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Mount Pinatubo Aerosols, Chlorofluorocarbons, 
and Ozone Depletion 

Guy Brasseur and Claire Granier 
The injection into the stratosphere of large quantities of sulfur during the June 1991 eruption 
of Mount Pinatubo (Philippines) and the subsequent formation of sulfate aerosol particles 
have generated a number of perturbations in the atmosphere with potential effects on the 
Earth's climate. Changes in the solar and infrared radiation budget caused by the eruption 
should produce a cooling of the troposphere and a warming of the lower stratosphere. 
These changes could affect atmospheric circulation. In addition, heterogeneous chemical 
reactions on the surface of sulfate aerosol particles render the ozone molecules more 
vulnerable to atmospheric chlorine and hence to man-made chlorofluorocarbons. 

After having been inactive for 635 years, 
Mount Pinatubo in the Philippines 
(15.1°N, 120.4"E) injected 15 to 30 MT of 
sulfur dioxide (SO,) into the stratosphere 
in mid-June 1991 (1-3). In about a month 
the SO, was converted into sulfuric acid 
(H,SO4), which in the stratosphere con- 
denses into small particles (called aerosols) 
(4). The aerosol load after this volcanic 
eruption was one or two orders of magni- 
tude larger than that produced by biological 
and anthropogenic sources (5). These small 
droplets are expected to remain in the 
atmosphere for 1 to 3 years (6). 

In 1982, another volcano, El Chichbn, 
located in Mexico (17.3"N, 92.3"W) at 
approximately the same latitude as Mount 
Pinatubo, injected 7 to 20 MT of SO, into 
the stratosphere (7). Several perturbations 
resulting froni' this eruption were reported 
(8), including an increase in the tempera- 
ture of the lower stratosphere (9), probably 
a slight cooling of the surface (1 O), and a 
reduction in the concentration of strato- 
spheric ozone (0,) (1 1). The observed 0, 
depletion is believed to be associated with 
heterogeneous chemical reactions involv- 
ing nitrogen and chlorine compounds on 
the surface of the aerosols. Similar processes 
on the surfaces of ice particles in polar 

canoes also release chlorine compounds 
but, after the eruption of Mount Pinatubo, 
the input of chlorine to the stratosphere 
was probably small (1 2). 

Although both eruptions share several 
common feapres (for example, SO,-rich 
plumes) (1 3), there were several differences 
in t h e  fate and impact of the clouds [differ- 
ent phases in the quasi-biennial oscillation 
(QBO) of winds in the atmosphere and 
different atmospheric concentrations of an- 
thropogenic chlorine and bromine] (1 4). 

The gas-phase destruction of 0, by chlo- 
rine in the lower stratosphere is relatively 
inefficient because the reactive C1 and C10 
radicals are rapidly converted into less re- 
active compounds such as HC1 and 
ClON0, (1 5). Because ClONO, is formed 
by the. reaction of C10 with NO,, the 
oxides of nitrogen are sometimes referred to 
as the "immune system" of the lower strato- 
sphere. 

Laboratory investigations have shown 
that heterogeneous chemical processes on 
the surface of aerosol particles convert ni- 
trogen oxides (NO, represents NO, NO,, 
NO,, and N205) into nitric acid (HNO,) 
and hence weaken the "immune system" 
against chlorine in the atmosphere. The 
reaction involved is 

stratospheric clouds have'led to the firma- 
N205 (gas) + H20 (aerosols) 

tion of the 0, hole over Antarctica. Vol- 
+ 2 HN03 (gas) (1) 

National Center for Atmospheric Research, Post Office The probability that a N2°5 
BOX 3000, Boulder, CO 80307. with an aerosol particle results in the above 

reaction is of the order of 10 to 18% (16, 
17). For background aerosol loads, the time 
required for this conversion is of the order 
of 1 day, so that, even during periods not 
perturbed by volcanic eruptions, reaction 1 
is efficient and indirectly enhances the sen- 
sitivitv of 0, to chlorine in the lower 
stratosphere. The direct heterogeneous de- 
struction of ClONO,, 

ClON0, (gas) + H 2 0  (aerosols) 
+ HN03 (gas) + HOCl (gas) (2) 

also contributes to the conversion of nitro- 
gen oxides into HNO, but, in addition, 
converts ClON0, into HOC1. This latter 
molecule is rapidly photolyzed into reactive 
chlorine (Cl, C10). The probability for 
reaction 2 to occur is sienificantlv lower - 
than that of reaction 1 and is further de- 
pendent on the chemical composition (for 
example, the H2S04 percentage by weight) 
of the aerosol (1 8). This reaction, however, 
becomes efficient in very cold air masses 
(for example, at high latitudes in winter 
and spring). 

After large volcanic eruptions, the sur- 
face area available for these heterogeneous - 
reactions is increased by a factor of 10 to 
100 (1 1 ) , and substantial perturbations 
could occur. The concentration of nitrogen 
oxides is expected to be reduced while the 
concentrations of HNO, and C10 should 
be enhanced (19). At the same time, the 
concentration of hydroxyl (OH) and hy- 
droperoxyl (HO,) radicals should increase. 
Thus, after a large volcanic eruption, the 
atmosphere shifts from a situation in which 
0, is primarily controlled by nitrogen ox- 
ides to one in which the 0, loss becomes 
largely controlled by chlorine compounds 
and HO, radicals. 

In order to assess the impact of the 
Mount Pinatubo eruption on the 0, layer, 
we used a two-dimensional (latitude-alti- 
tude) model describing chemical, radiative, 
and dynamical processes in the middle at- 
mos~here (20). The model extends from 

\ ,  

pole to pole and from the surface to an 
altitude of 85 km with a resolution of 5' in 
latitude and 1 km in altitude. Approxi- 
mately 60 species and 115 chemical and 
photochemical reactions are includ~d in 
the chemical scheme, including heteroge- 
neous reactions 1 and 2. For reaction 1, the 
reaction probability is assumed to be 0.14 
for all temperatures and aerosol composi- 
tions (1 6, 17), whereas for reaction 2 values 
of 3 x lop2, 1 x lo-', 5 x 1Q-,, and 5 x 
lo4 are adopted for H2S04 percentages by 
weight of 40, 50, 60, and 70%, respectively 
(1 8). A simplified parameterization of het- 
erogeneous reactions in polar stratospheric 
clouds is also included. 

Because the dispersion of the volcanic 
cloud and the microphysical transformation 
involved (nucleation, condensation, evap- 
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oration, sedimentation, and so forth) are 
difficult to simulate, especially in the ab- 
sence of available observational con- 
straints, we chose to specify in the model 
the spatial distribution of the surface area 
density provided by the aerosols. Further- 
more, rather than simulating the evolution 
of the perturbation during several months 
after the June eruption, we examined spe- 
cific situations during the dispersion phase 
of the volcanic material. 

We first considered the relatively early 
time period (September) during which the 
cloud was confined in the tropics between 
15"s and 15"N; we assumed that material 
was completely mixed in the zonal direc- 
tion. The cloud was assumed to extend 
from 16 to 18 km with a peak surface area 
densitv of 100 um2 cm-3 at an altitude of 
23 kn; above ;he equator. Two types of 
~erturbations were then distinguished. In 
;he first, where the effect of he;erogeneous 
chemistry is ignored, we assumed that the 
volcanic aerosol, by absorbing the ultravi- 
olet, visible, and near-infrared radiation of 
the sun and the terrestrial infrared radia- 
tion, produces a local heating of the tropi- 
cal lower stratosphere. Under the assump- 

Latitude 

Fig. 1. Perturbations in the tropical lower strato- 
sphere in response to prescribed heating 
caused by the Mount Pinatubo aerosol cloud. 
The cloud in September 1991 is assumed to be 
located between 15"s and 15"N and at an 
altitude of 16 to 28 km. The maximum net 
heating rate (at 23 km over the equator) was 0.4 
K per day. (A) Change in temperature (in 
kelvins); (6) change in vertical wind velocity (in 
millimeters per second); (C) change in the 0, 
concentration (in percent). 

tion of a net heating rate that reaches a 
maximum value of 0.4 K per day in the 
center of the cloud, the calculated temper- 
ature increase (2 to 6 K between 16 and 25 
km, see Fig. 1A) was in good agreement 
with the perturbation observed at 20°N and 
30 mbar (2.6 K) (21). A d' irect conse- 
quence of the aerosol heating was a 
strengthening of the mean meridional cir- 
culation by approximately 10% (Fig. 1B); 
stronger upward motions were predicted in 
the tropics, and downward transport oc- 
curred in the model at higher latitudes. The 
result was a reduction of approximately 6% 
in the concentration of 0, in the lower 
stratosphere (25 km) over the equator and a 
comparable increase in its density at 30°N 
(Fig. 1C). With the adopted aerosol heat- 
ing rate. the overall reduction in the 0, - 
column over the tropics was less than 3%. 
We assumed that the cloud was svmmetric 
about the equator (22) ; a larger response in 
the mean circulation would have been ob- 
tained with asymmetric aerosol heating 
(23). These changes in temperature and 
circulation led to perturbations in the con- 
centration of several species; in the case of 
the OH and C10 radicals, for example, the 
density at 20 km (equator) was enhanced by 

." 
60s ' 20s 20N 60N 

Latitude 

Fig. 2. Pedurbations in the tropical lower strato- 
sphere due to heterogeneous chemical reac- 
tions on the surface of sulfate particles after the 
eruption of Mount Pinatubo. The volcanic cloud 
in September 1991 is assumed to be located as 
in Fig. 1. The reference case for the nonvolca- 
nic situation includes background aerosols. 
Maximum surface area density at 23 km over 
the equator is 100 km2 ~ m - ~ .  (A) Change in the 
NO, concentration (in percent); (B) change in 
the CIO concentration (in percent); (C) change 
in the 0, concentration (in percent). 

25 and 50%. res~ectivelv. 
7 .  

In a second model calculation of the 
earlv ~eriod following the eru~tion. we , A u . , 

examined the effects of heterogeneous reac- 
tions 1 and 2 while aerosol heating was 
ignored. With the assumptions made, the 
concentration of NO, in the cloud (Fig. 
2A) was reduced by as much as 40% while 
that of C10 (Fig. 2B) was increased by more 
than a factor of 2.3. The mixing ratio of 
HNO, increased up to 50% and that of OH 
bv 60% (not shown). The reduction in the 
0, density, in a region of the atmosphere 
where 0 3  is rapidly replenished by photol- 
ysis of molecular oxygen, did not exceed 
1% (Fig. 2C). The reduction in the net 
heating rate associated with this small O3 
depletion is less than 0.003 K per day; 
consequently, no significant change oc- 
curred in the stratospheric circulation. Po- 
tential changes in the 0, densitv in the - 
tropics, several months after the eruption of 
Mount Pinatubo, are thus more likely due 
to changes in the circulation of the atmo- 
sphere than to direct chemical processes. 

Finally, we considered the later period of 
the cloud dispersion (7 months after the 
eruption) and assumed that the volcanic 
aerosol was now relatively well mixed over 
the entire Earth. The distribution of the 

Latitude 

Fig. 3. Change in the chemical composition of 
the stratosphere in Janualy 1992 after disper- 
sion on the global scale of the Mount Pinatubo 
volcanic cloud. (A) Change in the NO, concen- 
tration as a function of latitude and altitude (in 
percent); (0) CIO mixing ratio (parts per trillion 
by volume). Shaded areas represent polar 
night zones. The reference case for the nonvol- 
canic situation includes background aerosols 
and polar stratospheric clouds. 
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Fig. 4. Relative change in the 0, 
density (in percent) at an altitude 
of 20 km, as a function of latitude 
and season. The reference case 
includes polar stratospheric 
clouds and background sulfate 
aerosols. Shaded areas represent 
polar night zones. 

12/23 3/23 612 1 9/20 1211 8 
Date 

surface area density is specified on the basis cent reports (25) suggest that 0, abun- 
of observations made after the eruption of dances in the winter of 1991-1992 have 
El Chich6n (1 I ) .  but it accounts for the been abnormallv low in several regions of 

\ ,, u 

observation that the Mount Pinatubo vol- the northern mid-latitudes. Concentration 
canic material has been trans~orted rather changes inside the ~ o l a r  vortex in resDonse 
evenly in both hemispheres and that the 
amount of sulfur injected was at least twice 
that released by El Chich6n. The maximum 
surface area density is equal to 16 pmZ 
cmP3 at an altitude of 23 km over the 
tropics and values reaching 8 pm cmP3 are 
prescribed at high latitudes. These values 
are consistent with those derived by micro- 
physical models (24) with differences, how- 
ever, in the degree of large-scale horizontal 
mixing of the volcanic material. 

- 
to the vol'canic eruption are expected to be 
small because the air contained in the 
vortex is largely isolated from the rest of the 
atmosphere. The presence of polar strato- 
spheric clouds in these cold air masses, 
however, provides surfaces on which reac- 
tions similar to reactions 1 and 2 can occur, 
and thus there is the potential for large 0, 
depletion. , 

Ozone monitoring should provide the 
information needed to validate these model 

u 

To account for removal processes result- predictions. The chemical perturbations in 
ing from transport by the atmospheric cir- the tropics appear to be relatively limited, 
culation and gravitational sedimentation, but heating due to the cloud produced by 
we assumed that the surface area densitv volcanic eruotions in the trooics could en- 
decreased uniformly as a function of time hance the strength of vertical motions in 
with an e-folding time of 15 months. With this region and hence reduce the 0, col- 
the adopted aerosol surface area density, umn abundance. This latter dynamical ef- 
the concentration of NO, at low and mid- fect is entirely natural, whereas the chem- 
latitudes for January 1992 is reduced by ical effect results from a combination of 
approximately 30 to 35% for altitudes of 20 natural and anthropogenic perturbations. 
to 25 km (Fig. 3A). Near the terminator, 
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Manganese Flux from Continental Margin Sediments 
in a Transect Through the Oxygen Minimum 

Kenneth S. Johnson, William M. '~erelson, Kenneth H. Coale, 
Teresa L. Coley, Virginia A. Elrod, W. Russell Fairey, 
Helen D, lams, Tammy E. Kilgore, Jocelyn L. Nowicki 

The flux of manganese from continental margin sediments to the ocean was measured with 
a free-vehicle, benthic flux chamber in a transect across the continental shelf and upper 
slope of the California margin. The highest fluxes were observed on the shallow continental 
shelf. Manganese flux decreased linearly with bottom water oxygen concentration, and the 
lowest fluxes occurred in the oxygen minimum zone (at a depth of 600 to 1000 meters). 
Although the flux of manganese from continental shelf sediments can account for the 
elevated concentrations observed in shallow, coastal waters, the flux from sediments that 
intersect the oxygen minimum cannot produce the subsurface concentration maximum of 
dissolved manganese that is observed in the Pacific Ocean. 

Manganese is widely used as a model ele- 
ment for studies of redox chemical cycles in 
the sea. Insoluble manganese oxides are 
readily reduced to soluble Mn2+ by bacte- 
ria, photochemical reactions, and hydro- 
thermal processes (I). Elevated concentra- 
tions of dissolved Mn are often evidence of 
active redox cycling. The processes control- 
ling the oxidation states of a variety of 
other metals (for example, Ce, Co, and Cr) 
are interpreted by comparing their distribu- 
tions with that of Mn (2). 

Dissolved Mn orofiles in the Pacific 
Ocean are characterized by maxima in the 
upper 100 m and wherever 0, concentra- 
tions drop below 100 yM (3). The subsur- 
face maximum is believed to be produced by 
the flux of dissolved Mn2+ from reducing 
sediments that intersect the 0, minimum 
zone (4-7). However. there have been no 

\ -  , 

direct measurements of the Mn flux from 
sediments along the continental margin, 
except in waters shallow enough to be 
reached bv divers (8. 9). To test this hv- . .  , 

pothesis, we have directly measured the flux 
of Mn from sediments of the continental 

shelf and slope of the central California 
coastline using benthic chambers. 

A well-developed 0, minimum zone im- 
pinges on the continental margin between 
600 and 1000 m along the central California 
coastline. Water column Mn concentrations 
in this zone are elevated twofold over back- 
,ground concentrations (Fig. 1). The flux of 
Mn from sediments that intersect this O2 
minimum was measured with a free-vehicle, 
benthic chamber (10) at depths from 95 to 
1010 m along a transect near Point Piedras 
Blancas (35'40'N. 121°17'W). Similar 
benthic chambers have been used for studies 
of C and nutrient cycling in the deep sea 
(11, 12). 

Manganese concentrations measured in 
benthic chambers deployed at all depths 
changed linearly with time (Fig. 2). Initial 
Mn concentrations in the chambers, deter- 
mined from a straight line fitted to the data 
by least squares, were not significantly dif- 
ferent ,$ < 0.05) from the corresponding 
ambient bottom water concentrations, 
which varied from 0.6 to 10 nM. There is no 
evidence of a change in the slope of a plot of 
Mn concentration versus time that would 

K. S. Johnson, Moss Landing Marine Laboratories, indicate enhanced release of the metal as 0; 
post Office BOX 450, Moss   an ding, CA 95039, and concentrations decreased in the chambers 
Monterey Bay Aquarium Research Institute, 160 Cen- (13). -l-he benthic M~ flux calculated from 
tral Avenue, Pacific Grove, CA 93950. 
W. M. Berelson. H. D. lams. T. E. Kilaore. De~artment these data is greatest at the dIah+'est sites, 
of Geological sciences, university of-souther; Califor- where 0, levels in the overlying water are 
nia, Los Angeles, CA 90089. 
K. H. Coale, T. L. Coley, V. A. Elrod, W. R. Fairey, J. L. 

the highLest, and the smallest ~n fluxes 
Nowicki, Moss Landing Marine Laboratories, Post in the O2 minimum (Fig. 
Office BOX 450, Moss Landing, CA 95039. 3A). The benthic Mn flux was proportional 

to the rate of 0, consumption in the flux 
chambers (Fig. 3B). 

A relation between benthic Mn and O2 
fluxes could be the result of several Dro- 
cesses. Remineralization of organic C and 
release of bound metals could be limited by 
the flux of 0, through a diffusive, benthic- 
boundary layer (14). To test this hypothe- 
sis, we performed an experiment at a site 
near the Los Angeles County sewage outfall 
at Whites Point where the rate of 0, 
consumption was high and there was little 
sediment irrigation. Stirring rates in the 
benthic flux chambers were varied from 1.5 
to 12 rpm, and no significant change was 
seen in the flux of 0, or metals (15). 
Chambers were stirred at 6 rpm in the 
experiments shown here. Thus, we do not 
believe that benthic.boundary-layer hydro- 
dynamics are responsible for the observed 
relation in metal and 0, flux. 

Changes in the rate of input of organic 
carbon to the sediments along the transect 
could link benthic Mn and 0, fluxes. A 
positive relation between benthic Mn flux 
and primary production has been seen in 
experimental mesocosms (1 6). One hy- 
pothesis to account for this observation is 
that O2 depletion and manganese oxide 
reduction occur in the near-surface sedi- 
menrs that receive the largest carbon input 
(3). Alternatively, trace metal fluxes could 
be controlled bv release of bound metals. 
perhaps from particulate organic carbon 
(1 7) or calcium carbonate (CaCO,) (18), 
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Fig. 1. Vertical profiles of dissolved M n  and 0, 
from a hydrocast at 35"15'N, 121 "52'W on 11 
June 1991. Samples were collected with a 
General Oceanics Rosette sampler and 10-liter 
Niskin bottles. Manganese in each sample was 
determined at sea by flow injection analysis 
with chemiluminescence detection (FIA-CL) 
(37). The precision for replicate analyses was 
k0.2 nM (90% confidence interval). Oxygen 
was determined by Winkler titration. Bottom 
depth is 2000 m. 
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