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[1] Changes to stratospheric sudden warmings (SSWs) over the coming century, as
predicted by the Geophysical Fluid Dynamics Laboratory (GFDL) chemistry climate
model [Atmospheric Model With Transport and Chemistry (AMTRAC)], are
investigated in detail. Two sets of integrations, each a three-member ensemble, are
analyzed. The first set is driven with observed climate forcings between 1960 and 2004;
the second is driven with climate forcings from a coupled model run, including trace gas
concentrations representing a midrange estimate of future anthropogenic emissions between
1990 and 2099. A small positive trend in the frequency of SSWs is found. This trend,
amounting to 1 event/decade over a century, is statistically significant at the 90% confidence
level and is consistent over the two sets of model integrations. Comparison of the model
SSW climatology between the late 20th and 21st centuries shows that the increase is largest
toward the end of the winter season. In contrast, the dynamical properties are not
significantly altered in the coming century, despite the increase in SSW frequency. Owing to
the intrinsic complexity of our model, the direct cause of the predicted trend in SSW
frequency remains an open question.
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1. Introduction

[2] Major midwinter stratospheric sudden warmings
(SSWs) are the primary mode of variability in the Northern
Hemisphere stratosphere, and play a key role in the cou-
pling between the stratosphere and the troposphere below.
SSWs directly impact the chemistry and dynamics of the
stratosphere, and have been shown to affect the tropospheric
circulation on seasonal timescales [Baldwin and Dunkerton,
2001; Charlton et al., 2004]. It is therefore important to
understand how changes to atmospheric constituents might
affect on the frequency and dynamics of SSWs in the current
century, in order to determine if and how changes in
stratospheric variability might influence tropospheric climate
[e.g., Scaife et al., 2005; Gillett and Thompson, 2003].
[3] A limited number of studies have already examined

this question and reported mixed results. One method for
determining the response of the stratospheric variability to
anthropogenic greenhouse gas emissions is to run time-slice
experiments, in which climate model integrations with fixed

preindustrial carbon dioxide (CO2) concentrations are com-
pared to integrations with and doubled CO2 (or greater).
Some time-slice studies indicate that SSWs will decrease in
a doubled CO2 climate (e.g., by a factor of 4 in the study of
Rind et al. [1998]), while others have shown large increases
in SSW activity in time-slice integrations (L. J. Gray,
personal communication 2008, using the UK Met Office
Unified Model). The reported results, however, are often
statistically significant only for large changes in CO2,
typically of the order of four times preindustrial concen-
trations. Several studies have also found a decrease in the
strength of the westerly jet associated with the polar vortex
in the stratosphere [e.g., Gillett et al., 2003; Sigmond et al.,
2004]; these studies have not, however, explicitly examined
changes to SSWs.
[4] A second approach consists of running models with

time-dependent, observed or predicted concentrations of
greenhouse gases, and determining whether significant
trends in modelled stratospheric variability result. Only a
limited number of experiments of this type have been
performed, to date, with stratosphere-resolving General
Circulation Models (GCMs) or Chemistry Climate Models
(CCMs), owing to the large computational cost involved.
Butchart et al. [2000] performed a two-ensemble member
time-evolving simulation with a stratosphere-resolving
model, run between 1992 and 2051. In contrast to the time-
slice integrations, they did not report a robust change to the
frequency of SSWs; this was due, in part, to the large
interdecadal variability in SSW frequency.
[5] In this paper, we examine the frequency of SSWs

between the 1960s and 2090s from integrations using the
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