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Labitzke [1981]
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Matsuno [1971]
Quasi-linear wave, mean flow interaction model

Truncated to single zonal wavenumber



Holton & Mass [1976]
Like Matsuno’s model in a beta-channel, but:
1) Truncated in latitudinal as well as zonal wavenumber
2) Added thermal relaxation to a cold pole state
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Plumb [1981]: instability through self-tuned resonance
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Esler & Scott [2005]; Esler et al. [2006] − barotropic
sudden warming in a multilayer contour dynamics model



Yoden [1987] − bifurcation properties of Holton-Mass model



Scott & Haynes [2000] – Zonally truncated 
stratospheric SGCM has multiple states

2 steady states with same boundary conditions   

t-averages of 2 vacillating states

Also Christiansen [1999,2000]



Scott & Polvani [2004] – SGCM with inactive troposphere and specified 
thermal wave forcing in troposphere: sustained wind vacillations and EP flux 
surges through tropopause



winter 
solstice

Frequency distribution of monthly mean zonal winds at 60 deg
ERA40 + Interim

S Hem                                                       N Hem

SSW frequency (/yr)                           0.033                                                                                0.61 Sheshadri et al. [2015]
[also Labitztke, Taguchi & Yoden]



Taguchi & Yoden [2002]: SGCM with seasonal cycle



Frequency distribution of monthly mean zonal winds at 60 deg
Model N Hem with m=2 topography

0                                                     0.17                                                 0.20              0.62

Sheshadri et al. [2015]



Frequency distribution of monthly mean zonal winds at 60 deg
Model N Hem with m=1 topography

0                                                        0                                                 0.033             0.10

Sheshadri et al. [2015]



Conclusions (part 1)

• Simplified models (1-D and 3-D) permit experimentation that 
would be difficult (or less clean) in a full GCM

• Stratospheric variability is not just a response to tropospheric 
variability, but is at least in part a manifestation of internal 
dynamical variability

• Both severely truncated (1-D) models and SGCMs exhibit regime 
behavior, depending on the strength of tropospheric wave forcing

• SGCMs can reproduce the key characteristics of stratospheric 
variability, its seasonal behavior, and interhemispheric 
differences, given the right choice of tropospheric forcing
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[Thompson and Wallace, 2000]: Annular Modes

• Leading patterns of variability in 
extratropics of each hemisphere

• Strongest in winter but visible year-
round in troposphere; present in 
“active seasons” in stratosphere



Baldwin & Dunkerton [2001]: Downward migration of the Northern Annular Mode



Gerber & Polvani [2009] – tropospheric impact of SSWs in a SGCM 

NAM index

v’T’96hPa



Holton & Tan [1980] – QBOW-QBOE at 1000hPa                                             Boville [1984] – difference between two CCM runs with 
different stratospheric diffusion



[Kidston et al., Nature Geoscience, 2015]



Hardiman & Haynes [2008]: SGCM responses to high altitude perturbations

Regimes:

Response to high altitude 
(35km, 45km) perturbations:



projection of forcing onto mode

Response in nth mode  =      

time scale of mode
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free modes:

Climate problem
(response to steady forcing):

If PCs are independent (zero cross-correlation at 
all lags) then                     andZ  U

POPs

Linear stochastic model:
Principal oscillation patterns (POPs)
/Empirical normal modes (ENMs)
[von Storch; Penland]



SGCM, no stationary wave forcing, 
perpetual southern winter
[Sheshadri & Plumb, 2016]



cross-correlation

Sheshadri & Plumb [2016]
[also Lorenz & Hartmann, 2001; Son & Lee 2006;

Sparrow et al., 2009]

SGCM: Sheshadri & Plumb [2016]

Obs S Hem:  Thompson & Wallace [2000]



cross-correlation

Sheshadri & Plumb [2016]
[also Lorenz & Hartmann, 2001; Son & Lee 2006;

Sparrow et al., 2009]



ū, t

Reconstructed 

from EOFs 1+2

Anomaly propagation in SGCM



Sheshadri & Plumb [2016] ; cf. Feldstein [1998]

Anomaly propagation in ERAi data
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EOFs and POPs – SGCM, no stationary wave forcing, perpetual southern winter [Sheshadri]



mass-weighted EOFs 1,2                       volume-weighted EOFs 1,2                                            POP 9  POP35
decay time  66 d.; period 659 d.                        decay time 39 d.; period 126 d.

Re (        ) Re (         )

EOFs and POPs – SGCM, no stationary wave forcing, perpetual southern winter [Sheshadri]



mass-weighted EOFs 1,2                       volume-weighted EOFs 1,2                                            POP 9  POP35
decay time  66 d.; period 659 d.                        decay time 39 d.; period 126 d.

Re (        ) Re (         )

EOFs and POPs – SGCM, no stationary wave forcing, perpetual southern winter [Sheshadri]



u  eR t  ReZ cosIt  ImZ sinIt

Evolution of POP35

R
1  39 d

2 I
1  126 d



Gerber & Polvani [2009]



SGCM, no stationary wave forcing, 
perpetual southern winter
[Sheshadri & Plumb, 2016]

Imposed forcings in troposphere are 
symmetric about the equator!



Conclusions (part 2)

• Reality of tropospheric impacts of stratospheric anomalies is now 
well established, by model experiments (simplified models and 
GCMs)

• Mechanism of coupling is still not clear (mean circulation vs. 
waves)

• Regime behavior in 1-D and 3-D models (N vs S Hem behavior in 
GCMs and observations consistent with this) 

• Suggestions from 1-D models and SGCMs that significant 
downward influence occurs only in active regimes with large 
stratospheric variability


