sidered as potential major contributors to
polar ozone loss even in years without
significant volcanic eruptions.
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In Situ Observations of Aerosol and Chlorine
Monoxide After the 1991 Eruption of Mount
Pinatubo: Effect of Reactions on Sulfate Aerosol

J. C. Wilson,* H. H. Jonsson, C. A. Brock, D. W. Toohey,
L. M. Avallone, D. Baumgardner, J. E. Dye, L. R. Poole,
D. C. Woods, R. J. DeCoursey, M. Osborn, M. C. Pitts,

K. K. Kelly, K. R. Chan, G. V. Ferry, M. Loewenstein,
J. R. Podolske, A. Weaver

Highly resolved aerosol size distributions measured from high-altitude aircraft can be used
to describe the effect of the 1991 eruption of Mount Pinatubo on the stratospheric aerosol.
In some air masses, aerosol mass mixing ratios increased by factors exceeding 100 and
aerosol surface area concentrations increased by factors of 30 or more. Increases in
aerosol surface area concentration were accompanied by increases in chlorine monoxide
at mid-latitudes when confounding factors were controlled. This observation supports the
assertion that reactions occurring on the aerosol can increase the fraction of stratospheric
chlorine that occurs in ozone-destroying forms.

We have made in situ observations of
changes in the size distribution of strato-
spheric aerosols after the 15 June 1991
eruption of Mount Pinatubo. We compared
these measurements with satellite and lidar
measurements, which served to locate the
in situ observations with respect to the
vertical extent of the volcanic cloud and to
demonstrate the consistency of the in situ
and remote measurements. The spatial and
temporal distributions of the aerosol prop-
erties are described. Relations between the
aerosol surface area concentration S (in
square micrometers per cubic centimeter)
and chlorine monoxide (ClO) concentra-
tions (in parts per trillion by volume) are
described for mid-latitude measurements.
The aerosol properties reported here
were determined from the output of three
instruments flown on the National Aero-
nautics and Space Administration (NASA)
ER-2 high-altitude aircraft in the Airborne
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Arctic Stratospheric Expedition II (AASE
I). The ER-2 Condensation Nucleus
Counter (ER-2 CNC) (I) measures the
concentration of particles in the diameter
range from ~0.02 to ~2 pm. The size
distributions measured with the focused
cavity aerosol spectrometer (FCAS) (Parti-
cle Measuring Systems Inc., Boulder, Col-
orado) typically extend from 0.068 to 3.3
pm (2). These highly resolved size spectra
extend to the smallest diameters accurately
measured in the stratosphere. The forward
scattering spectrometer probe (FSSP-300)
covers the diameter range from ~0.4 to 20
pm (3). The measurements reported here
were made between 20 August 1991
(910820) and 26 March 1992 (920326)
(Table 1).

Balloon soundings, lidar measurements,
and data from the Stratospheric Aerosol
and Gas Experiment II (SAGE II) aboard
the Earth Radiation Budget Satellite (4)
show that much of the cloud was above the
ER-2 ceiling in August and September
1991. Most of the cloud was within reach of
the ER-2 during the high-latitude flights
made in October. During the winter of
1991-1992, we made in situ measurements
in portions of the mid-latitude cloud having
the greatest optical extinctions (Fig. 1) and
maximum values of S. The fraction of the

Table 1. Analyzed flights from AASE II.

. Number
Dates ngucée of
9 flights
910820-910917 22°N to 51°N 3
911004-911014 37°N to 90°N 5
911208-920326 22°N to 70°N 15




cloud within reach of the ER-2 increased at
northern latitudes. Most of the material
resulting from the eruption was below ER-2
ceilings in the polar vortex as a result of the
subsidence there, which reduced the alti-
tude of the volcanic cloud.

Features in the size distributions (Fig. 2)
reflect physical processes that have been
observed and modeled after several erup-
tions (5). Injected SO, is converted to
H,SO, in a few months, and the acid vapor
condenses on existing particles or forms
new particles. New particles in the diame-
ter range from 0.02 to 0.1 wm appeared in
the number distribution (Fig. 2B) measured
78 days after the eruption. This peak, re-
ferred to as the nuclei mode (6) and con-
taining N, particles per cubic centimeter,
dominates the number distribution. Eight
months after the eruption (Fig. 2D), colli-
sions between particles (coagulation) had
reduced N, .

The growth of particles as a result of
condensation and coagulation with smaller
particles explains the differences in particle
size seen in Fig. 2, A and D. Particle size
can be conveniently represented by the
median surface diameter, D, which cor-
responds to the value of diameter, D, that
divides the area under the curve in the
surface distribution into two equal parts.
The value of D, increased from less than
0.4 wm before the eruption (Fig. 2A) to 1
pm (Fig. 2D). The population of particles
seen most clearly in the surface distribu-
tions between 0.1 and 2 wm is referred to as
the accumulation mode (6) and contains
N, particles per cubic centimeter. Much of
the aerosol mass condensing out of the gas
phase ultimately accumulates on particles
in this mode.

Larger particles containing crustal mate-
rials were also injected directly by the erup-
tion and were soon coated by condensing
H,SO, (7, 8). Growth of accumulation
mode particles at higher altitude and subse-
quent sedimentation may also supply large
particles at the sampled altitude (8). Large
particles fall faster than small ones. A mode
containing particles with diameters larger
than 2 pm dominates the volume distribu-
tion in Fig. 2B, but large particles were not
encountered at altitudes near 20 km after
August. Large particles were seen in the
volume distribution at an altitude of 13 km
as late as February (Fig. 2C).

The stratospheric aerosol near an alti-
tude of 20 km is often described as having
one mode (9-11). This description certain-
ly applies to the preeruption profile above
16.5 km (Fig. 3A) and is reasonably accu-
rate for the posteruption profile (Fig. 3B)
above 15 km. At those altitudes, N_ is
much smaller than N, and there are no
large particles present. Below those alti-
tudes, the nuclei mode becomes more im-

portant in both profiles. The requirement
for a source of new particles to maintain the
nuclei mode near the tropopause has been
noted for the nonvolcanic case (10) and
holds for the posteruption profile as well.

Fig. 1. Profiles of opti-
cal extinction deter-
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The size distribution (Fig. 2C) measured
near the bottom of the profile shown in Fig.
3B clearly shows a nuclei mode. Aerosol
formation just above the tropopause de-
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Fig. 2. Aerosol distributions before (A) and after (B through D) the 1991 Mount Pinatubo eruption:
number, N (particles per cubic centimeter) (top panel); surface, S (square micrometers per cubic
centimeter) (middle panel); and volume, V (cubic micrometers per cubic centimeter) (bottom
panel). FCAS (——); FSSP-300 (- - - -); difference between ER-2 CNC and FCAS (— - —); results of
lognormal fit to surface distribution (— — —). Surface and volume distributions are calculated from
measured number distributions. The upper and lower limits of surface and volume contributed by
particles in the range 0.02 to 0.068 wm are shown. Distribution (A) was measured with a passive

cavity aerosol spectrometer (70).
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gases and particles into that region, and this
transport is not well understood.

The vertical distribution of the aerosol
parameters measured 8 months after the
eruption shows that N, and N, had re-
turned to near preeruption values. Howev-
er, S and the H,SO, mass mixing ratio M
[in parts per billion by mass (ppbm)] were
greatly enhanced (Fig. 3). We found that S
varied strongly with latitude at ER-2 cruise
altitudes (above the 410 K ® surface) in the
4 months after the eruption. The minima in
S approached nonvolcanic levels, with the
larger values of S enhanced by factors
reaching 30 (Fig. 4A). Both M and D,
varied from nonvolcanic minima of 0.45
ppbm and 0.3 wm, respectively, to en-
hanced maxima of 29 ppbm and 0.93 pm.
Steep spatial gradients were exhibited by S,
M, and D,,.

Later measurements south of the polar
vortex showed much less variability at alti-
tudes above the 410 K @ surface. Strongly
enhanced values of S were observed at all
latitudes sampled (Fig. 4B). Values of M
reached 60 ppbm, and D,,, exceeded 1.1
pm in some cases during this period. There
was much less variability in S, M, and D,
at this time than in the fall.

Strong horizontal gradients were ob-
served at the edge of the polar vortex,
defined as the maximum in wind speed.
Increased subsidence inside the vortex low-
ers the aerosol profile with respect to that
observed outside (12). The lowering was
sufficient to bring cleaner air within reach
of the ER-2 inside the vortex. Even in this
cleaner air, there was clear spatial inhomo-
geneity with some strongly enhanced val-
ues. At altitudes below the 410 K O sur-
face, larger values of S were encountered.

Because of the highly variable aerosol
loading observed in the fall months, it was
possible to study the effect of S on CIO, a
participant in the catalytic cycles by which
Cl destroys Os. In mid-latitude air, the rate

Fig. 3. Aerosol profiles
before (A) and 8 months

A

881229

0]

of Oy loss to Cl is proportional to the
concentration of ClO. The reaction N,O5
+ H,0 — 2ZHNO,; is thought to occur on
the surfaces of sulfate aerosol, and it is
expected to reduce the concentration of
NO,, which, in turn, should permit an
increase in CIO (13). Models that include
this reaction predict more Oj loss due to CI
in background air and in volcanically en-
hanced aerosol than do models that exclude
it (14).

Data from mid-latitude flights in Au-
gust, September, and October 1991 show
that the ratio CIO/CI, tends to increase
with S [CL is the total amount of inorgan-
ic chlorine and is determined from N,O
(15)]. A number of factors including lati-
tude, solar zenith angle, and altitude affect
CIO concentrations. The data sets used to
produce Fig. 5 were screened with the
following criteria. The potential tempera-
tures ® were limited to above 460 K to
limit the altitude range. The solar zenith
angle was limited to less than 75° to limit
the effect of changing light intensity on
CIO (16). Latitude ranges were limited to
15° bands. Subsets of the data in which
aerosol surface and N,O were correlated
with an R? of greater than 0.16 were
excluded to avoid mistaking the effects of
systematic changes of N,O for the effects
of changing S. The positive correlation
between CIO/Cl, and § is consistent with
the occurrence of the N,O5 + H,O reac-
tion on sulfate aerosols. Elevated values of
CIO/Cl, were also seen at small values of S
(Fig. 5A), indicating that not all the
factors affecting the ratio have been con-
trolled in this analysis.

A second heterogeneous reaction,
CIONO, + H,0 — HOCI + HNO;, also
occurs on the surfaces of particles; the
HOCI that is produced is photolyzed to
produce Cl. However, this reaction only
occurs on particles that have small mass
fractions of sulfuric acid (I4). Such parti-
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cles are found at low temperatures, which
did not occur in the air parcels analyzed
here. To avoid air that had been processed
by polar stratospheric clouds, we excluded
the winter data near and in the polar vortex
from consideration.

50° 60°
Latitude

40° 70°  80° 90°

Aerosol surface concentration, S
,
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4 : 1 1 1 1 1 1 Il 1 1 1 1 EE
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Fig. 4. Aerosol surface area concentration, S
(square micrometers per cubic centimeter),
plotted against latitude: (A) fall 1991; (B and C)
winter 1991-1992. For (A) through (C) ® >410
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Stratospheric Meteorological Conditions in the
Arctic Polar Vortex, 1991 to 1992

P. Newman, L. R. Lait, M. Schoeberl, E. R. Nash, K. Kelly,
D. W. Fahey, R. Nagatani, D. Toohey, L. Avallone, J. Anderson

Stratospheric meteorological conditions during the Airborne Arctic Stratospheric Expe-
dition 11 (AASE Il) presented excellent observational opportunities from Bangor, Maine,
because the polar vortex was located over southeastern Canada for significant periods
during the 1991-1992 winter. Temperature analyses showed that nitric acid trihydrates
(NAT temperatures below 195 k) should have formed over small regions in early
December. The temperatures in the polar vortex warmed beyond NAT temperatures by
late January (earlier than normal). Perturbed chemistry was found to be associated with

these cold temperatures.

The mechanism responsible for causing
large perturbations in Arctic stratospheric
chemistry has been established as heteroge-
neous processes on polar stratospheric
clouds (PSCs) (1). It has been hypothesized
that PSCs consist of various nitric acid
hydrates, sulfuric acid aerosols, and water
ice particles. These clouds tend to form at
temperatures below 195 K (2), close to the
temperature required for the condensation
of NATs (3). Water ice particles form at
temperatures near 188 K and are large
enough to fall out of the stratosphere on
short time scales. The settling of these ice
particles reduces both water and nitrogen
concentrations in the stratosphere (dehy-
dration and denitrification, respectively),
further perturbing the stratospheric photo-
chemical balance. In this report, we char-
acterize the thermal structure of the Arctic
lower stratosphere during the Northern
Hemisphere winter of 1991-1992 (AASE
II) and contrast this with the corresponding
data for the winter of 1988-1989 (AASE
I). We will relate these cold temperatures
to PSCs and discuss the impact of PSCs on
the polar vortex chemistry during the win-
ter period.

In early December 1991, the polar
lower-stratospheric temperatures at the
460 K potential temperature (®) surface
(4) were cold (<205 K), and by late
December they had cooled by an addition-
al 10 K (5). In early January 1992, the
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cold temperatures straddled the polar
night boundary and were located near the
vortex edge (6), with a minor warming
that raised temperatures above 195 K in
late January (Fig. 1). During 1989, the
cold temperatures were located mainly in
the polar night, well inside of the polar
vortex boundary, with a major warming in
February 1989 (7, 8).

We examined the relation between the
1991-1992 cold temperatures and the per-
turbed chemistry in the stratosphere by
using back trajectories to estimate the
coldest temperature experienced by air
parcels 10 days before sampling by the
National Aeronautics and Space Admin-
istration (NASA) ER-2 aircraft (9). We
then used measured H,O and derived
HNO,; data (10) to estimate the NAT
phase transition temperature. High con-
centrations of chlorine monoxide (ClO)
(in excess of 200 parts per trillion) marked
air parcels that experienced heterogeneous
chemistry on PSCs. The National Meteo-
rological Center (NMC) temperatures ob-
served on the back trajectories (Fig. 2)
reveal that (i) at temperatures below the
NAT phase transition concentrations of
ClO were almost always high, (ii) at
temperatures slightly above the phase
transition there was some perturbed chem-
istry (but generally not to the same degree
as at those points well below the phase
transition), and (iii) at temperatures 6 K
higher than the phase transition concen-
trations of CIO were low. Hence, NMC
temperatures, combined with the esti-
mates of NAT phase transitions, provide a
conservative technique for inferring the
presence of a PSC.

Because these cold temperatures in the
NMC fields are linked to the perturbed
chemistry observed by the ER-2 [most
probably PSCs or the accelerated hydroly-
sis of chlorine nitrate (CIONO,) at tem-
peratures below 200 K], the ER-2 observa-
tions (10, 11) can be used to analyze the
impact of cold temperatures on the polar
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