presented in size distribution
units, assuming liquid aerosols in the STAC calibration
process. On the first profile (Figure 1), the main structure is
a strong enhancement for all size classes between 20 and
10 hPa. A similar enhancement was also observed above
Kiruna on 14 August 2009 between 12 and 7 hPa. On the
second profile (Figure 2), several enhancements are detected
only for the smallest size classes and for altitudes higher than
50 hPa. These layers have a vertical extent varying from a
few hundred meters to less than 2 km.

[14] These thinner layers are observed for most of the
STAC flights where no strong enhancement is present.
Sometimes these layers are detected at the same altitudes,
both during ascent and descent several tens of kms apart,
sometimes only during the ascent or the descent. Also, these
layers were detected during cruise at constant float altitude
for 4 of the flights (2 August 2009, 24-25 August 2009, 7—
8 September 2009, 4 April 2010). From these observations,
the horizontal extent of the layers can be estimated as sev-
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eral tens to few hundreds of km. Such layers were identified
during all the flights, indicating that the probability of their
occurrence is high.

[15] The reality of such detection must be discussed. The
enhancements were detected although STAC was onboard
different gondolas with different shapes and materials used
in their structures. The enhancements were observed for all
the conditions of measurements (ascent and descent). Also,
the thinner layers are often spotted at the same altitude
during ascent and descent. These facts seem to rule out the
possibility of contamination by the gondolas or by the bal-
loons. Since the enhancements are not present for all the size
classes in most of the cases, they cannot result from a bias
induced by the pumping system.

[16] In Figure 3, the total concentration profiles of aero-
sols having diameters greater than 0.4 ym (assuming liquid
aerosols) are plotted for the 3 different geophysical condi-
tions. Measurements of aerosols having diameters greater
than 0.3 um are also available for the Kiruna 2010 obser-
vations and are also plotted in Figure 3 in order to evaluate
the effect of the smallest aerosols contribution on the pro-
files. In the upper troposphere/lower stratosphere (300 -
40 hPa), the aerosol content can change from one period to
another, probably due to the atmospheric general circulation
and to the seasonal variations of the regional conditions
(such as atmospheric cleaning after the wet tropical season,
if we compare Teresina and Kiruna profiles). On the other
hand, these contents are stable all over a given campaign of
measurements (from 3 to 5 weeks). In the middle strato-
sphere for altitudes above 40 hPa, the aerosol content is
progressively more variable, with a stronger variability
above 20 hPa (27 km) from one flight to another, or even
during the same flight. The variability is even stronger when
considering only the smallest particles. Thus, from these
observations, there is some evidence about the presence of a
non-homogenous aerosol layer in the middle stratosphere
typically above 20 hPa. The upper altitude level of this layer
cannot be determined due to the altitude limitation of the
balloons, but seems to be located above 2 hPa.

5. Nature and Origin of the Layers

[17] The new detection of these layers above 30 km
confirms the previous detection of aerosol optical thickness
enhancements in the middle stratosphere performed by the
UV-visible  balloon-borne  spectrometer ~SALOMON
[Renard et al., 2008]. Nevertheless, to our knowledge, these
enhancements have not been reported so far from the
numerous measurements obtained by the University of
Wyoming aerosol counter at various latitudes [e.g., Deshler
et al., 2003]. This could be due to the fact that most of the
flights were conducted with smaller balloons reaching lower
altitudes. Also, such enhancements may not be detectable
when large amounts of volcanic aerosols are present as it
was the case after the Mt Saint-Helens and Mt Pinatubo
eruptions.

[18] The two strong enhancements observed around 10 hPa
on 19 June 2008 (Figure 1) and 14 August 2009 (not shown
separately from Figure 3) strongly differ from the other ones,
both by their larger vertical extent (few km) and size distri-
bution (the largest size class concentration also increases).
One of the best explanations could be the fortuitous detection
of debris from meteoric disintegration, such as the one
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Figure 3. Concentration of aerosols (assuming liquid aerosols) observed under 3 different geophysical conditions
described in Table 1; (a—) aerosols with diameters greater than 0.4 um; (d) acrosols with diameters greater than 0.3 um

in the same geophysical condition as for Figure 3c.

detected by Klekociuk et al. [2005] in 2004 (it could be
noticed that the 14 August flight was performed during the
perseids shooting stars period).

[19] The other enhancements (e.g., those on Figure 2) are
characterized by strong vertical/horizontal gradients in
concentration, corresponding to aerosol content increases
over less than one hundred meters. This behaviour cannot be
obtained for measurements conducted in mixed air, so the
origin of the air masses must be analyzed. This can be done
using the in situ SPIRALE infra-red spectrometer which
performed high-vertical-resolution measurements of the
CH, and N,O tracers. Different source regions for the
observed air masses would be characterized by increases or
depletions in the vertical profiles of these species. Figure 4
presents an example of N,O measurements and aerosol
content on 24 August 2009. There is no obvious correlation
between the aerosols enhancements and the structures in the
N,O profile. The same conclusion is obtained for CHy
during this flight, as well as for the other SPIRALE flights.
Also, no correlation was found between the aerosol profile
in the middle stratosphere and the in situ temperature and
wind directions profiles measured during the flights. Finally,
no direct connection with potential vorticity fields is
noticeable at these altitude levels. Thus it seems that these
aerosol enhancements are not directly related to the origins
of air masses or to their transport by atmospheric general
circulation.

[20] Another process must be investigated to tentatively
explain the shape and the occurrence of these thin aerosol
layers. The nature of these aerosols is unknown since STAC
cannot allow us to distinguish between solid and liquid
particles. At such high altitudes, it can be reasonably
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Figure 4. Comparison between STAC measurements of
aerosols having diameter greater than 0.4 um (assuming
liquid aerosols) and SPIRALE in situ measurements of
N20, on 24 August 2009 above Kiruna.
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assumed that aerosols are not liquid, thus soot and/or small
meteoritic debris are the best candidates, following the
results of Renard et al. [2008]. The sharpness of these fea-
tures and the absence of correlation with the origin of the air
masses lead us to assume that an additional element must be
taken into account in order to separate their dynamics from
that of these air masses. It could be proposed that such grains
are electrically charged, as for “smoke” aerosols in the
mesosphere [Amyx et al., 2008; Rapp, 2009] resulting from
recondensation of vaporized meteorites during their atmo-
spheric entry. In this case, local variations of atmospheric
electric field might participate in the containment of aerosols
depending on their charges.

6. Conclusions and Perspectives

[21] Unexpected (transient) aerosol layers were detected in
the middle stratosphere. The nature and origin of these
aerosols (meteoric debris, soot, ...), and the main process that
leads to their containment, must be determined. Such studies
cannot be conducted using conventional aerosol counters,
thus new strategies of measurements are needed. The deter-
mination of the aerosol natures can be performed using the
remote sensing balloon-borne radiometer MicroRADIBAL
[Brogniez et al., 2003], which measures the aerosol scattered
light (brightness and polarisation). A new flight is expected in
2011 with a float altitude around 35 km. Also, STAC will be
modified to detect the presence of charged aerosols, to vali-
date or invalidate our hypothesis about the role of electric
fields in the aerosol containment. Finally, a new climatology
of middle and upper stratospheric aerosols, from GOMOS/
Envisat measurements of aerosol extinction, will soon be
available to better quantify the occurrence and the vertical
extent of the aerosol enhancements.
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