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Lidar and SAGE II observations of Shishaldin volcano
aerosols and lower stratospheric transport.
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Abstract. During May 1999, data collected with two of
University of L'Aquila lidar systems, Italy show an increase in
the stratospheric aerosol content at altitudes between 15 and 18
km. Our initial hypothesis is that these aerosols originated
from the Shishaldin (Alaska) volcanic eruption of 19 April
1999. SAGE II observations, taken between Julian day 100
and 180, at latitudes above 40°N, show several sightings that
are good candidates for volcanic aerosols. A trajectory analysis
shows that a few SAGE II measurements are in space and time
compatible with the Shishaldin eruption, and the aerosol
enhancements observed by L'Aquila lidars have been also
sampled by SAGE II, later and in different locations.

Introduction.

The volcanic injection of SO, in the lower stratosphere is
responsible for the formation of H,SO, through the rapid
oxidation by OH radicals. Newly formed H,SO, gas may
nucleate to form new particles and/or condense onto pre-
existing aerosol. These physical processes increase the number
and the size of the stratospheric sulfate particles. The last large
perturbation to the stratospheric aerosol loading originated
from the eruptions of Mt. Pinatubo in June 1991, Bames and
Hofmann, 1997 and, recently Guzzi et al., 1999 suggest that by
the end of 1996, the stratospheric aerosol load had decayed to
pre-eruption levels, reaching the lowest aerosol levels seen in
the last 20 years. During low aerosol periods, minor volcanic
eruptions may regionally perturb the stratospheric aerosol
loading (Yue et al., 1994). These localized increases can be
important for the estimation of the aerosol background level.
The observations of very low aerosol amounts are strongly
affected by instrument sensitivity and the local sampling of
moderate volcanic perturbations can be useful for setting upper
limits.

Shishaldin volcano (54.75°N 163.9°E, summit elevation 2857
m) is located near the center of Unimak Island in the eastern
Aleutians. Its recent eruptive period began in mid-February
1999, producing an ash cloud to at least 14 km a.s.l. on 19
April 2000. In this occasion ~0.2x10° tons of SO, was injected
into the lower stratosphere (Bull. of the Global Volcanism
Network, Smithsonian Institution). This work investigates the
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aerosol observations carried out in May 1999 by the University
of L'Aquila lidar systems and by SAGE II between April and
June 1999, In the cases studied here, we use trajectory analysis
to correlate observations of enhanced aerosol by SAGE II data,
lidar, and the time-spatial position of the initial volcanic
injection. Trajectory studies of volcanic clouds have been
successfully performed in the past (e.g., Redaelli et al, 1998).
Using this approach, we show that the April 1999 Shishaldin
eruption appears to be consistent with the timing and the
location of the aerosol observations reported herein.

Lidar and SAGE II observations.

The lidar technique and the satellite remote sounding are
widely used for stratospheric aerosol monitoring. The former
produces profiles that are highly resolved in altitude and time,
and the latter has a large geographical coverage. The lidar
measures the aerosol back-scattering (ABS) ratio profiles (the
ratio between the total and molecular back-scattering
coetficients), and the SAGE II data can be inverted for the
estimation of aerosol extinction profiles (McCormick, 1987).
The lidars of University of L'Aquila (42.35°N, 13.38°E, 683m
a.s.l.) consist of a sodium lidar and an ozone DIAL. The first
of these systems detect the mesospheric sodium density
profiles, but also samples the lower stratosphere. The
transmitter is a dye-laser, which is tuned to Na D, line. The
receiver is a f/5 Cassegrain telescope (Di Carlo et al., 1998).
The DIAL has been recently upgraded (Rizi et al., 2000). A
XeF (351nm) excimer laser is the transmitter, and the receiver
uses a f/10 Cassegrain telescope. Both lidar receivers are
coupled via a mechanical chopper, field lens and dichroic
mirrors to interference filters, photomultipliers and electronic
chains for photon-counting. The data acquisition is performed
with multi-channel scaler cards and the height resolution is of
300m. Two ABS profiles are measured at 589 and 351 nm,
averaging the lidar returns for at least one hour. The error (16
standard deviation) affecting these data ranges between 5% at
~13 km and 10-15% at ~30 km.

The SAGE (Stratospheric Aerosol and Gas Experiment) II
instrument has seven radiometric channels centered at
wavelengths of 1.020, 0.94, 0.6, 0.525, 0.453, 0.448, and 0.385
um. The scientific products are the aerosol extinction
coefficient profiles at four different wavelengths (Thomason
and Osborn, 1992), as well as ozone, NO, and water vapor
density profiles. For the purposes of this work we rely only on
the aerosol extinction at 1020 nm.

A collection of lidar observations is reported in Figure 1. On
13 May 1999, an increase of ABS occurred in the altitude
range between 16 and 18 km. These layers were highly
variable in the period between 13 May and 27 May, and
disappear during the first days of June. The 351 and 589 nm
ABS ratios increase to 1.25+0.06 and 2.110.1. respectively.
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Figure 1. Aerosol back-scattering ratios at 351 and 589 nm in
the period March — June 1999. 10 March, 18 May, 27 May and
3 June have measurements only in the UV channel. On 13 and
14 May, the primary aerosol layer is located around 17.5 km,
corresponding to ~475 K isentropic level.

The ABS coefficients integrated between 14 and 25 km
(IABS) are reported in Figure 2, and the background levels are
also indicated. The IABS, typical of a clean mid-latitude
stratosphere (background), can be estimated assuming that the
ABS coefticient is simply related to the wavelength as ~A%,
where o is the wavelength exponent. The reference
background IABS values are those given by the analysis of
Guzzi et al., 1999: 8.0+£3.0 10” sr', at 532 nm. o ranges
between 1.0 and 2.0, as suggested by Barnes and Hofmann
1997.

In Figure 2, the increase of the stratospheric aerosol content
(about 2-3 times the background levels) appears evident during
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Figure 2. Integrated aerosol scattering coefficients (14-25

km) for the period March — June 1999. The uncertainty bars
represent 16 standard deviation. The dashed areas indicate the
typical ranges of the integrated aerosol scattering values for a
clean stratosphere at northern hemisphere mid-latitudes:
between 9 107 and 20 10° sr! at 351 nm and between 5 107
and 8.0 10 sr™' at 589 nm.
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the second half of May. After about 2 weeks the aerosol
loading decreases to the background conditions. This fast
recovery could be the sign of an aerosol cloud of limited
geographical extent or distributed in scattered spots.

Focusing on the lidar observations of 13, 14, 19, 24 May and 1
June, when the samplings were available at both wavelengths
and scaling the ABS coefficients as ~A% it is possible to
evaluate the wavelength exponent between 351 and 589 nm. o
is related to the aerosol size distribution and/or to the mean
size of the sampled particles: a large value of o (23) suggests
that the small particles are predominant, and a smaller o
(between 2 and 0) might be generated by the presence of
relatively larger aerosols. In the altitude regions corresponding
to the most evident aerosol scattering increases (i.e., the layer
between 15 and 17 km, on |3 May, or that measured on 24
May, between 15.5 and 17.5 km), o is about 1.511.0;
elsewhere and for all the altitudes of 1 June profile, it ranges
between 2.0 and 4.0. These rough estimations suggest the
presence of larger particles during May observations, while on
1 June, the stratosphere was likely coming back to the
background conditions: relatively fewer large particles in the
sampled air mass.

Figure 3 shows a collection of the SAGE II extinction profiles
at 1020 nm. The latitude/longitude aeroso! distributions, as
sampled by SAGE II in the northern hemisphere, show that
there were several diffuse layers containing increased mass
loading of stratospheric aerosols. These layers appeared at
high latitudes (>55°N), and they were well confined below 19
km, but at altitudes higher than the tropopause. Since these
aerosol clouds occurred in late spring, they cannot be polar
stratospheric clouds. SAGE II data were also available in the
second half of April 1999, some measurements between 27
and 29 April (~75°N, ~220E, at about 450 K level) seem to be
unambiguous observations of volcanic aerosol.

Volcanic cloud simulation.

The trajectory model used in this study to analyze air parcel
motion is isentropic (Redaelli. 1997). It can calculate
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Figures 3. SAGE II aerosol extinction profiles at 1020 nm. (a)
27 April 1999, (b) 28 April 1999, (c) 29 April 1999, and (d) 22
May 1999. The first three days are the earliest observations of
Shishaldin aerosol at latitudes near 70°N. Panel (d) shows the
extinction profiles at latitudes between 30 and 40°N.
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backward and forward trajectories using global winds and
temperature analyses. The effects the diabatic processes are
relatively small and can be neglected over the time intervals
shorter than 1-2 weeks. Analyzed wind, pressure, and
temperature fields used to calculate trajectories were obtained
from the U.K. Meteorological Office (UKMO). The UKMO
daily analyses (at 12:00 UTC) were provided by the British
Atmospheric Data Center (BADC), and contains fields on 18
pressure levels from 1000 hPa to 0.316 hPa on a 2.4"x3.75°
global grid.

The time intervals between Shishaldin eruption and the lidar
samplings are too long to attempt a direct correlation between
the two events by means of trajectory calculations. In this
study, we have considered only the cross correlation between
SAGE II observations and the injected cloud and between lidar
data and SAGE II.

The trajectory model has been initialized with a compact
cylinder-like cloud covering a wide area over Shishaldin
volcano. Parcels were released at the eruption time,
corresponding to 20:00 UTC of 19 April 1999, and at every
subsequent hour. This simulated cloud contains hundreds of
parcels on several isentropic levels, separated by a potential
temperature interval of 10 K (about 0.6 km in altitude) and
extending from the tropopause to middle stratosphere. The
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Figures 4. (a) Trajectory reconstruction for Shishaldin
eruption vs. SAGE II observations. The shaded area represents
the simulated cloud over Shishaldin volcano at eruption time
and its position on 27 April, on 450 K isentropic surface. The
location of SAGE II aerosol extinction above the background
(see part (b) of this Figure), over the same isentropic surface
and for the same day, is also indicated. (b) The SAGE II
extinction profiles ati020 nm measured on 27 April at 75°N.
Red line: 227°E longitude (ii), black lines: adjacent profiles at
203"E (i) and 252°E (iii), corresponding to the boundaries of
the SAGE II area drawn in part (a). The primary aerosol layer,
in the 227°E profile, is located around 16.5 km, ~450 K
isentropic level
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Figures 5. (a) As in Figures 4(a) for 28 April 1999. (b) As in
Figure 4(b) for 28 April; the locations of SAGE II observations
are 75°N and 213"E (ii in part (a), red line), 188"E and 238°E
(black lines, i and iii).

trajectories of such air masses are calculated forward in time
for a period of 2 weeks. Considering the evolution of each
isentropic layer of the initial simulated cloud, and comparing
their positions with SAGE II data, it is possible to select the
group of parcels that best reproduces the cloud behavior as
reported by satellite. After running a large number of test
cases, the best agreement was obtained for the 450 K surface
between the initial position of the injected material and the
occurrence of high extinction values measured by SAGE Il on
28 and 29 April 1999 (~16.5 km; 75°N, 190-250'E). The
location of the material injected by the eruption, as
reconstructed with the trajectories, and SAGE II data position
are shown in Figures 4a and Sa.

SAGE II retrieval of high extinction values, relative to later
period but still probably due to the material injected by
Shishaldin, can be correlated with L'Aquila lidar data. Using
the same initialization procedure described above, the
trajectories of the different air masses forming the air column
sampled over L'Aquila lidar site, have been followed for two
weeks. In this case, the best agreement is obtained between
lidar samplings of 13 and 14 May, and the SAGE II
observations of 22 May (see Figures 1 and 6b), located at 475
K surface (~17.5 km), and about 58°N, 60-100°E. The
location of the air sampled by the lidar, as reconstructed with
the trajectories, and SAGE II data position are shown in Figure
6a.

Discussion and conclusions.

Analysis of ABS profiles taken with the two lidar systems of
University of L'Aquila in May 1999, reveals that there was an
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Figures 6. (a) Trajectory reconstruction for L’Aquila lidar
(SLAQ) measurements vs. SAGE II observations. The shaded
area indicate the air masses over the lidar site (at 475 K
isentropic level, where the lidar samplings showed the most
evident aerosol increase). on 13 (red) and 14 May (blue), and
their positions on 22 May. The location of SAGE II
measurement taken on 22 May (see part (b) of this Figure),
over the same isentropic surface, is also shown. (b) The SAGE
Il extinction profiles at1020 nm measured on 22 May, at
~58°N. Red line: 80"E longitude (ii position in part (a) of this
Figure)., black lines: adjacent profiles at 56"E and 105"E,
corresponding to the boundaries of the SAGE II area drawn in
part a) (i and iii). The primary aerosol layer, in the 80"E
profile, is located around 17.5 km, ~475 K isentropic level.

increase of the stratospheric aerosol content. Aerosol
extinction profiles obtained by SAGE II in the period between
April and June 1999 show sparse increases of aerosol
extinction at altitudes below 19 km and at latitude above 40°N.
These aerosol clouds may have originated from the Shishaldin
volcanic eruption of 19 April 1999,

The reconstructed air mass trajectories show that SAGE II
observations of an enhanced layer of aerosol on 28 and 29
April 1999 are compatible with the injection of volcanic
material over Shishaldin volcano on 19 April 1999. Layers of
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enhanced aerosol observed by L’Aquila lidars on 13 and 14
May, 1999 were similarly sampled by SAGE II on 22 May
1999 at a similar altitude as the former set of observations.
Extended correlation between eruption and lidar measurements
could not be performed using trajectories, due to the long time
interval between the lidar measurements (May-June 1999) and
the Shishaldin major eruption. However, the lidar data show
that the IABS was at least twice the value of the background
level, and the wavelength dependence of the scattering
coefficients suggests the presence of larger, possibly volcanic,
particles.
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