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Abstract. The Stratospheric Regular Sounding project
was planned to measure regularly the vertical profiles of
several tracers like ozone, water vapor, NO,, CIO, and
BrO, radicals, aerosol, pressure and temperature, at
three latitudes, to discriminate between the transport
and photochemical terms which control their distribu-
tion. As part of this project, the “Istituto di Fisica
dell’Atmosfera” launched nine laser backscattersondes
(LABS) on board stratospheric balloons to make
observations of background aerosol and PSCs. LABS
was launched with an optical particle counter operated
by the University of Wyoming. Observations have been
performed in the arctic, mid-latitudes and tropical
regions in different seasons. Polar stratospheric clouds
have been observed in areas inside and outside the polar
vortex edge. A background aerosol was observed both
in mid-latitudes and in arctic regions with a backscat-
tering ratio of 1.2 at 692 nm. Very stratified aerosol
layers, possibly transported into the lower stratosphere
by deep convective systems, have been observed in the
lower stratosphere between 20 and 29 km in the tropics
in the Southern Hemisphere.

Key words. Atmospheric composition and structure
(aerosols and particles; middle atmosphere —
composition and chemistry; instruments and techniques)

1 Introduction

The long-term ozone loss at mid and high latitudes in
the stratosphere depends on dynamical and chemical
factors. Ozone is transported from the tropics where it
originates. Later gas phase and heterogeneous processes
involving radicals (HO,, NO,, CIO,, BrO,) and particles
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(background aerosol and PSCs) take place, controlling
further evolution of its concentration. The sources of
these radicals are long-lived natural or man-made gases
emitted at the surface of the Earth and transported
upward across the troposphere in a few weeks, then
move slowly into the stratosphere over a few years. The
vertical distribution of the concentration of the radicals
and ozone is thus the result of a combination of
transport and chemical processes experienced by the air
mass along its trajectory. In such scenarios, important
dynamical parameters are the time constants of trans-
port across the tropopause at the equator and across the
sub-tropical jet and the edge of the polar vortex from the
tropopause up to 30 km. From the microphysical and
photochemical points of view, the de-hydration mech-
anisms at the pole and at the equator, the size
distribution of aerosol, the heterogeneous conversion
of NOy into aerosol or PSCs, the global distribution of
BrO and the average ozone reduction and denitrification
in the Arctic vortex in winter play key roles.

The Stratospheric Regular Soundings (SRS) project
was funded by the European Commission for the years
1996-1997. The project objective was the regular mea-
surement of the vertical profiles of several tracers such
as ozone, water vapor, source gases (N,O, CFCs, CHy,),
radicals (NO,, OCIO, BrO), background and volcanic
aerosol, PSCs, pressure and temperature at three
latitudes and from the tropopause up to 30 km, to
discriminate between the transport and photochemical
terms which control their distribution. Another objec-
tive was to investigate the anticipated time constants of
transport by correlation between tracers of different
atmospheric history, and to simulate the results with 3D
and Langrangian photochemical models to differentiate
transport and chemical terms. The vertical profiles of the
species were measured by a combination of light-weight
instruments carried by relatively small balloons with
different payloads. The instruments included the SAOZ
uv-visible spectrometers (Pommereau et al., 1994) of the
Service d’Aéronomie du CNRS, France, for O3, NO»,
OCIO, BrO and optical extinction; the DESCARTES
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sampler (Pyle et al., 1994) of the University of Cam-
bridge, United Kingdom, optimized for CCF 11, but
also used for measuring profiles of CFC 113, CCl, and
CH;CCls; the Lyman-alpha hygrometer (Katthatov
et al., 1994) of the Central Aerological Observatory,
Russia, for in-situ water vapor, the Optical Particle
Counter (Hofmann et al., 1989; Deshler et al., 1994) of
the University of Wyoming, USA, and the Ilaser
backscattersonde (Adriani et al., 1998, 1999) of the
Istituto di Fisica dell’Atmosfera del Consiglio Nazionale
delle Ricerche, Italy, for optical, concentration and size
measurements on stratospheric particulate matter. A
total of 31 flights with different payloads were made
from different sites in Europe and Brazil. Among these,
nine flights were performed from Andoya (69°N, Nor-
way), Gap Tallard (44°N, France), Laramie (42°N,
USA), and Bauru (22°S, Brazil) with payloads equipped
with optical particle counters and laser backscatter-
sondes for aerosol measurements.

A number of papers describing some of the SRS
results, except for those described here, have been
published by Nilsson et al. (1997), Preston et al. (1997),
Deniel et al. (1998), Danis et al. (1998), Lambert et al.
(1999), Pommereau et al. (1998), and Pundt ez al.
(1998).

We focus our presentation on the observations made
by laser backscattersondes. We dedicate a section to the
description of the instrument (characteristics and prod-
ucts) and another to the observations made over the two
years of the project.

2 The laser backscattersonde

Laser backscattersondes (LABS), Fig. 1, have been used
in order to perform optical measurements on the
stratospheric background aerosol and PSCs. LABS has
been routinely flown along with optical particle counters
(OPC) from the University of Wyoming.

Fig. 1. Two of the laser backscattersondes used in the SRS project.
One of the II type (open, on right): 1 wavelength/2 receiving channel;
the modified version of the same type (closed, on left): 2 wavelengths/3
receiving channels. The open one shows the optical head on the right
and electronics batteries on the left. Box size is about 61 x 22 x 50 cm

The basic instrument had two detection channels and
can measure laser light backscattered from atmosphere
in the close field. It uses laser diodes as a light source
and the emission is polarized. A version of the instru-
ment, with two lasers at 692 and 830 nm, was used for
background aerosol measurements. A second version of
LABS with one single laser wavelength (692 nm) but
able to make backscattering measurements on parallel
and cross polarization was preferred for observations in
the presence of PSCs. One more laser and one more
receiving channel at 830 nm were developed on an
instrument of the second type. Such a modified LABS
instrument was used only once during a strong PSC
event because it was lost after the flight because of a
malfunction in the balloon separation system. Its optical
layout is sketched in Fig. 2. The main functional
characteristics of the instruments are summarized in
Table 1.

The lasers emitted powers were about 20 and 15 mW
respectively. The instrument actually performs an in situ
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Table 1. Typology of the LABS sondes used in SRS project

Type of instrument ~ No. of 2 Depolarization Primary use

| 2 No Background
aerosol

11 1 Yes PSC

Improved 11 2 Yes PSC

measurement by sounding the atmosphere at close range
between 5 and 40 m. The backscattered signal was
acquired for 1s in a 2s duty cycle, the vertical
resolution, determined by the balloon ascent speed,
was 10 m on average. The detection channels used
avalanche photodiodes working in a photon counting
mode. The sondes had on-board computers for data
acquisition and the data were both stored in mass
memory and sent through the OPC’s telemetry to the
ground station.

LABS is able to measure some optical parameters of
the atmospheric particles (Adriani et al., 1998a, b). The
primary parameters retrieved from the measurements
are backscattering ratio at any used wavelength and
volume depolarization. In order to produce the back-
scattering ratio, the pressure and the temperature of the
external environment have to be used. Such data were
directly measured in flight by OPC. On this basis, the
signal expected from the molecular atmosphere and the
backscattering ratio R could be calculated. R is equal to
(By+ Bm)/ B> wWhere B, and f,, are the volume backscat-
tering cross sections for particles and molecules, respec-
tively. f3, is a function of the particle sizes distribution
and concentration, the refractive index and the wave-
length. At a given wavelength, f3,, is proportional to the
molecular air density. Essentially, R is a measurement of
how much the signal backscattered from the particles
exceeds the molecular one. On this basis it is possible to
retrieve the vertical structure of the cloud and some
other optical parameters. f, is proportional to the
optical extinction of the cloud and to the average surface
area of the particles. The particle extinction coefficient,
E,, can be retrieved by E, = C*B5(R—1) where the
parameter C is dependent on the kind of particles
involved in the measurement. Values of C can be found
in the literature (Collis and Russell, 1976; Jaeger et al.,
1991, 1995). R = 1 means that no particles are present
in the air volume sounded.

Depolarization measurements were used in PSCs
observations to distinguish between liquid and/or solid
particles because the former ones, since they are
spherical, do not depolarize the backscattered light.
According to the most recent theories on PSCs (Peter,
1997), they may be formed by liquid and/or solid
particles depending on the air-mass temperature, their
thermal history and a proper abundance of their
constituents in gas phase to condense. Liquid particles
may be supercooled ternary solution droplets (LTA)
H,O/H,SO4/HNO; and solid particles sulfuric acid
tetra-hydrated (SAT) crystals or, if they experience
temperatures lower than about 195 K, nitric acid tri-
hydrated (NAT) or, at even lower temperatures, possi-
bly ice.

Knowledge of the thermodynamic phase of the
particles can help in studies of polar stratospheric
clouds which have a key role in ozone depletion in
polar stratospheres. Indeed, PSCs formation processes
and their other characteristics are not yet well known.
The volume depolarization, D, can be computed by the
formula D = k(S./S,) where S, and S, are respectively
the polarized and the cross-polarized signals at a given
wavelength measured by the sonde. The calibration
constant, k, is calculated making the depolarization
equal to 1.4 where no particles are present. Such a value
is the one estimated for the pure molecular atmosphere
(Young, 1980; Cohen and Low, 1969).

3 Observations

Nine launches of LABS have been carried out in the
frame of the SRS project. They are listed in Table 2.
Four launches were performed at arctic latitudes, three
at mid-latitudes and two in the Southern Hemisphere
near the Tropic of Capricorn latitude. The arctic flights
were performed both outside and inside the vortex with
the main goal of investigating polar stratospheric
clouds. Aerosol background measurements were per-
formed at the same time. The stratospheric aerosol
background was also measured at mid-latitudes and at
the tropics. A brief description of all the observations of
stratospheric particulate matter during SRS is given
hereafter. The most interesting cases illustrated are now
under more detailed study.

Table 2. List of the LABS ob-
servations Date Site

Comments

23-1-96

6-2-96
26-6-96
11-11-96
14-1-97

19-1-97
27-6-97

23-11-97
26-11-97

Andoya, Norway

Andoya, Norway
Gap, France
Laramie, USA
Andoya, Norway

Andoya, Norway
Gap, France

Bauru, Brazil
Bauru, Brazil

Successful. External side of the
polar vortex border.

Successful. Inside the polar vortex.

Successful. No particle data from OPC

Successful

Successful. No particle data from OPC.
Inside the polar vortex.

LABS failure: payload crash during
take-off in strong winds

Noisy signal

Telemetry failure at 20 km

Successful
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3.1 Arctic measurements

Observations in the arctic region were performed from
Andoya during both 1996 and 1997 winters. Four
launches took place as listed in Table 2. The two 1996
flights, on 23 January and 6 February, were fully
successful. A successful flight was performed also during
1997, on 14 January. PSCs were detected during all three
flights. All clouds are reported in the volume-depolariza-
tion/backscattering-ratio scatter plot in Fig. 3. The
observed PSCs can be classified as la, probably NAT or
SAT, (6 February, 1996) and Ib, probably LTA, (23
January, 1996 and 14 January, 1997) according to the
classification suggested by Browell et al. (1990) based on
depolarization and backscattering ratio measurements.
In the picture, the 23 January cloud shows a tail going
toward type II PSC (ice cloud) due to a depolarizing core
observed inside the cloud itself. On the other hand, the top
layer of the same cloud can be classified as Ia PSC type.
The 23 January, 1996, observation represents a quite
unique and interesting case study for the contemporary
observations of the same event by laser backscattersonde,
optical particle counter, condensation nuclei counter and
ground-based ALOMAR lidars at Andoya. The latter
were the Norwegian ozone lidar and the French rayleigh
lidar. LABS and lidars provided optical measurements of
the same cloud at 308, 353, 532, 692, 830 and 1064 nm. So
far, most of the scientific work has been focused on this
case study (Adriani et al., 1998; Deshler et al., 1998, 1999;
Fierli et al., 1998). According to correlated information,
the cloud was observed on the external side of the polar
vortex edge. The PSC, shown in Fig. 4, was observed
between 20 and 26 km altitude. It was mostly liquid with a
core containing solid particles at 23-24 km; solid particles
were also detected at the top of the cloud at 26-27 km.
The temperature was close to ice frost point (=185 K) at
its minimum inside the cloud. The condensation temper-

16— O 23 January 1996
7 B 6 February 1996 o
@ 14 January 1997 o

Volume depolarisation
=
o
\
m]

Backscattering ratio

Fig. 3. Volume depolarization versus backscattering ratio scatter plot
for PSC measurements during SRS at 692 nm

ature for ice, NAT (Hanson and Mauerberger, 1988) and
LTA (Carslaw et al., 1995) formation are reported in
Fig. 4 on the temperature plot. Values of 4.5 ppmv H,O
mixing ratio at the cloud levels were measured on the same
day at Sodankyla in northern Finland by a frost point
hygrometer. A value of 10 ppbv has been used for the
HNO; mixing ratio. Unfortunately, the Lyman-alpha
hygrometer was never able to fly in conjuction with LABS
flights. Backtrajectories show that the airmass experi-
enced a cooling rate of 16 K/day during the previous 36 h.
The particle counters showed that all particles in the
airmass grew to sizes larger 0.3 um in diameters
(T. Deshler, private communication). Balloon and lidar
measurements have been correlated. By combining opti-
cal particle counter and laser backscattersonde measure-
ments, an index of refraction of 1.47 in the liquid part of
the cloud was derived (Deshler et al., 1999).

PSCs were also observed during the other two arctic
LABS flights. On 6 February, Andoya was just inside the
polar vortex border and a solid PSC was observed at 25—
27.5 km (Fig. 5). Temperatures were relatively high at
those altitudes ranging between 200 and 210 K. LABS
measurements showed a very low backscattering ratio
(1.02-1.03) along with a volume depolarization up to 3—
4%. Contemporaneously, at the same altitude, the
optical particle counter showed the presence of a cloud
composed by small particles (T. Deshler, personal
communication). Since the observed temperature was
relatively high for nitric acid tri-hydrated (NAT) cloud
particles, it is possible that sulphuric acid tetrahydrate
(SAT) particles, very small in size and solid then
depolarising, were observed in this case. Evidence of
observations of solid sulfate aerosols has been reported
in the literature by other authors (Gobbi and Adriani,
1993; Toon et al., 1993; Larsen et al., 1995) but this is the
first in situ observation where optical and particle
concentration measurements were performed. Backtra-
jectory calculations show that the air mass in which the
cloud was observed passed over south Greenland 18-
20 h before reaching the Scandinavian peninsula. Tem-
perature and wind profiles, as measured by meteorolog-
ical sondes in that area, clearly show a local cyclonic
activity associated with gravity wave perturbations
propagating to high altitude. The formation of SAT
particles could be associated with the formation of solid
particles inside the lee waves above Greenland. At the
moment, this case is under further investigation. During
the same measurement a backscattering ratio from the
stratospheric aerosol background of about 1.15-1.2 was
observed from the tropopause (about 11 km) to 17 km.
During the 1997 arctic campaign, another PSC (liquid,
i.e., no depolarizing) was observed at altitudes of 25—
27 km near Andoya on 14 January, 1997, (Fig. 6). The
temperature at that altitude range was lower than 186 K
with a minimum reaching about 183 K. There, the
temperature was about 2 K higher than the ice frost
point at that altitude and the cloud was probably formed
by liquid ternary aerosol formed by HNO3/H,SO4/H,0
solution. The condensation temperature versus the
altitude for NAT, LTA and ice are plotted in Fig. 6
along with the temperature profile. Unfortunately, as
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previously mentioned, no particle measurements were
taken during this flight so that no comparison between
optical data and particle size distribution is possible.

3.2 Mid-latitude and tropical measurements

During the SRS campaigns at mid-latitudes, good
measurements were taken only in 1996 (Fig. 7). They
are from Gap Tallard in southern France on 26 June
and from Laramie, Wyoming, USA, on 11 November.
Another flight from Gap Tallard was attempted during
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1997 but, some electronic problem made the signal very
noisy and, thus those measurements are not reliable for
quantitative measurements. All 1996 measurements
show cirrus clouds just below the tropopause. The
temperature profiles show tropopause levels very differ-
ent from one case to the other. On 26 June, the
tropopause above Gap was at about 10 km and, on 11
November, there was a double tropopause at approx-
imately 14.8 and 16 km above Laramie with a temper-
ature of 200 K.

The backscattering ratio was around 1.2 in both cases
with small differences between wavelengths (Gap mea-
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Fig. 7. Mid-latitude measurements taken on 26 June 1996 at Gap-
Tallard, Southern France and on 11 November 1996 at Laramie,
Wyoming, USA. Upper left panel: backscattering ratio at 692 (black
dots) and 830 (open circles) nm, and colour index (solid line) as ratio
between the two backscattering ratios. Upper right panel: tempera-
ture. Lower panel: Backscattering ratio at 692 (black dots) and
temperature (solid line)
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surement) and altitudes. In both cases the aerosol
particles extended to high altitude levels. During the
26 June flight, LABS observed the presence of particles
up to 27 km (no particle measurements are available
from the OPC). On 11 November the optical particle
counter measured particles up to 31-32 km. In that case
the LABS data were quite close to the instrumental
signal background at 27 km and the data above 26 km
have been removed from the plot because they lost
significance for low signal-to-noise ratio.

Two launches were performed at Bauru, Brazil, on 23
and 26 November, 1997, (Fig. 8). During the 23
November flight, the telemetry started malfunctioning
at the tropopause level (17.5 km) and stopped working
completely at 20-21 km because of battery problems.
Stratified cloud was observed in the troposphere be-
tween 10 km and the tropopause at about 16-17 km.
The temperature at the tropopause was 190 K.

A similar situation was present in the troposphere
three days later during the second flight. On 26 Novem-
ber the tropopause was at 17.8 km and its temperature
was still 190 K. Various cloud layers were present in the
troposphere between 3 and 18 km. In the lower strato-
sphere, between 20 and 29 km, a layered aerosol struc-
ture was observed. The temperature at that interval of
altitudes increased from 204 to 224 K. Those aerosols
were probably injected in the lower stratosphere at the
intertropical convergence zone and advected above the
observation site. Nine-days of backtrajectories based on
the ECMWF data base have been calculated in order to
investigate the origin of those layered aerosol clouds.
The backtrajectories have been computed at many
isentropic levels between 400 and 720 K and the more
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significant layers are shown in Fig. 8. The stratification
observed in the aerosol profile suggests that the injection
of this aerosol was quite recent since not much vertical
homogeneity was observed. Air mass trajectories from
the east show two different histories for the two portions
of the atmosphere between 19 and 24 km (450-600 K)
and between 24 and 28 km (600-720 K). However, they
show that both layers passed over central Africa about 9
days earlier, before moving above South America, from
southern and northern Zaire respectively. The aerosol
layer could easily be injected by a deep convective system
which pierced the lowest part of the troposphere and
transported the particles up into the lower stratosphere.
This case is presently under further investigation. How-
ever, the issue of the aerosol budget in the intertropical
lower stratosphere has a key role both in the radiation
budget of the planet and in the transport of aerosol
toward the polar regions. So far, the knowledge in this
field is still poor. Questions such as how important is the
role of the convective systems in transporting particulate
matter from the lower troposphere to the upper tropo-
sphere and into the lower stratosphere or how much of
the material is directly transported from the boundary
layer and how much is formed in situ are still not
completely answered. More extended and systematic
investigations into the troposphere—stratosphere ex-
changes in the intertropical region are certainly needed.

4 Conclusions

The goal of the Stratospheric Regular Sounding projects
was the monitoring of the stratosphere using various
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Fig. 8. Tropical measurements at Bauru, Brazil. Backscattering ratio and temperature profiles as measured on 23 and 26 November 1997.
Backscattering ratios are measured at 692 nm. On the right panel, the most significant insentropics levels at which the backtrajectories have been

calculated
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instruments flown by small balloons at different lati-
tudes and seasons in low-volcanic aerosol conditions. In
fact, the last large eruption was from Mount Pinatubo in
June 1991 from Philippines. The use of small balloons
permitted us to reduce significantly the campaign costs
along with an easy access to launching facilities in
different parts of the world. The SRS project demon-
strated the complete success of such a kind of observa-
tion strategy.

A quite wide amount of data on the status of the
stratosphere was taken during the years 1996-1997. The
different instruments provided measurements on several
stratospheric gases like Oz, H,O, N,O, CFCs, CHy,
NO,, OCIO, BrO. They also sampled particles like
background aerosols and PSCs, pressure and tempera-
ture at different latitudes and from the tropopause up to
30 km. During this project a laser backscattersonde
(LABS) was operated giving measurements of back-
ground aerosol and polar stratospheric clouds. The most
interesting observations were made in the arctic, on
polar stratospheric clouds, and in the tropics.

At least two of the polar stratospheric clouds resulted
in quite interesting case studies. The PSC observed on 23
January, 1996, was simultaneously observed by two
groundbased lidars and in situ by OPC-LABS. This is
the first measurement of the refractive index in the visible
range of wavelengths of the liquid ternary solution
particles. A refractive index of 1.47 at 692 nm was
measured by the combination of OPC and LABS data.
Such a cloud was observed on the external side of the
polar vortex edge. The other PSC, observed in the same
year on 6 February, appears to be a clear example of
clouds formed of SAT particles generated out of a gravity
wave perturbation consequent to a cyclonic circulation
above south Greenland. This case is still under study.

Both arctic and mid-latitude measurements of back-
ground aerosols gave backscattering ratios of 1.2 at
692 nm during 1996. It was observed that the back-
ground aerosol layer extended up to 25 km over France
and even higher over central America where the tropo-
pause was split into two distinct levels at 14.8 and
16 km. Consequently the aerosol background layer was
observed extending above 30 km.

In the tropics, quite stratified aerosol layers were
observed in the lower stratosphere between 20 an 30 km.
The stratification suggests the presence of relatively
young aerosols recently injected into the stratosphere
possibly by a deep convective system. More systematic
observation would be needed in the future for a better
characterization of the aerosol budget in the inter-
tropical regions.
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