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ABSTRACT

This paper examines whether major volcanic eruptions of the past century have had a significant impact on
surface land and ocean temperatures, surface pressure and precipitation. Both multieruption composites and
individual eruption time series are constructed and analyzed. Included in this work is an attempt to remove
one source of interannual variability: the El Nifio /Southern Oscillation (ENSO). These exercises indicate that
only the largest eruptions (in terms of producing a stratospheric dust cloud) are suggested in the climatic record.
Removing the ENSO signal in the composite and individual eruption series enhances the apparent volcanic
effect of the largest eruptions. No volcanic signal is obvious in pressure and precipitation records.

1. Introduction

During the past few decades much has been written
about the effects of volcanic eruptions on climate, Al-
though the majority of the literature suggests a signif-
icant volcanic signal, most often in surface air tem-
perature (¢.g., Lamb 1970; Mass and Schneider 1977;
Taylor et al. 1980; Self et al. 1981; Kelly and Sear
1984), several papers have expressed doubts about the
existence of a volcanic influence on surface climate.
For example, Landsberg and Albert (1974) provided
evidence that the great eruption of Tambora may not
have caused “the year without a summer” of 1816,
Gentilli (1948) noted the small effects of volcanic
eruptions on total radiation, and Ellsaesser (1977)
questioned whether Mount Agung produced a global
temperature anomaly in 1963-64. After examining the
temperature evolution accompanying the largest erup-
tions since the late eighteenth century, Angell and
Korshover (1985) concluded that “while volcanic
eruptions certainly do not cause warming, the evidence
that they cause cooling is not overly impressive.” A
careful reading of the literature proposing a volcanic
impact on climate provokes questions about the selec-
tion of eruptions, the statistical techniques used for
evaluating volcanic signals, and the adequacy of the
databases applied. These problems, coupled with the
apparent lack of a significant cooling following the re-
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cent El Chichon eruption (which created a dense
stratospheric dust cloud in the Northern Hemisphere),
suggests that a careful reevaluation of the meteorolog-
ical effects of volcanic eruptions is in order.

This paper attempts to appraise the reality of vol-
canic influence on surface climate by examining the
response of surface air temperature, sea surface tem-
perature, surface pressure and rainfall after major vol-
canic events of the past century. Both multieruption
composites and individual eruption time series are
constructed and analyzed. Included in this work is an
attempt to remove one source of interannual variabil-
ity: the El Nifio/Southern Oscillation (ENSO). These
exercises suggest that only the largest eruptions (in
terms of producing a stratospheric aerosol cloud) are
apparent in the climatic record.

2. Recognition of a volcanic signal
a. Expected characteristics

How does one identify the effects of a volcanic erup-
tion on temperature, precipitation and rainfall? A re-
view of the literature on the subject, coupled with
knowledge of the earth’s climate system, suggests some
guidelines for identifying the presence of a volcanic
signal in multieruption composites or single-eruption -
time series. Specifically, a volcanic signal:

1) should first appear affer an eruption. An anomaly
that is a continuation of a trend established before an
eruption can not be assumed to be of volcanic origin.

2) should be observed within 2-3 yr after an erup-
tion. Several studies (e.g., Wexler 1951; Lamb 1970,
Roosen et al. 1973) have shown that little volcanic
aerosol remains in the stratosphere after this period.
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3) a multieruption composite should be similar to
the individual component-eruptions in magnitude and
sign. For example, a posteruption temperature drop in
a multieruption composite could result from a large
(and perhaps random ) variation associated with only
one or a few events.

4) should maintain the same sign and approximate
magnitude for several months since volcanic aerosols
spread relatively uniformly within the affected latitude
zones. Thus, short-period excursions lasting only 1 or
2 months are probably not of volcanic origin.

Intercomparisons between several climate parame-
ters can also help appraise the reality of a potential
volcanic signal. For example, because of the large heat
capacity of the ocean, the response of sea surface tem-
perature to volcanic events might be expected to lag
and be of lesser magnitude than variations in air tem-
perature (McCracken and Luther 1984; Harvey and
Schneider 1985).

b. The importance of ENSO-related variability

In order to determine whether volcanic eruptions
produce climatic change, it is helpful to first consider
other sources of interannual variability that might mask
or mimic a volcanic signal. One important source of
such variability is the El Nifio/Southern Oscillation
(ENSO). During a canonical ENSO event, which typ-
ically begins during a Northern Hemisphere spring, an
area of anomalously warm surface water is observed
in the eastern Pacific and subsequently expands west-
ward during the next 6 months (Rasmusson and Wal-
lace 1983; Philander 1983). Associated with the warm
water is above-normal sea level pressure in the western
Pacific, greatly enhanced precipitation at equatorial
stations to the east of 160°E, weakening or reversal of
the easterly winds in the equatorial eastern Pacific, and
teleconnections with weather anomalies in the extra-
tropical latitudes. The increased sea surface tempera-
tures that accompany ENSO events are reflected in
global tropospheric temperature anomalies (e.g.,
Wright 1977; Angell and Korshover 1978; Newell 1979;
Angell 1981; Horel and Wallace 1981; Quiroz 1983;
Pan and Oort 1983). ENSO events occur at irregular
intervals and typically last 1 to 2 yr. A comprehensive
chronology of ENSO events over the past century is
presented in Quinn et al. (1978) and is summarized
in Table 1.

Many of the single-eruption time series and multi-
eruption composites presented in the next section re-
flect the influence of ENSO events. For example, for
the eruption of Mt. Agung (Fig. 18) there are large air
temperature rises in the latitude band of the eruption
only in 1957 (yr —6), 1965 (+2), 1969 (+6), and
1972 (+9); all are ENSO years and, with the exception
of 1969, all are strong or moderate events (Table 1).
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TABLE 1. Chronology of ENSO events.*

1873 1875 1877-78**  1880** 1884-85%*
1887-89**  1891** 1896** 1899-00**  1902*
1905%* 1911-12%*  1914** 1917 1918-19%*
1923 1925-26**  1929-30** 1932 1939-40
1941** 1943-44 1946 1948 1951
1953** 1957-58** 1963 1965** 1969
1972-73** 1975 1976** 1977-78**  1982-83**

* From Quinn et al. (1978).
** Strong or moderate events.

Sea surface temperatures in this band undergo increases
0of 0.2°C or more in 1957 (—6), 1959 (—4), 1963 (0),
and 1972 (+9), all but one an ENSO year. For sea
surface temperature the largest eruption band increases
were in 1895, 1896, 1899, 1900, 1905, with only one
(1895) being a non-ENSO year. Many additional ex-
amples could be provided to show that ENSO signals
are apparent in both the air and sea surface tempera-
tures and that warm years are generally associated with
ENSO events.

¢. Estimating the climatic impact of volcanic aerosols

Deirmendjian (1973) and others have noted that
although stratospheric aerosols from volcanic events
can dramatically attenuate the direct solar beam (by
up to 20% or 30%), a concomitant increase in down-
ward-scattered radiation results in a relatively smalil
decrease in global or total radiation. This occurs be-
cause volcanic stratospheric aerosols scatter most of
the intercepted solar radiation in the forward direction
(Pollack et al. 1976; Turco et al. 1982). Actinometric
measurements indicate that voicanic stratospheric
aerosols decrease total radiation by up to 5%-7% for a
limited period of time in the polar latitudes of the
eruption hemisphere. For example, Wendler (1984)
noted a 5.6% decrease in total radiation at Fairbanks,
Alaska for 5 months (November 1982-March 1983)
after the eruption of El Chichon; this attenuation de-
creased to ~3.5% by April-May 1983. After the erup-
tion of Mt. Agung in 1963, Viebrock and Flowers
(1968) observed a ~7% reduction in total radiation
at the South Pole during the first year, which decreased
to ~2% the following year. In contrast to these polar
observations, the perturbation of total radiation at As-
pendale, Australia (38°S) after the Mt. Agung eruption
barely rose above the noise level (Dyer and Hicks
1965). (It should be noted that the El Chichon and
Mt. Agung eruptions produced denser and more ex-
tensive stratospheric aerosol clouds than most of the
other eruptions considered in this study.)

The potential climatic impact of volcanic eruptions
is also reduced by the inhomogeneous spread of vol-
canic dust. The largest attenuation of solar radiation
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does not occur globally, but rather is confined predom-
inantly to the eruption hemisphere. Even in the erup-
tion hemisphere the stratospheric aerosols do not
spread uniformly. For example, following the recent
El Chichén eruption (17°N) the dust veil spread
quickly between the equator and 30°N, but then slowed
down dramatically; 6 months after the eruption the
dust veil was apparent only from 10°S to 35°N.

It is clear from a variety of studies (e.g., Turco et al.
1982) that most of the conversion from sulfur dioxide
to sulfuric acid aerosol occurs quite rapidly, apparently
within the first few months after an eruption. By the
first anniversary of the volcanic event the aerosol cloud
is already in considerable decline, and after 2 or 3 yr
aerosol levels approach those of the preeruption strato-
sphere (Volz 1970; Cadle et al. 1976). A range of theo-
retical studies (e.g., Schneider and Dickinson 1974;
Chou et al. 1984; Harvey and Schneider 1985) have
shown that 4 to 5 yr is required for the ocean mixed
layer to reach a steady-state temperature after a change
in solar forcing. Therefore, with a response time con-
siderably longer than the time-scale of the radiation
perturbation, the earth’s climate system cannot realize
the maximum cooling implicit in simple radiative cal-
culations.

The cooling accompanying volcanic events is also
mitigated by the volcanic aerosol’s infrared opacity and
the associated “greenhouse” warming. Detailed radia-
tive calculations of Pollack et al. (1976) and Chou et
al. (1984) indicate that such infrared warming reduces
volcanic cooling at the surface by about 40%. Similarly,
Harshvardhan (1979) found that infrared warming by
stratospheric aerosols reduces the net radiative loss of
an atmospheric column by. approximately 30%.

Many references (e.g., Lamb 1970; Pollack et al.
1976) have discussed the influence of volcanic erup-
tions on the optical depth and radiative properties of
the atmosphere. There is, in fact, general agreement
that large volcanic events can enhance optical depths
by as much as 0.1 for a period of a year over the erup-
tion hemisphere, and that the largest events (e.g., El
Chichén) can enhance optical depth by as much as 0.3
within limited areas of the eruption hemisphere during
the first year. To accurately model the radiative effects
of such optical depth perturbations it is essential to
consider latitudinal, seasonal and variable albedo (sur-
face and cloud) effects. Such detailed calculations, as
presented in Harshvardhan (1979), show that the
change in albedo due to a hemispherically uniform
stratospheric aerosol varies substantially by latitude and
time of year. For example, an optical depth enhance-
" ment of 0.1 over an-entire hemisphere results in an
albedo increase of less than 1% in the midlatitudes dur-
ing the warm months of the year and in the tropics
during most of the year; in the polar regions such an
aerosol cloud increases albedo by as much as 10%. Av-
eraged for an entire year and a complete hemisphere
the albedo enhancement for such a case would be ap-
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proximately 1% to 1.5%. These theoretical results are
consistent with actinometric observations in which at-
tenuation of total radiation is larger in the polar than
lower latitudes.

Considering previous observations of volcanic dust
veils and current theoretical knowledge of their radia-
tive effects, what is the best estimate one can make of
the magnitude of surface temperature anomalies that
should accompany the largest volcanic eruptions? For
a large volcanic eruption with a dense stratospheric
dust veil let us assume a hemispheric aerosol cloud
with a spatially uniform optical depth of 0.1. Using
the results of Harshvardhan (1979), such a cloud will
increase hemispheric albedo by 1%-1.5%, which we
will reduce to 0.7%—-1.05% (average of ~0.9%), to take
account of the mitigating infrared effects noted above.
In Harvey and Schneider (1985) a seasonal, land-
ocean, energy-balance climate model is used to explore
the temperature effects of a 2% reduction in solar ra-
diation produced by a volcanic event. Their simulations
begin with the maximum solar radiation perturbation,
which then falls off with time. Scaling their results to
a 0.9% reduction in net total radiation and assuming
an aerosol-half-life of 1 yr produces maximum negative
anomalies in land-air temperature of 0.34°C (North-
ern Hemisphere) and 0.27° (Southern Hemisphere)
after about 6 months into the first year. Over the ocean
the surface air temperature anomalies_reach only
0.14°C (Northern Hemisphere) and 0.16°C (Southern
Hemisphére) approximately a year later. These vol-
canic temperature anomalies may be too large since
volcanic stratospheric aerosols do not immediately
“turn on” throughout the entire eruption hemisphere,
but develop and spread during the first 6 months and
are in considerable decline by the first anniversary of
the eruption (e.g., Volz 1970; Cadle et al. 1976).

The implication of this analysis is that the surface
temperature signal of even the largest eruptions should
be weak, with maximum negative surface temperature
perturbations over an entire hemisphere not expected
to exceed ~0.2°C. Considering the limited number of
large eruptions, the substantial noise and errors resident
in current datasets, and the existence of other sources
of short-term variability (such as ENSO events), it is
not surprising that finding a clear volcanic signal in
surface temperature is a challenging exercise.

3. A compositing study of volcanic influence

a. Methodology

In this study the method of superposed epoch anal-
ysis (also known as compositing ) is used to search for
a volcanic signal in surface air temperature, sea surface
temperature, precipitation and surface pressure. As
noted in Mass and Schneider (1977) and Taylor et al.
(1980), this technique is based on the temporal aver-
aging of data with respect to specified “key dates” and
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TABLE 2. Major volcanic events selected for this study.
Greenland Antarctic Ice Lunar
Event Latitude Date DVI VEI ice! sulfate? Pb/Zn? Turbidity* eclipse’
1. Krakatau 6°S 8/1883 1000 6 yes yes yes yes n.a.b
2. Tarawera 38°S 6/1886 800 S yes yes no yes n.a.
3. Mount Pelee 15°N 5/1902 100 4 no no no no n.a.
Soufriere 13°N 5/1902 300 4 no no yes yes n.a.
Santa Maria 15°N 10/1902 600 6 no no yes yes n.a.
4. Ksudach 52°N 3/1907 500 5 no no no yes n.a.
5. Katmai 58°N 6/1912 500 6 yes no no yes n.a.
6. Agung 8°S 3/1963 800 4 yes yes yes yes yes
7. Awu 4°N 8/1966 200 4 no yes no yes no
8. Fuego 15°N 10/1974 250 4 no yes yes n.a. yes
9. El Chich6n 17°N 4/1982 n.a. n.a n.a. na. n.a. na. yes

! Hammer et al. (1980).

2 Delmas and Boutron (1980).
3 Boutron (1980).

4 Dyer (1974).

5 Keen (1983).

% n.a. indicates not available.

can be used to identify weak, nonperiodic signals in a
noisy climatic record. . :

Nine volcanic events since 1883 were selected for
this study. The main selection criterion was whether
an eruption created a significant stratospheric dust veil.
Our evaluation of stratospheric dust veils made use of
a variety of data sources including the explosive mag-
nitude of the eruption (the Volcanic Explosivity In-
dex—VEI—of Newhall and Self 1982), sulfate and
trace-metal concentrations in Arctic and Antarctic ice
samples (e.g., Hammer et al. 1980; Delmas and Bou-
tron 1980; Boutron 1980), actinometric measurements
(e.g., Dyer 1974), lunar brightness during eclipses
(Keen 1983), and quasi-objective indices of volcanic
dust veils (e.g., the Dust Veil Index—DVI—of Lamb
1970). Table 2 lists the volcanic events used in this
study as well as some of the evaluation parameters
mentioned above. Appendix A reviews the selection
criteria and appendix B gives further details about each
of these eruptions. Although our weighting of a variety
of volcanic parameters is unavoidably subjective, we
feel that the most significant stratospheric aerosol
events since 1883 (i.e., Krakatau, Tarawera, Pelee/
Soufriere/Santa Maria, Agung, El Chichdn) are con-
tained within our list and that the lesser events (i.e.,
Ksudach, Katmai, Awu and Fuego) established at least
minimal stratospheric dust veils.

Data for this analysis came from the World Monthly
Surface Station Climatology (WMSSC) and the Com-
prehensive Ocean-Atmosphere Data Set (COADS),
both available at the National Center for Atmospheric
Research (NCAR). WMSSC is a global collection of
historical surface data reports from over 4400 sites that
were taken from the Smithsonian Institution’s World
Weather Records, the National Climatic Data Center’s
(NCDC) Monthly Climatic Data for the World and
from a variety of additional data sources. COADS, a

collection of global oceanic surface data gathered from
ships-of-opportunity, ocean weather ships, buoys, and
bathythermographs, summarizes marine observations
in 2° lat by 2° long boxes. Monthly mean surface air
temperature, station pressure and precipitation were
obtained for the years 1873 through 1983 from
WMSSC and for January 1984 through January 1985
from Monthly Climatic Data for the World. Monthly
mean sea surface temperature for the years 1873
through 1979 was taken from COADS.

In order to composite the above monthly datasets it
is necessary to define a key month for each volcanic
eruption. If an eruption occurred on or before the sev-
enteenth of a calendar month, that month was desig-
nated the key month; if the eruption occurred after
that day the following month was selected.! As noted
in a variety of studies (e.g., Lamb 1970), little evidence
of stratospheric aerosol is observed after 3 to 5 yr fol-
lowing even the largest eruptions. Only following the
1963 Agung eruption did stratospheric aerosol con-
centrations remain high enough to produce a measur-
able attenuation of the direct solar beam for a longer
period (nearly 7 yr)—a phenomenon attributed by
Pueschel et al. (1972) to a “recharging” of stratospheric
aerosols by smaller eruptions in the years following
Agung. With such studies in mind, we selected a 21-
yr compositing period of 10 yr before until 11 yr after
the key month. .

The use of a homogeneous dataset for all of the se-
lected eruptions would have limited this study to the
few stations reporting during the earliest eruption (i.e.,

! The key month is defined as the first calendar month following
the eruption during which the volcanic cloud completed one entire
circuit around the globe. Assuming a 2-week period between the
cloud’s initial injection and its first global circuit leaves the seventeenth
as the dividing day.
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Krakatau). Therefore, to take advantage of improving
data availability with time, we allowed the number of
stations to vary between eruption periods. All land sta-
tions reporting less than 90% (228 months) of a given
21 yr (253 months) eruption period were omitted. To
prevent unrepresentative weighting of data-rich regions,
one station was omitted whenever two stations were
within 330 km of each other. COADS boxes with less
than two ship observations or a mean day-of-the-month
of the contributing ship reports outside the middle third
of the month (days 10 to 20) were omitted. For the
eruptions prior to 1950 a COADS box was omitted if
it did not encompass at least 65% (164 months) of a
21 yr eruption period. After 1950 this criterion was
increased to 80%. Finally, to insure data quality ex-
cessively large monthly anomalies were omitted.?
Figure 1 presents the number of fixed surface stations
reporting temperature, station pressure and precipi-
tation in each hemisphere, and the number of 2° X 2°
boxes reporting sea surface temperature (after the above
quality control procedures) for the eruption periods
used in this study. For all parameters and eruption
periods the majority of reports came from the Northern
Hemisphere. The amount of data increases dramati-
cally after the late 1800s, with the best data availability
during the 1960s (except for pressure which had the
best coverage during the recent El Chichdn eruption).
For each 21 yr eruption period, the monthly data at
every selected WMSSC station or 2° X 2° COADS box
was expressed as an anomaly from the 10-yr mean of
the corresponding months prior to the eruption. The
use of such a 10-yr average has many advantages: it is
long enough to remove much of the interannual vari-

ability, but short enough to reflect long-term climate -

trends. Monthly mean anomalies were then calculated
for 12 zonal bands of 15° lat. Zonal bands with less
than three reports were omitted from further analysis.
Hemispheric mean anomalies were then computed
weighting each latitude band by its fractional area. The
eruption year (yr 0) was defined as the first 12 month
period, beginning with the eruption key month, fol-
lowing an eruption, with all other years defined relative
to it. Superposed epoch analyses were constructed on
monthly, annual and seasonal bases by averaging the
monthly anomalies for several eruptions. In addition,
eruption hemisphere composites were created. ‘
As noted in section 2b, sea surface temperature vari-
ations in the tropical Pacific are reflected in surface
and tropospheric air temperature over a large portion
of the globe. Much of this SST variability appears to
be connected with quasi-periodic ENSO cycles. Such
ENSO-related temperature change might potentially
mask the temperature effects of a volcanic eruption

2 Rejection criteria are as follows: monthly mean surface temper-
ature anomalies exceeding 17.5°C, monthly mean pressure anomalies
exceeding 30 mb, monthly sea surface temperature anomalies greater
than 4.8°C, and monthly total precipitation values exceeding 2 m.
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FIG. 1. Number of stationary surface stations and 2° X 2° ocean
boxes reporting in the Northern and Southern hemispheres for (a)
air temperature, (b) surface pressure, {c) precipitation, and (d) sea
surface temperature for the eruption periods considered in this study.

(Angell and Korshover 1984, 1985), or could leave the
spurious impression of a volcano influence on climate.
Therefore, in some of the figures presented below we
have attempted to remove the ENSO signal from the
surface temperature time series in order to clarify the
volcanic effect.

Three indices of monthly mean tropical Pacific SST
were constructed using the COADS 2° by 2° data boxes
and are presented in Fig. 2. The first (SST1) is a time
series of SST data for the eastern Pacific (6°N-6°S,
80°W-92°W) from 1872-1944 (Fig. 2a). The second
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FIG. 2. Tropical sea surface temperature indices. (a) presents the
SST anomalies for the East Pacific (6°N-6°S, 80°W-92°W) and the
Peru Coast (4°5-10°S, 82°W-coast) region for 1872 through 1944.
(b) presents Pacific SST anomalies for 1946 through 1985 for 6°N-
6°S, 178°-80°W.

(SST2) is a SST series for the Peru Coast (4°S-10°S,
82°W-coast) for the same period (Fig. 2a). The third
SST series (SST3), shown in Fig. 2b, is for a more
extensive region (6°N-6°S, 80°W-178°W) from
1946-1985.

There is little in the published literature on the
quantitative relationship between tropical SST and
surface air temperature other than the observation that
tropical tropospheric temperatures lag behind SST by
~6 months (e.g., Angell 1981). To help provide ad-
ditional quantitative information, a calculation of the
linear regression coefficient between tropical Pacific
SST and surface air temperature has been made by
regressing the tropical SST indices SST1 and SST3
against the Northern and Southern hemisphere surface
temperature series of Jones et al. (1986). The corre-
lation and linear regression coefficients between SST3
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and the Jones et al. hemispheric datasets are shown in
Table 3 for a variety of lags. For the Northern Hemi-
sphere the maximum correlation coefficient (0.33) oc-
curs when tropical Pacific SST leads surface temper-
ature by 8 months; the corresponding linear regression
coefficient is 0.13. The correlation of Southern Hemi-
sphere surface air temperature with tropical SST is
largest when the’ latter leads the former by 4 months
(the corresponding linear regression coefficient is 0.15).
It is important to note that for both hemispheres the
variation of the correlation and linear regression coef-
ficients is not great for adjacent lags. The same pro-
cedure was applied for the longer SST1 series, with
very similar results. Using the optimal lag (L) and
regression coefficient (R) between tropical SST and
hemispheric temperature, an “ENSO-corrected”
hemispheric temperature ( 7,) was calculated for each
eruption event:

T(t) = Ty(t) — Tt — L) X R, (1

where ¢ is time, T is the uncorrected hemisphere sur-
face air temperature, and T is either SST1 or SST3.
The second term on the right side of (1) will be termed
the “ENSO-correction” in further discussions.

TABLE 3. Correlation and linear regression coefficients between
hemispheric surface temperature and tropical pacific SST.

Northern Hemisphere temperature

Lag' Correlation Regression
(months) coeficient coefficient
-12 24 .10
—11 27 11
-10 .29 12
-9 32 13
-8 .33 13
-7 31 13
-6 .32 .13
-5 31 ) 13

-4 .29 12
-3 31 13
-2 .28 11
-1 22 .09
0 .19 .08

Southern Hemisphere temperature

-12 .20 .06
-11 27 .08
-10 32 .09
-9 .39 11
-8 46 13
-7 S5t 15
-6 52 15
-5 .53 15
-4 .54 15
-3 .52 15
-2 .50 .14
-1 46 13
0 41 12

! A negative lag indicates that air temperature lags tropical Pacific
SST.
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Several investigators (e.g., Angell and Korshover
1985; Lough and Fritts 1987) have suggested that vol-
canic eruptions might produce longitudinal variations
in climate. Except for some sea surface temperature
composites, this paper does not examine climatic vari-
ability along latitude circles. An examination of such

-regional variations is made difficult by the inhomo-
geneous distribution of observing sites, with large data
voids over the oceans and even over many land areas.
The fact that volcanic aerosols spread quite uniformly
in the longitudinal direction suggests that a careful ex-
amination of possible hemispheric and zonal responses
is a valuable first step. Furthermore, it is hard to imag-
ine a scenario in which a large volcanic eruption has
no influence on hemispheric and zonal climate while
at the same time producing significant regional anom-
alies.

The reader will find no mention of statistical signif-
icance tests in this article. Instead we have attempted
to use physical reasoning to determine whether an
“apparent” volcanic signal is the result of volcanic
aerosol or is derived from some other source. Our
skepticism about the use of statistical ‘tests (e.g., the
“Student t” and Monte Carlo methods) is derived from
the examination of several papers that purport to find
statistically significant volcanic signals in air temper-
ature records; applying physical insight and additional
information often reveals other sources of the “volcano-
induced” variability.

b. Annual and monthly composites of air and sea sur-
Jface temperatures for the eruption hemispheres

All nine events: Figure 3 presents the annual erup-
tion hemisphere composites for all nine events. The
temperature composite (Fig. 3a) indicates a modest
drop in the eruption year, a recovery by yr 3, and a
relatively small (~0.2°C) temperature range. The size
of the negative anomalies in the two posteruption years
are not unique since similarly sized anomalies exist.in
other years. The SST composite (Fig. 3b) also indicates
modest cooling during the first 2 yr after the eruption
key date; again, the posteruption negative anomalies
are no larger than others observed during the composite
period. The difference between hemispheric tempera-
ture and SST (Fig. 3c) is rather featureless, while the
“ENSO-corrected” temperature (Fig. 3d) is slightly
more suggestive of a volcanic signal (i.e., of an isolated
posteruption cooling) than the uncorrected tempera-
ture series. .

The monthly eruption hemisphere composites for
all nine events are displayed in Fig. 4. The temperature
composite (Fig. 4a) indicates a ~0.25°C drop in tem-
perature during the first few months after the eruptions,
followed by warming during the subsequent year.
Temperature declines again between months 10 and
18, and then slowly returns to normal during the fol-
lowing year. In contrast, SST (Fig. 4b) remains nearly
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FIG. 3. Annual eruption hemisphere composites for all nine erup-
tions for air temperature (a), sea surface temperature (b), air tem-
perature minus sea surface temperature (c), and ENSO-corrected
temperature (d).

constant for nearly 10 months after the eruption date,
then falls until month 20, and recovers during the fol-
lowing year. The difference in phasing of temperature
and SST creates a substantial negative excursion in T-
SST during the eruption year (Fig. 4c). The composite
ENSO-related temperature correction (Fig. 4d) is
rather small; therefore, the corrected temperature ( Fig.
4e¢) is quite similar to the original temperature series.

Five large events: In an attempt to strengthen the
volcanic signal, the five largest eruptions (based on the
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'

information presented in appendix B regarding strato-
spheric injection )—Krakatau, Tarawera, Pelee/Souf-
riere/Santa Maria, Agung and El Chichdn—were
composited together. Figure 5 presents the annual
eruption hemisphere temperatures for these events. The
temperature composite (Fig. 5a) shows preeruption
warming and a substantial posteruption cooling (over
0.3°C between yr —1 and +1), with the negative
anomaly in yr 1 being the largest of any year of the
composite. The SST composite (Fig. 5b) also suggests
a warming trend during the 10 yr prior to yr 0, followed
by 2-yr posteruption cooling. The difference between
temperature and SST for these events (Fig. 5¢) shows
alternating positive and negative anomalies prior to
the eruption date, and negative anomalies during the
three posteruption years. Finally, application of the
ENSO-correction to the temperature time series (Fig.
5d) decreases the preeruption warming and enhances
the posteruption cooling.

The monthly time series for these five large events
are presented in Fig. 6. The temperature series (Fig.
6a) shows a sharp drop during the 2 months following
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the eruption key date, and generally below-normal
temperatures until approximately month 40. In con-
trast, the sea surface temperatures (Fig. 6b) do not drop
until month 10, and subsequently remain below nor-
mal until around month 26. The lag is SST response
creates a 1 yr negative excursion in the difference be-
tween temperature and SST (Fig. 6¢). The ENSO-cor-

rected temperature series (Fig. 6¢e) is similar to the un-
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FIG. 5. Annual eruption hemisphere composites for five large
eruptions for air temperature (a), sea surface temperature (b), air
temperature minus sea surface temperature (c¢), and ENSO-corrected
temperature (d).
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corrected temperatures, except for enhanced cooling
during the first 3 posteruption yr.

Three large twentieth-century events: Since air and
sea surface temperature data during the 1880s is rela-
tively sparse but increases rapidly in availability by
1900, we created a composite of the three most signif-

" icant stratospheric events during the present century:
Pelee/Soufriere/Santa Maria, Agung, and El Chichon.
The resulting annual composite (Fig. 7a) indicates a
general warming trend during the 10 yr prior to the
eruption key date, followed by substantial cooling
(0.33°C) during the 3 yr after the composite event.
Temperatures make an unimpressive recovery during
subsequent years. The SST composite for two of the
events (Pelee/Soufriere/Santa Maria and Agung?),
presented in Fig. 7b, indicates virtually no cooling dur-
ing the eruption year, followed by a substantial tem-
perature fall during yr 1. The difference between tem-
perature and SST (Fig. 7¢) exhibits a large drop during
the eruption year. The ENSO-corrected temperature

3 The El Chichén SST values were not available at the time the
calculations were made.
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series (Fig. 7d) shows substantially less preeruption
warming and larger posteruption cooling than the un-
corrected temperature series. Furthermore, the cor-
rected temperature series evinces a smooth, monotonic
temperature recovery during yr 1 through 5, Clearly,
this temperature series is suggestive of a volcanic signal.
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FIG. 7. Annual eruption hemisphere composites for three large
eruptions for air temperature (a), sea surface temperature (b), air
temperature minus sea surface temperature (c), and ENSO-corrected
temperature (d).
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The monthly eruption hemisphere temperature se-
ries for the three large events is shown in Fig. 8. A drop
in temperature is apparent around the eruption key
date, with high amplitude oscillations during the sub-
sequent year (Fig. 8a). Predominantly negative anom-
alies are observed during the following 2 yr, with an
episode of particularly cool values around month 35.
Sea surface temperatures (Fig. 8b) are fairly steady and
above-normal prior to month 10, followed by a steady
decrease to negative anomalies of ~0.3°C during the
next 6 months. SST recovers during the third and
fourth year following the eruption key date. The dif-
ference between temperature and SST reaches
~0.55°C during the first year after the eruption key
date (Fig. 8c). The ENSO-corrections (Fig. 8d) are
fairly large for this composite (reaching ~0.2°C) and
result in a corrected temperature composite (Fig. 8¢)
with larger posteruption negative anomalies than dis-
played in Fig. 8a.

Four weaker events: Annual eruption hemisphere
temperature series for the four weaker eruptions—
Ksudach, Katmai, Awu and Fuego—are presented in
Fig. 9. The uncorrected temperatures for this composite
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(Fig. 9a) are far less suggestive of a volcanic signal than
those of the previous figures: temperature decreases by
only ~0.1°C in the eruption year and other years pos-
sess both larger temperature falls and greater negative
apomalies. SST (Fig. 9b) decreases in the 2 yr following
the eruption key date, but is not exceptional with re-
spect to the amplitude of the negative anomaly or the
magnitude of the temperature decrease. Both the dif-
ferences between temperature and SST (Fig. 9¢) and
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the corrected temperature series (Fig. 9d) give little
suggestion of a volcanic signal.

The ‘monthly eruption hemisphere composites for
the four weaker eruptions are shown in Fig. 10. Un-
corrected temperature (Fig. 10a) shows only minor ex-
cursions during the two years before and after the
eruption key date, with small negative anomalies dur-
ing the first 6 months and at approximately 26 months
after the events. SST (Fig. 10b) indicates a cooling trend
during the first 5 months, with steady warming during
the subsequent 3 yr. The difference between air and
sea surface temperature (Fig. 10c) is rather featureless,
except for minor dips at approximately 25 and 53
months. With only-a small ENSO-correction (Fig.
10d), the corrected temperatures (Fig. 10e) are very
similar to those shown in Fig. 10a.

\

¢. Volcanic effects on surface pressure

Volcanic aerosols might affect surface pressure di-
rectly by changing the temperature of the column of
air above an observing site or indirectly by altering the
atmospheric circulation. With regard to the direct hy-
drostatic effects, stratospheric volcanic aerosols can in-
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RG. 11. Eruption hemisphere pressure composites for all nine
events (a), five large events (b), and four large events (¢).

crease albedo and thus induce tropospheric cooling,
which would contribute to higher pressure; on the other
hand, aerosol-induced stratospheric warming (e.g.,
Newell 1970) might result in pressure falls. The sign
or magnitude of the surface pressure variations would
depend on the net effect of these two mechanisms
which can vary according to a variety of factors in-
cluding the height, optical properties and latitudinal
distribution of the volcanic dust cloud.

Figure 11 presents annual eruption hemisphere
composites of surface pressure. The composite of all
nine events (Fig. 11a) shows a small decrease in pres-
sure following the eruption key date, with the largest
negative anomaly (—0.24 mb) observed during yr 1.
Compositing the five largest events (i.e., Krakatau,
Tarawera, Pelee/Soufriere/Santa Maria, Agung, El
Chichdn) produces a noisy pattern with an inconse-
guential drop in the eruption year and a 0.24 mb de-
crease in yr 1. However, even the latter pressure drop
is suspect since it is derived from a very large (1.02
mb) decrease in only one eruption (Agung). A com-
posite of the remaining four strong events (i.e., without
Agung), shown in Fig. 1lc, indicates little pressure
change in the 2 yr following the eruption key date.
Clearly these composites do not suggest an appreciable
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volcanic signal in (eruption hemisphere ) surface pres-
sure.

d. Volcanic effects on precipitation

Several investigators have suggested that volcanic
aerosols might have an influence on precipitation.
Some have theorized that as volcanic aerosols settle
out of the stratosphere they might act as cloud con-
densation nuclei (e.g., Humphreys 1940; Wexler 1951,
1956). Such volcanic cloud seeding could either in-
crease precipitation in regions deficient in such nuclei
or reduce precipitation by overseeding. Other papers
have suggested that the radiative effects of volcanic
aerosols might alter atmospheric circulation and thus
indirectly modify the amount and distribution of pre-
cipitation (e.g., McCracken and Luther 1984; Handler
1984, 1986). Using a zonally averaged, nine-layer
model with parameterized eddy transport, McCracken
and Luther (1984) simulated the climatic effects of the
El Chichén eruption of 1982. They found that the sim-
ulated precipitation rate following this event was nearly
unchanged in the Southern Hemisphere and that most
of the Northern Hemisphere experienced only minor
(<5%) changes. The only major impact was in the vi-
cinity of the southward-displaced Intertropical Con-
vergence Zone (ITCZ); north of the zone precipitation
dropped by as much as 6%, while to its south enhance-
ments of up to ~10% were found.

Figure 12a presents the annual precipitation com-
posite for the eruption hemispheres of three large events
(Pelee/Soufriere /Santa Maria, Agung, El Chich6n).*
This figure does not suggest a volcanic signal in pre-
cipitation, and supports the results of McCracken and
Luther (1984) of minimal hemispheric effects. To test
McCracken and Luther’s suggestion of latitudinal
variations in precipitation accompanying a volcano-
induced shift in the ITCZ, precipitation series (for the
three-eruption composite ) were prepared for the bands
0°-15°S, 0°-15°N and 15°-30°N (Figs. 21b-d). In
the McCracken and Luther model, precipitation in-
creases in the band from 0°~15°S during the first year;
in Fig. 12d this band possesses a preeruption negative
anomaly that decreases in amplitude during the erup-
tion year and turns positive during the subsequent 2
yr period. In their model results precipitation decreases
in the 15°-30°N band during the first year, while in
Fig. 12b precipitation increases slightly in that zone.
A large eruption-year precipitation decrease is observed
from 0°~15°N (Fig. 12¢), a zone in which McCracken
and Luther found little change. Considering the sim-
plified nature of the McCracken and Luther model and
the limited number of eruptions considered in this
study, our results can not be considered a conclusive

evaluation of McCracken and Luther’s hypothesis of

* Insufficient precipitation data was available from the remaining
large eruptions (Krakatoa, Tarawera) for reliable results.

CLIFFORD F. MASS AND DAVID A. PORTMAN

571

10 Precipitation (Eruption Hemlisphere)

mm a
YEAR
10 Precipitation (15-30°N)
5
mm o© b
-5
10
10 -8 6 4 2 0 2 4 6 8 10
YEAR
10 Precipitation (0-15°N)
5
° c
-5
mm
10
15
-20
.25
10 -8 6 4 2 o 2 4 6 8 1o
YEAR
10 Precipitation (0-15°S)
5
mm o d
-5
10
15
10 -8 6 4 2 0 2 4 6 8 10
YEAR

FIG. 12. Precipitation composites for three large events for the
eruption hemisphere (a), 15°~30°N (b), 0°-15°N(c),0°-15°S(d).

a volcano-precipitation connection. However, our re-
sults suggest that a significant volcanic signal in pre-
cipitation does not appear to exist.

4. Evaluation of the individual time series

In order to better appraise the reality of a possible
volcanic signal, we shall now consider the individual
eruptions in detail, keeping in mind the important in-
fluence of ENSO events on air and sea surface tem-
peratures. Figures 13-21 present air and sea surface
temperature time series for each of the nine individual
eruptions.

Krakatau (6°S, 8/1883): In the year following this
eruption, air temperature (Fig. 13) decreased by
~0.5°C in the only latitude zone (30°-45°S) in the
eruption hemisphere with sufficient data. Although this
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result is suggestive of a volcanic effect, one should note
that monthly air temperatures in this zone began to
decrease prior to the eruption key month. For sea sur-
face temperature (Fig. 13b) the only band with enough
data to be included (0°-15°S) experienced warming
during the 2 posteruption yr. Figure 2 and the chro-
nology of Quinn et al. (1978) indicate that 1884 was
an ENSO year with SST warming. The fact that air
temperatures still cooled in the eruption hemisphere
even though an ENSO event was occurring suggests a
sizable volcanic cooling. As shown in Fig. 13c, applying
the ENSO-correction enhances the posteruption
cooling.

Tarawera (38°S, 6/1886): The air temperature in
the band 30°-45°S (again, the only eruption hemi-
sphere band with sufficient data) shows minor cooling
during the first 2 yr after this eruption, with the resulting
negative anomaly (~0.05°C) being maintained for 5
yr (Fig. 14a). As shown in Figs. 2 and 14b, tropical
Pacific SST drops substantially in 1886 but climbs rap-
idly during the ENSO event of 1887. Thus, it is not
the minor temperature decrease in yr O that is suggestive
of a volcanic influence, but rather the fact that tem-
peratures continue to decline in year +2 when SST
was rapidly increasing. The ENSO-corrected temper-
ature for the 30°-45°$ latitude band (Fig. 14c) illus-

2

I P GNP S |
18 24 30 36 42 48 54

trates this hypothesis with enhanced posteruption
cooling.

Pelee/Soufriere/Santa Maria (5-19/1902, 15°N):
Air temperature fell sharply during yr 0 and +1 in the
eruption hemisphere and during yr +1 in the eruption
band (Fig. 15a, ¢). SST declined in the eruption hemi-
sphere in yr 0 and 1, but rose in yr O in the eruption
band (Fig. 15b, d). The fact that air temperature de-
creased in yr +1, and subsequently rose in yr 3, is not
as suggestive of a volcanic signal as one might think,
since the tropical-Pacific SST showed a nearly simul-
taneous variation (Fig. 2). What does suggest a volcanic
effect is that Northern Hemisphere air temperature fell
in yr 0, even though a moderate ENSO event was oc-
curring. In fact, yr 0 (1902) is the only year shown in
this figure in which an ENSO event is not associated
with hemispheric warming. The eruption band (0°-
15°N) temperature (Fig. 15¢) shows only a minor air
temperature decrease during the eruption year. Could
it be that this tropical eruption band is so strongly in-
fluenced by the ENSO signal that air temperature
hardly falls and SST rises slightly? Is tropical air tem-
perature so strongly coupled to tropical SST that it
cannot fall substantially until the ocean surface begins
to cool? ENSO-correction does enhance the apparent
posteruption cooling (Fig. 15¢). ’
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FIG. 14. As in Fig. 13, for Tarawera.

Ksudach (52°N, 3/1907): In both the eruption
hemisphere and band Ksudach’s annual air tempera-
ture fell during the eruption year and recovered over
a period of ~3 yr (Fig. 16a, ¢). SST also dropped dur-
ing the eruption year in the hemispheric and eruption
band series (Fig. 16b, d). However, there are sev-
eral reasons to suspect that a volcanic aerosol cloud
was not the predominant cause of the posteruption
temperature depressions. First, the eruption occurred
in the high latitudes of the Northern Hemisphere and
little aerosol would be expected to reach the Southern
Hemisphere; yet, the air temperature and SST depres-
sions in the Southern Hemisphere (calculated but not
shown) were only slightly smaller than those in the
Northern Hemisphere. Second, the Pacific SST
dropped rapidly during the year prior to the eruption
and reached a minimum approximately 6 months be-
fore the eruption—assuming a 6 month lag in air tem-
perature response, this produces a evolution not unlike
that observed in the monthly series shown in Fig. 16.
ENSO-correction does, not enhance any apparent pos-
teruption cooling (Fig. 16¢e). In the eruption band air
temperatures decreased prior to the eruption. For these
reasons it appears that. Ksudach may not have had a
significant effect on surface temperature.

Katmai (58°N, 6/1912): In both the hemisphere
and band of the eruption, air and sea surface temper-
atures fell (slightly) during yr 0, and then rose in yr 1
(Fig. 17a, c¢). However, there are reasons to question
Katmai’s role in this minor posteruption cooling. First,
the evolution of air temperature and SST (Fig. 17c,
d) in the eruption hemisphere and band are very similar
to the tropical Pacific SST lagged by ~6 months. Thus,
temperature declines during the first 6 months after
the eruption were simply following the lagged-SST.
Eruption zone and hemisphere cooling in air and sea
surface temperature occur predominantly during the
first 5 months after the eruption, a period too short for
SST response to volcanic forcing. ( The initial 5 month
drop is even suggested in the Southern Hemisphere
SST.) Finally, ENSO-correction (Fig. 17¢) does not
enhance the apparent posteruption cooling. For these
reasons it appears unlikely that the yr O temperature
drop after Katmai is caused by volcanic aerosol.

Agung (8°S, 3/1963): In the eruption hemisphere
air temperature fell during the 2 yr following the event,
and then slowly recovered over the next five years (Fig.
18a). In the eruption zone air temperature actually
increased in yr 0, and then fell by ~0.3°C the following
year. Southern Hemisphere and eruption band SST
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FIG. 15. As in Fig. 13, for Pelee/Soufriere /Santa Maria.

(Fig. 18b, d) anomalies are nearly identical, with rising
SST from yr —2 through 0, followed by a large decrease
in yr 1. Could it be that the relatively weak ENSO
warming of 1963 was overwhelmed by the cooling effect
of the volcano in the eruption hemisphere, while in

the tropical eruption band the tropical Pacific SST in-

“crease (see Fig. 2) overpowered the volcanic cooling?

In yr 1 the ENSO event entered its cool phase; thus,
with ENSO-related cooling and volcanic effects super-
posed, a large negative anomaly was established in yr
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FIG. 16. As in Fig. 13, for Ksudach.

1. Increasing tropical SST in late 1964 and 1965 con-
tributed towards returning the air temperature to
normal.

Awu (4°N, 8/1966): The annual and monthly air
and sea surface temperature anomalies in the eruption
band indicate cooling during the first 2 yr after this

event (Fig. 19¢, d). However, there are several reasons
to suspect that this temperature decrease has little to
do with the volcano. First, in the eruption ( Northern)
hemisphere (Fig. 19a) there is no indication of a tem-
perature fall during the first 2 yr, in fact, there is actually
a slight increase. Second, the monthly series of air and
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FIG. 17. As in Fig. 13, for Katmai.

sea surface temperature are nearly identical, with de-
clining temperatures during approximately the first 18
months. These temperature variations appear to follow
the tropical Pacific SST with a lag of ~5 to 6 months
(Fig. 2b). Thus, the apparent volcanic signal after Awu
is simply the result of a change in Pacific SST, and

explains why the Southern Hemisphere (calculated but
not shown) experiences a larger drop in temperature
than either the eruption hemisphere or band.

Fuego (15°N, 10/1974): There is no evidence of an
air temperature drop during the eruption year in either
the eruption zone or hemisphere, while during yr +1
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FiG. 18. As in Fig. 13, for Agung.

there is a small (~0.1-0.2°C) decrease in the eruption
zone and hemisphere anomalies (Fig. 20a, ¢). How-
ever, it is unlikely that the relatively minor eruption
of Fuego was the cause of the posteruption cooling.
The signal is strongest in the noneruption hemisphere
(not shown) and there is no evidence that Fuego’s
aerosol cloud ever made it that far. Second, the air

temperature evolution is clearly responding to varia-
tions in sea surface temperature. As shown in Fig. 2b,
temperature dropped to a relative minimum in the
equatorial Pacific during late 1975, and the warm air
and sea surface temperatures in yr —2 are simply the
response to the 1972-73 El Nifo.

El Chichon (17°N, 4/1982): Although the El Chi-
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FiG. 19. As in Fig. 13, for Awu.

chén eruption of 1982 may have produced the densest
Northern Hemisphere stratospheric aerosol cloud of
the past 100 yr, the annual and monthly hemispheric
anomalies (Fig. 21a) show only a slight temperature
decrease during the 2 yr following the eruption. How-
ever, in the eruption band (15°-30°N) the temperature
deviation fell to ~—0.20°C in the eruption year and

maintained this anomaly the following year even
though one of the strongest ENSO events of recent
record was occurring (Fig. 21b). Could it be that global
warming due to the ENSO event (see Fig. 2 for tropical
SST) was masking the volcanic cooling with the ex-
ception of the latitudes adjacent to the eruption, where
the aerosol veil was densest and longest lived? (N.B.:
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FI1G. 20. As in Fig. 13, for Fuego.

the El Chichén stratospheric veil was limited to 5°S to
35°N during the first 6 months. ) The ENSO-corrected
eruption-hemisphere temperatures (Fig. 21c) do in-
dicate substantial posteruption cooling.

5. Discussion
a. General conclusions

The multieruption composites, shown in section 3,
suggest posteruption cooling at the surface. For the

complete set of eruptions some volcanic signal seems
to exist, and this signal is enhanced by considering only
the larger eruptions and by subtracting out another
source of interannual variability, the El Nifio/Southern
Oscillation. The composite air temperature decrease
following the larger eruptions (~0.3°C) is similar to
what would be expected from theoretical arguments
(as described in section 2¢). Although the posteruption
cooling is suggestive, there is also a disturbing pre-
eruption warming in several of the composites. This
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FIG. 21. As in Fig. 13, for El Chichdn.

warming mainly is the result of temperature increases
prior to two eruptions: Pelee/Sourfriere /Santa Maria
and El Chichon. Since it is unlikely that atmospheric
and ocean warming initiate volcanic eruptions, this
feature provides a warning about conclusions made
with such a small collection of volcanic events. On the
other hand, some confidence in the reality of a volcanic
impact on temperature comes from the fact that weaker
eruptions produced little or no composite temperature
perturbation.

Six (five) of the nine events discussed in this paper
were associated with two (one) year® temperature falls
in the eruption hemisphere of at least 0.1°C, while in
the eruption zone six (seven) of the nine events had a
similar temperature decrease. For the five larger erup-
tions, four (four) of the five experienced at least a 0.1°C
temperature decline in the eruption hemisphere over
1 (2) yr (in both cases El Chichon was the exception).
In the eruption zone, three (four) out of the five large
eruptions experienced similar temperature falls over 1
(2) yr. These results indicate a greater frequency of
cooling in the posteruption years than would be ex-
pected by chance, especially for the larger events.
However, it is important to note that the eruptions

5 Two year: yr +1 minus yr —1; one year: yr 0 minus yr —1.

that produced the densest and most widespread strato-
spheric aerosol clouds (e.g., El Chichon) did not nec-
essarily create the greatest cooling or the largest negative
temperature anomalies. Both the phasing of the tem-
perature drops and maximum posteruption negative
anomalies vary between volcanic events, and cooling
seems to begin prior to several of the eruptions. For
some of the events, posteruption cooling is maintained
for more years than would be expected from a volcanic
dust cloud, and the apparent signals in the eruption
latitudes are not always stronger than those of the
eruption hemisphere. As noted in section 4, many of
these discrepancies can be explained by ENSO-related
variability or the lack of a significant stratospheric
aerosol cloud for the smaller eruptions.

The composite and individual eruption chronologies
shown above suggest two periods of posteruption de-
cline in air temperature: one occurring during the first
few months after the eruption key date and another
peaking around a year and a half later. Sea surface
temperature holds relatively steady during the first 10
posteruption months and then experiences a 1-yr de-
cline. Thus, the primary air temperature perturbation
during the second year occurs at a time when the ocean
has had a chance to respond to the change in insolation
and appreciable aerosol is still resident in the strato-
sphere. The amplitude (0.1° to 0.5°C) and phasing of
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the primary posteruption cooling in the second year is
similar to those established by other investigators (e.g.,
Mass and Schneider 1977; Taylor et al. 1980; Self et
al. 1981; Kelly and Sear 1984 ) and from the theoretical
estimates described in section 2 of this paper.

A difference in phasing of the air and sea surface
temperature response to volcanic aerosols is consistent
with a variety of modeling studies. Harvey and Schnei-
der (1985), using a global energy balance model, found
that air temperature decreased over water with about
half the amplitude found over land, and that the ocean—
air temperature response was delayed by approximately
3 months. The posteruption decline of temperature in
the ocean mixed layer was about one-quarter of the
land air temperature decrease and was delayed nearly
a year (again, compared to air temperature over land).
McCracken and Luther (1984), using a statistical-dy-
namical climate model, found a similar result, with
ocean temperatures changing more slowly and with
less amplitude than land air temperatures.

b. Is there an immediate response to volcanic forcing?

Perhaps the greatest surprise in the composite results
is the substantial decline in air temperature during the
months immediately following the volcanic events.
Similarly, Kelly and Sear (1984) found substantial
cooling of Northern Hemisphere temperature during
the first 2 or 3 months following several major volcanic
eruptions in the Northern Hemisphere. It is difficult
to understand how a volcanic eruption could induce
such an immediate hemispheric temperature response.
Months are required for a sulfuric aerosol cloud to be-
come established and several months more are needed
for the volcanic aerosols to spread beyond the latitude
band of ejection. Furthermore, ocean mixed layer
temperatures, which significantly control and modulate
atmospheric air temperatures, cannot respond to a
change in external forcing over a period of 1 to 2
months.

Is the short-term response in the above composites ,
real or is it a reflection of random (or unrelated ) events
occurring during a limited number of volcanic erup-
tions? Let us attempt to answer this question by first
examining the composite of three large eruptions ( Fig.
8), which shows a relative minimum in eruption
hemisphere surface temperature during month +1.
First, it is obvious that this negative excursion began
prior to the eruption key date. An examination of the
individual component eruptions reveals that eruption
hemisphere temperatures in one (Pelee/Soufriere/
Santa Maria) fell to nearly the posteruption level prior
to the eruption key month. Furthermore, rapid cooling
is not observed in the eruption band for that event.
Eruption hemisphere air temperature in the period
around El Chichdn went through its largest negative
excursion in the month before the eruption and was
recovering during the few months after the event. Neg-
ative temperature anomalies ( ~0.25°C) observed for
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a few months after the Agung eruption were gone by
month +3, and were greatly exceeded by large negative
anomalies during the next 4 yr. In the Agung eruption
band the posteruption negative deviations are clearly
a continuation of a preeruption trend. A similar pos-
teruption cooling spike is observed in the composite
of five large events (Fig. 6), which includes the sub-
stantial events of Krakatau and Tarawera, neither of
which possess a significant and immediate posteruption
cooling. Thus, one is forced to conclude that the pos-
teruption cooling spike is not of volcanic origin.

The large and immediate posteruption cooling found
by Kelly and Sear (1984) also does not appear to be
volcanic in origin. First, they used several of the same
eruptions as in the present study (e.g., Pelee/Soufriere/
Santa Maria); therefore, as explained above there
would be a tendency to get posteruption cooling that
had nothing to do with the eruptions themselves. They
also used some additional (and lesser) eruptions, such
as Ksudach and Katmai (which they call Novarupta),
which are associated with rapid posteruption cooling.
As noted in the previous section the sharp decline in
air temperature associated with Ksudach (Fig. 16) fol-
lowed pre-eruption cooling in the equatorial Pacific,
and in the eruption band the negative anomalies began
prior to the event. Even more suspicious is the strong
cooling in the noneruption (Southern) hemisphere (not
shown), which occurs as rapidly and with as great an
amplitude as that of the eruption (Northern) hemi-
sphere. The Katmai eruption (Fig. 17) also evinced a
large air temperature drop in the first 6 months follow-
ing the eruption. As noted above, there are many rea-
sons to doubt that this negative excursion was of a
volcanic origin. In the eruption hemisphere and band
cooling occurred simultaneously in air and sea surface
temperature; certainly, one would not expect the sea
surface temperature to react that rapidly to a change
in solar insolation. Furthermore, the posteruption
temperature decline appears to be simply following
previous changes in the equatorial Pacific SST.

Other problems with the conclusions of Kelly and
Sear (1984) are associated with their analysis tech-
niques. In their study they normalized the composite
temperature anomalies by the monthly standard de-
viations, which vary from 0.64 (January) to 0.23
(July). Since the majority of the eruptions occurred in
the spring (seven of the nine events occurred in March
through June), the division by the mean monthly
standard deviations amplified any “signal” during the
first few months (i.e., spring and summer) and sub-
sequent late-spring/summer periods. Ksudach and
Katmai, the two eruptions with the largest posteruption
cooling, were preceded by moderate ENSO events
(1905 and 1911-12) that would be associated with
above normal sea surface and air temperatures (Quinn
et al. 1978; Rasmusson and Wallace 1983). The
method used by Kelly and Sear to calculate the anom-
alies (simply subtracting out the mean of the 12 months
preceding the eruption) would tend to create a negative
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anomaly in the years following such ENSO-precursor
eruptions. In summary, because of the eruptions they
selected and the compositing techniques used to ana-
lyze them, Kelly and Sear (1984) found a rapid pos-
teruption cooling that could not have been produced
by the volcanic events considered in their study.

¢. Are volcanic eruptions associated with ENSO events?

Handler (1984) has suggested that large volcanic
eruptions can initiate ENSO events. In a seasonal
composite of 11 low-latitude (20°S-20°N) eruptions
he found increased sea surface temperatures over the
eastern tropical Pacific after these eruptions; in contrast,
20 extratropical (>20° from the equator) eruptions
produced cooler sea surface temperatures in the same
area. From this evidence Handler hypothesizes that
low latitude eruptions, such as the recent El Chich6n
eruption, can induce ENSO events.

The results of this study do not support Handler’s
hypothesis. First, it is clear that the ENSO corrections
displayed in the monthly composite series do not in-
dicate any consistent relationship between ENSO
warming and the volcanic events considered in the
composites. Second, as a check on the volcano/ENSO
connection we composited monthly sea surface tem-
peratures in the eastern equatorial Pacific (10°N-10°S,
80°W-120°W) using three low-latitude eruptions
(Agung, Awu, and Fuego). This composite (Fig. 22)
indicates cooling, not warming, during the first 2 yr
after the eruption key month. The ENSO volcano re-
lationship is cast into further doubt by Fig. 23, which
presents the frequency distribution of the number of
moderate and strong ENSO events (as defined by
Quinn et al. 1978) relative to the nine eruptions dis-

cussed in this study. A relationship between ENSO .

events and volcanic eruptions is not evident.

There are several additional reasons to question
Handler’s theory. First, he uses the Volcanic Explosiv-
ity Index.(VEI) as the sole measure of the amount of
aerosol injected into the stratosphere by a volcanic
event. However, explosivity is not the only or even the
best measure of the yield of stratospheric aerosol after
an eruption and other parameters such as sulfur emis-
sion are as or more important. As a result, Handler’s
composites include many eruptions that had little or
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FIG. 22. Monthly sea surface temperature anomalies for three low-
latitude eruptions (Agung, Awu and Fuego) for the region (10°N-
10°S, 80°W-120°W).
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F1G. 23. Frequency distribution for the number of moderate and
strong El Nifio events (from Quinn et al. 1978) versus volcanic erup-
tion key dates. -

no impact on stratospheric aerosol loading. Handler’s
results indicate that anomalous sea surface temperature
warming occurs one season (3 months) after volcanic
events. Such a rapid response to external forcing is in-
consistent with the large thermal inertia of the oceans
and is not supported by modeling studies (e.g., Harvey
and Schneider 1985). Handler does not give a credible
theory for the very different response following low
latitude and extratropical eruptions and shows only
two seasons prior to the eruption key dates, making it
impossible to judge the significance of the purported .
volcanic signal. Nicholls (1988), in a comparison of
the Darwin pressure anomaly with the dates of 10
eruptions used in Handler (1986), found a significant
relationship between ENSO events and some volcanic
eruptions, but with the ENSO signal preceding the vol-
canic events. He concluded that this relationship is
most likely due to chance and small sample size.

d. The historical perspective: The question of the “year
without a summer”

Probably the most cited eruption in the volcano-
climate debate is the cataclysmic explosion of Tambora
in April 1815. Milham (1924), Hoyt (1958), Stommel
and Stommel (1979) and many others have suggested
that the dust veil from Tambora produced unusually
cold temperatures and crop failures in eastern North
America and northern Europe during the summer of
1816.

Landsberg and Albert (1974) examined surface
temperatures for a collection of stations in western Eu-
rope and North America in order to appraise the cli-
matic significance of this eruption. They found that
although the summer of 1816 was cold in eastern North
America and western Europe, such temperatures were
“neither unprecedented in either of these areas at the
time, nor statistically particularly unique, with similar
events occurring also in later years that were not es-
pecially distinguished by major volcanic eruptions.”
Temperatures in eastern Europe and central North
America were considerably milder than those of the
above regions. Angell and Korshover (1985), exam-
ining both regional and hemispheric temperature vari-
ations after Tambora, found little evidence for post-
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eruption cooling for the Northern Hemisphere or Eu-
rope. Only at New Haven, Connecticut was a suggestive
temperature decrease observed.

Landsberg and Albert suggested another mechanism
for the cold anomalies in parts of Europe and North
America: a persistent long-wave pattern with cold me-
ridional flows one wavelength apart over the stricken
regions and milder temperatures at other locations.
Corroboration of this hypothesis is found in Catchpole
and Faurer (1983), which shows that the sea ice pat-
terns of 1816 were consistent with a highly meridional
atmospheric circulation over eastern North America
that allowed southward excursions of Arctic air. Lamb
and Johnson (1966 ) reconstructed the mean pressure
pattern for July 1816 over the North Atlantic Ocean
and came to the same conclusion. The question is
whether major volcanic eruptions can induce or trigger
such long-wave amplification. '

We know of no general circulation model simulation
that suggests that a small reduction in net insolation,
as one might expect from a volcanic dust veil, would
dramatically amplify the meridional motions of the
atmosphere. In fact, the general circulation experiments
of Hunt (1977) indicate that the “impact of the vol-
canic debris on the dynamical behavior of the general
circulation was quite small, at most slightly reducing
the zonal wind.” However, it should be noted that the
Hunt model was relatively primitive, and did not in-
clude land / ocean contrasts or topography. A suggestion
that volcanic eruptions can produce large longitudinal
variability is proffered in the study of Lough and Fritts
(1987), which, using tree-ring data, concludes that
major volcanic eruptions (VEI > 3) are associated with
above-normal temperatures over the western U.S. and
below-normal temperatures in the central part of the
nation. Lough and Fritts” work indicates that low lat-
itude eruptions produce the largest climatic effects; their
finding of contrasting and oppositely phased signals in
adjacent geographical regions suggests an amplification
in the hemispheric wave pattern. In contrast, LaMarche
and Hirchboeck (1984 ) used frost-damage zones in the
annual rings of trees to conclude that major volcanic
eruptions (as determined from Lamb’s Dust Veil In-
dex) are associated with below-normal temperatures
in the western U.S. Clearly, the question of volcano-
induced long-wave amplification has not been resolved.

6. Conclusions and summary

This paper appraises the reality of volcanic influence
on surface climate by examining the response of surface
air temperature, sea surface temperature, surface pres-
sure and rainfall after major volcanic events of the past
century. Both individual eruption time series and mul-
tieruption composites are constructed and analyzed.
Included in this work is an attempt to remove one
source of interannual variability: the El Nifio/Southern
Oscillation (ENSO). These exercises indicate that only
the largest eruptions (in terms of producing a strato-
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spheric dust cloud) are suggested in the climatic record,
and that modest cooling ( ~0.1°-0.2°C) is observed
for 1 to 2 yr after these large events. Previous sugges-
tions of large cooling during the first few months after
volcanic events appear to be unwarranted.

The interannual variability produced by tropical sea
surface temperature variations (i.e., ENSO cycles) is
very apparent in individual eruption air temperature
series. For some eruptions this ENSO signal masks the
volcanic signal, while during others it gives a spurious
impression of a volcanic effect on temperature. An at-
tempt to remove the ENSO signal from the temperature
composites for the major eruptions strengthened the
apparent volcanic signal. In contrast, for the composite
of weaker eruptions attempts to eliminate the ENSO
signal did not enhance or create an apparent volcanic
signal.

There is little hint of a volcanic influence on surface
pressure or precipitation.

Why is the volcanic effect on surface climate so
small? An examination of the actinometric observa-
tions made during the past century indicates that major
volcanic eruptions significantly influence the earth’s
radiation balance. Volcanic stratospheric aerosols
(composed mainly of sulfuric acid) can drastically re-
duce (by up to tens of percent) the direct solar beam;
however, as a result of a nearly commensurate aug-
mentation of diffuse radiation from the strongly for-
ward-scattering volcanic aerosols, decreases in total ra-
diation are relatively minor (only a few percent). This
small decrease in net insolation, coupled with-warming
due to the infrared opacity of the stratospheric aerosols,
leaves only a minor deficit in radiative heating as a
result of even a major volcanic eruption. Furthermore,
volcanic aerosol clouds usually cover only a limited
portion of the globe, often extend slowly away from
the eruption latitude, and exist for only a short period
(1-3 yr) compared to the response time of the ocean/
atmosphere system (4-5 yr). As a result, the volcanic
temperature signal of even a major eruption is expected
to be small, probably no more than a few tenths °C.
Such a signal is difficult to find in a limited and noisy
climatic record where interannual variability (such as
produced by ENSO events), seemingly random vari-
ations of the climatic system, instrument error, and a
host of other factors can easily obscure a weak signal.
A further complication is the very limited number
{~5) of truly large volcanic stratospheric aerosol events
during the past century, when a relatively representative
global dataset has been available.

There is much that still needs to be done in the in-

'vestigation of volcanic effects on climate. First, further

exploration and verification of proxy records of climate
and volcanic magnitude should be given high priority;
only in this way can we acquire enough cases to enable
a more conclusive statement on the influence of vol-
canos on climate. Additional research is required on
the modulation of longitudinal and temporal variability
by volcanic events. Do major volcanic eruptions en-
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hance longitudinal temperature differences as suggested
by Stommel and Stommel (1979) and Lough and Fritts
(1987)? An acute need also exists for atmospheric and
coupled atmosphere/ocean general circulation model
simulations to test many of the present speculations
about atmosphere/ocean response to a small decrease
in solar forcing. Such simulations would also help direct
the examination of the observed climatic record to the
regions and modes of maximum response. Finally,
better analysis and statistical tools must be forged for
the evaluation of weak, nonperiodic signals in a noisy
climatic record.
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APPENDIX A
Review of Selection Criteria

In order to appraise the climatic impact of volcanic
eruptions a variety of eruptive indices have been con-
sidered. Each index represents a different approach to
determining the quantity of radiatively active strato-
spheric aerosol injected by volcanic events. This ap-
pendix reviews several indices and describes their
strengths and weaknesses.

1. Major volcanic indices
a. The Volcanic Explosivity Index (VEI)

This index, described in Newhall and Self (1982)
and Simkin et al. (1981), is an attempt to semiquan-
titatively evaluate the explosive magnitude of over 8000
eruptions. A value of O to 8 is assigned (ranging from
0 for nonexplosive eruptions to 8 for the most energetic
events) based on a variety of nonatmospheric factors
including volume of ejecta, column height, duration,
qualitative description and other parameters.

Although the explosive magnitude of an eruption
does significantly influence the amount of material in-
jected into the stratosphere, it is not the only important
parameter. For example, Pollack et al. (1976), Hamill
et al. (1977), Self and Rampino (1988) and others
have noted that the most important constituent of long-
lived stratospheric dust veils is sulfate aerosol, and that
the amount of this aerosol is crucially dependent on
the quantity of sulfur gas released by the volcanic event.
Furthermore, large VEIs can be associated with pow-
erful eruptions in which most of the energy is radiated
laterally rather than in the vertical. For these and other
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reasons, the explosive magnitude of an eruption, ex-
pressed by the VEI, is not a sufficient measure of the
resulting stratospheric dust veil. The VEI may be a
useful measure of how effectively a volcano could po-
tentially loft sulfur compounds if'they are present.

b. The Dust Veil Index (DVI)

The DVI was devised by Lamb (1970) to provide a
numerical assessment of the amount of volcanic dust
injected into the stratosphere. Its value is based on the
depletion of the direct solar beam, temperature-low-
ering in midlatitudes, and the quantity of solid mate-
rials dispersed as dust; furthermore, the DVI gives a
measure of not only the opacity of dust veils, but their
extent and duration as well. To mitigate circular rea-
soning in studies of the climatic impact of volcanic
eruptions, Lamb provides a version of the DVI that is
not based on temperature effects. A consideration of
the qualitative nature of much of the data used, the
variations in data type and quality, and the necessarily
subjective nature of many of the evaluations, suggests
that this index alone may not be a sufficient basis for
determining.the magnitude of aerosol injection into
the stratosphere.

¢. Actinometric observations

Many papers discuss the effects of volcanic eruptions
on atmospheric turbidity, with particular emphasis
given to the transmission of the direct solar beam.
Wexler (1951) noted that a variety of sites around the
world experienced a significant reduction in normal
solar radiation following the Krakatau, Santa Maria
and Katmai eruptions. After Krakatau solar radiation
flux took nearly 3 yr to recover, while for the other two
eruptions the recovery period was about half as long.
Dyer (1974) presented solar transmission data for a
variety of stations from 1883 to 1972. He found that
although some eruptions are clearly evident in these
records (e.g., Mt. Agung, Ksudach, Katmai, Santa
Maria/Soufriere, Krakatau ) others are not because of
their proximity to earlier eruptions, lack of data, or
their own inherent weak signal. Mendonca et al. (1978)
examined the monthly transmission of normal-inci-
dence solar radiation at Mauna Loa Observatory in
Hawaii. They found very strong evidence of reduced
transmission for 2 to 3 yr after the eruption of Mt.
Agung in 1963, with some suggestion of weaker,
shorter-duration signals after the 1966 Awu and 1974
Fuego events. Hoyt et al. (1980), in an examination
of normal-incidence pyrheliometric measurements at
three sites in the United States, found evidence of the
eruptions of Mt. Agung, Awu and Fuego. Keen (1983)
studied the illumination of the moon during 21 lunar
eclipses (since 1960) as a measure of stratospheric
aerosol loading produced by volcanic eruptions. His
results indicate that Agung and El Chichdn had sig-
nificant, and approximately equal effects, with little
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evidence of enhanced stratospheric aerosol after the
eruptions of Fuego and Fernandina. Wendler (1984)
found that at Fairbanks, Alaska the direct solar beam
was reduced by 24.8%, and the global (or total) radia-
tion was reduced by ~5% during the year after El Chi-
choén.

d. Chemical analyses of polar ice cores

Several studies have been made of sulfate and trace
metal concentrations in polar ice samples (Delmas and
Boutron 1978, 1980; Boutron 1980; Hammer et al.
1980, 1981). It has been suggested that stratospheric
volcanic aerosols precipitate onto the polar ice sheets,
and thus ice cores can be used to date and, to some
degree, quantify the magnitude of volcanic events. A
careful examination of the above references suggests
that sulfate and trace metals concentrations in ice cores
are useful, but imperfect, measures of the extent and
density of volcanic dust veils. Although the most sig-
nificant stratospheric aerosol events (e.g., Krakatau,
Mt. Agung) are quite evident in the polar ice cores of
the eruption hemisphere, there are substantial excur-
sions in the concentration histories that are not asso-
ciated with any major eruption. It has been suggested
(e.g., Self and Rampino 1988) that lesser eruptions in
the high latitudes might produce a substantial signal
in ice core chronologies without producing significant
stratospheric aerosols. Thus, polar ice core chronologies
cannot be used alone to appraise volcanic aerosol con-
centrations but are valuable supplements to the indices
described above.

APPENDIX B

Review of the Selected Volcanic Events
1. Krakatau

Located on the island of Krakatau in Indonesia
(6.1°S, 105.4°E), this volcano began erupting on 20
May 1883. On 26-27 August 1883 a cataclysmic erup-
tion destroyed much of the mountain and created a
column of gas and dust that reached nearly 27 km
ASL. A stratospheric dust cloud spread throughout the
world producing brilliant sunsets and attenuated the
direct solar beam by up to 20%-30% for a period of 2
to 3 yr. This eruption was given a very high DVI of
1000 and the large VEI of 6. Ice cores in both the Arctic
and Antarctic indicated enhanced acidity and trace
metal content following this event.

2. Tarawera

This energetic eruption (DVI of 800 and VEI of 5)
occurred on New Zealand’s North Island (38.2°S,
175.5°E) on 10 June 1886. Polar ice cores in both
hemispheres indicated enhanced acidity after this
eruption. A significant increase of turbidity, as indi-
cated by a reduction in the direct solar beam, has been
noted.
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3. Pelee/Soufriere /Santa Maria

Due to their temporal and geographic proximity,
these three eruptions are considered as one event in
this study. Clearly, more stratospheric aerosols were
produced by Soufriere (13.3°N, 61.2°W, 17 May 1902)
than Mont Pelee (14.8°N, 61.2°W, 8§ May 1902);
however, the latter is infamous for claiming over 30 000
lives as a cloud of avalanching hot gases and ash de-
scended on nearby towns. Soufriere was a moderately
explosive eruption (DVI of 300, VEI of 4); Mount
Pelee has a similar VEI but a lesser DVI of 300. On
24 October 1902 Santa Maria (14.8°N, 91.5°W)
erupted violently and has been assigned a large VEI of
6 and a DVI of 600. The combined Pelee/Soufriere/

- Santa Maria dust veil was evident in both the atten-

uation of the direct solar beam and in trace metals in
Antarctic ice cores. Wexler (1951) noted that the direct
solar beam at European sites was attenuated by up to
20% for approximately a year and a half and did not
return to preeruption values until 1905. Twilight phe-
nomena were reported until 1904,

4. Ksudach

Also known as Shtyubelya Sopka and located in
Kamchatka, U.S.S.R., Ksudach (51.8°N, 157.5°E)
erupted vigorously (DVI of 500, VEI of 5) on 28 March
1907. Although ice core evidence is lacking, twilight
effects were observed until 1909. Dyer (1974) reported
that the direct solar beam was attenuated by this event.

5. Katmai

Also referred to as Novarupta, this volcano is located

~ on the Alaskan Peninsula (58.3°N, 155.0°W) and

erupted on 6 June 1912 (DVI of 500, VEI of 6). The
direct solar beam was weakened by up to 25% in the
Northern Hemisphere during late 1912, and did not
recover until the end of 1914 (Lamb 1970). Kimball
(1918) noted diminished atmospheric transparency
and unusually brilliant sunsets throughout the U.S,,
Europe and North Africa during the second half of
1912.

6. Agung

This volcano, located on the Indonesian island of
Bali (8.3°S, 155.5°E) began erupting on 19 February
1963, with the greatest explosions occurring on 17
March. The dust veil spread globally during 1963 and
was detectable in anomalous twilight effects until early
1966. The dust veil was far larger in the Southern than
the Northern Hemisphere, with Southern Hemisphere
direct solar beam deficits ranging as high as 30%. This
moderately explosive volcano (VEI of 4) was given a
very large DVI of 800 by Lamb (1970). Evidence of
this eruption was also reported in polar ice cores, and
in darkening of the moon during lunar eclipses (Keen
1983).



7. Awu

Awu erupted on Great Sangihe Island in Indonesia
(3.7°N, 125.5°E) on 12 August 1966. A modest erup-
tion compared to the others considered in this study,
it was assigned a DVI of 200-and VEI of 4. Dyer (1974)
reported an attenuation in the direct solar beam and
Delmas and Boutron (1980) indicated that there was
some enhanced acidity in Antarctic ice following this
eruption.’ '

8. Fuego

This Guatemalan volcano (14.5°N, 90.9°W)
erupted violently on 14 October 1974, producing a
column of gas and dust that rose to 20 km. The re-
sulting stratospheric dust veil spread over the Northern
Hemisphere and was observed in twilight effects for
over a year. Kéen (1983) reported a noticeable dark-
ening of the moon after this eruption. It is curious that
Delmas and Boutron (1980) and Boutron (1980) re-
port a signal from this volcano in the Antarctic ice, yet
Hammer et al. (1980) found nothing in the Greenland
ice cores where the evidence should have been much
stronger. Lidar observations at Hampton, Virginia
(McCormick et al. 1978) indicate that the aerosol cloud
decayed to background levels within 1.5 yr (March
1976). :

9. El Chichén

Located in Chiapas, Mexico (17.3°N, 93.2°W), El
Chichén began erupting on 28 March 1982, with the
largest eruption occurring on 3-4 April 1982. The
eruption column was observed to reach nearly 30 km
and spread into both hemispheres (Mitchell 1982).- The
emissions of this volcano were particularly rich in sulfur
and produced the densest stratospheric dust veil in the
Northern Hemisphere since the 1883 eruption of
Krakatau (Rampino and Self 1984; Robock 1983).

10. Volcanos that were not selected

There are several well known volcanoes of the past
century that were not included in the above list (e.g.,
Mt. St. Helens 1980; Bezymiannaya 1956). This ex-
clusion is based on our assessment that these eruptions
had a lesser contribution to stratospheric aerosol load-
ing. For example, it is generally agreed (see Robock
1981; Self and Rampino 1988) that Mt. St. Helens did
not have a significant climatic effect. Although this
eruption was relatively energetic ( VEI of 5), the com-
bination of low-sulfur content of the volcanic effluent
and the predominantly lateral nature of the blasts, re-
sulted in only a minor increase in the stratospheric
aerosol burden.
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