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aerosols, following the eruptions of El Chichon

and Mount Pinatubo

P. Chazette, C. David, J. Lefrére, S. Godin, J. Pelon and G. Mégie

Service d'Aéronomie du CNRS, Institut Pierre-Simon-Laplace, Université Pierre-et-Marie, Paris, France

Abstract. The spatiotemporal evolution of aerosols formed from precursors injected into the
stratosphere by major volcanic eruptions, such as those of El Chichon in 1982 and Mount
Pinatubo in 1991, has been studied using a ground-based lidar system located at the Observatoire
de Haute-Provence (OHP) in southern France (44°N, 5°E). From the inversion of the lidar signals
the optical, geometrical and dynamical properties of the particles have been determined as a
function of time after the eruption. In immediate post-volcanic conditions, when the optical
thickness of particles in the stratosphere is largely enhanced, an estimate of the aerosols
backscatter phase function has been evaluated directly from the lidar measurements, using a size-
distribution model adjusted to in situ balloon measurements. The precision of this determination
lies in the *+15% range. Values of the mean radius of the particles, of their integrated content,
surface areas, and sedimentation velocities are then derived from the systematic lidar
measurements performed at OHP. These values are compared for the two major volcanic
eruptions which have occurred over the last decade. Although the injection of sulphur dioxide
was twice as large for the Mount Pinatubo eruption as compared to the El Chichen case, the
diffusion of the cloud in the two hemispheres due to the interaction of the particular phase of the
quasi-biennal oscillation with several other dynamical processes at the time of the eruption, led to
the observation of similar values for the aerosol content over the Observatoire de Haute-Provence
in the months just following the two events. However, the residence time of the particles in
atmospheric layers below 20 km are 4 months longer after the Mount Pinatubo eruption, caused

by the observed difference in the initial vertical distribution of the aerosol cloud.

1. Introduction

Major volcanic eruptions inject directly into the stratosphere
chemically inert dust particles, characterized by a very short
residence time, as well as sulphurous gases, mainly in the form
of sulphur dioxide, which are considered as the precursors of
aerosol particles, through photochemically induced oxidation
processes. The large increase in the amount of stratospheric
aerosols due to the major eruptions of El Chichon (17.33°N,
93.20°W) in March and April 1982 and Mount Pinatubo
(15.14°N, 120.35°E) in June 1991, have thus caused major
effects on the climate and atmospheric environment of the Earth,
including local heating in the stratosphere at altitude levels
where aerosols are resident and cooling at the Earth's surface.
The heating of the stratosphere, mainly due to the absorption of
infrared upwelling radiation is a large-scale phenomena, which
corresponded to a 4 K local temperature increase after the El
Chichon eruption [Labitzke et al., 1983; Hofmann and Rosen,
1987]. Similarly, in September 1991, following the Mount
Pinatubo eruption a temperature increase as large as 3.5 K
occurred at the 30 hPa pressure level in a latitude band between
the equator and 30°N [Labitzke and McCormick, 1992]. The
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absolute amplitude of the temperature decrease at the Earth's
surface is smaller as estimated to about 0.5 K for El Chichon
and 0.7 K for Mount Pinatubo. Nevertheless, such cooling can
have a significant climatic impact. Furthermore, since the
discovery of the ozone spring depletion in Antarctica and the
subsequent importance of heterogeneous chemical processes in
the stratospheric ozone balance, sulphate aerosols are considered
as potentially playing a major role in the ozone long-term
depletion as observed in the middle latitude regions of both
hemispheres [Granier and Brasseur, 1992].

In order to quantitatively assess the radiative and chemical
influences of large stratospheric aerosol loads, resulting from
major volcanic eruptions the microphysical properties of the
aerosol particles, that is size distribution, surface area, chemical
composition and concentration have to be accurately determined.
Although lidar measurements do not constitute an unique mean
of determining such properties, they have proven to be quite
valuable in assessing their altitude dependence and temporal
evolution during the years which follow such major eruptions.
Systematic lidar measurements are performed at the
Observatoire de Haute-Provence (OHP, 44°N, 5.5°E) since
1980, using a neodymium:yttrium/aluminum/gamet (Nd:YAG)
lidar system emitting at 532 nm. These measurements are
performed within the context of long term observation of the
stratospheric variables, and are thus part of the operation of the
Network for Detection of Stratospheric Change. In this frame,
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the aerosol lidar measurements have already been validated as
part of several satellite ground validation programs [Lenoble and
Brogniez, 1984].

The present study covers the two periods from January 1983
to December 1986, and from October 1991 to December 1993,
which correspond to the time periods when the major effects of
the El Chichon and Mount Pinatubo volcanic eruptions were
observed. It includes a comparative analysis of the
spatiotemporal evolution of volcanic aerosols, injected by both
eruptions. This analysis is based on the complementarity of lidar
remote soundings and in situ balloon measurements [Hofinann
and Rosen, 1984a, 1987; Deshler et al., 1993]. As a main result
of this study, the backscatter coefficient and the scattering ratio
vertical profiles, and the backscatter phase function of the
stratospheric aerosol particles at the 532-nm wavelength are
determined using an inversion algorithm adapted to lidar
measurements in post-volcanic conditions. This algorithm as an
adaptation of the widely used Klett's algorithm [Klerr, 1981] will
be described in section 2. Its sensitivity to the different
hypotheses will then be studied. The section 3 will be concerned
with the validation of the aerosols optical and geometrical
properties as determined from the inversion of the lidar data,
and the use of a Mie scattering model. These results are
compared to those obtained from lidar measurements at other
sites during the same periods and to available balloon data. In
section 4, the temporal evolution of the stratospheric aerosol
properties following the major eruptions of El Chichon and
Mount Pinatubo are studied and compared in terms of
stratospheric residence time of the particles. Furthermore in
section 5, these optical parameters being directly related to the
size distribution of the particles, their determination allows to
obtain information on the spatiotemporal evolution of the
aerosols properties as a function of altitude, including size
distribution and sedimentation velocity at different altitude
levels in the stratosphere. The temporal evolution of the aerosol
dynamical properties will be discussed in section 6 using a one-
dimensional model and will be compared for the El Chichon and
Mount Pinatubo eruptions.

2. Inversion of the Lidar Signals

The inversion procedure presented here allows the direct
determination from lidar measurements of the altitude resolved
values of the aerosol backscatter phase function, backscatter
coefficient, and scattering ratio. The 532-nm wavelength emitted
by the laser, was chosen to minimize absorption in the
atmosphere, so that the lidar signal S(z) from the altitude z is
only a function of the volumic backscatter and extinction
coefficient, respectively, B(z) and o(z) [Measures, 1984] :

C

S(z) = .
(2 (z-7)

B(Z).exp|:—2. jj cx(z').dz‘} 1)

where C is a constant which characterizes the overall efficiency
of the lidar system implemented at the altitude z, The
extinction and backscatter coefficients represent the sum
contributions of both Rayleigh scattering by molecules (04(z)
and B,,(z)) and scattering by aerosol particles (ap(z) and S 5(z)) :

a(z) = ap(2) + 0p,(2) 2
B(z) = Bn(2) + B, (2) 3

CHAZETTE ET AL.: CHICHON AND PINATUBO AEROSOLS BY LIDAR

As usual, scattering by aerosols can also be characterized by
the scattering ratio R(z) defined as

Bp(2

R =1
(2) + e

4

The determination of f(z) from (1) requires the quantitative
knowledge of the extinction coefficient a(z). The system to be
solved is thus underdetermined, and a second relationship is
needed to link together a(z) and fB(z). If the value of the
backscatter phase function is assumed to be known, the
following relations can be added :

Bp@
= 5
$,(2) ap(Z) ©)]
Bm(2)
= —_— 6

where @, is the Rayleigh backscatter phase function normalized
for molecular scattering (¢ = 3/8m), and @p(z) the particles
phase function, which depends on the size distribution and
refractive index of the aerosols, and can thus vary with altitude.

In the case of the classical inversion procedure for single
wavelength lidar measurements, @p is considered as remaining
constant with altitude and its value is representative of the
altitude where f,(z) is maximal. With such an hypothesis, (1)
can be solved, as B(z) is the solution of a Bernouilli differential
equation given by [Klett, 1981, 1985] :

(z-20)* - 5(2)-0(2)

B(z) =
a2 3@ 2 2 ey 002) - d
(o =20 g+ o [7 @205 0 -dz
@)
with :
Q(z) = exp[z.[(‘o_m_ J.‘[Zlam(zl),dz} (8)
Pp z

z, is the reference altitude corresponding to the integration
constant of the Bernouilli differential equation. To ensure the
mathematical convergence of the solution, the altitude z, has to
be chosen above the aerosol layer, where the particle content is
negligible. In the remainder of this paper, this reference altitude
will be chosen above 30 km, assuming that the scattering ratio R
is equal to 1 above this reference altitude. The sensitivity of this
hypothesis will be discussed in section 3.

In the classical case, the determination of the aerosol
backscatter coefficient vertical profile B,(z) is thus linked to the
simultaneous knowledge of both the normalised backscatter
phase function ¢, and the value of B,(z;) at the reference altitude
z,. It also requires an a priori knowledge of the atmospheric
density profile, either through ancillary measurements or using
an atmospheric model. However, under particular conditions as
discussed below, it is possible to directly estimate the
backscatter phase function on the basis of the experimental
knowledge of the scattering ratio R(z,) at a second reference
altitude z,,, provided that at this particular altitude the scattering
ratio can be considered as constant. This altitude level will be
taken in the upper troposphere.
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The final adjustment of the inverted backscatter profile in
this altitude region is then carried out by successive iterations of
the relations (4) and (7). The initial value of the normalized
backscatter phase function ¢ is a priori chosen in the interval
[@mins Pmax] Which corresponds to the most probable values,
- taking into account the observed atmospheric conditions (see
section 3.2). An altitude profile of the backscatter coefficient is
then calculated and its value at the reference altitude z,
compared to the reference value R(z;). A new value of the phase
function @), is then chosen in one of the intervals [, @o] or
[@0, ©pmax], and the process is iterated until the convergence at
the reference altitude gz, is obtained within an a priori fixed
accuracy. This determines the final value of ¢,,. The backscatter
phase function and the backscatter coefficient thus determined,
are then sensitive to the choice of the two reference altitudes, z,
and z;, and a quantitative study has to be performed in order to
evaluate the different error sources and the remaining
uncertainties.

3. Sensitivity Study : A Priori Assumptions and
Uncertainties :

First, the assumptions and the impact of the uncertainty
sources associated with the determination of the vertical profile
of the stratospheric aerosols backscatter properties will be
discussed. This profile is represented by either the backscatter
coefficient (3) or the scattering ratio (4). The conditions for an
accurate determination of the backscatter phase function will
then be further analyzed.

3.1. Backscatter Vertical Profile

Uncertainties in the determination of the total backscatter
coefficient B(z) can be related to five main causes : (1) the
statistical fluctuations of the measured signal S(z), associated
with random detection processes, (2) the presence of aerosol
particles at and above the reference altitude z, and the
subsequent uncertainty on the value of R(z,), (3) the uncertainty
on the a priori knowledge of the vertical profile of the Rayleigh
backscatter  coefficient as determined from ancillary
measurements or atmospheric model interpolation, (4) the
uncertainty on the value of the phase function ¢, and on its
altitude dependence, and (5) the overall uncertainty resulting
from the chosen value of R(z;,) at the lower reference level.

The upper boundary condition used to solve the Bernouilli
differential equation (7) assumes the existence of an aerosol free
layer at, and above, the altitude z,, which is usually chosen close
to 30 km. The total volumic backscatter coefficient ﬁ(z,) is then
reduced to the Rayleigh molecular contribution only. Such an
assumption might not be relevant in the months just following
the eruption of El Chichon or Mount Pinatubo. Indeed, in 1982,
an aerosol layer was observed up to 30 km [Adriani et al.,
1983]. However, such a layer was not detected in the aerosol
vertical profiles recorded at OHP from mid-1982 to 1986, and
the upper reference altitude was then chosen at 30 km for the
post El Chichon eruption data. Following the eruption of Mount
Pinatubo, an aerosol layer was detected in the OHP record at
31 km altitude. Therefore the upper reference altitude was
moved up for the period 1991-1993, with R(z,) = 1 at and above
32 km for the post Mount Pinatubo eruption data.
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To quantify the total uncertainty which results from causes
(1), (2), and (4), sensitivity calculations have been performed for
two different values of the aerosol optical thicknesses 0.24 and
0.04, respectively, which are within the range of the values
experimentally observed following the El Chichon and Mount
Pinatubo eruptions. The analytical expressions of the
uncertainties on the lidar signals, which are associated with
these three different causes, are given in the appendix. They are
deduced from (7) and lead to the profiles shown on Figure 1, if
the relative uncertainties on the different variables (S(z), @p,
B(z,)) are less than 30%. To further reduce the statistical
uncertainty on the lidar signals, several individual profiles are
averaged to provide a single profile for a given day. The value of
the signal to noise ratio at the altitude of the maximum
scattering ratio is thus ranging from 40 to 80, leading to a
statistical uncertainty of less than 2.5%. The uncertainty on the
scattering ratio at the lower altitudes, that is, below 10 km,
associated with the uncertainty on the phase function ¢, can be
considered as low, of the order of 2% for a relative uncertainty
of 20% on ¢p,. This uncertainty further decreases when the
altitude increases up to z,, where it becomes less than 1%. Thus
considering the two algebraic terms of the denominator in (7),
the second one, which is dependent on the backscatter phase
function, becomes negligible in comparison to the first one as
the upper reference altitude z, is approached. In turn, the
uncertainty associated with the a priori knowledge of the volume
backscatter coefficient B(z,) is the largest one as it remains
constant as a function of the optical thickness, while the other
uncertainties decrease when the optical thickness increases.
Therefore in order to retrieve the backscatter coefficient profiles
with a good precision, the uncertainty on f{(z,) should be lower
than 5%. As already mentioned, the reference altitude z, was
thus chosen as high as possible, in order to minimize the
uncertainty due to the very low aerosol load at the upper
altitude.

Finally, to derive the value of the Rayleigh molecular
scattering coefficient, the experimental data following El
Chichon eruption were processed using an atmospheric density
model, developed at Service d'Aéronomie CNRS from the TIGR
(TOVS Initial Guess Retrieval) database [Chedin et al., 1985],
which takes into account seasonal fluctuations, while for those
following the Mount Pinatubo eruption, the absolute
atmospheric density profile was derived from ancillary
meteorological radiosoundings. The standard deviation
associated with the temperature profiles from TIGR database is
+7.5 K for midlatitude regions. It induces a relative uncertainty
of 3.5% on the molecular backscatter coefficient, which is
further minimized when considering monthly mean values.

3.2. Backscatter Phase Function

The determination of the backscatter phase function ¢, from
the lidar measurements requires several assumptions to be taken
into account. The first one is to consider the phase function ¢p
as constant with altitude. In section 4.2, this rather restrictive
assumption will be shown to be representative of the altitude
range where the backscatter coefficient is maximum, and to lead
to derived values in agreement with other in situ and lidar
measurements. The second assumption requires the scattering
ratio R(z) to remain close to 1.05 at the lower reference level z;,
which is usually taken between 8 and 9 km. Such a value of the
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Figure 1. Evolution of the different error sources as a function of altitude for (a) January 1, 1983, and (b) January
1, 1985. The three sources of error represented are those associated with the signal-to-noise ratio, the value of the
backscatter coefficient at the reference altitude, and the backscatter phase function.

scattering ratio in this altitude range corresponds to a maximum
value including the values experimentally observed for
background aerosol level [Russell et al., 1979] and post-volcanic
situations in the lower stratosphere. From Menzies and Tratt
[1995] measurements, values of R(z;) between 1.03 and 1.05 are
observed between 8 and 13 km, in post-Pinatubo conditions.
Therefore the scattering ratio cannot be overestimated by more
than 5%. Figure 2 gives the relative variation of ¢, from an
initial value of 0.02 sr'l, as a function of the deviation of R(z)
from 1.05. As @p depends on the extinction of the particles and
thus on their optical thickness, these variations are represented
for different values of the optical thickness. Figure 2 shows that
the uncertainty on ¢p is a decreasing function of the optical
thickness 7, leading to quite large values of the uncertainty when
7 is less than 0.05. Furthermore, for the low values of the optical
thickness, uncertainties associated with the lower boundary
condition at the reference altitude z;, have a significant impact at
the lower edge of the backscatter lidar profile (Figure 1) and the
evaluation of ¢, may thus be greatly affected. The determination
of the stratospheric aerosols backscatter phase function will

therefore only be possible, with a sufficient level of confidence,
in a post-volcanic situation, as we shall see.

The possible a priori values of the backscatter phase function
¢p will be in the range [0.013 s - 0.030 sr"]. This interval
shown in Figure 6 is deduced from Ackerman et al. [1989]
results and Mie scattering theory (see section 5). In the
procedure which had been applied to the lidar data (see
section 2), the backscatter phase function ¢, chosen in the
previous interval, will be considered as constant with altitude.
Such an assumption also implies that stratospheric particles are
spread out uniformly over altitude. To test this assumption,
balloon measurements of the particle size distributions,
performed at various locations by Hofmann and Rosen [1983,
1984b, 1987] after the eruption of El Chichon and by Deshler et
al. [1993] after the eruption of Mount Pinatubo, can be
considered. From these measurements of the vertical profiles of
the particles size distribution, one can assess that the observed
size distribution of the particles remained constant with altitude,
for both El Chichon and Mount Pinatubo reference periods. To
be more specific, measurements taken at Laramie, Wyoming
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Figure 2. Relative errors on the backscatter phase function ¢,
as a function of the absolute error on the scattering ratio at the
reference altitude (8 km).

(41°N), show that the ratio of the concentration of particles with
a radius larger than 0.15 pm to those with a radius larger than
0.25 pm remains constant with altitude, with an average value
of 2 for the El Chichon event and 2.25 for the Mount Pinatubo
event.

4. Compared Evolution of the Scattering
Properties of the El Chichon and Mount Pinatubo
Aerosol Clouds

The results presented here have been obtained from a
collection of 250 daily measurements made at the Observatoire
de Haute-Provence between January 1983 and December 1986
following the El Chichon eruption and 137 daily lidar
measurements following the eruption of Mount Pinatubo from
June 1991 to July 1993. As already mentioned, the individual
lidar profiles obtained in 2 min were averaged and filtered to
improve the signal-to-noise ratio. Respectively, the temporal
resolution is reduced to 1 hour and the vertical resolution is
reduced to 900 m. In addition, monthly averages have also been
determined in order to filter out the small-scale temporal and
vertical fluctuations, and sporadic effects linked to horizontal
transport. The inversion procedure presented previously was
then applied on the monthly values to determine the scattering
characteristics of the stratospheric aerosol layers, including the
backscatter phase function.

4.1. Scattering Ratio, Backscatter Coefficient, and
Residence Times of the Volcanic Aerosol Particles

Figure 3 represents the temporal variations of the volume
backscatter coefficient integrated over the entire altitude range
where aerosols have been detected and of the quantity (R, -7) for
the two events. R, is the maximum of the scattering ratio
vertical profile. Figures 4 and 5 also represent the temporal
evolution of the volume backscatter coefficient integrated over
two different altitude ranges from 15 to 20 km and 20 to 25,
respectively, for the El Chichon and Mount Pinatubo eruptions.
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Figure 3. Temporal evolution of the scattering ratio (R, -)

and of the integrated backscatter coefficient between 15-20 and
20-25 km for the El Chichon event.

The maximum value measured at the Observatoire de Haute-
Provence for the quantity (R, -/) appears to be the same for the
two events, and the maximum backscatter coefficient integrated
over the whole altitude range where aerosols particles are
present, is also close for the Mount Pinatubo eruption
(3.9 107 sr! in April-May 1992) and for the El Chichon event
(49107 sr" in January 1983). Although the total mass of
sulphur dioxide injected in the stratosphere for the Mount
Pinatubo eruption was twice as large as the one due to the El
Chichon eruption. One has to take into account the fact that the
two eruptions occurred at different temporal phases of the quasi-
biennal oscillation (QBO), and that the QBO, in association with
other dynamical processes, such as the Asian Monsoon, transient
planetary waves, stratospheric anticyclonic systems [Trepte et
al., 1993], or aerosol heating secondary induced circulation
[Young et al., 1994], drives the meridional circulation in the
tropical stratosphere. Therefore, the Mount Pinatubo cloud was
dispersed simultaneously in both hemispheres, although the El
Chichon cloud dispersion was restricted to the northern
hemisphere only during several months.

An important variable to quantify the potential impact of the
post-volcanic aerosol layers is the e-fold residence time of the
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Months from January 1983 to December 1986

Figure 4. Temporal evolution of the scattering ratio (R, ,.-1)
and of the integrated backscatter coefficient between 15-20 and
20-25 km for the Pinatubo event.
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Figure 5. Temporal evolution of the integrated backscatter
coefficient between 15-20 km and 20-25 km for the El Chichon
and Mount Pinatubo events.

particles as determined from the time evolution of the maximum
scattering ratio R,. The term "residence time" is not altogether
justified here, since the reduction in the aerosol load at a given
site is associated with the combined effects of change in the
aerosol composition, horizontal and vertical diffusion, and
sedimentation processes. The first two effects play a determining
role in the first months which follow the injection of gases in the
stratosphere. One can then consider that the aerosol clouds
became homogeneous both in composition and in latitudinal
distribution between 6 and 10 months following the eruption.
The former value is certainly appropriate for the Mount Pinatubo
event [McCormick and Veiga, 1992], the latter one being closely
related to the El Chichon event [Michalsky et al., 1984].
Therefore the residence times will be determined starting
respectively in March 1983 for El Chichon eruption and in April
1992 for the Mount Pinatubo eruption.

Figures 3 and 4 show, for the El Chichon event, the temporal
variations of the quantity (R, -/) and of the volume backscatter
coefficient integrated over the altitude range 15-20 km, where
the largest value of the scattering ratio are observed, and in the
uppermost layer between 20 and 25 km. The observed temporal
decrease in the lower layer is exponential for the period March
1983 to August 1984, leading to an e-fold residence time of
8 months. Similar values of 7 and 7.6 months, respectively, were
observed using lidar measurements at 0.532 pm and 0.355 pm
at Aberystwyth (42.5°N, 4.1°W) [Thomas et al., 1987], and by
Hofmann and Rosen [1984a] for the total mass burden above
15 km. When considering the upper layer (20-25 km), a similar
residence time was found.

Several other minor volcanic eruptions which occurred from
1983 on, can also have affected the temporal variation of the
scattering ratio values as observed at OHP. In October 1983, the
observed maximum scattering ratio increased by nearly 10%,
probably in relation with the eruption of the volcano Una Una
(0.17°S, 124.42°E) in July 1983. The effects of the eruptions of
the volcanoes Miyakejima (34.08°N, 139.53°E) which erupted
in September 1983 and of the Mount Paviov (55.42°N,
161.9°W), which erupted in February 1984, were only detected
as from March 1985 on. These eruptions led to increases of the
maximum scattering ratio of about 15% at 18 km and a second
aerosol layer was detected at an average altitude of 22 km. The
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existence of these two layers is further confirmed by other lidar
measurements performed at the same latitude [Jdger and
Carnuth, 1987].

Figures 3 and 5 show the same quantities, as measured after
the eruption of Mount Pinatubo in June 1991. The Mount
Pinatubo cloud was first observed at Observatoire de Haute-
Provence on July 1, 1991, at an average altitude of 16 km. A
double layered structure (16-18 km) appeared at the end of July
and was maintained until the end of August. The main cloud
was observed at 24 km on October 1, 1991, with scattering
ratios as large as 18 at 532 nm. These observations are in
agreement with the latitudinal redistribution of the stratospheric
cloud as observed from both ground-based and satellite
measurements [Trepte et al., 1993]. The vertical mixing of the
various aerosol layers can be considered as complete as early as
mid-November 1991. Until May 1992, the maximum values of
the scattering ratios are observed in the upper most layer above
20 km. This observation directly relates to the magnitude of the
Mount Pinatubo eruption as compared to the El Chichon one,
and to the higher injection altitude of the initial cloud.
Accordingly, the residence times determined from the temporal
evolution of the integrated backscatter coefficient are larger than
the ones derived for the El Chichon event : 7 months in the
upper layer (20-25 km) and 12 months in the lower layer (15-20
km). The large difference between the El Chichon and Mount
Pinatubo observed residence times in the 15 to 20-km altitude
layer, can also be explained by the different vertical distribution
of the particles in the upper layer. For the El Chichon eruption,
the particles were mainly concentrated in the most lower part of
the upper layer, and the sedimentation processes were then
faster (see section 6). In addition, the increase in the mass of the
particles by coalescence processes could also lead to a more
rapid sedimentation toward the lower altitudes.

4.2. Temporal Evolution of the Backscatter Phase Function

Using the inversion method described in section 2, the
temporal evolution of the normalized backscatter phase function
¢y, has also been determined for the two events, with a
difference being observed in the retrieved values. When
considering the period following the El Chichon eruption, the
average value retrieved from the lidar data in 1983 is equal to
0.023+0.003 sr", whereas, when performing the same inversion
on the data from the years 1984 and 1985, a value of
0016+0004 sr' is obtained. The 1983 value is in rather good
agreement, although at the lower edge, with some of the values
reported from other lidar measurements, which range from
0.017sr'! to 0.045 st for stratospheric particles between 10
and 30 km [Jdger and Hofmann, 1991; Thomas et al., 1987]. A
similar decrease in the backscatter phase function over the
period 1983-1985 has also been reported by Jdger and Hofmann
[1991], from a combination of lidar and in situ balloon
measurements in the middle latitudes of the northern
hemisphere, although the absolute values of the phase function
for the period 1984-1985 (0.024 sr’l) are still larger than the one
derived from single wavelength lidar measurements at OHP.
The backscatter phase function can also be derived from the
particle size distribution as determined from the SAGE II
satellite measurements [Ackerman et al., 1989]. The observed
values for the period 1984-1985 range from 0.013 st to 0.025
sr', and are again compatible with the lidar derived values at
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OHP, especially if one takes into account the fact that since the
end of 1984, the optical thickness of the aerosol layer is less
than 0.015, leading to an increasing error on the derived
backscatter phase function of the order of 40%. A comparison
between these values of the backscatter phase function and the
values obtained from other measurements is presented in Table
1. The implication of this change in the particle backscatter
phase function will be further discussed in terms of size
distribution in the section 5.

The backscatter phase function ¢,, has also been derived for
the Mount Pinatubo aerosol particles, over the period October
1991 to July 1993. The main result is that the value of ¢, is
constant throughout the whole period, equal to 0.025%0.003 srl,
This result is well in the range of the reported values from in
situ balloon measurements, in which the phase function is
derived from the measured size distribution of the particles.
Such values range from 0.037 st! 0 0.015 sr! [Deshler et al.,
1993] for the altitude range between 17 and 23 km. The size
distribution determined by Deshler et al. [1993] at 19 km
altitude, where the backscatter coefficient is maximum, leads to
a value of the phase function close to 0.026 sr’! (see Table 1).

5. Determination of the Size Distribution, Number
Density and Surface Area of the Volcanic Clouds
Particles

In terms of microphysical properties and chemical
composition, the aerosol particles reached a "pseudo-stationary"
state in the months following the eruptions. This state
corresponds to sulphate particles made of sulphuric acid in
aqueous solution. At least 70% of the particles present in the
stratosphere were of this composition in early 1983 after the
eruption of El Chichon [Rosen and Hofmann, 1986}, and at least
50% about 2 months after the eruption of Mount Pinatubo
[McCormick and Veiga, 1992]. Their refractive index at the
wavelength of the lidar measurements, that is, 532 nm, can thus
be taken between 1.43 and 1.44 (assuming 75% by weight for
sulphuric acid aerosol composition, Palmer and Williams
[1975]) and remained relatively constant with time. The size
distribution of the aerosol particles can in turn be determined
from single wavelength lidar measurements, only if such an a
priori knowledge of the nature and composition of the particles
is given. Furthermore, one generally assumes that this size
distribution can be represented by a single analytical function,
which is considered as valid over the whole altitude range. As
such, the lognormal distribution can be considered as
representative of the stratospheric aerosol particles [Lenoble et
al., 1984; Rosen and Hofmann, 1986; Deshler et al., 1993]. It is
given by the following equation :
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where n(r) is the relative number of particles of radius r between
r and r+dr, o the dispersion around the modal radius r,,. The
effective radius Teff which is also used to characterize the
particle size distribution is then given as a function of r,,, by :

Fefp = Tm -exp[25-(ln2 0)] (10)

From the knowledge of the characteristic values of the
particle size distribution, one can then determine the integrated
number density N (particles.cm?) of the particles in a given
altitude interval, which is of particular interest for the radiative
impact of the volcanic cloud, and the total surface area §
(umz.cm'3) of the particles as a function of altitude, which is
relevant to their chemical impact in terms of heterogeneous
processes linked to the ozone depletion problem.

The quantity derived from the lidar measurements is the
backscatter phase function ¢, which can be calculated as a
function of r,4 and o using the Mie scattering theory, only valid
for spherical particles, and assuming the lognormal size
distribution as defined above and a real value of the refractive
index of the particles equal to 1.44. The result of this calculation
is represented on the Figure 6, showing a minimum value of the
phase function for an effective radius of 0.18 um. Therefore a
given value of ¢, corresponds to two different values of r, 4 for a
given value of o. However, the relevant part of the function
corresponds to the values of r,glarger than the particular value
corresponding to the minimum ¢, since usually reported values
of the volcanic aerosol particles effective radius are larger than
0.2 um [Ackerman et al., 1989]. Nevertheless, the simultaneous
determination of r,gand o cannot be done using the only value
of ¢, as derived from the single wavelength backscatter lidar
measurements. To solve this underdetermination of the system,
an additional characteristic variable of the size distribution of
the particles has to be determined from ancillary measurements.
This is done using the in situ balloon measurements performed
at the same latitude by Hofimann and Rosen [1987] and Deshler
et al. [1993]. In order to reduce the dependence and the
uncertainty related to the balloon measurements, one will use a
global parameter to characterize the size distribution, that is, the
ratio Ry, defined by :

RN — No.i5 1

no.25

Table 1. Values of the Backscatter Phase Function for 3 Periods of Time
Following the El Chichon and Mount Pinatubo Eruptions

Years 1983 1984/1985 1991 to 1993
Our values 0.023 sr! 0.016 st 0.025 sr!
Other values  0.017 sr™* to 0.045 st 0.024 sr* 0.015 sr" at 17 km
[Jager and Hofmann,  [Jdger and Hofmann,  0.026 sr' at 19 km
1991] 1991] 0.015 sr’* at 23 km

[Thomas et al, 1987]

0.013 t0 0.025 sr’! [Deshler et al, 1993]

[Ackerman et al, 1989)]
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Figure 6. Variation of the normalized backscatter phase
function with the effective radius ¢ and the dispersion o of the
lognormal size distribution being considered.

where n, represents the particles number density with an
effective radius smaller than x. Figure 7 then represents, as a
function of r,g-and o, the curves corresponding to the two values
of ¢, determined from the lidar measurements (¢, = 0.016 and
0.023 sr), and the curves corresponding to characteristics
values of Ry as given by the balloon measurements. From these
curves, the size distribution of the aerosol particles can be
determined for both events. For the El Chichon event, the value
of Ry as measured by Hofimann and Rosen [1987] varies from
1.6 in early 1983 to 2 in mid-1983 and remains then constant.
For the Mount Pinatubo event, vertical aerosol profiles as
measured by Deshler between November 1991 and December
1992 [Deshler et al., 1993] yield to a relatively constant value of
Ry, around 2.25. The parameters of the particles size distribution
for all the considered periods, as determined using the curves
represented on the Figure 7 are summarized in Table 2, with the
relative errors as calculated from the sensitivity analysis
performed in section 3.

The integrated number of particles following the El Chichon
eruption in the altitude ranges 15-20 km and 20-25 km are
represented on Figure 8 and compared to those obtained from
balloon measurements by Hofmann and Rosen [1987]. In
general, the values derived from lidar measurements are larger
than the ones derived directly from the balloon measurements
although the agreement is rather good for the year 1983 in the
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Figure 7. Variations of the quantity Ry (see text) and of the
normalized backscatter phase function as a function of the
effective radius r,rand of the dispersion o.
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upper most layer. The average surface area per unit volume
available for chemical processing on aerosol surfaces is given in
Table 3 for the two altitude ranges and for the two periods of
reference, that is, 1983 and 1984-1985. A large decrease in the
available surface areas is observed in the later period.

The same variables as derived for the period following the
Mount Pinatubo eruption are represented in Figure 9 and in
Table 3. The maximum integrated content was clearly observed
in the upper layer in October and November 1991. For the
period from October 1991 up to March 1993, these integrated
aerosol contents correspond to a particle number density of 6-29
particles.cm™ for the 15 to 20-km layer and 1-15 particles. cm?
for the 20 to 25-km layer. Similar values of 10-15 particles. cm”
for the altitudes of 17 and 19 km and of 5-11 particles. cm™ for
the altitudes of 21 and 23 km, have been reported by Deshler et
al. [1993] in close agreement with the lidar data. The surface
areas of the particles are comparable to the values obtained
following the El Chichon eruption (see Table 3), with larger
values being obtained at lower altitudes as a result of
coalescence and sedimentation processes.

6. Sedimentation Processes and Residence Times

The particles residence times which have been derived from
the lidar measurements (section 4) are partly related to vertical
sedimentation processes, characterized by a mean velocity which
can be directly derived from the geometrical characteristics of
the particles. Using Stokes law, this velocity is expressed, for
particles with a radius of less than 80 pm, as [Whitten, 1982] :

5 2000,

-
9 e -8(2)-C(z).r

(12)

where z is the altitude, p,(z) is the density of air, pp(z) is the
density of the particles, p(z) is the dynamical viscosity of air,

g(z) is the acceleration of gravity, and r? s the average

quadratic radius of the particles. The Cunningham factor C(z) is
defined by

) =1+ kX

r

(13)

where K is a constant (0.80< K <0.86 ) and I(z) is the particles
mean free path. The average radius 7 and the average quadratic

radius 2 of the particles are given for a a lognormal size
distribution, by

r = reff.exp[—Z.(ln (o))2] (14)

2 = rgrexp[-3.(n (@) (15)

AN

Using the characteristic values of the size distribution of the
particles related to the El Chichon and Pinatubo eruptions as
derived in section 5, one can then calculate the sedimentation
velocities for the two altitude layers already defined (15-20 km,
20-25 km). These values are given in the Table 4. The decrease
in the sedimentation velocities of the particles from 1983 to
1984 is directly related to the decrease in their mean quadratic
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Table 2. Values of the Effective Radius r.s and of the Dispersion ¢ of
Stratospheric Aerosol Particles in the Altitude Range from 15 to 25 km, for 3
Periods of Time Following the El Chichon and Mount Pinatubo Eruptions

Period I g (Wm) Ar /T g o (uLm) Ao/o

El Chichon 1983 0.44 2% 1.6 5%

El Chichon 1984-1985 0.32 20% 1.4 10%
Mount Pinatubo 1991-1993 0.45 15% 1.7 10%

radius. For both events, the sedimentation velocity in the upper
layer is about 50% larger than the one calculated for the lower
layer. In fact, the altitude dependence for the dynamical
viscosity, of the acceleration of gravity and of the density
difference (p,-P,) is quite small between 15 and 25 km.
Therefore the sedimentation velocity is directly proportional to
the mean free path and can be expressed as

V() = a.[r_2+K.lO.;.exp(Z;;O ﬂ (16)
g 2009
with a = R .8(2)

where [, is the mean free path at the altitude z¢.

In order to more quantitatively assess the temporal evolution
of the distribution of the backscatter coefficient B(z) in the two
altitude layers already defined (that is, 15-20 km, 20-25 km), a
one-dimensional box model has been used based on the
continuity equation and the expression (16) of the sedimentation
velocity. If one assumes that the backscatter cross section is
constant over the two time periods considered (1983-1984,
1992-1993), the evolution of B(z) also describes the evolution of
the particles number density. However, when describing the
vertical motion of the particles, one should also take into

1*10°

account the vertical flux due to eddy diffusion, which can be
parametrized in terms of an average vertical eddy diffusion
coefficient K, defined for the altitude range 15-20 km as equal
to 0.5 m* s and for the altitude range 20-25 km as equal to
0.01 m*s™.These mean values of eddy diffusion coefficient are
closed to the average values respectively considered by Brasseur
and Solomon [1984] and by Shibata et al. [1984] for the

- summertime. However, this simple model does not take into

account the horizontal transport from equatorial and polar
latitudes, which could lead to an additional source of aerosols
particles in the middle latitude region. Yet, for the time period
considered here, the horizontal equilibrium of the global aerosol
layer in terms of horizontal transport could be considered as
already reached. In addition, any sporadic effects, which in fact
are not observed when considering the individual daily profiles,
would be further attenuated by using monthly mean scattering
ratio and backscatter coefficient profiles.

In the upper layer (20-25 km), the eddy diffusion processes
can be considered as negligible as compared to the
sedimentation  processes, the flux associated to the
sedimentation being larger by more than 1 order of magnitude.
The continuity equation which describes the temporal evolution
of B(z) following the El Chichon and Mount Pinatubo eruptions
is then integrated with a 1 week time step and a 1-km altitude
step similar to the vertical resolution of the lidar measurements.
The initial conditions are directly derived from the observations
in December 1982 and October 1991. The model has been run
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Figure 8. Temporal evolution of the integrated stratospheric aerosol content for various altitude layers (15-20
and 20-25 km) for the El Chichon event as derived from lidar and in situ balloon measurements.
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Figure 9. Temporal evolution of the integrated stratospheric aerosol content for various altitude layers (15-20

and 20-25 km) for the Mount Pinatubo event as derived from lidar measurements.

with different values of 7 and r?, to take into account the
range of uncertainties in the derived size parameters of the
particles.

The results of these calculations are compared with the
experimental data on Figure 10 (El Chichon) and Figure 11
(Mount Pinatubo). In the lower layer, the agreement is rather
good between the calculated and measured values, accounting
also for the observed difference in the residence times for the
two volcanic eruptions. In the upper layer, although the general
behaviour of the sedimentation of the particles is still correctly
described, the model overestimates the observed residence
times. These discrepancies can be related to four main causes.
First, the precision on the retrieved size parameters of the
particles is reduced in the above layer, due to the lower
scattering and a less accurate inversion of the lidar data. Second,
the coalescence processes have not been taken into account in
this simple model, which can have larger effects in the upper
layer, where no downward particle flux is assumed at the upper
boundary. Third, the considered mean values of the eddy
diffusion coefficient K, do not take into account its altitude
variability in the two layers 15-20 and 20-25 km. The fourth
cause is related to the assumption made in this calculation of a
monomodal, altitude independent, size distribution of the
particles. Following observations made after the El Chichon and

Table 3. Values of the Surface Area per Unit Volume of
Stratospheric Aerosol Particles in the Altitude Range from 15 to 20
and 20 to 25 km, for 3 Periods of Time Following the El Chichon
and Mount Pinatubo Eruptions

Mount Pinatubo eruptions, bi-modal, altitude dependent size
distributions can be observed [Jdger and Carnuth, 1987, Jéger,
1992]. If one considers that as much as 15 to 20% of the
particles can be in the larger size mode in the upper layer, the
resulting increase in the sedimentation velocity is very likely to
explain the shorter residence time when compared to the model
results. In the lower layer, as less as 10% of the particles are in
the larger size mode, the effect of the bi-modal size distribution
on the sedimentation velocity is reduced and accounted for by

the range of uncertainties in the r and r? values. Nevertheless,
the simple one-dimensional box model developed here, accounts
quite reasonably for the 4 months longer residence time
observed for the Mount Pinatubo eruption. This increase is thus
clearly related to the different initial vertical distribution of the
aerosol cloud in the upper altitude range.

7. Conclusion

Long-term observations of the stratospheric aerosol layers
have been conducted since 1981 at the Observatoire de Haute-
Provence as part of the Network for Detection of Stratospheric
Change. These lidar observations cover the period following the
major eruptions of the last decades, that is, El Chichon volcano

Table 4. Values of the Sedimentation Velocities of the
Stratospheric Aerosol Particles in the Altitude Range from 15
to 20 and 20 to 25 km, for 3 Periods of Time Following the
El Chichon and Mount Pinatubo Eruptions

Period S (um?.cm) S (um2em) Period V(em.s™) V (em.s™)

15-20 km 20-25 km 15-20 km 20-25 km

El Chichon 1983 9.2-42 2.6-15.5 El Chichon 1983 6.3 107 1.1 107
El Chichon 1984-1985 1.9-4.5 0.4-0.9 El Chichon 1984-1985 5.1 107 9.210°
Mount Pinatubo 1991-1993 6.7-32 1.3-16 Mount Pinatubo 1991-1993 8.3 107 13102
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Figure 10. Comparison of the calculated and observed values of the integrated backscatter coefficient between

15-20 and 20-25 km for the El Chichon event.

in 1982 and Mount Pinatubo in 1991, allowing thus a detailed

comparison of these two events. From the inversion of the lidar
backscattered signals, and from ancillary balloon measurements,
the temporal evolution of the optical and geometrical properties
of the aerosol particles have been retrieved for both eruptions.
Although the eruption of Mount Pinatubo has led to the injection
of twice as much sulphur dioxide than the El Chichon event, the
observed backscatter coefficient and altitude integrated
backscatter at the Observatoire de Haute-Provence have been
shown to be similar for the two eruptions. This is most likely
related to the fact that the eruptions occurred at different phases
of the quasi-biennal oscillation, leading thus to a global spread
out of the Mount Pinatubo cloud, while the El Chichon particles

were only dispersed mainly over the northern hemisphere. The
phase function of the aerosol backscatter has been directly
determined from the lidar data using a new algorithm, derived
from the general Klett method. The phase function has then been
shown to vary with time for the El Chichon event, in the 2 years
following the eruption, accounting thus for the modifications in
the size distribution of the particles. The retrieved size
parameters of the aerosol particle, mean radius, and surface
areas are also shown to be rather similar for the two eruptions. A
large difference is however measured in the residence time of
the particles below 20 km. While the residence times for the
upper layers, that is, above 20 km, are similar (7 - 8 months),
the observed residence time for the Mount Pinatubo particles
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Figure 11. Comparison of the calculated and observed values of the integrated backscatter coefficient between

15-20 and 20-25 km for the Mount Pinatubo event.
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below 20 km is 12 months, as compared to 8 months only for the
El Chichon cloud. This difference is quantitatively accounted for
using a simple one-dimensional box model, based on the
sedimentation velocities calculated from the particle geometrical
properties. The longer residence time is then clearly related to
the different vertical extent of the Mount Pinatubo cloud,
reaching much higher altitude than the El Chichon aerosols.
Taking into account its global impact and this longer residence
time of the particles in the lower stratosphere, the Mount
Pinatubo eruption can undoubtedly be identified as the major
eruption of the last decades, because of both its climatic and
chemical impacts.

Appendix

The uncertainties on the particular backscatter coefficient
B(z) can be analytically expressed as a function of the lidar
signal S(z) of the value of the backscatter coefficient at the
reference altitude z, and of the backscatter phase function ¢,.
The variances of these three error sources are calculated starting
from (7) written as

M
B(z) = -5%
where : N(z) = (Z—ZO)Z-Q(Z)'S(Z)
(z-20)%+S(2,)
D(z) = L2717
Z BGzp)
and :

2 L2y S(2)-0(2)-dz
+ EJZZ’ (z-zp) -8(2)-0(2')-dz

The variance associated with the signal S(z) is given by

var(B(z)) = Déz)-(var(N(z))+B(z)2.var(D(z))
+2B(2) -cov(N,D))
with :
var(N(2)) = (z-2)° - 0(2)* -var(S(2)),
(2-29)>  Hz—29)*  4Az(y—z0)*
D =
var(D(z)) Bz " o + v, B var(S(z,))

+ 482 1% (2-20)%.0(2)? var(S(2) e
02 Yz

cov(N, D) = —;%-(z—zo)z -0(2)% - Az-var(S(z))
p

The variance associated with the reference altitude, B(Z,) is
given by

var(B(z)) = ﬁ(var(zv(z))ﬂs(z)2 var(D(z))+2B(z)cov(ND))
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The variance associated with the phase function ¢, is
obtained as

2 Z
var(B(Z)) = (E’gz) ,var((pp), -JZ B, (2).d7
P
z 2
1 4 J‘Z" B, (z").dz" |
+ D(z_)'J.z (2-20).0(2).8(z)) 1+2—(pp_ 4z
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