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Fi16. 6, Time-longitude plot of total OLR (shading, as indicated), filtered 1SO, and MRG-TD
OLR (contours, solid negative, contour interval 10 W m #, zero contour omitted), and filtered
Kelvin wave OLR (contoured ut 12 W m * anly), averaged from 25" to 15'N, from | Jul to
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» Generalization to functionals of state



FDT Generalized to Functionals of State

Suppose have discretized dynamical system

d
d—(f: F@.A Didly=g =0gid.dg €@ (#)

Interested in
(A(9)) = A(¢) p(¢)dg, for stationary PDF p

Suppose f is changed by a small 6f . Want
linearU ] 6(A(g)) = U0

If (Deker & Haake,1975; Risken,1984)
*(#) is assumed to include a small noise term so its PDF is not fractal
*(#) hasa F - P equation with unigue solution,

then

aIn p(p(t)) > N

t
Ui () =£<A(¢i (' +7)) i ©



K=7.95

9 2
o —
Il I
n o
Al — o — n/__

S vod
T
N
(30}
1
Q.
N o
N <
o -
Il ]
(/)] o
Al — o — n/__
—
<  €0d

PC1

PC1

22222

0
PC3

PC2

PC2

ator (2006)

& Branst

Berner



Generalized FDT -- Simplifications

For a system like the earth's atmosphere

p=pyexpl- (C(0)¢'.9)/ 2}

So

U (1) = [(A@'E +0)(@'®)" )C ™ (0)dr

Noteif A=1,

U (t) :j'C(r)C‘l(O)dr

Majda, Abramov & Grote (2005) found third order accuracy
for A=1 and second order accuracy for quadratic A.
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Application
Atmospheric general circulation model (NCAR’s CCMO)

* Avoid sampling limitations when calculating lag covariances
* Enables rigorous testing of the resulting operator

Primitive equations, circa 1980 physical parameterizations
Perpetual January, fixed boundary conditions
R15

18352 degrees of freedom

9 level

8 million 12hrly simulated states



Reduce Dimensionality

1. Pick fields from

*ps

|

*psix9
*chix9

*T x9

|

* water vapor mixing ratio x 9

2. Truncate each field using EOFs

* psi 100x9 (>90%)
*T  496x9 (100%)

3. Form multivariate (truncated) fields,
normalize by std dev & overweight T,
calculate EOFs
truncate (1800 EOFs, >95%)

Assume lagged covariances vanish for T > 30d
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24 case average response to
sinusoidal equatorial heating
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24 case average response to
sinusoidal equatorial heating

(temperature)




Pattern correlation

Pattern correlation

FD skill for individual cases
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500mb heating
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SVD of transformed FD operator

() response T forcing

900 N 1 L 1 L 900 N A 1 1 1 A L 1 1 A il A
60°N % 60°N {
30°N 30°N

0° 07 4
30°S 4 30°S 4
60°S 60°S
goos QOOS v 1 L ] L ) ¥ 1 L ] ¥

0° 0° 60°E 120°E 180° 120°W 60°W 0¢

right SV



FD re

sponse to right SV1

CCMOTr

1

esponse to right S

V1

90°N

60°N {4

/Fso:N- =
var@y )« -

30°S4

60°S -

90°N
60°N 1

30°N

P

30°S

60°S -

90°S

90°S

90°N

60°N 15

30°N

V300

90°N
60°N
30°N

© £
s0°s 4
60°S -

90°S

r
180°

/\
precip

90°N

60°N

30°N

60°E

' L ' L
120°E 180° 120°W 60°W

'
120°W

L
60°W




Time-dependent Forcing

For f fixedintime

R(t) =U(t) f
with U(t) = [ C(r)C*(0)dr

So for adeltafunction forcing at t’, theresponse at tis

SR(t) =8U(t - t') f (1)t
for SU(t-t") =C(t -t)C*(0)

And so for time- dependent f

R(t) = ]C(r)c-l(O) f (7)dr
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July - September 1987 OLR
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FIG. 6. Time-longitude plot of total OLR (shading, as indicated), filtered 1SO, and MRG-TD
OLR (contours, solid negative, contour interval 10 W m 2, zero contour omitted), and filtered
Kelvin wave OLR (contoured at —12 W m* only), averaged from 2.5 to 15°N, from | Jul to
15 Sep 1987.

Straub & Kiladis (2003)
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Summary

The FDT can be used to estimate the response of the mean state
and functionals of state.

The FDT can be used to estimate the response to constant and
time-dependent forcing.

The FDT gives solutions that are accurate enough to be useful for
optimization and inverse problems and for systematic explorations
of atmospheric response.

Explorations using FDT operators for CCMO indicate large
sensitivities to forcing position and propagation speed. In particular
they show the potential for short-lived or moderately propagating
heat sources to affect midlatitudes.



