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[1] Stratospheric sulfate aerosol particles from strong volcanic eruptions produce
significant transient cooling of the troposphere and warming of the lower stratosphere. The
radiative impact of volcanic aerosols also produces a response that generally includes an
anomalously positive phase of the Arctic Oscillation (AO) that is most pronounced in
the boreal winter. The main atmospheric thermal and dynamical effects of eruptions
typical of the past century persist for about two years after each eruption. In this paper we
evaluate the volcanic responses in simulations produced by seven of the climate models
included in the model intercomparison conducted as part of the preparation of the
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4).
We consider global effects as well as the regional circulation effects in the extratropical
Northern Hemisphere focusing on the AO responses forced by volcanic eruptions.
Specifically we analyze results from the IPCC historical runs that simulate the evolution of
the circulation over the last part of the 19th century and the entire 20th century using a
realistic time series of atmospheric composition (greenhouse gases and aerosols). In
particular, composite anomalies over the two boreal winters following each of the nine
largest low-latitude eruptions during the period 1860–1999 are computed for various
tropospheric and stratospheric fields. These are compared when possible with
observational data. The seven IPCC models we analyzed use similar assumptions about
the amount of volcanic aerosols formed in the lower stratosphere following the volcanic
eruptions that have occurred since 1860. All models produce tropospheric cooling and
stratospheric warming as in observations. However, they display a considerable range of
dynamic responses to volcanic aerosols. Nevertheless, some general conclusions can be
drawn. The IPCC models tend to simulate a positive phase of the Arctic Oscillation in
response to volcanic forcing similar to that typically observed. However, the associated
dynamic perturbations and winter surface warming over Northern Europe and Asia in the
post-volcano winters is much weaker in the models than in observations. The AR4
models also underestimate the variability and long-term trend of the AO. This deficiency
affects high-latitude model predictions and may have a similar origin. This analysis allows
us to better evaluate volcanic impacts in up-to-date climate models and to better
quantify the model Arctic Oscillation sensitivity to external forcing. This potentially could
lead to improving model climate predictions in the extratropical latitudes of the Northern
Hemisphere.

Citation: Stenchikov, G., K. Hamilton, R. J. Stouffer, A. Robock, V. Ramaswamy, B. Santer, and H.-F. Graf (2006), Arctic

Oscillation response to volcanic eruptions in the IPCC AR4 climate models, J. Geophys. Res., 111, D07107,

doi:10.1029/2005JD006286.

1. Introduction

[2] Strong explosive volcanic eruptions are known to have
a large, if transient, impact on climate [Robock, 2000].
Typically after a major explosive eruption a global-mean
surface cooling is observed, which is an expected conse-
quence of the increased reflection of solar radiation by long-
lived aerosols in the stratosphere [Humphreys, 1913, 1940;
Mitchell, 1961]. Also observed is a warming of the equatorial
lower stratosphere attributable to enhanced absorption of
terrestrial IR and solar near-IR radiation [Labitzke et al.,
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1983; Quiroz, 1983; Parker and Brownscombe, 1983;
Labitzke and McCormick, 1992; Labitzke, 1994; Stenchikov
et al., 1998]. In addition, stratospheric aerosols serve as
surfaces for heterogeneous reactions liberating anthropogenic
chlorine accumulated in the stratosphere in the late 20th
century, producing ozone depletion. Observations and model
simulations also show that strong low-latitude eruptions are
generally followed by an enhanced positive phase of the
Arctic Oscillation (AO) for one or two Northern Hemisphere
(NH) winters [Groisman, 1992; Robock and Mao, 1992,
1995; Graf et al., 1993; Kirchner et al., 1999; Stenchikov et
al., 2002, 2004].
[3] The radiative perturbation caused by stratospheric

aerosols produced by a major volcano provides a possible
test of the ability of general circulation models (GCMs) to
respond realistically to global-scale radiative forcing
[Stenchikov et al., 2002; Robock, 2003]. There have been
several earlier studies in which the radiative perturbations
associated with a major volcano have been imposed in a
GCM and the nature of the simulated temperature and
circulation responses investigated. Many of these studies
have focused on simulating the aftermath of the Mount
Pinatubo eruption, which was both the largest eruption of
the 20th century and the eruption for which the stratospheric
aerosol has been best observed. There have been two main
foci of such studies, analysis of the simulation of global-
mean surface temperature response and simulation of the
response of the extratropical circulation in the NH winter
season. With regard to the NH winter circulation, it is
noteworthy that the observed long-term trends in the last
few decades include a component that is consistent with a
significant increase in the index of the AO [Hurrell, 1995;
Thompson and Wallace, 1998; Ostermeier and Wallace,
2003]. This observed trend in the AO index is generally not
well reproduced by current GCMs when forced with the
historical trends of greenhouse gas and aerosol concentration
[Osborn, 2004; Gillett, 2005; Knutson et al., 2006; Scaife et
al., 2005].
[4] The use of volcanic simulations as tests of model

climate feedbacks and sensitivity is unfortunately somewhat
hampered by the limited observational data available: over
the last 150 years major eruptions with expected global
climate effects have occurred less than once per decade, on
average. Any climate anomalies observed in the aftermath
of these eruptions will also reflect other internally-generated
variability (e.g., El Niño/Southern Oscillation (ENSO),
quasi-biennial oscillation (QBO), chaotic weather changes)
in the atmosphere-ocean system. With model simulations,
one can perform multiple realizations to clearly isolate the
volcanic climate signal, but the real world data are limited to
the single realization during the period since quasi-global
instrumental records have been available.
[5] Despite the limited observations it is still a valuable

exercise to examine the response of GCMs to historical
volcanic eruptions and compare with the data available.
This was one motivation for several GCM groups to include
stratospheric aerosols from observed eruptions in their
specification of the evolution of atmospheric composition
in the ‘‘20th century’’ integrations conducted as part of the
model intercomparison for the Intergovernmental Panel on
Climate Change (IPCC) Fourth Assessment Report (AR4).
The present paper reports on an analysis of the results from

a total of seven of the models in the AR4 intercomparison.
The analysis here is focused on extracting the typical or
average response to volcanic aerosol loading in the various
models. To provide as robust statistics as possible and
allowing results for several models to be summarized
concisely, much of the analysis involves computation of
composites of the circulation anomalies in the simulations
over the first two years after each of the nine largest low-
latitude volcanic eruptions in the post-1860 era.
[6] This paper is organized as follows. Section 2 reviews

the relevant background, including previous GCM studies
of volcanic effects. Section 3 introduces the GCMs consid-
ered in the present study and discusses the design of the
IPCC model integrations that have been analyzed here.
Section 4 considers the results obtained for the various
models, including both global and regional effects that can
be attributed to the inclusion of volcanic aerosols. Results
and conclusions are summarized in section 5.

2. Background and Review of Earlier Model
Studies

[7] Volcanic eruptions, like the one of Mount Pinatubo in
1991, which had a global visible optical depth maximizing
at about 0.15, cause negative perturbation of the 60�S–
60�N averaged radiative balance at the top of the atmo-
sphere reaching �2.5–3.0 W/m2 and global surface cooling
of about �0.5 K. The 1991 Mount Pinatubo eruption was
the strongest and best observed in the 20th century. There-
fore it is not surprising that most previous studies on
volcano/AO interactions were conducted so far for this
eruption [e.g., Stenchikov et al., 1998; Kirchner et al.,
1999; Ramachandran et al., 2000; Stenchikov et al., 2002,
2004; Yang and Schlesinger, 2002; Shindell et al., 2004].
[8] Low-latitude volcanic eruptions force a positive phase

of the AO (associated with stronger westerlies and winter
warming over Northern Eurasia and North America) be-
cause of aerosol radiative heating in the equatorial lower
stratosphere that strengthens the equator-to-pole tempera-
ture gradient in the lower stratosphere and accelerating the
polar vortex [Kodera, 1994; Perlwitz and Graf, 1995;
Ohhashi and Yamazaki, 1999; Kirchner et al., 1999; Kodera
and Kuroda, 2000a, 2000b; Shindell et al., 2001]. The
strengthening of the polar jet is amplified by a positive
feedback between the polar NH winter vortex and vertical
propagation of planetary waves. The stronger vortex reflects
planetary waves decreasing deceleration and preserving
axial symmetry of the flow. Stenchikov et al. [2002] also
found that tropospheric cooling caused by volcanic aerosols
can affect storminess and generation of planetary waves in
the troposphere. This tends to decrease the flux of wave
activity and negative angular momentum from the tropo-
sphere into the polar stratosphere reducing wave drug on the
vortex. Polar ozone depletion caused by heterogeneous
chemistry initiated by volcanic aerosols in the lower strato-
sphere tends to cool the polar stratosphere in spring,
strengthening the polar vortex and delaying final warming
[Stenchikov et al., 2002].
[9] With respect to the dynamical mechanisms through

which perturbations of the stratospheric annular circulation
in general can influence tropospheric annular modes, Song
and Robinson [2004] pointed out that tropospheric wester-

D07107 STENCHIKOV ET AL.: VOLCANIC IMPACTS IN THE IPCC AR4 MODELS

2 of 17

D07107



lies can be strengthened by changes of planetary wave
vertical propagation and/or reflection within the strato-
sphere and associated wave-zonal flow interaction [Kodera,
1994; Perlwitz and Graf, 1995; Perlwitz and Harnik, 2003],
downward control, or the nonlinear effect of baroclinic
eddies [Black, 2002; Black and McDaniel, 2004; Haynes
et al., 1991; Limpasuvan et al., 2004]. All these mecha-
nisms could play a role in shaping tropospheric dynamic
response to volcanic forcing.
[10] The improved spatial resolution and physical param-

eterizations used in the up-to-date climate models do not
always guarantee a correct description of stratosphere-
troposphere dynamic coupling. Shindell et al. [2001]
reported that numerical experiments with an old version
of the Goddard Institute for Space Studies (GISS) 23-layer
middle atmosphere model with the top at 85 km suggested
that volcanic forcing caused a positive phase of the AO.
Shindell et al. [2004] used an early version of the new GISS
ModelE with the top at 0.1 hPa, and found that it produced
better AO responses to volcanic forcing than the older
middle atmosphere model. They estimated the climate
responses during the cold season to the largest volcanic
eruptions since 1600 using instrumental data and proxy-
based reconstruction. They showed that because of internal
climate variability, climate responses from individual erup-
tion are not representative and hence conducted a composite
analysis for the largest volcanic eruptions demonstrating a
statistically significant winter warming pattern. They
claimed that a GCM has to vertically well resolve processes
in the middle atmosphere to be able to reproduce this effect.
[11] Broccoli et al. [2003] conducted a series of historic

simulations from 1865 to 1997 implementing precalculated
volcanic forcing of Andronova et al. [1999] in the Geo-
physical Fluid Dynamics Laboratory (GFDL) R30 14-layer
GCM coupled with the global GFDL Modular Ocean Model
MOM 1.1. Their results imply that because of significant
differences in the models’ basic climate states and radiative
transfer schemes it is preferable to calculate the aerosol
radiative impact interactively by implementing aerosol
optical properties and distribution directly into a model.
[12] Oman et al. [2005] used the GISS ModelE to

simulate the climate impact of the 1912 Katmai eruption
in Alaska. They calculated 20-member ensembles of simu-
lations and found that a volcanic aerosol cloud which

remained mostly north of 30�N could not produce a
significant winter warming pattern for a hemispheric optical
depth higher than for the Pinatubo eruption in 1991. This is
because in the winter the heating of the mid-latitude
volcanic cloud is too weak to produce a sufficient meridi-
onal temperature gradient in the lower stratosphere and to
influence the polar vortex. With a similar amount of aerosol
produced by the midlatitude Laacher See eruption, Graf and
Timmreck [2001] found a strengthened polar vortex in the
ECHAM4 model due to increased longwave cooling of the
dense aerosol layer over the pole in winter, but conducted
only a single realization of their GCM experiment.

3. Models and Experiments

[13] As part of the IPCC intercomparison for the AR4,
model groups were encouraged to perform historical ‘‘20th
century’’ integrations. These generally started from the late
19th century and proceeded through 1999 or 2000. In these
integrations, a detailed time series of atmospheric compo-
sition (long-lived greenhouse gases and atmospheric aero-
sols) was specified based on available observations.
However, there was no standardization of the atmospheric
composition time-series imposed, and each group adopted
somewhat different approaches. For the present study we
examined the data from the ‘‘20th century’’ integrations
from the 19 coupled ocean-atmosphere GCMs for which
data had been deposited in the IPCC data archive by the end
of February 2005. Of these models only nine included some
treatment of the effects of volcanic eruptions. Some basic
information about these models is summarized in Table 1.
Of these we excluded two models from further analysis,
MRI because the volcanic effects were imposed simply as a
reduction in the solar constant, rather than adopting a more
realistic treatment, and MIROC-hires because it had only a
single realization and this only spanned the period starting
in 1900. For each of the seven models (from four different
scientific centers) selected for further analysis, there are at
least three realizations (with the same forcing but different
initial conditions) of the historical simulations.
[14] Each model group adopted their own specification of

the volcanic aerosols imposed in their runs. In each case a
time-height specification of the zonal-mean aerosol concen-
trations and properties was constructed. The aerosol data set

Table 1. IPCC Models and Their Treatment of Volcanic Aerosolsa

Mark Model Name
Spatial

Resolution
Model

Top, hPa Volcanic Aerosols
Beginning
of Run

Ensemble
Members

a GFDL CM 2.0 2� � 2.5� L24 3.0 Sato et al. [1993], Stenchikov et al. [1998] 1861 3
b GFDL CM2.1 2� � 2.5� L24 3.0 Sato et al. [1993], Stenchikov et al. [1998] 1861 5
c GISS-EH 4� � 5� L20 0.1 Sato et al. [1993] 1880 5
d GISS-ER 4� � 5� L20 0.1 Sato et al. [1993] 1880 9
e NCAR CCSM3 T85 L26 2.2 Ammann et al. [2003] 1870 6
f NCAR PCM1 T42 L18 2.9 Ammann et al. [2003] 1890 4
g MIROC-medres T42 L20 10.0 Sato et al. [1993] 1850 3

MIROC-hires T106 L56 1.0 Sato et al. [1993] 1900 1
MRI T42 L30 0.4 Modified solar constant 1851 5

aThe models are as follows: GFDL CM2.0 and CM2.1, two versions of the GFDL coupled model with different atmospheric dynamical core [Delworth et
al., 2006; Gnanadesikan et al., 2006]; GISS EH and ER, two versions of the GISS coupled model with different ocean modules (http://www.giss.nasa.gov/
tools/modelE); NCAR CCM3, Community Climate System Model, version 3.0 (http://www.ccsm.ucar.edu); NCAR PCM1, Parallel Climate Model [Kiehl
et al., 1998]; MIROC medres and hires, developed jointly at the Center for Climate System Research, University of Tokyo, National Institute for
Environmental Studies, Frontier Research Center for Global Change, and Japan Agency for Marine-Earth Science and Technology (http://www.ccsr.u-
tokyo.ac.jp/kyosei/hasumi/MIROC/tech-repo.pdf); Meteorological Research Institute (MRI), Japan [Yukimoto et al., 2001].
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that served as the basis for most model groups is that of Sato
et al. [1993], improved by Hansen et al. [2002], which
provided zonal-mean vertically resolved aerosol optical
depth for visible wavelengths and column average effective
radii. The two National Center for Atmospheric Research
(NCAR) models in the group (CCM3 and PCM) based their
specification of volcanic aerosol on a data set of Ammann et
al. [2003] who calculated the zonal-mean aerosol spatial
distribution using estimated aerosol loadings and a diffu-
sion-type parameterized transport algorithm assuming fixed
effective radius of 0.42 mm for determining aerosol optical
properties.
[15] For the GFDL CM2.0 and CM2.1 models, the

aerosol effective radii of Hansen et al. [2002] were modi-
fied using Upper Atmosphere Research Satellite observa-
tions for the Pinatubo period, accounting for their variations
with altitude, especially at the top of the aerosol layer where
particles became very small. Then aerosol optical character-
istics were calculated following Stenchikov et al. [1998]
using optical depths from Sato et al. [1993] and Hansen et
al. [2002].
[16] Unfortunately, the model groups did not provide the

quantitative radiative forcing associated with the composi-
tion changes imposed during the historical runs. Such
values would have had to have been diagnosed from
detailed calculations with the model radiative transfer
schemes. From the data provided in the IPCC archive, the

closest we can come to diagnosing the global-mean radia-
tive forcing of volcanic aerosols is through examination of
the time series of the global-mean reflected top-of-the-
atmosphere (TOA) solar radiation. This time series was
averaged for all the realizations performed for each model.
The GFDL, GISS, and NCAR pairs of models (Table 1)
share radiative schemes and volcanic aerosol input charac-
teristics and therefore behaved similarly. Therefore in
Figure 1 we show results only for one model from each
modeling group. Only selected segments of the 1880–1999
period are shown, but these include eight of the nine largest
low-latitude eruptions during the period. This diagnosed
quantity includes the effects on the radiative balance from
the aerosols that is generally considered part of the climate
forcing, but also includes a contribution from the changes in
albedo that are part of the response to the forcing (e.g., due
to changes in clouds or snow cover). With this caveat, the
curves in Figure 1 in post-volcanic periods should provide a
rough comparison of the overall forcing of the global-mean
thermal balance from the imposed aerosol in the different
models. The increased reflectivity of the stratospheric
aerosol is very evident in all the models after the major
eruptions of Krakatau (1883), Santa Marı́a (1902), Agung
(1963), El Chichón (1982) and Pinatubo (1991). Periods of
more modest increases in reflectivity are also visible in at
least some of the models after the eruptions of Tarawera
(1886), Bandai (1888) and Fuego (1974). The volcanic

Figure 1. Three-month running means of the anomalies in global-averaged reflected solar flux (W m�2)
for selected periods. Results plotted for the four models from each modeling group (Table 1) and
represent averages over all the individual realizations for each model. The arrows show the times of the
major eruptions listed in Table 2.
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