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VoLcanic clouds are an important natural hazard to aireraft', and
host chemical reactions that interest both volcanologists™ and
atmospheric scientists*™®. Ice has been suggested as a possible com-
ponent of eruption clouds’, but there has been no direct evidence
for its presence. Here we report the detection, using a satellite-
borne infrared sensor, of =2 million tonnes of ice in the cloud
produced by the September 1994 eruption of Rabaul volcano, in
Papua New Guinea. The cloud also contained relatively low levels
of sulphur dioxide (8050 Kilotonnes), compared with other
stratospheric eruption clouds. The unusual aspects of this cloud
may be related to the entry of sea water into the volcanic vent,
and its participation in the eruption column. Past eruptions that
occurred in similar (coastal) settings, such as those of Krakatau
and Santorini, might have had less effect on the atmosphere than
their volume alone would suggest, because the presence of ice may
decrease the residence time of ash and sulphur in the atmosphere.
In addition, the ability of ice to mask the characteristic spectral
signature of volcanic ash will increase the difficulty of designing
airborne ash detection systems for aviation safety.
The 1994 Rabaul eruption began on 19 September with nearly
\vmulmlweoux outbursts from two vents (Tavurvur, 06:06 local
;v ulmn 07:17 local time) on opposite sides of the caldera
The Vulcan eruption was more powerful, with
column hmgh\‘ estimated at 20 km, whereas Tavurvur’s column
reached a maximum height® of 6 km. Some of the ash fallout
was very wet, and a ‘rain of mud’ occurred in some areas around
Rabaul. Sea water had access to the main active vent low on
the northeastern flank of Vulcan, and salty rainfalls took place
in a wide arc north and northwest of Vulcan d\irmg 19 and 20
September®. The tephra fall deposits resulting from Vulcan's
cruptions contained ubiquitous sca-salt deposits.
he advanced very-high-resolution radiometer (AVHRR)
detector aboard the NOAA 12 polar-orbiting satellite was used
for mapping the voleanic cloud and determining the composi-
tion, size and mass of its particles based on data collected on 19
September at 09:00 uT (19:00 local time) and again at 21:50 uT
(20 September, 07:50 local time). The dispersal pattern shown
by the Rabaul cloud was marked by a broad fan shape (Fig
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probably caused in part by upper-level winds: many volcanic
clouds. particularly at middle and high latitudes. are more
directionally focused” than this

Multi-wavelength AVHRR images have two the d
channels (band 4, 2=10.3-11.3 ym: band 5, A=11.5-12.5 pm)
which can be used for estimation of the sizes. masses and some
compositional characteristics of particles in the cloud'”. Silicate
ash and concentrated sulphuric acid aerosol particles in trans-
parent drifting voleanic clouds have distinctive negative band
4—band 5 apparent temperature differences’’ ' Figure 3a
shows a plot of band 4—band 5 temperature differences versus
band 4 temperatures for the individual pixels comprising Fig. 2
For comparison, Fig, 35 shows a similar plot for the volcanic
cloud arising from the Klyuchevskoi eruption. The Klyuchevskoi
cloud is representative of many volcanic clouds which have nega-
tive band 4 — band 5 temperature differences. The positive band
4—35 temperature difference exhibited by the Rabaul cloud is
unique among a dozen eruptions that we have studicd with this
method'; the volcanic cloud shows no silicate or sulphate signal
The observed temperature differences were compared with simu-
lated temperature differences calculated using refractive indices
for ice (Fig. 3a), which demonstrates that Rabaul’s cloud had
the spectral characteristics of spherical ice particles with effective
radii of 9-40 pm. (In reality, the cloud will have contained parti-
cles with radii outside this range.) Note that the temperature of
the opaque portion of the Rabaul eruption cloud is ~190 K
(83 °C). corresponding to the inferred tropopause temperature
from the radiosonde data.

We compare Rabaul to the Klyuchevskoi eruption because
the Klyuchevskoi cloud is much more like other volcanic clouds
we have studied, was similar in scale to Rabaul, although
smaller, and was examined by the same AVHRR detector only
12days after it observed Rabaul's cloud. The Klyuchevskoi
cloud contained more SO, than Rabaul’s, although little ice, and
was driven by stronger (40-65m's ') northwesterly winds at
an altitude of 12-13 km. The Klyuchevskoi ¢loud exhibited no
significant wind shear (P. Newman, personal communication)
and a focused dispersal pattern wlmh extended in an elongated
plume across the northern Pacific. The effective radii of the ice
particles in the Rabaul cloud are h
that we have observed in voleanic dcm(h with uy
such as Klyuchevskoi. The effective particle radius inf
the ]\l»mhu)km cruption cloud was n the ran

rmal infra

2pum.
Using the methods of Wen and Rose', we computed []\L total
masses of ice in the transparent (upluu] depth < 4) parts of the

Rabaul cloud and found a mass of 2-3 megatonnes (Mt). This
T ten times the mass of silicates calculated for the
Klyuchevskoi cloud (0.1-0.3 Mt). The particle mass contained
in the transparent part of a volcanic cloud during an eruption
is a small fraction (< 1%) of the total'’, as most of the mass is
in the opaque near-vent portion of the cloud, The opaque por-
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FIG. 1 Location maps for Rabaul caldera
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