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[1] A new monthly volcanic forcing dataset is included in
a coupled GCM for a more physically consistent treatment
of the stratospheric sulfate aerosol history from explosive
volcanism. The volcanic forcing is different from previous
versions in that there is an individual evolution of the
aerosol for each event. Thus the seasonal and latitudinal
dependence of the volcanic aerosol can affect global climate
in a more realistic way prior to the satellite period,
compared to earlier volcanic forcing datasets. Negative
radiative forcing from volcanic activity is greatest in the
early 20th century prior to 1915 and in the late 20th century
after 1960. The combination of volcanic and solar forcing
contributes to an early-20th century warming, followed by
relative cooling in late 20th century. Consequently, the
addition of natural forcing factors to the anthropogenic GHG
forcing in late 20th century is required to simulate the
observed late 20th century warming. INDEX TERMS: 0370
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1. Introduction

[2] Global coupled climate model simulations have
shown that natural forcings from either solar or volcanic
sources (or both) are the main contributors to the observed
global warming in the first half of the 20th century, and that
radiative forcing from anthropogenic sources was primarily
responsible for the observed late 20th century warming
[Stott et al., 2000; Mitchell et al., 2001; Meehl et al., 2003].
However, the volcanic forcing used in these simulations has
been relatively simplified and from a variety of sources. For
example, the Sato et al. [1993] optical depth data are
partitioned into four time periods with different data sour-
ces. From 1850 to 1883, they base a global stratospheric
optical depth on total erupted sulfate estimates. From 1883
to 1959, the volcanic forcing is derived from one (early
part) to a few surface stations with (pyrheliometric) radia-

tion data. From 1960 to 1978, specific eruptions, like
Agung in 1963, are based on a collection of instrumental
radiation data by Dyer and Hicks [1968]. Doubts have been
raised regarding its accuracy, however, particularly in
relation to the timing of its peak forcing [see Dyer and
Hicks, 1968, p. 553; Volz, 1970]. For perturbations between
1968 and 1974, Sato et al. used lunar eclipse data. After
1979, the data comes from satellites for El Chichón and
Pinatubo.
[3] Recently, Stothers [1996, 2001a] revisited the pyrhe-

lio-metric data for earlier eruptions applying corrections for
instrument wavelength sensitivity and comparing a number
of different lines of evidence. He concluded, in good
agreement with analyses of the climate impact [Rampino
and Self, 1982], that the total sulfate loading is the primary
factor controlling the radiative perturbation. Because of the
still limited amount of optical perturbation data, we chose to
base our simulated volcanic dataset on total sulfate loading
that is in close agreement with Stothers [1996, 2001a] but
larger than Sato et al. [1993]. Other datasets based solely on
ice core data also estimate the volcanic sulfate burden in the
stratosphere [e.g., Robock and Free, 1995], but anthropo-
genic contamination makes these series problematic in the
20th century.
[4] All these datasets have only limited (if any) informa-

tion about seasonal or latitudinal distributions of the volcanic
aerosols, a potentially important component when attempt-
ing to realistically simulate the perturbations. The timing of
the volcanic eruption in the seasonal cycle can affect the
transport of aerosols into either hemisphere, and thus affect
the nature of the volcanic forcing on the climate. Also,
datasets that have forcing data derived from different sources
over time could introduce spurious low frequency variability
into the record.
[5] Here we describe a new volcanic forcing dataset that

is based on the total amount of sulfate released by each
eruption and that contains in a consistent way the meridio-
nal spread and decay of volcanic aerosol at monthly
resolution taking into account the seasonally changing
stratospheric transport. While this method promises an
improvement of the stratospheric aerosol history prior to
satellite measurements, it clearly simplifies the volcanic
cloud evolutions for the most recent events. The data can
be downloaded from the NOAA-NGDC-Paleo web site:
http://www.ngdc.noaa.gov/paleo/pubs/ammann2003/.
These data are then used in a global coupled GCM for
experiments simulating 20th century climate. The simula-
tions show improved agreement with the observed tempera-
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tures on the inter-annual timescale with the inclusion of the
new volcanic forcing dataset.

2. Configuration and Setup

2.1. Parallel Climate Model (PCM)

[6] We use the coupled DOE-PCM described by Wash-
ington et al. [2000]. The resolution of the atmosphere is
equivalent to 2.8 � 2.8�, with 18 levels in the vertical.
Resolution in the ocean is roughly 2/3� down to 1/2� at the
equator, with 32 levels. No flux corrections are used in the
model, and a stable climate is simulated with a small
cooling trend of 0.03K per century in a 1000-year long
control integration. The inter-annual climate variability
related to ENSO is in reasonable agreement with observa-
tions [Meehl et al., 2001; Dai et al., 2001].
[7] Here we present 4-member ensemble simulations

with the new volcanic aerosol treatment in PCM, one with
volcanic aerosol as only forcing and one with all other 20th
century forcings combined. The other forcings, as previ-
ously reported in Dai et al. [2001] and Meehl et al. [2003],
include observed greenhouse gas histories for CO2, N2O,
CH4, CFC-11, CFC-12, and ozone [Dai et al., 2001], an
evolution of direct forcing from tropospheric sulfate aerosol
[Kiehl et al., 2000] as well as solar irradiance changes [Hoyt
and Schatten, 1993, updated; others with different time
evolution exist]. Results of a single integration using the
NCAR-Climate System Model (CSM) have been presented
by C. M. Ammann et al. (Coupled Simulations of the 20th-
Century including external forcing, submitted to Journal
Clim., submitted, 2003, hereinafter referred to as Ammann
et al., 2003.)

2.2. Volcanic Aerosol

[8] Volcanic forcing has traditionally been thought to
influence climate on a short time scale only. However, the
possibility of a prolonged signal from close temporal
spacing between large eruptions [Porter, 1986; Wigley,
1991] has recently been raised again [Santer et al., 2001;
Ammann et al., 2003]. In order to evaluate this component
with PCM, we computed off-line and then prescribed
zonally averaged volcanic aerosol through the use of a
simple parameterization. The peak aerosol optical depth
for each eruption is scaled from estimates of peak aerosol
loading [Stothers 1996; Hofmann and Rosen 1983; Sten-
chikov et al., 1998] assuming spherical sulfuric acid drop-
lets with a composition of 75% H2SO4 and 25% H2O and a
fixed aerosol size distribution (using reff = 0.42 micron
[Ammann et al., 2003], a mid-sized aerosol comparable to
an average Pinatubo aerosol, Stenchikov et al. [1998]; see
also Stothers [2001b] for estimates of reff for individual
events). Using the month of the eruption and an estimated
peak amount of sulfate aerosol reached through linear
buildup after 4 months, aerosol from tropical eruptions is
transported in the lower stratosphere from the tropics
(25�N–25�S) into the midlatitudes of the respective winter
hemisphere, where it subsequently decays during the sum-
mer season. Over the poles, aerosol is rapidly removed
during winter, but is advected from midlatitudes in spring
and summer after the breakdown of the polar vortex. The
e-folding time for decay is set to 12 months in the tropics.
The aerosol from high-latitude eruptions is restricted to
remain poleward of 30� of the appropriate hemisphere. This

simple model of aerosol evolution in the lower stratosphere
(we use 3 levels between roughly 150 and 50 hPa) does not
reproduce the detail in aerosol cloud evolution known after
recent eruptions such as Pinatubo [Stenchikov et al., 1998].
However, since it is applied to all eruptions, it has the
advantage that no artificial decadal variability is introduced
into the forcing history from changing data sources. With
equal error-bars within this dataset, this parameterization
can be applied to eruptions prior to the satellite period, and
will be particularly useful for events earlier in time where
ice cores provide estimates for sulfate mass [e.g., Hammer
et al., 1980; Robock and Free, 1995]. Figure 1a illustrates
the timing and subsequent zonal mean spread of volcanic
aerosol visible optical depth at 0.5 micron from different
volcanic datasets covering the period after the 1902 erup-
tions, most importantly Santa Maria, Guatemala in October
1902. In Figure 1b we compare the global averaged monthly
optical depth. While our global volcanic optical depth is very
close to Stothers [1996], it is larger than Sato et al. [1993].
Qualitative evaluation of each individual event shows that
the timing and hemispheric balance of aerosol spread is
generally well reproduced with the exception being erup-
tions with unusual aerosol evolution, namely for Agung
(1963) and El Chichón (1982). For the March 1963 eruption
of Agung, the aerosol cloud was correctly estimated to be
larger in the Southern Hemisphere (though only by about
20% rather than a factor of 3 [Dyer and Hicks, 1968] if not
8 [Stothers, 2001a]). For the El Chichón eruption in April
1982, which occurred only a few weeks later in the seasonal
cycle compared to Agung, the bulk of the cloud was also
projected to be in the Southern Hemisphere rather than as
observed with a 2:1 weight in the Northern Hemisphere
[Sato et al., 1993].
[9] Figure 2a shows the superposed time series of speci-

fied and effective global average volcanic aerosol forcing
for the 20th century. Major eruptions stand out as negative
spikes in visible optical depth. This time series is super-
posed on the range of net top-of-atmosphere energy flux
(Wm�2) from an ensemble of four volcano-only runs.
Individual eruptions produce negative spikes of net energy

Figure 1. A): Example of the spatial evolution for the
three big eruptions in 1902 from Sato et al. [1993] (left),
Stothers [1996] (center) and our parameterization (right).
B): Time series of monthly globally averaged optical depth
in the mid-visible wavelength.
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flux, somewhat obscured by natural unforced variability in
the model. These energy flux changes are dominated by
scattering of solar radiation back into space (increase in
albedo) but also contain significant compensation by ab-
sorption in the near infrared as well as of upwelling
terrestrial radiation. The net radiative effect reaches magni-
tudes of �1 to �1.5 Wm�2. Figure 2b shows the 10-year
running mean of top-of-atmosphere net energy flux and
volcanic aerosol optical depth. These filtered values illus-
trate the cumulative effect of volcanic activity on the
decadal timescale. Volcanic aerosol optical depth and net
energy flux minima occur in the early 1900s and again after
1960, separated by a period of volcanic inactivity.

3. Results

3.1. Radiative Forcing and 20th Century Climate

[10] The precise radiative forcing [see, e.g., Stenchikov et
al., 1998] that an eruption imposes on the climate system is
difficult to evaluate with a coupled climate model. While
the stratosphere has to reach radiative equilibrium with the
forcing, the latter should not affect tropospheric climate.
While we have performed detailed forcing calculations
using Pinatubo as a case study, the other forcings are
evaluated off-line [see Dai et al., 2001]. We now compare
the off-line results with the transient top-of-atmosphere net
flux changes. Of particular interest are relative contributions
of natural and anthropogenic forcing factors through the
20th century.
[11] The bars plotted in the lower part of Figure 3 show

natural (separated into volcanic and solar) and anthropogenic
(combined GHG, direct anthropogenic sulfate and ozone)
forcing components in 25-year bins. Volcanic forcing is
presented as anomalies relative to the unperturbed state,

whereas solar and anthropogenic forcings are computed as
anomalies relative to 1870 values. While the total natural
forcing (thin black bars) undergoes changes from negative
values of about �0.1 Wm�2 at the beginning of the century,
after 1925 the lack of volcanic eruptions together with
increased solar irradiance produces positive radiative forcing
of 0.23 Wm�2. During the second half of the century,
although solar irradiance remains high, increased volcanic
forcing of �0.13 and �0.2 Wm�2 (for 1950–1974 and
1975–1999, respectively) essentially compensates for the
positive values. It is during this time that the anthropogenic
forcing emerges from very small values earlier in the century
(<0.1 Wm�2) to be the dominant player. The average
combined anthropogenic forcing from 1975 to 1999 is
0.7 Wm�2, with individual annual values in the late 1990s
reaching 1.8 Wm�2 for GHGs and �0.55 Wm�2 for tropo-
spheric sulfate [see also Dai et al., 2001].

3.2. Climate Response

[12] The upper portion of Figure 3 compares the global
average near-surface temperature time series of observed
(blue shading, indicating the range of three observational
datasets), with the ensemble mean of the four PCM simu-
lations (red line). The horizontal gray bar indicates the range
of variability in the unforced control simulation (±2 stan-
dard deviations computed from the corresponding 110-year
periods in the control run plotted relative to the initial
surface conditions in 1890). Both observed and simulated
time series show that the total combined forcing as the sum
of the 25-year averages (thick black bars for combined
anthropogenic and thin black bars for combined natual

Figure 2. 20th century of volcanic aerosol optical depth
(red line) and net top of atmosphere energy flux (Wm�2) as
a range of a 4 member ensemble with only volcanic forcing
(blue shading): A) annual average, B) 10-year running
mean.

Figure 3. PCM 4-member ensemble average global sur-
face air temperature with full forcings (red line) compared
to the range of observational estimates (blue shaded area)
from Jones et al. [2001], Hansen et al. [1999] and Quayle et
al. [1999]. Bottom: 25-year averaged forcing contributions.
Thin black bars: combined natural forcing (solar +
volcanic).
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forcing) in the lower part of Figure 3 tracks the globally
averaged surface air temperature.
[13] While it is clear that an ensemble average of the four

member model simulations will tend to average out the
effects of El Niño, it is also true that any given realization
cannot exactly reproduce the observations since the time of
ENSO events in the observations and model simulations
will be different. Nevertheless, Figure 3 shows that there is
good agreement between the modeled and observed data
even on inter-annual time scales for the intervals with a
significant amount of volcanic activity (see Figure 1b). Over
the combined interval 1890–1914 and 1961–1999, ob-
served and modeled data are correlated at r = 0.92 (and r =
0.68 for detrended series), over the intervening period,
1915–1960, the correlation drops to r = 0.50 (0.13),
reflecting common trends rather than agreement at the
inter-annual time scale. The improvement of the correlation
between the full, detrended series of (average) observations
and PCM ensemble show an increase from 0.38 (experi-
ments presented inMeehl et al. [2003]) to 0.56 when adding
in the volcanoes. More detailed comparisons with observa-
tions and other coupled models are being performed else-
where [Hegerl et al., 2003].

4. Conclusions

[14] A new volcanic forcing dataset with monthly time
resolution and detailing the time-varying latitudinal spread
of volcanic aerosol for each eruption of the 20th century is
described. For individual events prior to the satellite period,
the dispersion of the aerosol using a simple model allows a
more realistic spread of the volcanic aerosol into the
extratropics. Volcanic activity was more intense in the first
part of the 20th century, and after the 1950s, with relative
inactivity in mid-century. The new volcanic forcing data are
used with solar and anthropogenic forcings to drive a
coupled ocean-atmosphere GCM to simulate 20th century
changes in climate. In order to match observations, it is
necessary to include both natural (volcanic and solar)
forcings and forcing from anthropogenic sources (GHGs,
sulfate aerosols and ozone). While mostly solar and volca-
nic forcings contribute to the early century surface air
temperature increase, anthropogenic forcing is the dominant
factor in causing late 20th century warming above the 2s
level of natural variability.
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