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CONTINUOUS LIDAR MEASUREMENTS OF STRATOSPHERIC AEROSOLS AND OZONE AFTER THE
PINATUBO ERUPTION PART II: TIME EVOLUTION OF OZONE PROFILES AND OF AEROSOL PROPERTIES

Alfonso D’Altorio?, Fabrizio Masci?, Vincenzo Rizi® Guido Visconti! and Marco Verdecchia®

Abstract. Two lidar systems, an aerosol lidar and an
03 DIfferential Absorption Lidar (DIAL), have been rou-
tinely operated at the same site (L’Aquila, Ttaly; 42°N,
13°E) since August 1991. The multiwavelength analysis
of the lidar signals allows to retrieve parameters related
to equivalent aerosol size distributions and their optical
properties. These are needed to correct the ozone DIAL
profiles from the disturbance introduced by the strato-
spheric volcanic aerosols. The method and the confidence
of the retrieved ozone profiles are discussed in a com-
panion paper. Here we present the whole measurement
series of ozone and backscattering ratio profiles during
the period from August 1991 to December 1992. In ad-
dition, for some observations, the mode radius and the
dispersion of the representative aerosol size distribution
are reported. The time evolutions of aerosol surface area
density and mass mixing ratio are also discussed within
the uncertainties of the retrieval algorithm.

Introduction

It has been estimated that Mount Pinatubo erup-
tions in June 1991 injected about 20Mton of SO, into
the stratosphere (Bluth et al., 1992). The fast gas to
particle conversion following a major eruption produces
an increase in stratospheric aerosol number density, and
these particles have dimensions larger than those usually
observed long time after or before the volcanic eruptions
(Jager and Hofmann, 1991). The increase in the aerosol
loading perturbs the radiative balance of the Earth-
Atmosphere system (Minnis et al., 1993) and may affect,
through heterogeneous chemical reactions, the ozone pho-
tochemistry. Particle size distribution and aerosol com-
position are important factors for evaluating such effects.

In a companion paper (D’Altorio et al., 1993), re-
ferred as PART I thereafter, we have shown that an algo-
rithm can be developed to retrieve reliable ozone profiles
from DIAL measurements even in presence of disturbance
introduced by stratospheric aerosol layers. As by prod-
uct of the same procedure, aerosol parameters can also
be estimated, so that aerosol lidar observations provide
the time evolution of such quantities as optical thickness,
surface area density, mass and aerosol number density.
In the following paragraphs the method adopted to re-
trieve aerosols characteristics is briefly outlined, then the
resulting data are discussed together with the evolution
of ozone number density. The observations cover a time
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period starting two months after the Pinatubo eruption
to December 1992.

Backscattering ratio and ozone profiles

The 589nm backscattering ratios observed at SLAQ
since August 1991 are shown in Fig.1. They are calcu-
lated according to the procedure outlined in PART I. The
time behavior shows that volcanic aerosols were detected
at our site in early August 1991 with relatively small val-
ues for the backscattering ratios. Roughly three months
after the eruption, strong and high altitude layers were
observed probably as results of transport from the trop-
ics to higher latitudes, as also observed by SAGE IT (Mec-
Cormick and Veiga, 1992). Then, since January 1992,
after a period in which sporadic and intense aerosol lay-
ers often appeared, the backscattering ratio profiles show
a decreasing trend with the maximum slowly declining to
lower altitudes, possibly due to aerosol sedimentation.

Fig.2 shows the retrieved ozone profiles as a function
of time after the eruption. Within the particle layer the
ozone density is locally affected by an indetermination
between +15% and +35%. The behavior of the ozone
density seems to reflect the seasonal variations with the
density increasing during the Winter months and the
maximum moving at lower altitude. Data from previ-
ous years are not available at our site and the seasonal
change may be considered only in qualitative terms. The
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Fig.1. Time evolution of the backscattering ratio profiles
at 589nm wavelength. The time scale starts 50 days after
the Pinatubo eruption (early August 1991) and stops on
December 1992; on the ordinate the altitudes range from
10 to 30km. The grid has been obtained with a resolution
of 5 days and 0.5km respectively for the time after the
eruption and the altitudes.
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Fig.2. Time evolution of the ozone profiles in 15-35km
altitude range from August 1991 to December 1992. The
grid has the same resolutions of Fig.1.
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indetermination in retrieved ozone and the limited length
of the record prevent from any attempt to assess the lo-
cal effects of heterogeneous chemistry. It is likely that the
column density may be a better indicator of the change
related to injection of sulfate aerosols (see PART I).

Aerosol size distributions and related quantities

Referring to PART I we recall that A%, (i # j and
1,7 = 308,351,589nm)is the ratio between the (Rx, —1)’s
observed at the corresponding wavelengths. A‘;‘I::’,\j can
be fitted to the theoretical value (Eq.2 of PART I) by
varying the model parameters: the mode radius r, and
the dispersion o of the aerosol size distribution, assumed
to be unimodal lognormal for unitary particle number
density,

1 = .
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For each set of observations at the three wavelengths,
the model parameters are obtained by means of least
square fitting (the minimum of x, Eq.3 in PART I). The
retrieved r, and o occupy a region in the mode radius -
dispersion space, whose amplitude reflects the indetermi-
nation on the Ai?f%, coeflicients. We assume the values
averaged over such region as representative r, and o; the
indetermination of these parameters are the associated
standard deviations. These are reported in the two pan-
els at the top of Fig.3. The bottom panel shows the values
of the extinction to backscattering ratio (C};) for visible
(589nm) and DIAL wavelengths (308, 351nm). Although
the precision of 1, and ¢ is very low, the Cy,; coefficients
are retrieved with a reasonable indetermination for the
purposes of ozone DIAL retrieving.

In any case it has to be considered that r, and o have
the meaning of representative parameters of an equiva-
lent particle size distribution (see PART I). On the other
hand, backscattering measurements can only give infor-
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mations about the particle radius in a size range where
the ratio between the Mie backscattering cross sections
at different wavelengths is not a constant (Larsen, 1992).
For our observations at 308, 351 and 589nm no size infor-
mations are obtained for particles smaller than 0.05xm
and larger than 0.6um.

Our results appear to be consistent with similar
data obtained in other mid-latitude observations. As
an example, Ferrare et al., 1992 show that the extinc-
tion to backscattering ratios at 35lnm have changed
within 18 to 28sr during November and December 1991;
which are similar to those we observe. Also the extinc-
tion to backscattering ratios evaluated by Jager (personal
communication, 1992) from in situ balloon soundings at
Laramie, Wyoming, compare well with ours. He suggests
that, in 15-25km altitude layer, Cssgnm is in the range
20-40sr during June-October 1992 and 28-48sr during
November-December 1992; our retrieved data lie in 30-
50st interval during the first period and in 45-50sr during
the last months of 1992. Lognormal aerosol size distri-
butions fitted to the measurements following the major
volcanic eruptions (i.e. El Chichon and Pinatubo) had
mode radii of 0.1 to 0.3um (Hofmann, 1987 and Pueshel
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Fig.3. The dispersion ¢ and the mode radius r, of the
aerosol size distributions are shown in the top panels as
function of time after the Pinatubo eruption. In the
lower part of the figure the extinction to backscatter-
ing ratios at the wavelength available at SLAQ are also
shown. There are reported only the cases for which the
fitting procedure is statistically significative (see text).
The error bars represent 1o standard deviations.
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et al., 1992), which again agrees with our retrieved mode
radii (0.1 to 0.25um).

Using the backscattering ratios reported in Fig.1,
when it is possible to obtain a statistically significative fit-
ting of the A‘;f:ki ’s, the altitude dependent aerosol num-
ber density can be evaluated from:

N5 {RA.- = 1]% (2)

(where 5., determined from the fitting procedure, has
been normalized to unitary particle number density).
The precision of the backscattering ratios, the indeter-
mination of the fitted 3} and the error affecting the at-
mospheric density soundings (necessary to evaluate the
molecular backscattering coefficient ,Bf) determine the
lo standard deviation on N'’s, which typically range be-
tween £15% and +30%.

Knowing the mode radius and the dispersion, it is
possible to obtain the particle surface area density and
the mass density, respectively by:

S = 4nri N ezp(Zln2 o') (3)
M = p, %wri N ez:p(% In? 0> (4)

Both these quantities (Fig.4) are affected by large errors
due to the indetermination of the aerosol mode radii. The
standard deviations range between +50% and +65% for
the surface area density and between +60% and +90% for
the aerosol mass mixing ratio. The values of surface area
density strongly deviate from the mid-latitude conditions
before the Pinatubo eruption (i.e. S~lpym? cm™?). Our
observations show that in the altitudes from 17 to 22km S
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Fig.4. From the top, contour maps of the surface area
density (S) and the aerosol mass mixing ratio (M; p,, the
aerosol mass density in Eq.(4), has bee taken equal to 1.6
gr em™*%). The contour level have been obtained with 5
days step along the abscissa and 0.5km step for ordinate.
The little triangles on the time scale indicate the days
used for the mapping.
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Fig.5. The effective radii of the size distributions are
shown at the top. In the middle panel the maximum po-
sitions in the backscattering ratio profiles are compared
to the reconstructed ones, see text for details. The op-
tical thickness from 15 to 30km at 589nm wavelength is
shown in the bottom panel. The error bars indicate 1o
standard deviations.

reached values between 5 and 20um? cm 3. The aerosol
mass content ranges from 15 to 60ppbm. In spite of the
large indetermination, these data compare quite well with
those reported by Deshler et al., 1993, which have been
derived from in situ measurements of the aerosol size dis-
tribution taken at Laramie (Wyoming) during 1991 and
1992.

Also the aerosol optical thickness has been calculated
in an altitude range between z;, = 15km and z; = 30km:

TV G= C/\i /z' dz ﬁ,{z‘ l:R/\.' E 1;] (5)

Zb

The results are shown in the bottom panel of Fig.5 for
the 589nm wavelength. The optical thickness behavior
shows two stage of the volcanic aerosol cloud. In the
first phase, 7 increases with a rate of 0.025 per month,
reaching a maximum of 0.15 in December 1991. This
is probably due to the transport of aerosols from lower
latitudes. Since the beginning of 1992 T decreases with a
slower rate, which is produced mainly by sedimentation
processes.

In September 1991, the backscattering ratio profiles
start to show a decrease in the altitude of backscatter-
ing ratio maximum position (22%?_). Then, assuming the
effective radius of the size distribution as the more repre-
sentative dimension of the particles (top panel in Fig.5):
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5
Teff = To ezp(; l'fl«2 0') (6)

and evaluating the radius dependent terminal velocity of
particle (weo) from the expression given by Pruppacher
and Klett, (1980), the time history of Ry, peak maximum
positions can be reconstructed according to:

Zmas(t + At) = —weo(t) At + Zmas(t) (7)
where At is the interval between two successive observa-

tions. The initial boundary condition has been imposed

to be Zmaz(to) = 2222, (to). The results are shown in the

middle panel of Fig.5; there is a good agreement between
the observed and calculated data, although part of the
downward motion may be due to large scale transport.

Conclusions

We have reported the evolution of the stratospheric
aerosol and ozone following the Pinatubo eruption. The
backscattering ratios have been obtained by the lidar sig-
nals at three wavelengths. The largest values for the
backscattering ratios have been observed between early
Fall and Winter 1991. Followed by a decreasing of aerosol
load and of maximum altitude with time. The trend in
altitude of the backscattering ratio maximum can be fit-
ted with an average sedimentation velocity, which is con-
sistent with the expected size distribution. Conversely
the optical thickness shows the maximum values in the
Spring of 1992.

The fitting procedure gives a quite accurate estima-
tion of the errors on all the parameters which characterize
the aerosol size distribution. The optical thickness is de-
termined with a £15% of uncertainty; similar or larger
(up to £40%) standard deviations must be attributed
to the dispersion parameter (the o of size distribution)
and the mode radius (r,). Although the mode radius is
affected by considerable uncertainty, it shows an increas-
ing trend up to one year from the eruption as observed
for El Chichéon. The extinction to backscattering ratio
is retrieved with a better precision and for the visible
wavelength it shows a range of variation between 35 and
55sT.

Some comparisons with the data available in litera-
ture have been discussed. There is a general agreement
both in the optical properties of the aerosols (i.e. the ex-
tinction to backscattering ratios) and in the range of the
lognormal aerosol size distribution mode radii. Although
affected by large errors, the retrieved aerosol number den-
sity, surface area density and mass mixing ratio are also
consistent with other experimental data.

The indetermination in the ozone number density
may reach £35% within the aerosol layer but our record
shows a consistent seasonal trend with larger values at
lower altitude in Winter. No conclusion on the effect
of heterogeneous chemistry could be drawn at this time
considering the shortness of our data record.
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