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Annular Modes

Regressions on the annular modes
(a} SH (b) NH

Leading patterns of variability in
extratropics of each hemisphere
(EOFs: leading eigenvectors of
covariance matrix)

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

[Thompson and Wallace, 2000]
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Eddy fluxes drive the mean flow
changes

[Lorenz & Hartmann, J. Atmos. Sci
(2001); J. Clim (2003)]
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FiG. 2. (a) First principal component of Atlantic sector mean sea level pressure, with contour interval 1 hPa (...,
—0.5, 0.5, 1.5, . ..). It explains 48% of the variance over the Atlantic sector and 24% over the full hemisphere. The
solid line in the graph is its standardized time series, the NAO index, and the dashed line is the NAO, index. (b) First
principal component of the potential vorticity at the § = 500 K isentropic surface, with contour interval 1 PVU. It
explains 34% of the variance. The solid line in the graph is its standardized time series, the PV500 index, and the dashed
line 1s the PV 500, index.

Impact of stratosphere during
winter? B
Ambaum & Hoskins (2002)
Tnao ~ 104 R

F1G. 7. (solid) Correlation between the daily NAO and PV500
indices as a function of the lag (in days). Positive lag means NAO
leading PV500. (dashed) Lagged autocorrelation for the daily NAO
index. (dotted) Lagged autocorrelation for the daily PV500 index.

500 K



Projection onto annular mode index at each height:

Composites with respect to 10 hPa
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[Baldwin & Dunkerton, Science, 2001]



Climate forcings and
annular modes

pressure (mi)
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Response to altered stratospheric radiative state
[Kushner & Polvani, J Clim, 2004]
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The fluctuation-dissipation
theorem

% + LX)+ MX) = F

Linearize about climatological state:

o0X _
pr Ax =T,
Steady forcing:

x = A°If,




The fluctuation-dissipation
theorem

% + LX)+ MX) = F

Linearize about climatological state:

Jo).4 _
o +Ax =1f.

Steady forcing:
x = A'f.

- but we don’t know what A is:
so how do we find out?




The fluctuation-dissipation
theorem

With no external forcing:

% + LX)+ MX) = F

Linearize about climatological state:

Jo).4 _
o +Ax =1f.

Steady forcing:
x = A'f.

Unknown A, stochastic f = e(r,t)

A= VAW
VWT = I = WTV

%WTX AW x = W'e
C. = (x(t+)x"(1))
Gf[ — Cfcal

— G, = V[LW' |
I'; = exp(—Ar) .

The vectors V are the principal
oscillation patterns (POPs)

[e.g., Penland 2002]



The fluctuation-dissipation
theorem; principal
oscillation patterns (POPs)

With no external forcing:

% + LX)+ MX) = F

Linearize about climatological state:

Jo).4 _
o +Ax =f.
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F1G. 7. (solid) Correlation between the daily NAO and PV500
indices as a function of the lag (in days). Positive lag means NAO
leading PV500. (dashed) Lagged autocorrelation for the daily NAO
index. (dotted) Lagged autocorrelation for the daily PV500 index.

Baldwin and Dunkerton, Science (2001)

Unknown A, stochastic f = €(r,t)

A= VAW
VWT = I = WTV

%WTX AW x = W'e

C. = (x(t+)x"(1))
G. = C,C;'

(\]

C: = (WIx(t + 1)x(t)W)
C. = exp(-A7)C,
—> Lag covariance of each principal

component decays exponentially with
decorrelation time T = Al
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タイプライターテキスト
Baldwin and Dunkerton, Science (2001)


The fluctuation-dissipation
theorem; principal
oscillation patterns (POPs)

Steady response to steady

% + LX)+ NMX) =F forcing:
A = VAW!
Linearize about climatological state: AWT W7
X =
OX | Ax = £, /
Ot
Steady forcing:

x = A°If,




The fluctuation-dissipation
theorem; principal
oscillation patterns (POPs)

% + LX)+ MX) = F

Linearize about climatological state:

Jo).4 _
o +Ax =1f.

Steady forcing:
x = A'f.

Steady response to steady

forcing:
A = VAW!
AW'x = WIf
—— ——

Response of PC  decorrelation time  projection of forcing



Application to forced

barotropic model
[Gritsun & Branstator

J. Atmos. Sci., 2007]
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Model Setup

GFDL dry dynamical core; no geography
T30 resolution
Linear radiation and friction schemes

ou _F_ 6
o T F — yu+vV°u
oT _ B

o T a(T, —T)

Held-Suarez-like reference temperature profile but modified for
perpetual solstitial conditions

Friction twice the value used by Held and Suarez (1994) to reduce
decorrelation times



Pressure (hPa)

Troposphere “dynamical core” model with Held-Suarez-
like forcing (Ring & Plumb 2007)

Mean and variability of control run

mean zonal wind

Control Run Time-Mean Zonal-Mean Zonal Wind
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Pressure (hPa)

Behavior of a simplified GCM
(no longitudinal variations in
external conditions)

(Ring & Plumb, J Atmos Sci, 2007)

EOF 1 of [u] - explaining 49% of variance
T

Zonal Wind Composite — Days with PC1 Timeseies Coefficient < —1
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EP Fluxes and Divergence — Days with PC1 Timeseries Coefficient < —1
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Responses to Mechanical Forcings
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Projection of Response

Hypothesis: response in each EOF U, is proportional to projection of
forcing onto U,

SH Forcing and Response Projections NH Forcing and Response Projections
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Pressure (hPa)

Reference Temperature Changes
Confined to Poleward of Jet

Teq Difference - Trial P2 Change in aTref/aq) for Selected Trial
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2 K Warming

6 K Warming

Wind Changes Resulting
From Poleward Side T, Changes

Pressure (hPa)
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Direct Response to Forcing

4 K Warming
Pressure (hPa
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4 K Cooling
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Response to Forcing Including

Eddy Flux Changes
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Projection of Response
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The fluctuation-dissipation
theorem; principal
oscillation patterns (POPs)

% + LX)+ MX) = F

Linearize about climatological state:

o0X _
pr Ax =T,
Steady forcing:

x = A°If,

Steady response to steady

forcing:
A = VAW!
AW'x = WIf
—— ——

LA

— Yn = Tnfn



Governing egs of system

Linearize about unforced time-mean state [U,V,Q,0](o,p)
Anomalies [u,v,w,T, F_,F;](¢,p,!)

ur+(VNVyYu+(v-VYU-fv =-V:F,—Au+h
I+ (V- V)T-2QT+(v.V)O - L00 =-V - -Fr—aT + ¢

Assume anomalous eddy fluxes depend linearly on anomalous u
(and neglect time lags) + stochastic term:

V'Fu :Eulxt‘l‘éu; V'FTZETM‘l‘ET

—> X, +CX = g+¢




Governing egs of system

Linearize about unforced time-mean state [U,V,Q,0](o,p)
Anomalies [u,v,w,T, F_,F;](¢,p,!)

ur+(VNVyYu+(v-VYU-fv =-V:F,—Au+h

I+ (V- VT-2QT+(v.V)O - L00O =-V - -Fr—aT +q

Nonlinear balance:

ap~'Rcos?*p T, = 2sin ¢ [u(U + Qacos 0)],

Neglect advection of static stability anomalies

— we+ Au = f+¢

where

a O a’ cos> @

1, ~1[ 1 9¢ _ 2singp p g
f—h—HL ( Rap(hM)>

= Kuo-Eliassen response



Pressure (hPa)

Pressure (hPa)

Effective Torques:
Mechanical Forcing

Applied Forcing — Trial L4 Effective Forcing — Trial L4
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Pressure (hPa)

Pressure (hPa)

Effective Torques:
Thermal Forcing

Applied Forcing — Trial P4
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The fluctuation-dissipation
theorem

% + LX)+ MX) = F

Linearize about climatological state:

o0X _
pr Ax =T,
Steady forcing:

x = A°If,

Steady response to steady

forcing:
A = VAW!
AW'x = WIf
—— ——

LA

— Yn = Tnfn



Pressure (hPa)

Troposphere “dynamical core” model with Held-Suarez-
like forcing (Ring & Plumb 2007)

Mean and variability of control run

mean zonal wind

Control Run Time-Mean Zonal-Mean Zonal Wind
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Pressure (hPa)

Pressure (hPa)
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Response to altered stratospheric radiative state
[Kushner & Polvani 2004]
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Figure 2: (a)-(c) Climatological zonally-averaged zonal winds for experiment la-lc. (d)

Difference between (c¢) and (a).
Chan & Plumb (2009)
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Conclusions
_ 1-1 _
Xn = A, &0 = Tugn

FDT works reasonably well as a predictor of system response
Response depends on projected effective forcing and on
autocorrelation time T of “natural” fluctuations

Model simulations need to have good EOFs (or POPs) and their
autocorrelation times

POP analysis suggests distinct stratospheric and tropospheric
modes

Hard to determine robust adjoint POPs for stratosphere-troposphere
model to do accurate prediction from FDT

Response to tropical forcing does not fit the pattern — strong Hadley
circulation response



Kuo-Eliassen response

to observed forcing [Thompson et al., J Atmos

Sci, 2006]
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Fic. 5. The autocorrelation functions of (top) the zonal index and (middle) eddy forcing,
and (bottom) their cross-correlations for different surface frictional damping time scales. The
left column shows the correlations for z and m, and the right column shows the correlations

for z and m where the feedback 1s eliminated. (Chen & P/umb’ 2009)
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Fic. 6. The autocorrelation function of the zonal index for different surface frictional damp-

ing time scales; but the autocorrelation of m is assumed of the form of Eq. (10), and is shown

in the gray solid line. We use the best fit to the model result on the left, and remove the

sinusoidal part and keep the same eddy decorrelation time scale on the right. The lines are

symbolized in the same way as in Fig. 5. (Chen & Plumb, 2009)
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