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ABSTRACT

A simple atmospheric general circulation model (GCM) is used to investigate the transient response of
the stratosphere–troposphere system to externally imposed pulses of lower-tropospheric planetary wave
activity. The atmospheric GCM is a dry, hydrostatic, global primitive-equations model, whose circulation
includes an active polar vortex and a tropospheric jet maintained by baroclinic eddies. Planetary wave
activity pulses are generated by a perturbation of the solid lower boundary that grow and decay over a
period of 10 days. The planetary wave pulses propagate upward and break in the stratosphere. Subse-
quently, a zonal-mean circulation anomaly propagates downward, often into the troposphere, at lags of
30–100 days. The evolution of the response is found to be dependent on the state of the stratosphere–
troposphere system at the time the pulse is generated. In particular, on the basis of a large ensemble of these
simulations, it is found that the length of time the signal takes to propagate downward from the stratosphere
is controlled by initial anomalies in the zonal-mean circulation and in the zonal-mean wave drag. Criteria
based on these anomaly patterns can be used, therefore, to predict the long-term surface response of the
stratosphere–troposphere system to a planetary wave pulse up to 90 days after the pulse is generated. In an
independent test, it is verified that the initial states that most strongly satisfy these criteria respond in the
expected way to the lower-tropospheric wave activity pulse.

1. Introduction

In this study, we explore, with an idealized model,
the dynamics of extratropical zonal-mean flow anoma-
lies that are observed to propagate downward from the
stratosphere into the troposphere (Baldwin and Dun-
kerton 1999, 2001). These signals, which we will here-
after call troposphere–stratosphere–troposphere (TST)
events, have attracted attention because of their con-

nections to multiple-week tropospheric circulation
forecasts (Baldwin and Dunkerton 2001; Baldwin et al.
2003b; Charlton et al. 2004) and to the long-term mean
circulation response to climate change (Thompson and
Solomon 2002; Gillett and Thompson 2003). The cause
of TST events are planetary waves that propagate up
from the troposphere, dissipate, and mix potential vor-
ticity (PV) in the stratosphere, and bring about a mean
flow and residual circulation response there (e.g., Char-
ney and Drazin 1961; Polvani and Waugh 2004). But
the dynamics of the subsequent evolution of the TST
events is still unclear and raises the question of just how
the stratosphere might influence the tropospheric cir-
culation (Baldwin et al. 2003b).

Various ideas have been put forward to explain the
dynamics of TST signals, including PV inversion (Black
2002; Ambaum and Hoskins 2002), eddy mean-flow in-
teraction and downward control (Dickinson 1968;
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Haynes et al. 1991; Holton and Mass 1976; Plumb and
Semeniuk 2003), and planetary wave reflection in the
stratosphere (Perlwitz and Harnik 2003). Each of these
ideas leads to different conclusions about the nature of
the stratospheric influence. One step toward resolving
these differences is to construct a relatively simple
modeling framework that cleanly separates strato-
spheric from tropospheric influences. Without such a
framework, the way the stratosphere might control, for
example, the upward flux of wave activity from the
troposphere that initiates the TST events remains am-
biguous.

In this study, we investigate the life cycle of TST
events by explicitly generating them in the lower tro-
posphere of a relatively simple atmospheric general
circulation model (GCM) of the stratosphere–tropo-
sphere system. This is in contrast to approaches in
which the stratosphere is perturbed directly (e.g., Chris-
tiansen 2003; Charlton et al. 2004; Song and Robinson
2004) or in which the tropopause is perturbed and the
troposphere is not modeled (e.g., Holton and Mass
1976; Plumb and Semeniuk 2003; Polvani and Sara-
vanan 2000). Our approach can be regarded as a simple
representation of observed TST events that originate in
the lower troposphere (Cohen et al. 2002, their Fig. 2).
The atmospheric GCM is the same dry, hydrostatic
general circulation model that two of us have used in
previous studies of stratosphere–troposphere dynamics
(Polvani and Kushner 2002, hereafter PK; Kushner and
Polvani 2004, hereafter KP). Our approach is illustrated
schematically in Fig. 1: starting from a spunup atmo-
spheric initial condition, a pulse of lower-tropospheric
wave activity is generated over a period of 10 days by
perturbing the solid lower boundary; the pulse propa-
gates into the stratosphere and breaks, and the subse-
quent evolution of zonal flow anomalies is examined.
This subsequent evolution often, but not always, yields
downward propagation of the zonal flow anomalies into
the troposphere, that is, complete TST events. The at-
mospheric response, especially long after the initial
pulse is generated, is highly variable and depends
strongly on the initial state of the atmosphere. We find
that, although the initial driver of the perturbation is
unambiguously tropospheric, the subsequent evolution
of the perturbation can be influenced by stratospheric
conditions. The objective of this study is to identify
predictors of the long-term response. Ultimately, we
wish to understand the response in light of the dynami-
cal literature cited above.

In what follows, we first describe the model and the
design of the numerical integrations (section 2) and
then the results of a large ensemble of these pulse cal-

culations (section 3a). We next develop a classification
technique to categorize the range of possible responses
(section 3b), discuss predictors of the response (section
3c), and present a dynamical interpretation of those
predictors (section 3d). We conclude with a discussion
of these results and another sensitivity study (section
4). In the appendix, we provide additional technical
details related to the forcing of the model.

2. Model and design of the integrations

a. Model description

Our model is a slightly modified version of the one
used by PK and KP; the reader is referred to these
papers for further details. It solves the dry, hydrostatic,
primitive equations on the sphere and uses the Held
and Suarez (1994, hereafter HS) prescription for New-
tonian cooling in the troposphere, the PK prescription
for Newtonian cooling in the stratosphere, and Ray-
leigh damping of the zonal and meridional winds in the
planetary boundary layer and in a sponge above 0.5 hPa
(explicit formulas of the forcing functions are provided
in the appendix). We use T42 spectral resolution in the
horizontal and 40 �-level resolution in the vertical; the
vertical levels extend from the ground to the mesos-
phere. The simulation represents perpetual solstitial
conditions.

We note the following differences between our
model and PK/KP’s model. First, in our model, the tro-
pospheric Newtonian-cooling profile matches that of
HS. This is achieved by setting the parameter � in Eq.
(A9), which controls the asymmetry of the tropospheric

FIG. 1. Schematic illustration of the TST events simulated in this
study. (1) Forced pulse of planetary waves occurring over time �t ;
(2) upward-propagating waves; (3) dissipation and breaking of
waves; (4) induced downward-propagating anomalies; and (5) tro-
pospheric response at time lag � � �t.
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