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Strong Signal

X(t)=BT(t)+N(t)

Tropical Ocean-Atmos. 
Interaction

ENSO Impact !
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BT   >>  N

Atm SST Noise



AGCM

Kushnir et al., 2002, J. ClimateObs, mixes cause/effect, Model: diverse with different models anObs, mixes cause/effect, Model: diverse with different models and methodsd methods

Regression/SVD (lag=0) Modeling

Motivation I: Extratropical Ocean-Atmos. 
Interaction

NP/NA Impact ?

Weak Signal

BT  < < N

X(t)=BT(t)+N(t)



Modeling?
Reference Exp. Resoln. Response  
Palmer and Sun (1985) AMIP 350km*15 EqBt  high
Pitcher et al. (1988) AMIP R15*9 EqBt low (W and C)
Kushnir and Lau (1992) AMIP R15*9 EqBt low (W and C)
Ferranti et al. (1994) AMIP R63*15 EqBt high
Peng et al. (1995) AMIP T42*21 EqBt high (Nov.)

Baroclinic low (Jan.)
Kushnir and Held (1996) AMIP R15*9 Barclinic  low
Latif and Barnett (1995,96) AMIP T42*19 EqBt high
Peng et al. (1997) AMIP T42*19 EqBt high (Feb.)

Baroclinic low  (Jan.)

Yulaeva et al. (2001) FHXE T42*19+slab Baroclinic low

Sutton and Mathieu (2002) FHXE T42*19+slab Baroclinic low



July 

Giannini et al., 2003: ScienceCharney

Motivation II: Land-Atmosphere Interaction

Sahel Rainfall



N. Africa Vegetation Impact ?
6000 years ago

X(t)=BL(t)+N(t)

Weak Signal

BL  < <  N

Δ(P-E)
6ka-0ka

Observation

Model



PMIP II: Vegetation Feedback

(OAV-OA)

Braoconnot et al., 2007, Climate of Past
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The Question ?

Climate impact of ocean/land on the atmosphere  

in the observation?



EFA: Equilibrium Feedback Analysis   
---- Univariate Statistical Assessment
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---- Multivariate Statistical Assessment

Comparison with LIM/FDT



EFA: Equilibrium Feedback Analysis   
---- Univariate Statistical Assessment

GEFA: Generalized Equilibrium Feedback Analysis  
---- Multivariate Statistical Assessment

Comparison with LIM/FDT



Equilibrium Feedback 
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Time average the atmosphere equation (>adjustment time of x) 
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Quasi Equilibrium Feedback Response 
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x: atmosphere (fast), T: ocean/land (slow) 



EFA (Equilibrium Feedback Analysis)
Frankignoul et al., 1998, JPO
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Combined Statistical-Dynamical Strategy

Statistical 

Dynamical

Complex 
Coupled
Model 

Statistical Observation

Step I: Validating Statistical Method   
and Understanding Mechanism

Step II: Statistical Assessment in Observation



Obs. (NCEP)

EFA Example I: Atmos. Response to KOE SSTEFA Example I: Atmos. Response to KOE SST

FOAM

Surface wind

850 hPa Φ

250 hPa Φ

Obs.Obs. Model (FOAM)Model (FOAM)

Liu and Wu, 2004, Liu and Wu, 2004, 

J. ClimateJ. Climate



Fully Coupled Response (Dec)Fully Coupled Response (Dec)



Long Term Response: The Role of Ocean MemoryLong Term Response: The Role of Ocean Memory

Liu et al., J. Clim., Liu et al., J. Clim., 

Atmos ZAtmos Z

Ocean TOcean T

Yr 1Yr 1 Yr 2Yr 2 Yr 3Yr 3 Yr 4Yr 4

Atmos TAtmos T

Liu et al.,2007, J. CLiu et al.,2007, J. C



Atmospheric Response to KOE SST
GEFA vs Dyn.

Dynamic vs. Statistic Assessment

FOAMFOAM ObsObs



Veg

Prep

Observation

Model

EFA Example II: N. Africa Abrupt Climate Change

Dust

Gradual!?

CLIMBER-2 FOAM

OBS: Dust Flux

Liu et al., 2006, GRLLiu et al., 2006, GRLClaussin et al., 1999Claussin et al., 1999



−9.2 cm
yr

0.2 fpc(grass)

Corr<grass cover, annual rainfall>
(6K FOAM-LPJ)

P forces V V feedback on P

Notaro et al., 2008, Notaro et al., 2008, 
Glb Change BiologGlb Change Biologyy



Dynamic 
Assessment Prep

Leaf Area 
Index

Top Soil 
Moisture

Transpiration

BareGround 
Evap

Lower Soil 
Moisture

-10

+30

Ensemble

Sensitivity 

Experiments

Notaro et al., 2008, Notaro et al., 2008, 
Glb Change BiologGlb Change Biologyy



Statistical and Dynamical Response in Annual Variables to a
Decrease in North African Grass Cover Fraction by 0.2

Units Statistical 
(FOAM)

Dynamical 
(FOAM)

Statistical 
(CCSM2)

Precipitation cm/yr +9.2 +9.7 +3.3

Evaporation cm/yr +4.7 +6.1 +0.7

Bare soil evaporation cm/yr +10.2 +8.6 +8.7

Transpiration cm/yr -5.5 -2.5 -8.0

Sfc specific humidity g/kg +0.19 +0.27 +0.08

Notaro et al., 2008, Notaro et al., 2008, 
Glb Change BiologGlb Change Biologyy



Liu et al., 2006, Climate

EFA Vegetation feedback on Prep 
Observation (1980-2000)



EFA Vegetation feedback on temperature
Observation (1980-2000)

Liu et al., 2006, J. Climate



EFA: Equilibrium Feedback Analysis   
---- Univariate Statistical Assessment

GEFA: Generalized Equilibrium Feedback Analysis  
---- Multivariate Statistical Assessment

Comparison with LIM/FDT



GEFA (Generalized EFA)
Liu et al., 2008, J. Climate
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Testing GEFA: 
Ocean feedback in the Advective Hasselman Model
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B and A B and  B3 (EOF)

Ocean feedback in Advective Hasselman Model (6 points)



Forcing:
Regional SST EOF1

El Nino

IOM

Atl Nino

NPO

Tripole

Wen et al., J. Climate, 2009, Submitted



GEFA Response to ENSO 
Tropical Pacific (3) x North Pacific (3)

Composite



Sensitivity to lag and EOF truncation 

Lag EOFs

Tp1



GEFA Response to TP1 and NP1 
Trop Pac (3) x N. Pac (3)TP1  NP1 

AL-IL Seesaw 



Composite

Z200

Ts

ENSO forcing? or Indian Ocean forcing?



GEFA Z250 Response 
T. Pac(3)xN. Pac(3)            T. Pac(3)xN. Pac(3)xT. Ind(3)xN. 
Alt(3)xT.Atl(3)

NP1

TP1

TI1



Lead-Lag Composite to ENSO forcing

Kumar and Hoerling, 2003, J. Climate
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GEFA Z250 Response to EOF1s 
T. Pac(3)xN. Pac(3)xT. Ind(3)xN. Atl(3)xT. Atl (3)

NP1

NA1

TA1

TP1

TI1
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EFA: Equilibrium Feedback Analysis   
---- Univariate Statistical Assessment

GEFA: Generalized Equilibrium Feedback Analysis  
---- Multivariate Statistical Assessment

Comparison with LIM/FDT



Linear Inverse Modeling (LIM)/ 
Fluctuation-Dissipation Theorem(FDT)
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LIM/FDT
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Summary 
GEFA provides a potentially effective approach to 

assess and understand atmospheric response to 
SST/Land surface forcing, systematically.

There is a modest but significant atmospheric 
response to extratropical SST anomaly

There is no observational evidence of significant 
positive vegetation feedback on rainfall in N. Africa, yet.

GEFA modifications/applications

GEFA + Dynamic assessment

Prediction: GEFA(Atm)+LIM/FDT(SST)
FDT(Atm+SST)

Future Work
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