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Atmospheric effects of the Mt Pinatubo

eruption

M. Patrick McCormick, Larry W. Thomason & Charles R. Trepte

The eruption of Mt Pinatubo in June 1991 caused the largest perturbation this century to the
particulate content of the stratosphere. The radiative influence of the injected particles put an
end to several years of globally warm surface temperatures. At the same time, the combined
effect of volcanic particles and anthropogenic reactive chlorine has led to record low levels of

stratospheric ozone.

It is well known that human activity is perturbing the chemical
composition and radiative balance of the Earth’s atmosphere.
Studies' of the sensitivity of our climate to increasing concentra-
tions of greenhouse gases, so named for their ability to retain
heat in the atmosphere, predict that the increase of CO, concen-
tration from a pre-industrial value of ~270 p.p.m. to 600 p.p.m.
by the middle of the next century, along with expected increases
in other greenhouse gases, will increase global surface tempera-
ture by 2-5°C. This picture is complicated by the increasing
concentrations of anthropogenic aerosols in the lower tropo-
sphere, which act to mitigate greenhouse warming”. In the strato-
sphere, chlorine concentrations have increased because of
anthropogenic chlorofluorocarbon production®. Reactive chlor-
ine compounds play an important role in the chemical processes
that give rise to the Antarctic ozone hole, and the weight of
evidence suggests that they also contribute to global losses of
ozone, with possible concomitant increases in the intensity of
biologically harmful ultraviolet-B radiation reaching the Earth’s
surface®.

The 15 June 1991 eruption of Mt Pinatubo (15° N, 121° E),
on the island of Luzon in the Republic of the Philippines, showed
that there is also significant natural, though episodic, variability
in the composition of the atmosphere, particularly that of the
stratosphere. The Mt Pinatubo eruption forced the evacuation
of more than 200,000 people and caused the immediate deaths
of more than 300, many from the collapse of homes due to the
combination of heavy ashfall and rain from the nearly simulta-
neous passage of Typhoon Yunya. The threat to life and prop-
erty from remobilization of tephra ashfall and pyroclastic
material persisted through the remainder of 1991 and required
careful monitoring by local authorities’.

The volcanic plume associated with the 15 June eruption was
observed to have reached an altitude of more than 30 km. In
addition to particulate matter, the eruption also injected gaseous
SO, into the stratosphere®, which in turn was transformed into
H,SO,/H,O aerosol (particles suspended in air). With an
estimated’ peak aerosol mass loading of 30 x 10" g (30 Tg), the
eruption of Mt Pinatubo caused what is believed to be the largest

TABLE 1 Major twentieth-century eruptions

Estimated aerosol

Volcano Date loading (Tg)
Stratospheric background Possibly 1979 <1
Katmai June 1912 20
Agung March 1963 16-30
Fuego October 1974 3-6
El Chichon April 1982 12
Mt Pinatubo June 1991 30
Cerro Hudson August 1991 3
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aerosol perturbation to the stratosphere this century (Table 1,
updated from ref. 8), but it is still smaller than the estimated
aerosol perturbations from the eruptions of Tambora in 1815
(>100 Tg) and Krakatau in 1883 (~50 Tg)®. Given both recent
volcanic history and inferences from ancient eruptions such as
that of Toba (~1,000 Tg of SO,) ~75,000 yr ago’, the 1991 Mt
Pinatubo eruption is clearly not exceptional in its modification
of the stratospheric acrosol loading. On the other hand, the Mt
Pinabuto eruption is unique in the sense that it has been the
most intensely observed eruption on record, as its volcanic cloud
has been monitored by ground-based and aircraft lidars and
solar photometers, various balloon-borne and airborne aerosol
counters and other instruments, and many satellite-borne instru-
ments. From a radiative perspective, the aerosol contributed to
the end of several years of globally warm surface temperatures
experienced in the late 1980s and early 1990s. The aerosol load-
ing has also been associated with chemical and dynamical pertur-
bations affecting the concentration of NO,, reactive chlorine
and ozone. Attempts to model the dispersion of the aerosol and
the radiative and chemical impact of the eruption are ‘acid tests’
of our understanding of atmospheric processes (Fig. 1).

Mt Pinatubo aerosol and dynamical processes

Following the 15 June eruption, the evolving cloud of water
vapour, sulphurous gases and aerosol moved westwards and
circled the globe in approximately 22 days®. According to
aircraft, ship, and ground-based lidar measurements, the bulk
of Mt Pinatubo aerosol was initially concentrated between 20
and 27 km in altitude, although some was observed as low as
the tropopause and as high as 30 km. The total mass of SO,
injected by the eruption was measured'® by the total ozone map-
ping spectrometer (TOMS) to be approximately 20 Tg. This SO,
was eventually converted into H,SO,/H,O aerosol, beginning
with an oxidative process involving OH" in a characteristic time®
of 30 days. The SO, mass estimate is consistent with the 30-Tg
peak in total stratospheric aerosol mass loading estimated by
the solar occultation instrument SAGE II (the stratospheric
aerosol and gas experiment-II) in the last few months of 1991.

A notable feature of the Mt Pinatubo eruption was the rapid
movement of a substantial fraction of volcanic material across
the Equator to about 10°S during the first two-week period
following the eruption. Within the next few weeks, the cloud
continued to disperse longitudinally, but more slowly in the mer-
idional direction, and occupied the latitude band of approxi-
mately 20° S to 30° N (Fig. 2)'' . The degree of early cross-
equatorial transport was unusual because the early dispersion
of volcanic material from other eruptions near the subtropics,
such as El Chichon (17° N, 93° W), remained mostly in their
hemisphere of origin. The amount of Mt Pinatubo volcanic mat-
erial transported south at altitudes above 24 km was highlighted
by aerosol observations by SAGE II in July and September and
by the improved stratospheric and mesospheric sounder
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FIG. 1 As shown in this diagram, a volcanic eruption can produce a
significant perturbation to the Earth-atmosphere system by injecting
material into the stratosphere where, depending on the magnitude and
altitude of the injection, it may persist for several years. The injected
material may include ash, which typically does not remain for more
than a few months, and gaseous components including water vapour,
sulphur dioxide and hydrochloric acid. Most hydrochioric acid is dis-
solved into condensing water vapour and quickly rains out of the original
cloud. Aerosols are produced when the sulphur dioxide (SO,) is chemi-
cally transformed into sulphuric acid (H,S0,) which rapidly condenses
into aerosols because it has a very low saturation vapour pressure. The
new aerosol increases the Earth’s albedo by reflecting solar radiation

(ISAMS)*® in October which showed that maximum aerosol
opacity resided near 10° S.

Recent numerical transport simulations suggest that the
southward displacement of the aerosol plume within the tropics
was the result of meridional circulations induced by local heat-
ing, rather than planetary-scale transport patterns'®. The heating
took place through the absorption of upwelling infrared radia-
tion by the newly nucleated acrosol, and was responsible for
warming the lower tropical stratosphere through the remainder
of 1991. Peak temperatures at the 30-hPa level in the atmosphere
(~24 km) were found in September 1991 to be as much as three
standard deviations above the 26-year monthly mean (increases
of approximately 3.5 K)"". The positive temperature anomalies
gradually decreased during 1992 as the tropical aerosol disper-
sed. Strong local heating not only affected horizontal transport,
but also enhanced upward motions in the tropics. Satellite obser-
vations detected the lifting of aerosol to altitudes exceeding
35 km by October 1991. Because ozone concentration peaks near
25 km in the tropics, a more vigorous circulation at low latitudes,
moreover, would have carried ozone-poor air to higher altitudes.
At altitudes below 25 km, ozone is long-lived and a gradual
photochemical relaxation to pre-eruption levels would have
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back into space, and can warm the stratosphere by absorbing upwelling
infrared radiation. Sedimentation and atmospheric circulation eventu-
ally transport the aerosol into the troposphere where it may modify
cloud optical properties (particularly cirrus) and further modify the
Earth’s radiative processes. An additional effect of an eruption is the
increased efficiency of heterogeneous chemical processes (that is, pro-
cesses that take place on the surface of aerosols). This effect, coupled
with anthropogenically increasing stratospheric chiorine levels, leads to
ozone destruction by modifying the chemistry of reactive chiorine and
nitrogen. This ozone removal process is similar to that which produces
the Antarctic ozone hole, except that the surface in the latter case is
provided by polar stratospheric clouds®.

occurred in about 1-3 months. This mechanism could be respon-
sible for a reduction of columnar ozone of about 6-8% observed
over the Equator during the first several months after the
eruption'®?',

One feature that seems to be characteristic of large eruptions
at low latitudes is the relatively slow transport timescales of
volcanic material out of the tropics. Observations following the
eruptions of El Chichon in 1982 and Nevada del Ruiz in 1985
revealed the presence of enhanced reservoirs of volcanic aerosol
at low latitudes which persisted for several years®>. Poleward
transport of aerosol into the winter hemisphere tends to be sup-
pressed when easterly winds lie over the Equator®. During these
conditions, strong horizontal wind shear (velocity gradient) lies
in the subtropics, separating the tropical easterlies and extra-
tropical westerlies in the winter hemisphere. Wind shear inhibits
the horizontal mixing of air. When westerly winds lie over the
Equator, however, horizontal wind shear is weaker in the sub-
tropics and meridional mixing occurs more readily. The reversal
between easterly and westerly winds in the lower tropical strato-
sphere is known as quasi-biennial oscillation (QBO). It domi-
nates the circulation in the lower tropical stratosphere and has
a period of about 28 months.
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FIG. 2 The development, dispersion, and dissi-
pation of the aerosol from the Mt Pinatubo
eruption was monitored by several instruments
on satellites. Some interesting observations of
the early confinement of the aerosol to the
tropical stratosphere were provided by the
advanced very high resolution radiometer
(AVHRR)*™**, Column atmospheric aerosol
optical depth determined by AVHRR is usually
dominated by boundary-tayer aerosols (the
lowest few kilometres of the atmosphere) but,
after the Mt Pinatubo eruption, possessed a
clear volcanic signature until at least early
1993 Several instruments aboard the upper
atmosphere research satellite (UARS) were
adversely affected by the high concentration of
aerosols after the eruption but were also able

to provide interesting measurements of the

15 June to 29

July 1991

SAGE I1 1-um optical depth

aerosol. For instance, the improved strato- 410-! 1074 ' ! o 107!

spheric and mesospheric sounder (ISAMS) and

the halogen occultation experiment (HALOE) made estimates of the
relative H,S0,—H»0 proportions using strong H.SQ0, absorption features
between 7 and 12 ym (ISAMS) and in the 2.45-5.26 ym wavelength
band (HALOE)*®™®, The stratospheric aerosol and gas experiment (SAGE
i1}, which has been functioning aboard the earth radiation budget satel-
lite (ERBS) since 1984, has made stratospheric aeroso! extinction pro-
files in the visible and near-infrared throughout this period. This figure
shows integrated SAGE |l stratospheric optical depth for two periods
after the eruption of Mt Pinatubo. The data from 15 June to 29 July
1991 (left) show the tropical confinement of the aerosol and the

A similar signature of relatively slow tropical aerosol trans-
port to high latitudes was evident after the eruption of Mt Pina-
tubo. Easterly winds prevailed above about 23 km in the lower
tropical stratosphere for the first 6 months after the eruption.
Above this height, airborne lidar**** and satellite®® observations
of the volcanic plume found steep meridional gradients of aero-
sol near 20° N and 20° S. At lower altitudes, however, volcanic
aerosol dispersed more quickly towards the poles, and it was
primarily this low-altitude transport that was responsible for
the initial lidar observations of the Pinatubo aerosol (and the
spectacular sunsets) in northern mid-latitudes shortly after the
eruption®’ %,

Over the course of time, volcanic aerosol is transported from
the stratosphere into the troposphere where a variety of mecha-
nisms (mostly associated with clouds and precipitation) effect
the deposition of aerosol to the Earth’s surface. Gravitational
sedimentation of the aerosol, subsidence (downward air
motions) in the winter hemisphere, and episodic transport of
stratospheric air into the troposphere through tropopause folds
contribute to the removal of aerosol from the stratosphere. By
the end of 1993, about 25 years after the eruption, the global
stratospheric aerosol mass loading had decreased to approxi-
mately 5 Tg. Since the middle of 1992, the total stratospheric
aerosol mass has decreased with a 1/e-folding time of approxi-
mately 1 year. Measurements by lidars, Sun photometers, and
satellite instruments (for example, SAGE II), showed that the
longitudinally averaged stratospheric opacity at a wavelength of
1 um had declined from a maximum in excess of 0.2 in the tropics
in late 1991 to a range over the globe of 0.006-0.03 by mid-1993
(Fig. 2). These values still represent enhancement by a factor of
5-10 of values observed in 1989 and 1990, when the global aver-
age stratospheric opacity at 1 pm was between 0.001 and 0.003.

Effect on the Earth’s radiative processes

The introduction of large amounts of sulphuric acid aerosol into
the stratosphere increases the planetary albedo (essentially the
Earth’s reflectivity of solar radiation) because these aerosol par-
ticles are efficient scatterers but only weak absorbers at solar
wavelengths. An analysis of data from the Earth radiation
budget experiment (ERBE) aboard the Earth radiation budget
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increase (approximately two orders of magnitude) in the 1-um (actually
1.020-um) optical depth’. Some indications of the initial transport to
middle and high latitudes are also evident. SAGE Il measurements indi-
cated that by early 1992, the stratospheric optical depth was at, or
exceeded, 0.1 at all latitudes. The data for 15 August to 24 September
1993 {right) shows the result of the dispersal and gradual removal of
aerosol from the stratosphere. Although the stratospheric optical depth
has decreased by approximately one order of magnitude by this time, it
is also evident that this optical depth was still dominated by volcanically
derived aerosol.

satellite (ERBS) found that the albedo in July, August and Sep-
tember 1991 increased compared to a five-year mean’’. The glo-
bal albedo in August 1991, for example, was 0.250, or more than
five standard deviations greater than the five-year mean of 0.236.
The greatest effect occurred over cloud-free regions, where the
normally low albedo increased by more than 20%. An increase
in albedo was also noted in the normally high-albedo regions
associated with deep convective cloud systems. This may rep-
resent an indirect effect of the volcanic aerosols in the sense
that aerosol particles transported into the upper troposphere
are incorporated into deeper convective clouds and alter their
microphysical structure®. Increasing the number of aerosol par-
ticles available to act as cloud condensation and ice nuclei tends
to reduce the mean size of the resulting cloud particles. Because
smaller particles are more efficient scatterers of visible radiation,
this process increases the albedo of the cloud®. It has also been
suggested that optically thin (but radiatively important) cirrus
may be subject to similar microphysical changes***, although
it is not at present clear if any changes in the optical properties
of cirrus have occurred. The changes in the Earth’s albedo
observed by ERBE resulted in a net cooling of approximately
8 W m ™ between 5° S and 5° N, with a net cooling of 4.3 W m™*
between 40°S and 40° N. The meridional distribution of the
cooling and its magnitude in the tropics reflects the confinement
of the aerosol as discussed earlier.

To a first approximation, an increase in stratospheric opacity,
such as that following the eruption of Mt Pinatubo, should cool
the Earth because the aerosol increases the albedo of the Earth-
atmosphere system and therefore increases the amount of solar
radiation scattered back into space. But microphysical properties
of the aerosol (in particular, aerosol size) determine whether
the infrared absorptivity of stratospheric aerosols, which acts to
warm the Earth (that is, the greenhouse effect), dominates the
scattering of incoming solar radiation back into space (that is,
the albedo effect), which acts to cool the Earth. It has been
shown™ that if the aerosol effective radius (the area-weighted
mean radius of the aerosol size distribution) exceeds ~2 um,
the warming effect overrides the cooling effect. Estimates of
effective aerosol radius following the Pinatubo eruption indi-
cate that an increase from an average of 0.3 um before the
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eruption to about 1 pm afterwards occurred, and thus cooling
would be expected® 7.

As previously noted, substantial heating in the stratosphere
was observed immediately after the eruption. This heating was
sufficient to cause tropical stratospheric temperatures to increase
as much as three standard deviations above the 26-year mean
at 30 hPa (~24 km). Analyses by Christy and Spencer®® using
the satellite-borne microwave sounding unit (MSU) also indicate
warmer than average stratospheric temperatures in 1991 and
1992, By the end of 1993, however, stratospheric temperatures
had decreased to the lowest values ever observed by MSU. This
cooling may be related to the ozone loss observed in the strato-
sphere (to be discussed later), as ozone is an effective absorber
of solar radiation and is responsible for substantial heating in
the stratosphere.

The negative radiative forcing associated with the eruption of
Mt Pinatubo exceeded the magnitude of the positive forcing
associated with the greenhouse gases during the second half of
1991 and much of 1992, and remained significant through 1993
(Fig. 3). In response to this forcing, the mean tropospheric tem-
perature was 0.2 °C below normal in 1992 compared with a base
period of 1958-91%°. The 1992 El Nifio-Southern Oscillation
(ENSO, a feature of Pacific Ocean circulation with important
couplings to tropospheric weather patterns) would have caused
a warmer than average troposphere. As a result, the 1992
tropospheric temperature anomaly, adjusted for ENSO*, was
—0.4°C, a decrease of more than 0.7 °C from 1991. Data
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FIG. 3 Pre-industrial-to-modern global climate forcing, 1850-1990
(histogram adapted from Hansen et al.”®). Climate forcing is the change
in the Earth's radiative balance resulting from either natural or anthro-
pogenic sources. The largest forcing (~2 W m~?) is due to the increase
in greenhouse gases associated with industrialization, and the net
forcing in this period remains positive when several smaller (and nega-
tive) effects, such as increasing tropospheric opacity due to human
activities and global ozone loss, are included. Mt Pinatubo is estimated
to have produced a transient negative forcing which exceeded green-
house-gas forcing between mid-1991 and the end of 1992. It also made
1992 one of the coolest of the past 30 years. As the effect of Mt
Pinatubo continues to decrease, the increasing magnitude of green-
house-gas forcing should reveal itself in a return to the globally warm
years observed in much of the 1980s.
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from MSU vyield a similar global decline in lower tropospheric
temperatures of 0.5 °C in mid-1992, with much of the decrease
occurring in the Northern Hemisphere (0.7 °C)*'. In a global-
average context, the measured temperature anomaly is consist-
ent with the value of —0.5 °C estimated from a global climate
model*. It should be noted that the small mean changes in
global temperature are not evenly distributed, but rather con-
sist of regions of both relative cooling and warming whose
locations and magnitudes are dependent on season*>. The
temperature anomaly in 1993 was smaller than in 1992 with
a value of —0.1°C, which, adjusted for the phase of the
ENSO, is equivalent to an anomaly of —0.2°C (J. Angell,
personal communication).

This drop in global mean temperatures is similar to that
observed in 1964 which had the largest anomaly in the 1958~
92 analysis period. Significantly, 1964 is the year following the
eruption of Agung, which appears to be the second largest vol-
canic eruption (after Pinatubo) to have occurred since 1958. The
departure is also comparable to the estimated impact of Tam-
bora (—0.4 to —0.7 °C) and greater than that estimated for El
Chichon (—0.2 °C) and Krakatau (—0.3 °C)°. That the Pinatubo
cooling exceeds that of Krakatau is surprising because the latter
is believed to have put more SO, into the stratosphere. However,
this anomaly may simply reflect uncertainties in the estimates of
both stratospheric aerosol loading and global surface tempera-
ture, particularly for the earlier eruption.

Effect on stratospheric chemical processes

Observations of the input of hydrochloric acid (HCl) soon
after the eruption of Mt Pinatubo showed little or no increase
compared to pre-eruption levels****. The measurements are
consistent with modelling efforts by Tabazadeh and Turco®
that suggest that the bulk of erupted chlorine is removed
within the volcanic plume by condensation into supercooled
water drops which are then rained out. These findings argue
strongly that stratospheric chlorine is primarily a product of
anthropogenic chlorofluorocarbons rather than volcanic
eruptions*®.

The concentrations of chlorine species, and particularly reac-
tive chlorine species such as CI" within the stratosphere are cru-
cial in determining the rate of ozone destruction. Ozone loss
associated with reactive chlorine figures prominently in the for-
mation of the Antarctic ozone hole. In the Antarctic, the extreme
low temperatures of the winter and early spring permit the for-
mation of polar stratospheric clouds (PSCs)*’. The cloud parti-
cles provide sites for heterogeneous chemical reactions (that
occur on the surface of an aerosol or cloud particle) which trans-
form relatively inert forms of chlorine such as HCl and CIONO,
into more reactive forms such as Cl,. The rates of such reactions
are strongly dependent on the total particulate surface-area
density. When the chemically modified air is transported into
sunlit regions (usually in late August and September at high
southern latitudes) Cl, disassociates into highly reactive CI’
which in turn is responsible for ozone destruction via gas-phase
chemical reactions®.

An additional factor governing the depletion in the ozone hole
is that the initial stage of PSC formation involves sequestration
of a significant fraction of stratospheric nitric acid (HNOs) in
condensed forms. Because HNO; is unreactive, PSCs act as a
sink for more reactive forms of nitrogen such as NO, and N,Os.
Reactive nitrogen is a buffer to ozone loss because it is involved
in reactions which convert reactive chlorine into non-reactive
forms. There is abundant evidence that further growth of PSC
particles by the deposition of ice followed by sedimentation of
the larger particles leads to an irreversible denitrification (and
dehydration) of the polar stratosphere, further enhancing ozone
loss*® . The lack of an ozone hole in the Arctic (so far) can be
attributed at least in part to generally warmer winter tempera-
tures and, as a result, fewer PSC occurrences®, less dentrification
and a shorter season.
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FIG. 4 Global mean ozone in Dobson units (DU) from the total ozone
mapping spectrometer (TOMS) measurements as a function of time.
Light green line, TOMS/NIMBUS 7 measurements for 1992; red line,
TOMS/METEOR 3 measurements for 1993. These two lines are super-
imposed on the range of TOMS-observed global (65° N-65° S) mean
ozone between 1979 and 1990 (dark blue line). The dark green line is
the average total ozone for this period. TOMS data show a notable
decrease in column ozone amounts beginning in early 1992 and per-
sisting to the end of 1993. The loss reached as much as 6% of the
column mean in April 19927273,

After a large eruption such as that of Mt Pinatubo, strato-
spheric aerosol surface-area density may be large enough for
heterogeneous reactions to perturb the concentrations of rel-
evant chemical species not only in polar latitudes but also in
middle and tropical latitudes. For instance, ozone loss (although
much smaller than that reported below associated with the Mt
Pinatubo eruption) attributed to increased aerosol loading was
reported following the eruption of E1 Chichon in 1982°'. Because
elevated chlorine levels in the stratosphere are the result of
chlorofluorocarbon emissions, this is an interesting example of
the coupling of human and natural perturbations of strato-
spheric composition that lead to additional perturbations, in this
case ozone destruction®. It has also been noted that the increase
in important greenhouse gases like CO,, CH, and N,O (as well
as CO) have slowed or stopped in the aftermath of the Pinatubo
eruption®>. The cause for these changes is still under
investigation.

An early indicator during the post-Pinatubo period of a con-
nection between aerosols and ozone loss was found in associa-
tion with aerosol formed by the eruption of Cerro Hudson
(46° S; August 1991) rather than Mt Pinatubo. Stratospheric
aerosol from Cerro Hudson was concentrated at low altitude
(<16 km) and was able to penetrate deeply into high southern
latitudes soon after that eruption. At that time, Pinatubo aerosol
in the Southern Hemisphere was primarily residing above 16 km,
with the impedance to meridional transport associated with the
polar vortex boundary effectively blocking the aerosol from high
latitudes until the vortex dissipated in November 1991°*, Before
1991, Antarctic ozone loss had not been observed below the base
of the vortex (~14 km). But in the densest portions of the Cerro
Hudson aerosol layer (11-13 km), ozone decreased by 50% in
the 30 days following the arrival of the acrosol over Antarctica®.
The aerosol surface-area density in the layer was as high as
100 pm* cm ?, or 20-30 times higher than observed in 1990.
Aerosol levels at these altitudes remained unusually high during
the austral springs of 1992 and 1993 because of the downward
transport of Pinatubo aerosol within the Antarctic vortex®>®,
Ozone levels in the 12-14 km range were extremely low in 1992
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and 1993 with near-zero values in mid-October’ in both years.
Record low column ozone was also observed in these years (for
example, 105 Dobson units (DU) on 11 October 1992 and 91
DU on 12 October 1993; column ozone amounts of less than
100 DU were noted on several occasions in 1993°7).

In the austral autumn of 1992, more evidence of unusual
heterogeneous processing was observed over Antarctica. Eleva-
ted levels of chlorine dioxide (OCIQO) were detected over
McMurdo station as early as 13 April*®. Before 1992, elevated
OCIO was observed only during winter and spring (June-Sep-
tember) as a by-product of heterogeneous chemical reactions on
the surface of PSCs. The OCIO detected early in 1992 and the
ozone losses in 1991 may be the by-products of heterogeneous
reactions on the surface of volcanic aerosols:

N,;Os+H,O — 2HNO; 0}
CIONO,+H;0 - HNO; + HOCl 2)

where the moderating influence represented by the photolysis of
HNO; back to NO, (allowing benign CIONO, to form)>® was
suppressed by the low solar illumination of Antarctica in the
autumn. These findings suggest that there was considerable
potential for ozone destruction by reactive chlorine in the
Antarctic during times when it was too warm for PSCs to
occur’®,

On the other hand, evidence of global-scale heterogeneous
processing following the eruption of Mt Pinatubo was noted as
early as August 1991, when measurements in New Zealand®
showed a reduction in the column NO, that reached as much as
40% in October 1991. Significant column NO, decreases have
also been reported in northern mid-latitudes®'. Similar, although
smaller, decreases in the column NO, were also reported after
the eruption of El Chichon in 1982°"%’, SAGE II measurements
showed that the loss of NO, occurred globally, largely at alti-
tudes below 25 km and exceeded 50% at some altitudes. Strato-
spheric NO, concentrations remained suppressed throughout
1992 before returning to normal ranges in late 1993. The
decreases in NO, suggest a repartitioning of reactive nitrogen
species in favour of nitric acid (HNQ;) via the heterogeneous
reaction (1)*, a conclusion supported by recent reports of eleva-
ted gaseous HNOj at low latitudes® and mid-latitudes® ¢

As previously mentioned, column ozone in the tropics
decreased by 6-8% in the months following the Pinatubo erup-
tion. The bulk of the loss was observed below 28 km and was
as large as 20% near 24-25km (refs 18, 68, 69). Also, small
increases were noted above 30 km. Ozone losses in the lower
tropical stratosphere were probably produced by increased loft-
ing associated with stratospheric heating, associated with the
new aerosol. In this scenario, ozone is lofted to altitudes at which
photochemical processes are more effective in destroying it'®*.
Other processes may also have contributed to the ozone pertur-
bations in the tropics, including those involving SO,. Before
conversion to sulphuric acid aerosol, SO, absorbs ultraviolet
radiation thereby reducing the photolysis of O, and thus the
production of ozone, particularly below 25 km. Above 25 km,
photolysis of SO, contributes to chemical processes which
produce’™ Os. It has also been suggested that increased scattering
of solar radiation by volcanic aerosol may perturb the ozone
balance’".

Six months after the eruption of Mt Pinatubo, global mean
column ozone, as measured by TOMS and shown in Fig. 4,
began to show a significant downward trend with respect to the
mean 1979-90 annual ozone cycle. By mid-1992, the global mean
column ozone amount was significantly less than the minimum
values measured between 1979 and 199072, This downward trend
continued well into 1993; in April of that year a deficit of
approximately 6% (~18 DU) was observed, nearly 4% less than
ever observed by TOMS before the eruption’”>. A slow recovery
toward pre-eruption values began in the second half of 1993.
It should be noted, however, that global values are somewhat
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deceptive because TOMS observed much larger decreases in the
Northern Hemisphere than in the Southern Hemisphere”. Dob-
son spectrophotometer observations from several sites in the
United States showed a downward trend beginning in May 1992
which accelerated in the first half of 1993, establishing record
low values between January and April of that year’®. On average,
these sites measured a decrease of more than 10% compared to
the 1979-91 monthly means. Departures were noted throughout
1992 and 1993, although the decrease was smaller in magnitude
during May-August. Ozone-sonde data from Boulder, Colorado
indicated” that this loss was greatest between 13 and 22 km
altitude and averaged about 20%. Small increases in ozone con-
centration were noted above 25 km, though it should be noted
that the total column amount is small above that altitude. The
altitude of the most significant losses was highly correlated with
the altitude of highest aerosol loading.

The observation of highly perturbed values of NO, and
HNO,, and the general correlation of the perturbations with
enhanced aerosol, strongly indicates the importance of hetero-
geneous chemical processes in the destruction of ozone. Many
of the likely processes are similar to those associated with ozone
loss in the Antarctic, in which a loss of reactive nitrogen to non-
reactive nitric acid led to enhanced levels of reactive chlorine.
The reactions that produce increased reactive chlorine and thus
increase ozone destruction include’ reactions (1) and (2), and
other reactions involving CIONQO,, HCl and HOCI. Ozone
destruction reaches a maximum in the winter and early spring
because the direct chlorine reactions are strongly temperature
dependent (progressing more rapidly with decreasing tempera-
ture), and the photolysis of HNO; back to reactive nitrogen
(which moderates ozone destruction by reactive chlorine in the
lower stratosphere) is inhibited by the low solar illumination.
Hanson et al.”® also pointed out that these reactions occur
slowly, and that long periods under favourable conditions were

required for significant ozone destruction. In the tropics, where
solar illumination is high, little ozone loss is noted beyond mid-
1992 despite the presence of very high aerosol loading. Modelling
efforts by Hanson ef al.”® and Rodriguez et al.”’ corroborate the
importance of heterogeneous reactions in the observed ozone
loss.

Looking to the future

The eruption of Mt Pinatubo was a disaster for those living
nearby, but for those trying to understand the natural and
anthropogenic processes for global change, the eruption repre-
sented perhaps a once in a lifetime opportunity. Observations
of the Mt Pinatubo aerosol, various chemical species, and the
radiative consequences during both the most heavily loaded
period and the subsequent recovery provide data needed to test
dynamic, chemical and radiative modelling of the atmosphere.
Verification of our understanding of the Earth-atmosphere cli-
mate system is crucial because future forecasts by such models
affect national and international policies and regulations that
will in turn directly affect our economic livelihood and quality
of life. The Montreal Protocol and its subsequent modifications
governing the production of chlorofluorocarbons are good
examples of such actions. Of course, much more work is in
progress about the effects of Mt Pinatubo than is discussed here.
It is also clear that much more work is needed to exploit fully
the opportunity provided by nature to enhance our knowledge
of how this complex atmosphere and climate system works, and
to provide us with a glimpse into the future. U

M. P. McCormick and L. W. Thomason are at the Atmospheric Sciences
Division, NASA Langley Research Center, Hampton, Virginia 23681—
0001, USA. Charles R. Trepte is at Science Applications International
Corporation, Hampton, Virginia 23666, USA.

Cess, R. D. et al. Science 248, 513-516 (1989).
. Charlson, R. J. et al. Science 288, 423-430 (1992).
Gunson, M. R. et al. Geophys. Res. Lett. 24, 2223-2226 (1994).
. Solomon, S. Nature 347, 347-354 (1990).
Pinatubo Volcano Observatory Earth in Space 4, 5-10 (1992).
. Bluth, G. J. S., Doiron, S. D., Schnetzler, C. C., Krueger, A. J. & Walter, L. S. Geophys. Res.
Lett. 19, 151-154 (1992).
7. McCormick, M. P. & Veiga, R. E. Geophys. Res. Lett. 19, 155-158 (1992).
8. Kent, G. S. & McCormick, M. P. Optics News 14, 11-19 (1988).
9. Pinto, J. R., Turco, R. P. & Toon, O. B. J. geophys. Res. 94, 11165-11174 (1989).
10. Bluth, G. J. S. Nature 327, 386 (1993).
11. Stowe, L. L., Carey, R. M. & Pellegrino, P. P. Geophys. Res. Lett. 19, 159-162 (1992).
12. DeFoor, T. E., Robinson, E. & Ryan, S. Geophys. Res. Lett. 19, 187-190 (1992).
13. Winker, D. M. & Osborn, M. T. Geophys. Res. Lett. 19, 167-170 (1992).
14. Long, C. S. & Stowe, L. L. Geophys. Res. Lett. 21, 2215-2218 (1994).
15. Grainger, R. G. et al. Geophys. Res. Lett. 20, 1283-1286 (1993).
16. Young, R. E., Houben, H. & Toon, 0. B. Geophys. Res. Lett. 21, 369-372 (1994).
17. Labitzke, K. & McCormick, M. P. Geophys. Res. Lett. 19, 207-210 (1992).
18. Grant, W. B. et al. Geophys. Res. Lett. 19, 1109-1112 (1992).
19. Kinne, S. et al. Geophys. Res. Lett. 19, 1927-1930 (1992).
20. Schoeberl, M. R. et al. Geophys. Res. Lett. 20, 29-32 (1993).
21. Brasseur, G. & Granier, C. Science 257, 1239-1242 (1992).
22. Yue, G. K., McCormick, M. P. & Chiou, E.-W. J. geophys. Res. 96, 5209-5219 (1991).
23. Trepte, C. R. & Hitchman, M. H. Nature 388, 626-628 (1992).
24. Browell, E. V. et al. Science 261, 1155-1158 (1993).
25. Winker, D. M. & Osborn, M. T. EOS (abstr.) 73, 625 (1992).
26. Trepte, C. R, Veiga, R. E. & McCormick, M. P. J. geophys. Res. 98, 18563-18573 (1993).
27. Osborn, M. T., Winker, D. M., Woods, D. C., DeCoursey, R. J. & Trepte, C. R. Proc. 17th int.
Laser Radar Conf., 446-449 (Sendai, Japan, July 25-29, 1994).
28. Hayashida, S. Global Voicanism Network Bull. Vol. 8, sect. 16, 14-16 (Smithsonian Institu-
tion, Washington DC, 1991).
29. Jager, H. Geophys. Res. Lett. 19, 191-194 (1992).
30. Minnis, P. et al. Science 289, 1411-1415 (1993).
31. Twomey, S. A., Piepgrass, M. & Wolfe, T. Tellus 36B, 356-366 (1984).
32. Sassen, K. Science 2587, 516-519 (1992).
33. Jensen, E. J. & Toon, O. B. Geophys. Res. Lett. 19, 1759-1762 (1992).
34. Lacis, A., Hansen, J. E. & Sato, M. Geophys. Res. Lett. 19, 1607-1610 (1992).
35. Russell, P. et al. J. geophys. Res. 98, 22969-22986 (1993).
36. Valero, F. P. ). & Pilewskie, P. Geophys. Res. Lett. 19, 163-166 (1992).
37. Brock, C. A. et al. Geophys. Res. Lett. 20, 2555-2558 (1993).
38. Monastersky, R. Science News 148, 70 (1994).
39. Halpert, M. S. et al. Eos 74, 433 (September 21, 1993, American Geophysical Union EOS
Transactions).
40. Angell, J. Geophys. Res. Lett. 17, 1093-1096 (1990).
41. Dutton, E. G. & Christy, J. R. Geophys. Res. Lett. 19, 2313-2316 (1992).
42. Hansen, J. E., Lacis, A., Ruedy, R. & Sato, M. Geophys. Res. Lett. 19, 215-218 (1992).
43. Mankin, W. G., Coffey, M. T. & Goldman, A. Geophys. Res. Lett. 19, 179-182 (1992).

CUAWNE

404

44, Wallace, L. & Livingston, W. Geophys. Res. Lett. 19, 1209 (1992).

45. Tabazadeh, A. & Turco, R. P. Science 260, 1082-1086 (1993).

46. Taubes, G. Science 260, 1580-1583 (1993).

47. McCormick, M. P, Steele, H. M., Hamill, P., Chu, W. P. & Swissler, T. J. J. atmos. Sci. 39,
1387-1397 (1982).

48. Fahey, D. W. et al. J. geophys. Res. 94, 11299-11316 (1989).

49. Kelly, K. K. et al. J. geophys. Res. 94, 11317-11358 (1989).

50. Thomason, L. W. & Poole, L. R. J. geophys. Res. 98, 23003-23012 (1993).

51. Hofmann, D. J. & Solomon, S. J. geophys. Res. 94, 5029-5041 (1989).

52. Rodriguez, ). M., Ko, M. K. W. & Sze, N. D. Nature 382, 134-137 (1991).

53. Kerr, R. A. Science 263, 1562 (1994).

54. Pitts, M. C. & Thomason, L. W. Geophys. Res. Lett. 20, 2451-2454 (1993).

55. Deshler, T. et al. Geophys. Res. Lett. 19, 1819-1822 (1992).

56. Kent, G. S., Trepte, C. R., Farrukh, U. O. & McCormick, M. P. J. atmos. Sci. 18, 1536-1551
(1985).

57. Hofmann, D. J,, Oltsman, S. J., Lathrop, J. A., Harris, J. M. & Vémel, H. Geophys. Res. Lett.
21, 421-424 (1994).

58. Solomon, S., Sanders, R. W., Garcia, R. R. & Keys, J. G. Nature 363, 245-248 (1993).

59. Fahey, D. W. et al. Nature 363, 509-514 (1993).

60. Johnston, P. V., McKenzie, R. L., Keys, J. G. & Matthews, W. A. Geophys. Res. Lett. 19,
211-213 (1992).

61. Koike, M., Kondo, Y., Matthews, W. A., Johnston, P. V. & Yamazaki, K. Geophys. Res. Lett.
20, 1975-1978 (1993).

62. Johnston, P. V. & McKenzie, R. L. J. geophys. Res. 94, 15499-15511 (1989).

63. Kawa, S. R. et al. Geophys. Res. Lett. 20, 2507-2510 (1993).

64. Rinsland, C. P. et al. J. geophys. Res. 99, 8213-8219 (1924).

65. Koike, M. et al. Geophys. Res. Lett. 21, 397-400 (1994).

66. Mills, M. J. et al. Geophys. Res. Lett. 20, 1187-1190 (1993).

67. Webster, C. R, May, R. D,, Allen, M., Jaeglé, L. & McCormick, M. P. Geophys. Res. Lett. 21,
53-56 (1994).

68. Hofmann, D. J. et al. Geophys. Res. Lett. 20, 1555-1558 (1993).

69. Hofmann, D. J. et al. Geophys. Res. Lett. 21, 65-68 (1993).

70. Bekki, S., Toumi, R. & Pyle, J. A. Nature 362, 331-333 (1993}

71. Michelangeli, D. V., Allen, M. & Yung, Y. L. J. geophys. Res. 94, 18429-18443 (1989).

72. Gleason, J. F. et al. Science 260, 523-526 (1993).

73. Herman, J. R. & Larko, D. J. geophys. Res. 99, 3483-3496 (1994).

74. Komhyr, W. D. et al. Geophys. Res. Lett. 21, 201-204 (1993).

75. Hofmann, D. J. et al. Geophys. Res. Lett. 21, 6568 (1994).

76. Hanson, D. R., Ravishankara, A. R. & Solomon, S. J. geophys. Res. 99, 3615-3629 (1994).

77. Rodriguez, J. M. et al. Geophys. Res. Lett. 21, 209-212 (1994).

78. Hervig, M. E., Russell, J. M., Gordley, L. R., Park, J. H. & Drayson, S. R. Geophys. Res. Lett.
20, 1291-1294 (1993).

79. Hansen, ). E., Lacis, A., Ruedy, R., Sato, M. & Wilson, H. Res. Explor. 9, 143-158 (1993).

ACKNOWLEDGEMENTS. We thank J. Herman for providing the TOMS ozone trends, and L. Poole,
G. Kent, J. Hansen and S. Solomon for helpful comments and suggestions.

NATURE - VOL 373 -+ 2 FEBRUARY 1995



