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ABSTRACT

Climate records of the past 140 years are examined for the impact of major volcanic eruptions on surface
temperature. After the low-frequency vanations and El Nifio/Southern Oscillation signal are removed, it is
shown that for 2 years following great volcanic eruptions, the surface cools significantly by 0.1°-0.2°C in the
global mean, in each hemisphere, and in the summer in the latitude bands 0°-30°S and 0°-30°N and by 0.3°C
in the summer in the latitude band 30°-60°N. By contrast, in the first winter after major tropical eruptions
and in the second winter after major high-latitude eruptions, North America and Eurasia warm by several
degrees, while northern Africa and southwestern Asia cool by more than 0.5°C.

Because several large eruptions occurred at the same time as ENSO events, the warming produced by the
ENSO masked the volcanic cooling during the first year after the eruption. The timescale of the ENSO response
is only | year while the volcanic response timescale is 2 years, so the cooling in the second year is evident
whether the ENSO signal is removed or not.

These results, both the global cooling and Northern Hemisphere continental winter warming, agree with
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general circulation model calculations.

1. Introduction

Major explosive volcanic eruptions can inject large
amounts of sulfur-rich gases (mainly SO,) into the
lower stratosphere (Rampino and Self 1984). These
gases undergo rapid oxidation to sulfuric acid vapor,
H,SO,, which has a low volatility and condenses with
water to form an aerosol haze. The resulting volcanic
aerosols can enhance the mass of the natural, ubiqui-
tous background sulfate layer by a factor of 100 or
more. They are carried by the strong zonal winds in
the lower stratosphere to circle the globe in a few weeks
(Robock and Matson 1983). Later, they are trans-
ported equatorward or poleward by the mean merid-
ional circulation and eddies to form a hemispheric or
global dust veil. These aerosols stay suspended in the
stratosphere for a few years, with a mean e-folding res-
idence time of about | year.

Volcanic aerosols scatter incoming solar radiation
to space, increasing planetary albedo and cooling the
earth’s surface and troposphere. They also absorb ter-
restrial radiation, warming the stratosphere. Downward
longwave radiation from the warmer stratosphere acts
to warm the surface, but, except for the winter in the
polar region, this warming effect is an order of mag-
nitude smaller than the cooling effect due to reduction
of shortwave radiation (Harshvardhan 1979). A direct
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calculation of the tropospheric radiative impact of the
El Chichén eruption in April 1982 (Ramanathan 1988)
shows that the decadal average radiative cooling may
be 0.2-0.4 W m~2, which can be compared with the
0.45 W m~ total trace gases heating from 1975 to 1985.
This shows that even averaged over a decade, volcanoes
can be important causes of climate change as compared
to anthropogenic greenhouse gases. Harshvardhan
(1979) and Lacis et al. (1992) have shown the net
effect of submicron volcanic aerosols to be a reduction
of about 3 W m™2 for every 0.1 in optical depth of the
aerosols. The instantaneous forcing after the 1982 El
Chichon eruption or the larger 1991 Pinatubo eruption
produced a cooling forcing larger than the warming
forcing of all anthropogenic greenhouse gases in the
atmosphere at that time. Dutton and Christy (1992)
have noted the correspondence between measured re-
duction in incoming solar radiation and the climatic
response to the Pinatubo eruption of 1991.

The spatial distribution of volcanic aerosol will, of
course, affect the forcing. For both the recent El Chi-
chon and Pinatubo eruptions, at essentially the same
latitude, the distribution of aerosols in the Tropics was
different the first summer. The El Chichén aerosols
stayed in the latitude band from 0°-30°N (Strong
1984), while the Pinatubo aerosols straddled the equa-
tor (McCormick and Veiga 1992; Stowe et al. 1992).
After the summer, in both cases the distribution was
similar, with aerosols spreading fairly uniformly in the
Tropics and to both poles (Strong 1984; L. Stowe 1993,
personal communication ). Clearly, the volcanic forcing
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depends on the location of the aerosols, but in earlier
cases, this distribution is unknown.

The effect of volcanic aerosols on climate has been
studied in the past both by examining past records and
with climate models (Robock 1991). Because large
volcanic eruptions are relatively rare and El Nifio/
Southern Oscillation (ENSO) events sometimes occur
simultaneously and mask the volcanic signal, most of
the past observational studies had problems identifying
a clear volcanic signal. Angell (1988) and Mass and
Portman (1989), however, attempted to remove the
ENSO signal, and their global average and hemispheric
results showed clear volcanic signals. But neither of
them examined regional patterns, looked at seasonal
patterns, nor used a global gridded surface temperature
dataset.

In this paper, we examine the regional and seasonal
patterns of surface temperature effects of large volcanic
eruptions with the most comprehensive global surface
temperature available. We focus on the short-term (a
few years) effect of historic major volcanic eruptions,
even though a long-term effect is possible, due to long-
time scales of oceanic response for a few decades after
the eruptions (Robock 1978, 1979; Rind et al. 1992).
A recent paper (Robock and Liu 1994) analyzed re-
gional climatic effects of volcanoes as seen in a general
circulation model (GCM ) simulation and we compare
our observational results to these. First, we describe
the data and analysis method. The following section
discusses the temperature anomalies after major vol-
canic eruptions. Finally, discussion and conclusions
are presented.

2. Data and analysis
a. Data

A global surface temperature dataset has been pro-
duced by the Climatic Research Unit of the University
of East Anglia (Jones et al. 1986a,b,c; Jones 1988) and
updated to include global surface air temperature ob-
servations over land and sea surface temperatures from
ship observations (Houghton et al. 1990; Jones et al.
1991; Jones and Briffa 1992). We used this dataset of
monthly average, gridded (5° X 5°) surface tempera-
tures, from January 1854 through December 1993,
which was kindly provided by Phil Jones. The dataset
consists of monthly average temperature anomalies
with respect to the mean for the period 1951-80, the
period of best data coverage. The spatial coverage of
the dataset is incomplete and changes with time. Cov-
erage in the Northern Hemisphere is always greater
than the Southern Hemisphere. The data from Ant-
arctica are available only since 1957. In this study, we
use 3-month running means so as to smooth large am-
plitude fluctuations (e.g., the 30-60 day oscillation in
the Tropics).
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b. Analysis

To determine the volcanic signals in climate change,
we first need to remove two principal nonvolcanic
components with which we are concerned. One is low-
frequency (timescale larger than 10 years) variations,
which overall show a warming trend during the period
of the data. The causes of these variations may include
natural internal oscillations, greenhouse gases, tropo-
spheric aerosol, periods of volcanism, or solar varia-
tions (Robock 1979) but will not be addressed in this
paper. The other component is the high-frequency
(timescale less than 10 years) Southern Oscillation
signal.

1) LOW-FREQUENCY VARIATIONS

We use high-pass Lanczos filtering (Duchon 1979)
to remove the low-frequency variations with periods
longer than 10 years. Since long-term surface air tem-
perature variations have specific seasonal and regional
patterns, as seen in both model simulations and data
analyses (Houghton et al. 1990), we filtered for each
month and each grid point. This is important since we
are searching for short-term regional signals and do
not want the long-term trends to interfere. We will use
only the high-frequency temperature data, calculated
separately for each grid point for each month, in this
paper. As a demonstration of the effects of this filtering
on the global scale, Fig. 1 shows the global annual-
average data, the global annual averages of the low-
and high-frequency components, and the land- and
ocean-average high-frequency anomalies.

2) EL NINO/SOUTHERN OSCILLATION SIGNAL

The Southern Oscillation (SO) is a result of complex
air-sea interactions, which cause large SST variations
in the tropical Pacific and interannual fluctuations in
climate. It is well known that the low phase of the SO
(warm event or El Nifio) is associated with above-nor-
mal eastern and central Pacific sea surface tempera-
tures, while negative SST anomalies occur in conjunc-
tion with the high phase (cold event or sometimes
called La Niifia). The term ENSO (El Nifio/Southern
Oscillation) event is usually applied to both warm and
cold variations of tropical SST.

ENSOs occur at irregular intervals of 2-9 years and
typically last 1 year. An ENSO is a large tropical fluc-
tuation, and both observational studies (e.g., Horel and
Wallace 1981) and theoretical concepts (e.g., Hoskins
and Karoly 1981) suggest that this kind of anomalous
air-sea interaction in the region of the tropical Pacific
can play a major role in some extratropical behavior.
ENSO makes an important contribution to high-fre-
quency surface air temperature anomalies in some parts
of the world (Halpert and Ropelewski 1992).

In recent history, some major volcanic eruptions
have happened around El Nifio events (Mass and
Portman 1989), with the most obvious cases being
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Global Annual-Mean Surface Air Temperature Anomalies
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FiG. 1. The global, annual-average data and the low- and high-
frequency. The top figure includes the raw and low-pass data. Across
the bottom are indicated the times of the large and smaller volcanic
eruptions listed in Table 1. The signal of many of these eruptions
can be seen in the filtered temperatures.

Agung in 1963, El Chich6n in 1982, and Pinatubo in
1991, which correspond to El Nifios in 1963, 1982-
83, and 1991-92. Because the climatic response to
ENSO is of the same amplitude and timescale as vol-
canic responses, it is necessary to separate them to ex-
amine the volcanic signal. This has been attempted
previously for globally and hemispherically averaged,
annually averaged temperatures by Jones (1988) and
applied to the search for volcanic signals by Angell
(1988) and Mass and Portman (1989). In this paper,
we extend the analysis to regional and seasonal patterns
with a global surface temperature dataset.

The coincidence of the large April 1982 El Chichdn
eruption with the beginning of the largest El Nifio of
the century engendered much speculation about a
cause and effect relationship. We do not address that
issue in this paper.

The most commonly used measure of ENSO is the
Southern Oscillation index (SOI), which is the differ-
ence in sea level pressure between Tahiti (18°S,
150°W) and Darwin (12°S, 131°E)(Chen 1982). The
extended SOI series (Ropelewski and Jones 1987) was
used to examine the relationship between ENSO and
surface temperature variations (Jones and Kelly 1988;
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Jones 1988). The SOI series was produced by stan-
dardizing (subtracting the mean, then dividing by the
standard deviation) the Tahiti and Darwin monthly
mean sea level pressures, subtracting standardized
Darwin from standardized Tahiti, and then standard-
izing the difference. Jones and Kelly (1988) showed
the strongest relationship between annual-average SOI
and hemispherically averaged or globally averaged
temperature was when SOI leads temperature by 6
months. Jones (1988) established a linear regression
relationship between annual-mean SOI and high-fre-
quency global temperatures and showed that ENSO
explained 20%-30% of the high-frequency temperature
variance and that the variance explained is similar for
both negative and positive index values.

The linear relationship between SOI and tempera-
ture is not simple, however, and has specific regional
and seasonal patterns, with the highest correlations at
different lags in different locations. There is a nonlinear
component as well for some seasons and regions, which
is dependent at least on the type or strength of the
event (Livezey and Mo 1987; Barnston et al. 1991).
This implies that the results here must still be inter-
preted with caution. Additionally, the SOI is not the
optimal measure of ENSO, the SST anomaly pattern.
Furthermore, the SOI in the earlier part of the record
is less reliable. For all these reasons it is quite possible
that for certain regions or seasons the ENSO signal is
misrepresented or understated. Nevertheless, due to the
lack of complete theoretical understanding of extra-
tropical ENSO effects, coupled with the small number
of well-documented occurrences, either with or without
simultaneous volcanic eruptions, all of which are
somewhat different, we chose to use a linear relation-
ship between SOI and surface temperatures for this
study, keeping in mind that in the future it may be
possible to make a more accurate representation.

Rasmusson and Carpenter (1982 ), who composited
the El Nifio events for 1950-73, described a close tie
between ENSO and sea surface temperature anomalies.
They showed that the warming along the west coast of
South America reaches a maximum in April-June and
the peak of SST anomalies in the eastern and central
Pacific occurs around December. The seasonal cycle
of these anomalies are clearly described in that paper.
Recently, Halpert and Ropelewski (1992) studied the
surface temperature patterns associated with ENSO and
found consistent temperature patterns associated with
the low and high phases in several separate regions, in
both Tropics and extratropics, based on 100 years of
past station data.

In this study, the SOI series (Ropelewski and Jones
1987), extended back to 1866, is used to establish
the relationship between ENSO and surface temper-
ature variations. We calculated the correlations be-
tween the SOI series and high-frequency surface
temperature anomalies for each 3-month season
(DJF, MAM, JJA, SON). ENSO explains the most
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variance when SOI is simultaneous with surface
temperature anomalies over the ocean and SOI leads
surface air temperature anomalies over land by one
season, and we used these lags for our correlation
calculations. If we had different specific lags for each
region, the correlations would be slightly higher, but
this might induce spurious small-scale patterns as
each ENSO event is not identical.

Figures 2 and 3 show the correlation between SOI
and high-frequency surface temperature anomalies for
the period 1866-1993 for each season. They show a
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typical ENSO-related surface temperature anomaly
pattern. High negative correlations (such as negative
SOI and positive surface temperature anomalies during
El Nifio events) dominate the tropical region, both over
land and ocean, except in the west Pacific, with one
maximum centered in the eastern and central tropical
Pacific and another in the tropical Indian Ocean. This
pattern, including the “boomerang” of large positive
correlations connecting the central midlatitude Pacific
of both hemispheres, is similar to the pattern found
over the ocean by Wright et al. (1985) and over land
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Fi1G. 2. Correlation between SOI and high-frequency surface temperature anomalies for the
period 1866-1992 for NH winter (DJF) and NH spring (MAM), with temperature lagging SOI
by one season over land and no lag over the ocean. The timing of the maps is set by the temperature
time series. Correlations significant at the 5% level are shaded. Contour interval is 0.2.






