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graphic gravity waves, and no parameterization for non-
orographic gravity-wave drag [Scinocca et al., 2008]. One
clue to the critical difference is illustrated in Figures 2a
and 2b which show the DJF zonal-mean zonal wind of the
control climate for the HIGH and LOW models respectively.
The zonal winds in the lower stratosphere at mid to high
latitudes in the LOW model are weak relative to the HIGH
(and LOWERED) model and to the observed winds in this
region. We shall refer to this LOW-model bias as the
‘‘weak-wind bias’’.
[12] The zonal-mean zonal wind warming response in the

HIGH and LOW models are respectively illustrated in
Figures 2c and 2d. It is clear that the difference between
the HIGH and LOW model circulation response is not
limited to the surface, but extends throughout the entire
vertical column. In particular, the mid-latitude zonal wind
response is much stronger in the HIGH model than in the
LOW model. Large differences are also apparent in the
high-latitude stratosphere. The zonal-mean zonal wind
warming response for the LOWERED model (Figure 2e)
shows that the close correspondence between the HIGH and

LOWERED model is maintained throughout the entire
vertical domain.
[13] The weak-wind bias in the LOW model is found to

be most sensitive to the settings of the parameterized
orographic gravity waves, which differed between the
LOW and HIGH model versions. This key sensitivity is
verified by creating a new LOW model version (referred to
here as LOW-G), in which the settings for the parameterized
orographic waves are made identical to those in the HIGH
and LOWERED models. This modification results in the
elimination of the weak-wind bias in the LOW-G model’s
control climate (not shown). Strikingly, we find that this
modification to the orographic GWD settings also changes
the warming response. In Figures 1d and 2f, which illustrate
the warming response for MSLP and for zonal-mean zonal
wind, we see that there is now a much closer correspon-
dence between the LOW-G and HIGH model circulation
responses at the surface (MSLP r45–90N = 0.86) and through
the stratosphere and troposphere. Although there remain
differences between the LOW-G and HIGH climate
responses, related to the additional model differences iden-

Figure 1. The doubled CO2 response of the DJF MSLP in (a) the HIGH model, (b) the LOW model, (c) the LOWERED
model, and (d) the LOW-G model (in hpa). The black solid line denotes the zero contour line, and the dotted line denotes
statistical significance at 95% level (according to a standard t-test).
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[Sigmond et al. 2008, Sigmond and Scinocca, 2010]

SLP response to doubled CO2, CMAM
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Questions

• Can we quantify the uncertainty in climate change integrations associated 
with parameterized gravity waves?

➥ develop an idealized GCM framework to investigate interactions 
between resolved and parameterized waves 

• How predictable is the response to perturbations of the parameterized gravity 
waves?

➥ experiments designed to maximize interaction with resolved waves



An idealized Atmospheric GCM
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• dry primitive equations on the sphere

• Newtonian relaxation of temperature to 
radiative-convective equilibrium profile

• Variable strength polar vortex 
[Polvani and Kushner, 2002] 

• US Standard Atmosphere

• Held and Suarez [1994]  
troposphere

• Simple large scale topography  
[Gerber and Polvani, 2009]

• Rayleigh friction at bottom (surface 
drag) and at top (crude gravity wave 
parameterization)

vary cooling w/
parameter γ
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Replace Rayleigh Friction with 
Alexander-Dunkerton (1999) GWP

• Spectral source, approximates effect of intermittency on wave breaking

• Used to parameterized non-orographic GWD in GFDL coupled climate model

Rayleigh Friction (m/s/day) A-D GWD (m/s/day)
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Replace Rayleigh Friction with 
Alexander-Dunkerton (1999) GWP

Rayleigh Friction (109 kg ms-2) A-D GWD (109 kg ms-2)

• Spectral source, approximates effect of intermittency on wave breaking

• Used to parameterized non-orographic GWD in GFDL coupled climate model
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Retuning the model ...
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u, γ=4 (Rayleigh Friction) u, γ=4 (A-D GWP)

• For same equilibrium temperature forcing, vortex is too weak in new model
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• For same equilibrium temperature forcing, vortex is too weak in new model

• Adjust radiative profile to get stratospheric jets correct



Model captures 
Stratosphere-
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Orographic Gravity Waves: Pierrehumbert Scheme

• Used in GFDL’s coupled climate models CM2 and CM3.  

• Lindzen-like scheme

• Estimate wave flux from low level flow, subgrid-scale topography 
parameter 

• Wave breaking determined by comparing flux against a saturation flux.   
Momentum is deposited slowly, as saturation flux decays with height.

• Tends to allow small amount of flux reach near model lid; trivial amount of 
momentum, but leads to numerical issues.  



Experimental Setup:
Maximize interaction with resolved planetary waves

• Wavenumber 2 topography creates a standing waves in stratosphere

• Subgrid-scale topography with large scale wave number 2 pattern
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Experimental Setup:
Maximize interaction with resolved planetary waves
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• Wavenumber 2 topography creates a standing waves in stratosphere

• Subgrid-scale topography with large scale wave number 2 pattern

• Vary phase between the subgrid-scale pattern and the actual topography: 
differences in surface winds and upper level structure will perturb orographic 
wave flux and breaking criteria

phase shift = 0o
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• Vary phase between the subgrid-scale pattern and the actual topography: 
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Experimental Setup:
Maximize interaction with resolved planetary waves
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...

• Wavenumber 2 topography creates a standing waves in stratosphere

• Subgrid-scale topography with large scale wave number 2 pattern

• Vary phase between the subgrid-scale pattern and the actual topography: 
differences in surface winds and upper level structure will perturb orographic 
wave flux and breaking criteria



Impact of orographic gravity wave parameterization
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10,000 day mean, perpetual January)
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Large perturbations in gravity wave drag ...
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Large perturbations in gravity wave drag ...
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Difference in gravity wave drag
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Difference in gravity wave drag
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OGWD, phase shift = 0 In steady state, torque 
must be balanced by

meridional flow ...



Difference in gravity wave drag
should imply significant change in circulation
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... but, there’s hardly any difference in the actual 
residual mean circulation!

Δψ*, the difference in the
TEM circulation

Sv = 109 kg/s

ψ*, phase shift = 90

ψ*, phase shift = 0



Downward control is not the problem ...
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Possible Mechanisms

∇⋅F, wavenumber 2 (1010 kg ms-2)
phase shift = 90ophase shift = 0o
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Possible Mechanisms

• GWD perturbation would modify temperature and wind structure, redirecting 
resolved waves
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Possible Mechanisms

• GWD perturbation would modify temperature and wind structure, redirecting 
resolved waves

• GWD has zonal structure, can directly interact with resolved waves
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Conclusions

• We’ve developed a (relatively) idealized framework for studying the interaction 
between gravity wave parameterizations and the resolved circulation
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Conclusions

• We’ve developed a (relatively) idealized framework for studying the interaction 
between gravity wave parameterizations and the resolved circulation

• Perturbation experiments show that the response to changes in gravity wave 
drag can be hard to predict: compensation between resolved and 
parameterized wave forcing 
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Conclusions

• We’ve developed a (relatively) idealized framework for studying the interaction 
between gravity wave parameterizations and the resolved circulation

• Perturbation experiments show that the response to changes in gravity wave 
drag can be hard to predict: compensation between resolved and 
parameterized wave forcing 

• Suggests large scale constraints on the structure of the residual mean 
circulation in the stratosphere





Annular mode e-folding time scale: 
stratospheric variability impacts troposphere
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In Fig. 9b, we plot the e-folding time scale t of the
annular mode autocorrelation function at each pressure
level. The time scale t is obtained by finding the best
least squares fit of exp(2t/t) to the annular mode au-
tocorrelation function.6 The time scale of the annular

mode is larger throughout the depth of the troposphere
in the two integrations with an active stratosphere. In
these integrations the time scale of variability increases
in the stratosphere where planetary waves intermit-
tently perturb the polar vortex far from equilibrium.
These large deviations allow the slow thermal recovery
time scale of the lower stratosphere to dominate the
evolution of the stratospheric annular mode index and
also enable coupling that reddens the time scale t of the
tropospheric annular mode.
The profiles of t as a function of height in Fig. 9b can

be compared to their observational counterparts, shown
in Fig. 1 of Baldwin et al. (2003). The time scale of the
observed annular modes in the Northern Hemisphere
winter is relatively constant through the depth of the
troposphere and then increases substantially in the
lower and midstratosphere, as seen in our model with an
active stratosphere (g 5 4 and 6 K km21). This suggests
that the increased time scales of the stratosphere rela-
tive to the troposphere may be related to the dynamics
of stratospheric warming events. In observations, the
time scales of the annular mode in the troposphere
peaks during winter in the Northern Hemisphere—the
period of active SSWs—and in November in the
Southern Hemisphere—the time of the final warming of
the Antarctic vortex.

5. Conclusions

We have constructed an idealized general circulation
model with the key features of observed stratosphere–
troposphere coupling on intraseasonal time scales and
have used it to probe the influence of topographically
induced stationary planetary waves on the coupling
between the stratosphere and troposphere. With the
appropriate topographic forcing, the model produces
realistic stratospheric sudden warmings with the correct
frequency and captures both the upward and downward
exchange of information observed by Polvani and
Waugh (2004) and Baldwin and Dunkerton (2001), re-
spectively. The model demonstrates how the mean state
of the stratosphere affects the mean state of the tropo-
sphere and how the variability of the stratosphere af-
fects the variability in the troposphere.
Our model is based on that developed by PK02, and

the results in this paper confirm and extend the con-
clusions of the earlier study: a stronger polar vortex in
the time mean leads to a poleward shift in the tropo-
spheric jet. Here we have demonstrated a more generic
relationship between the strength of the stratospheric
polar vortex and latitude of the tropospheric westerlies.
Changes in the thermal forcing of the stratosphere or

FIG. 9. Influence of stratospheric variability on the tropospheric
variability: (a) The autocorrelation function of the tropospheric
annular mode index at 513 hPa for four integrations with varied
polar vortex lapse rate g. Forcing in the troposphere is identical in
each case, with topography of wavenumber m 5 2 and amplitude
h0 5 3000 m. (b) The annular mode e-folding time scale as a
function of pressure for the same four integrations with varied
stratospheric forcing. Computations based on pressure levels be-
low the topography are omitted, as well as in the stratosphere of
g 5 0 K km21 simulation. There is no polar vortex in this simu-
lation and thus the stratospheric NAM no longer has the same
physical meaning.

6 The time scale t is fit to the autocorrelation function for all
times t for which the autocorrelation function is greater than 1/e, as
in Gerber et al. (2008b). This focuses on the variability on intra-
seasonal time scales, and not the tail of the distribution.
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Gerber and Polvani, 2009 model with A-D GWP

previously reported results are robust



Impact of A-D scheme on the annular mode and 
SSWs
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Interaction between OGWD and stationary waves

z’ (shading) and OGWD at 10 hPa
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Residual Mean Streamfunction
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