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ABSTRACT
Long decorrelation time scales of the annular mode are observed in the lower stratosphere. This study uses
a simple dynamical model, which has been used extensively to study stratosphere–troposphere coupling to
investigate the origin of the long dynamical time scales. Several long runs of the model are completed, with
different imposed thermal damping time scales in the stratosphere. The dynamical time scales of the annular
mode are found to be largely insensitive to the input thermal damping time scales, producing similar dynamical time scales in all cases below 50 hPa. This result suggests that the hypothesis that long time scales in
the lower stratosphere are due to long radiative time scales in this region is false.

1. Introduction and motivation
Predictability of the tropospheric circulation, on time
scales longer than that of individual weather systems, can
arise due to the presence of a slowly evolving boundary
condition, which imparts significant predictability on the
tropospheric flow (Palmer and Anderson 1994). This principle has long been established for predictable changes
to the ocean circulation in the tropics, such as El Niño–
Southern Oscillation (ENSO). More recently, attention
has begun to be paid to other potential sources of predictability for the atmosphere. Particularly in the extratropics, other slowly evolving regions of the earth
system, such as fall snow extent (Cohen and Fletcher
2007), soil moisture (Douville 2003), and the wintertime
lower-stratospheric state (Baldwin and Dunkerton 2001),
have been shown to have some effect on tropospheric
conditions beyond the 10-day predictability range of
tropospheric weather.
This study investigates the origin of slowly varying
circulations in the wintertime lower stratosphere and
their impact on tropospheric variability in a simple
model of the stratosphere–troposphere system based on
that of Polvani and Kushner (2002). The hypothesis that
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long dynamical time scales in the lower stratosphere are
simply a consequence of the long, local radiative time
scales is tested. Radiative relaxation time scales are very
long in the lower stratosphere (around 40 days at 100 hPa
in midwinter) and very fast in the upper stratosphere
[around 5 days at 1 hPa; see Newman and Rosenfield
(1997)]. An alternative hypothesis is that the long, local
dynamical time scales are a result of coupled dynamical
variability acting over the depth of the extratropical
stratosphere. A very simple example of this idea is demonstrated in the paper by Barsugli and Battisti (1998).
Here, when two red-noise processes are coupled together, the resulting autocorrelation of both processes is
increased above their local damping time scales. Although the study of Barsugli and Battisti (1998) refers to
the atmosphere and ocean, a similar model could be
imagined for the stratosphere with a region of long radiative time scales in the lower stratosphere and short
radiative time scales in the upper stratosphere. In this
very simple model, coupling between the two regions is
essential to increasing the autocorrelative time scales of
both regions.
The primary focus of the study is on the behavior of the
annular mode (Thompson and Wallace 2000) in the
wintertime lower-most stratosphere between 100 and
300 hPa. Decorrelation time scales for the annular mode in
this region are estimate to be 30 days (Baldwin et al. 2003,
their Fig. 1). Variability in the annular mode in this region has a high correlation with the troposphere (Baldwin
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FIG. 1. Input value of thermal relaxation time scale outside the
tropics for four initial integrations as a function of pressure. Dots
show the position of model levels. Slow case (solid line), midcase
(dashed line), fast case (dotted line), and real case (gray line) are
shown.

et al. 2003; Charlton et al. 2003). To make optimal use of
the lower stratosphere for seasonal prediction it is important to understand what causes the long dynamical
time scales in this region, and what impacts the long time
scales have on tropospheric variability. Some studies
have suggested that the persistence of anomalies in the
tropospheric annular mode following stratospheric sudden warmings is due to long-lasting diabatic heating
anomalies in the lower stratosphere (Thompson et al.
2007). In this sense it is necessary to understand the
reasons for the persistence of anomalies in the lower
stratosphere if progress is to be made on understanding
coupling between the stratosphere and troposphere. The
manuscript is structured in the following way: The model
setup and experimental design are described in section 2;
section 3 describes the model climatology and variability.
Section 4 describes how dynamical time scales are calculated and section 5 shows the main results of the study.
Section 6 presents a summary and conclusions.

2. Model setup and experimental design
Model setup
We use the Reading, United Kingdom, intermediate
general circulation model (IGCM) in its dynamical core
mode. The model is based on the spectral dynamical
core of Hoskins and Simmons (1975) and is used in this

study in a similar simplified dynamical format to that of
James and James (1992). The model is run with a horizontal truncation of T42, with 20 levels in the vertical
and a model top at 0.08 hPa. The model uses an identical
set of physical parameterizations as those used by Polvani
and Kushner (2002; note, we were aware of, and made use
of the corrigendum to this paper) to produce a simplified version of the stratosphere–troposphere system.
Model physics are represented by Rayleigh friction at
the top and bottom of the model and Newtonian cooling
throughout the model domain, both of which are calculated in gridpoint space.
Key parts of the model setup are the equilibrium
temperature profile Teq and the time scale for relaxation
to this profile. The equilibrium temperature profile is
identical to that of Polvani and Kushner (2002), as
identified in their appendix, and uses identical parameters. Polvani and Kushner vary the state of the stratosphere in their model by changing the value of a
parameter g, which changes the size of the equilibrium,
stratospheric, pole-to-equator temperature gradient. In
our experiments, this value is set to 1 K km21. As in
Polvani and Kushner, horizontal gradients in equilibrium temperature are imposed in the Southern Hemisphere of the model only, and all experimental analysis
is done there. The position of the tropospheric jet is
shifted equatorward in the Southern Hemisphere compared to the Held and Suarez (1994) forcing scheme,
using an additional term in the Teq profile below 100 hPa
as in Polvani and Kushner [their Eq. (A4)].
Our experiments examine the response of the largescale variability to changes to the rate at which temperatures relax toward the equilibrium temperature
profile Teq. We define thermal relaxation rates t, which
vary in the troposphere and stratosphere as

t (s, f) for s $ sT ;
t( p, f) 5 T
t S (s, f) for s $ sT ;
where sT 5 0.1.
In the troposphere,
t T 5 t a 1 (t s


s
t a ) max 0,
1


sb
cos4 f,
sb

where t a 5 1/ 40 day21, t s 5 1/ 4 day21, sb 5 0.7, and f is
latitude.
In the stratosphere four different profiles of thermal
relaxation rate are used. The ‘‘fast,’’ ‘‘mid-’’ and ‘‘slow’’
profiles are defined by the formula


s sstr
t S 5 t str 1 (t a tstr ) max 0,
,
1 sstr
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where ta 5 1/ 40 day21, sstr 5 0.08, and t str 5 1/ 5, 1/ 20, and
1/ 40 day21 for the fast, mid-, and slow profiles, respectively.
Additionally, the ‘‘real’’ thermal relaxation rate is
defined as


 1
5 40
2
[log10 (1000s)]
,
tS 5 5
4
which represents a smooth transition between relaxation rates of 40 days near the tropopause to 5 days at the
stratopause.
The resulting four thermal relaxation rate profiles are
shown in Fig. 1, for a latitude outside the tropics. The
slow profile, shown in the solid line, is identical to that
used by Polvani and Kushner (2002). The real profile,
shown in the gray line, is an approximation to the thermal relaxation rates in the real atmosphere as calculated
by Newman and Rosenfield (1997).
In the first set of integrations, simplified orography is
also included in the model. This has the functional form
(units of the equation are meters) of
"
#
(f 35)2
(l 90)2
(l 270)2
e
1e
.
Zsurf 5 2500e
625
100
100
In all cases the model is integrated for 10 000 days,
with no change to the equilibrium temperatures, and
hence no seasonality. The first 800 days of each model is
assumed to be model spinup and is discarded. Analysis is
performed on the final 9200 days. Two sets of experiments are described here. The first set examines the
impact of changing thermal relaxation rates on the
model dynamics with the orography included and is referred to as the ‘‘orog’’ runs. The second set of experiments is identical to the first, but with a flat bottom
boundary, and it is referred to as the ‘‘no orog’’ runs.
Our primary means of analysis of the results is through
estimation of the e-folding time scale of the model’s annular mode. We follow the methodology of Gerber et al.
(2008) to determine the structure of the annular mode,
estimate its e-folding time scale, and add error estimates.
The convention of Baldwin et al. (2003) is used to describe the annular mode: AO is used for the surface
signature of the annular mode calculated using mean sea
level pressure, and AM is used for the signature of the
mode elsewhere calculated using geopotential height. In
both cases, the daily amplitude of the mode is referred to
as the Annular Mode Index (AMI). As other authors
have recently stated, there are significant issues that must
be dealt with when diagnosing the time scale of our
model (Gerber et al. 2008; Chan and Plumb 2009). In
particular, models of the Polvani and Kushner (2002)
type (with some sets of parameter choices) have an un-
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realistic ‘‘switching’’ behavior, in which the tropospheric
jet tends to persist in one mean location for thousands of
days before switching to another location. These issues
are explicitly discussed in section 4.

3. Model climatology and variability
Before discussing changes to the model’s annular
mode as a result of input changes in the thermal relaxation time scale, the impact of these changes on the
model’s mean climate and variability is first examined.
Figure 2 shows the zonal mean zonal wind and its standard deviation plotted for the final 9200 days of each
integration, with idealized orography included. As in
other implementations of the Polvani and Kushner
(2002) forcing, the model produces a somewhat realistic
climatology of the zonal mean zonal wind, with a strong
westerly stratospheric jet located around 608S. In the
troposphere, a subtropical jet of approximately the
correct magnitude and spatial scale is produced, located
near to 308N/S. The zonal mean zonal wind produced by
our model, with a completely different dynamical core
to that used by Polvani and Kushner, is almost identical
to that shown in Polvani and Kushner (2002). A useful
comparison can be made between Fig. 1b of Polvani and
Kushner and our slow case in Figs. 2 and 3.
Comparison between the four cases in Fig. 2 shows
that the effect of changing the radiative relaxation rate
in the stratosphere is to cause a marked increase in the
strength of the jet in the upper stratosphere. As the radiative time scale becomes shorter, the strength of the
jet approaches that which would be predicted by the
thermal wind balance from the Teq profile. Experiments
with stronger jets in the middle stratosphere (fast and
mid-), also produce tropospheric jets that are slightly
displaced toward the pole. The correlation between
stratospheric jet strength and the location of the tropospheric jet has previously been noted in models of this
kind (Polvani and Kushner 2002). The strength of the jet
in each case is well correlated with the standard deviation of the zonal mean zonal wind in the upper
stratosphere. Experiments with weaker relaxation in the
upper stratosphere experience much larger amounts of
zonal wind variability. In the troposphere, zonal mean
zonal wind variability is concentrated on the flanks of
the subtropical jet, a key part of the annular mode variability, which is discussed in the following two sections.
The mean climatology and variability of the experiments without orography are very similar to those with
orography (Fig. 3). Runs without orography have a reduced amplitude of planetary Rossby waves. As a consequence of the reduction in the strength of planetary waves,
the strength of both the tropospheric and stratospheric jets
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FIG. 2. Zonal mean zonal wind (contours) and its standard deviation (shading) for the final 9200 days of each run in
the integrations with idealized orography. Contour interval for zonal mean zonal wind is 10 ms21.

in the cases without orography is increased. Similarly, the
variability of the zonal winds in the upper stratosphere is
also somewhat reduced in the runs without orography.
The stratospheric and tropospheric climatology produced by the IGCM generally compares favorably with
that produced by other models run with the Polvani and
Kushner (2002) forcing setup (e.g., Chan and Plumb
2009). Although the climate produced by the model is
a simplification of the real atmospheric circulation, its
similarity allows us to conduct useful experiments to try
to understand the physical processes involved in setting
the time scale of the annular mode.

4. Diagnosing annular mode time scales
To test the hypothesis that long dynamical time scales
in the lower stratosphere are simply a consequence of

the long local radiative time scales, it is necessary to
develop a method for comparing dynamical time scales
between experiments. In this section we discuss the
methods adopted in the present study; it is not suggested
that these would be suitable for all applications.
There has been a great deal of recent interest in
establishing the best methodology to characterize the
time scale of annular modes in models and reanalysis
data (e.g., Gerber et al. 2008; Keeley et al. 2009). A
particular focus has been the extent to which calculated
time scales for the annular mode describe its observed
behavior and decorrelative properties. This study is focused on understanding the processes that control the
observed day-to-day synoptic variability of the annular
mode. As such, very low-frequency oscillations of the
annular mode index, which may change the structure
of its autocorrelation function, are considered to be
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FIG. 3. Zonal mean zonal wind (contours) and its standard deviation (shading) for the final 9200 days of each run in
the integrations without orography. Contour interval for zonal mean zonal wind is 10 ms21.

problematic. In models of the Polvani and Kushner
(2002) type, low-frequency oscillations in the position of
the jet are known to exist (Chan and Plumb 2009) for
some sets of parameter choices. These low-frequency
oscillations are unrealistic and are partly a product of
the lack of seasonality in the model. Initial analysis of
raw AMI data showed that it is very easy to draw erroneous conclusions about the behavior of the annular
mode in the model if these low-frequency oscillations
are not removed.
To demonstrate this point the following analysis is
presented, which compares the autocorrelative behavior
of the raw AMI series with a series that has been highpass filtered to remove components with periods of 400
days and greater. The filter used is a simple running
mean smoother,

AMIhigh 5 AMI

AMIlow ,

(1)

where AMIlow is a centered, boxcar running mean with
401 elements. This very simple filter is chosen because it
illustrates the impact of low-frequency variability on the
time scale of the AMI.
Figure 4 shows a comparison between the autocorrelation function of the raw and filtered AMI data for an
arbitrarily selected run of the model (in this case the
integration with orography included and the slow radiative time-scale profile). The autocorrelation function
of the raw AMI data, shown by the gray line, deviates
strongly from the exponential form expected for a rednoise or AR1 process (Wilks 1995). The autocorrelation
remains close to or above the value 1/e beyond 30 days.
An e-folding time scale for the autocorrelation function
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FIG. 4. Autocorrelation of the AMI for the first EOF of sea level
pressure for the experiment with idealized orography and the slow
relaxation rate profile. The autocorrelation calculated with the raw
AMI data (gray solid line), autocorrelation calculated with the raw
AMI data (gray dashed line), and autocorrelation for AMI data that
has been high-pass filtered to remove variability at periods longer
than 400 days (black solid line, see text for details). An exponential
fit to the filtered AMI data (black dashed line) is also shown.

can be estimated by fitting an exponential function to
the observed autocorrelation function between lag zero
and the point at which the time series drops below the
value 1/e (Gerber et al. 2008). Using this procedure,
a time scale of 12 days is estimated for the raw AMI data.

481

In comparison, the autocorrelation function of the highpass-filtered version of the same time series (shown in
the black line) is much closer to the exponential form.
The autocorrelation at lags beyond 15 days is much reduced in comparison to the raw AMI time series, suggesting that much of the autocorrelation in the raw time
series is due to the persistent, unrealistic low-frequency
variability. The estimated time scale for the filtered
AMI time series is 6 days, a large reduction in comparison to the raw AMI time series. It is also important to
note however, that at longer lags the exponential fit to
the autocorrelation is not particularly effective in either
the filtered or unfiltered cases. The aim of the filtering
procedure is to improve the fit at the shorter lags (note
that information beyond 1/e is ignored) only, because it
is these time scales that are of most interest for the annular mode dynamics investigated in this study.
The aliasing of low-frequency variability onto midrange time scales in the autocorrelation function means
that making an estimate of the true time scale of the
annular mode in the model AMI data series is extremely
difficult and is beset by problems of nonstationarity.
Figure 5 shows estimates of the time scale and mean of
the AMI at 300 hPa for the same integration. Gray
symbols show estimates for the raw AMI time series and
black symbols indicate estimates for the high-passfiltered AMI time series. Estimates of the annular mode
time scale for each 1000-day part of the time series show
variations of the same order of magnitude as the estimated time scale itself. This high degree of nonstationarity means that a stable estimate of the time scale is hard
to achieve and can easily be altered by considering different parts of the same run. The nonstationarity of the

FIG. 5. Estimates of (left) AM time scale and (right) AM mean for independent 1000-day sections of the integration with idealized orography
and the slow radiative cooling time scale on the 300-hPa pressure surface. Results from calculations made with the raw AMI data (gray dots),
and calculations made with a high-pass-filtered version of the AMI data that have variability at periods longer than 400 days removed (black
dots). Symbols in the lhs have error bars on each estimate based on the formulation of Gerber et al. (2008, see text for details), symbols on the
rhs have error bars plotted at one standard deviation for each 1000-day block. Note that symbols have been offset in time for ease of viewing.
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FIG. 6. Autocorrelation function of high-pass-filtered AM index time series. Line convention
in all four panels is the same; runs with fast radiative time scale profile (solid black), runs with
midradiative time scale profile (dashed black), runs with slow radiative time scale profile
(dotted black), and runs with real radiative time scale profile (solid gray) are shown. Panels
show results from runs with idealized orography at (a) 50 and (c) 850 hPa and without orography at (b) 50 and (d) 850 hPa. Horizontal dashed lines show the position of the zero and 1/e
autocorrelation points.

raw AMI time series is emphasized by the large changes
to the AMI mean for different 1000-day parts of the time
series (Fig. 5b). In contrast, the high-pass-filtered time
series shows little evidence of nonstationarity and allows
a stable estimate of the time scale to be made.
Therefore, in the following analysis, the autocorrelative properties of the annular mode in our experiments
are compared using filtered AMI time series. The same
401-element boxcar filter used in this section is also used
in the following analysis. This filtering strategy is crude,
and the choice of filter and its length is arbitrary. It is
adopted so that the procedure is reproducible and it
allows us to draw out key differences and similarities
between our experiments. We explored the sensitivity of
the results to the choice of filter length. While the absolute values of e-folding time scale are sensitive to the
choice of filter length, the broad, qualitative conclusions

drawn from the analysis are robust for other filter
lengths.

5. The impact of changing stratospheric radiative
time scales
To test the hypothesis posed in the introduction to
the paper, the autocorrelative properties of the annular
mode are compared across the eight model integrations.
Figure 6 shows the autocorrelation function at 50 and
850 hPa for the sets of model integrations with and without idealized orography. Differences in the properties of
the autocorrelation function of the high-pass-filtered
AMI data are very small both in the troposphere and in
the stratosphere.
The decay of the autocorrelation function at 50 hPa is
similar in the cases with and without orography and
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FIG. 7. E-folding time scale of the filtered AM index time series as a function of pressure for cases (a) with idealized
orography and (b) without orography. Line convention is as in previous plots, runs with fast radiative time-scale
profile (solid black), runs with midradiative time scale profile (dashed black), runs with slow radiative time scale
profile (dotted black), and runs with real radiative time scale profile (solid gray) are shown. Error estimates for the
time scale are shown with thin horizontal bars following the procedure of Gerber et al. (2008), see text for details.

appears unrelated to the input radiative time scale. This
suggests that the time scale of variability in the stratosphere is unrelated to the input radiative time scale of
the model. It is important to point out that the absolute
amplitude of variability is dependent on the input time
scale and the presence of orography; cases with stronger
damping generally have reduced variability.
At 850 hPa, there are large differences in the decay of
the autocorrelation function between the cases with and
without idealized orography, but little sensitivity to the
input stratospheric radiative damping rate. The reduction of the time scale of the annular mode when orography and planetary waves are present is well known
(Gerber et al. 2008). The presence of planetary waves is
thought to lead to a change in the transient eddy interaction with the tropospheric jet.
Finally, the calculated time scale of the annular mode
as a function of pressure is shown in Fig. 7. The profile
of dynamical time scales in the experiments without
orography is shown in Fig. 7a, and generally has the form
that is expected with short dynamical time scales in the
troposphere, rising to longer time scales in the stratosphere. Below 50 hPa, there are very few parts of the
profile over which there are large and significant differences between the dynamical time scales in the four
runs. Even in cases where runs have significant differences according to the error bars, the magnitude of
differences between the dynamical time scales estimated
for the four runs is very small. In the middle and upper
stratosphere, dynamical time scales appear to be most

strongly influenced by the input radiative time scales.
For example, at 10 hPa the fast run has the shortest
dynamical time scales followed by the mid- and slow
runs. The real radiative time scale run exhibits dynamical time scales very close to those of the midrun.
For the runs without imposed orography, Fig. 7b, a
more complex profile of dynamical time scales is apparent. Below 200 hPa, dynamical time scales in the
four models are virtually indistinguishable. Between 50
and 100 hPa, the fast, mid-, and slow radiative time
scale runs also have very similar dynamical time scales,
but the real run has slower time scales, with a significant
and moderately large difference from the rest of the
integrations. Above 50 hPa, there are less clear and
predictable distinctions between the four runs without orography than those with orography shown in
Fig. 7a.
In summary, Fig. 7 confirms results shown in Fig. 6;
there is little dependence of the annular mode time scale
below 50 hPa, the lower stratosphere, and the troposphere on the input radiative damping time scale.

6. Discussion and conclusions
The experiments reported in this short investigation
use a flexible model introduced by Polvani and Kushner
(2002) to investigate the decorrelative behavior of the
annular mode. The autocorrelation function of the annular mode is compared for sets of experiments that
vary principally in their imposed stratospheric thermal
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relaxation rate. The experiments are designed to test the
hypothesis that long dynamical time scales in the lower
stratosphere are simply a consequence of the long, local
radiative time scales in the same region. In our experiments, changing the input stratospheric radiative damping rate had very small, and rarely significant, impacts
on the annular mode time scale in the troposphere and
lower stratosphere.
An obvious distinction between the dynamical time
scales estimated in the present study and those published for reanalysis data in the literature (e.g., Baldwin
et al. 2003) is that the long decorrelation time scales in
the lower stratosphere, of the order 40 days, are not
present in the IGCM. As is evident in our study, and has
been discussed in recent papers (e.g., Keeley et al. 2009),
estimating a single, definitive time scale for the annular
mode autocorrelation function is extremely difficult. A
particular difficulty arises because of the modulation of
annular mode variance by the seasonal cycle (S. Osprey
2009, personal communication). We hypothesize that
the differences between the 20-day time scale for the
lower stratosphere estimated here and the 40-day time
scale typically shown for reanalysis data may simply be
a consequence of differences in methodology, and that
the Polvani and Kushner (2002) model setup adequately
represents the physical processes at work in the stratosphere and troposphere on these large scales.
It is also important to emphasize, however, that our
results do not imply that the long dynamical time scales
observed in the tropospheric annular mode in midwinter
are unrelated to the long dynamical time scales in the
stratospheric annular mode. A robust influence of stratospheric variability on the behavior and time scale of the
tropospheric jet is described in detail in Gerber and
Polvani (2009). Rather, the results of the present study
emphasize the point made by Gerber and Polvani (2009)
that climate models that lack a full description of stratospheric dynamics are likely to have significant biases in
their extratropical mean climate and variability. A model
with a correct treatment of stratospheric radiative processes but incorrect stratospheric variability is both possible and undesirable.
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