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Ocean-Atmosphere Interaction

Tropical-Extratropical, Interhemispheric Climate Interaction :
Atmospheric Bridge and Oceanic Tunnel

Dynamics of Decadal Climate Variability and Tropical
Decadal Variability

Ocean-Atmosphere Interaction: A Global Scale, Coupled
Climate Dynamics and Bjerknes Compensation

Timescale and Reversibility of Climate Change

Liu, Z., 2012: Dynamics of interdecadal climate variability: A historical perspective. J.
Climate, 25, 1963-1995.
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Climate Change and Climate Variability

e
ST
/_/3
- = Nﬁﬁi-, A
. #% Y L !(v: ?
=
1, A
: A, 2
o
E 900
T
§o
£
' \_r ‘f‘q*“:_ | g/
1900 ijtsstf‘ === 2000 :,.‘J
F1.0
‘ South A\nm' E 0%
:5_ ou | ca _:g. o
= | ‘
g1or 1\ (418
5 05 ™ 4
a | b
g |
& ) :
1800 L fes0 2000
-I\: oar
\ (-
. Global _ Global Land _
o I o ‘ =
> > >
E 1.0 4 Eo- 18
15 I3 (]
& 8 ]
@ 0.5+ 1 e 05+ 7 e
= = =
i o o
0.0 4 ok i
g 00 g 0o g
E E £
[ I i | LR
1900 1950 2000 1800 1950 2000
Year Year
models using onlly natural forcings

models using both natural and anthropogenic forcings

b: A

XFRA-HF

-
[=1

o
tn

e
[=)

1900

Temperature anomaly (*C)

v
1.0 r‘/
o5k | g
e
0.0 - F
W —
1 |
1800 1950 2000
Year

Global Ocean
[

1950
Year

I
2000

— Observations

A5 A, 2019.03.28, L&

@IPCC 2007: WG1-AR4

IPCC, 2007



Climate Change: Global to Regional
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Climate Projection and Decadal Prediction

Global surface warming (°C)
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Attributing Uncertainty of Climate Change

Global, decadal mean surface air temperature
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Hawkins and Sutton, 2009, BAMS
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Avatar & Decadal Prediction

Decadal
prediction!
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Initial Value (natural variability)

VS§

Forced Problem (human effect)

Daily Weather Seasonal to ~1 Year Decadal Multi-Decadal to Century
Forecasts Outlooks Predictions Climate Change Projections
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Forced Boundary

time scale
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Problem

Condition Problem
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Meehl et al., 2009, BAMS
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First Attempts of Decadal Prediction

Global Mean Temp a Regional Temp
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Observed Decadal Variability I:

ENSO-like Pacific Decadal Variability (PDO)

VaViles
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Zhang et al., 1997, JC
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Observed Decadal Variability Il:
North Pacific Multi-decadal Variability
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Observed Decadal Variability Il
Atlantic Multi-decadal Oscillation (AMO)
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Observed Decadal Variability 1V:

Atlantic Decadal Variability

SST regressions for the Gradient Index Wind regressions for the Gradient Index
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A Paleo-Perspective of PDO

Tree Ring Reconstruction

"SOUTHWEST" DROUGHT FACTOR "NORTHERN PLAINS" DOUGHT FACTOR

+++++++
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Mechanism for Decadal Variability

Where are we?

General Issues: Stochastic vs. Dynamics

Pacific Issue: Extratropics vs. Tropics

Atlantic Issue: Thermohaline vs. wind-driven

Coupling Issue: Atmospheric response to extratropical SST

Where do we go?
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Mechanism for Decadal Variability

Where are we?

General Issues: Stochastic vs. Dynamics

Pacific Issue: Extratropics vs. Tropics

Atlantic Issue: Thermohaline vs. wind-driven

Coupling Issue: Atmospheric response to extratropical SST

Where do we go?
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General Mechanisms: Stochastic Climate Models

ar =—AT+wW(t)
dt

a—T+Cu o _ —AT +w(t)
ot OX

g+Cu ar =—-AT+w(Xx, t)
ot OX

T=T(h)

%+ N(h)=—Ah+w(t)

¥ =¥(T)
T=T(h)+a¥

88—?+ N(h) =—Ah+ bW +w(t)
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Local Interaction, Red noise

Hasselmann, 1976

Propagation, accumulation of var
Frankignoul et al., 1997; Jin, 1997
Propagation+Spatial Forcing

Spatial Resonance (time scale selection)

Saravanna and McWilliam, 1997

Ocean Dynamics

Ocean Mode Resonance

Coupled Mode
Coupled Mode Resonance

8 RFRA-HEAER, 20190328, L 17



Ocean Dynamics and Time Scale Selection

oh oh Planetary wave (15t mode)
+ =
Latif and Barnett, 1994; Jin, 1997; Qiu, 2003

Planetary wave basin mode

Cessi and Louazel, 2001; Liu, 2003
Ventilation

Gu and Philander, 1997; Wu et al., 2003
Unstable planetary waves (flux b.c.)

Colin de Verdiere, 1986; Zhang and Greatbatch, 1995;
Note: nonlinear synoptic modes provide noise

High modes, advection

+ Shear U(y)

Chang et al., 1997
Example: local positive feedback + planetary wave = Delayed Oscillator

oT forcing, instead of time scale selection
E +Ue VT =—A(T,,—T,) +w(t) Thermohaline mode (mixed b.c.)
oS - Welander, 1986; Weaver and Sarachik, 1991;
p E‘FU.VS :HZ=0+W(t)
% Coupled Mode
(5: + coupling (positive feedback) Latif and Barnett, 1994; Gu and Philander, 1997;
2

8 RFRA-HEAER, 20190328, L 18



Mechanism for Decadal Variability

Where are we?

General Issues: Stochastic vs. Dynamics

Pacific Issue: Extratropics vs. Tropics

Atlantic Issue: Thermohaline vs. wind-driven

Coupling Issue: Atmospheric response to extratropical SST

Where do we go?
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Role of Tropics

Forecast vs. observed PDO

3 T T T
A -8~ Observed
1
0
e
-3F Obs PDO
'4 A 'S ' ' s A ' ' A '
1900 1910 1920 1930 1940 1950 1960 1970 1980 1980 2000
Year
Power spectra
25 L) L L

P(n) = P(n-1) + ENSO + N

What determines the low frequency tail of ENSO (beyond noise tail)?

Newman et al., 2003, JC
e k$RE-HBFEMAF R, 20190328, LiE 20
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Pacific Decadal Variability

Temperature anomaly (°C)

1.0-

Time (years)
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\ 4
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\ 4
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| gyre spin-down
via subtropical wave

FeXPRA-HFEHNFE R, 2019.03.28,

L&

Latif and Barnett, 1994, Science
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Pacific Decadal Variability

Latif-Barnett mode Schneider et al., 2002

TSR LA L W L B B lilllr-gllv_.-
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warm NP (€ reduce heat loss
N
? o
: | gyre spin-down
warmﬁKOﬁl\E H reduce Aleutian Low via subtropical wave
A
reduce westerly _| deepen thermocline
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2 |
C
Z cool KOE < weaken Kuroshio <
2

AEXFRLEHEFMAT R, 20190328, L 22
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North Pacific Multi-decadal Variability (NPM)

The Role of Tropics?

Pacific Decadal Oscillation

positive phase negative phase

R’ - ..
! <
o A "t
R TN

Deser et al., 2004, JC

FeRFRA-BFEMAF R, 20190328, L&
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NPM: The Role of Tropics

Longitude

Gu and Philander mode (1997, Nature)
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Subduction from the South Pacific? wang and Liu, 2000, CSB; Luo et al., 2001, JGR

Spiceness mode? Schneider et al., 2000
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NPM: Ocean-Atmos. Interaction
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Mechanism for Decadal Variability

Where are we?

General Issues: Stochastic vs. Dynamics

Pacific Issue: Extratropics vs. Tropics

Atlantic Issue: Thermohaline vs. wind-driven

Coupling Issue: Atmospheric response to extratropical SST

Where do we go?
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Atmospheric Response to SST

Observation AGCM
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Kushnir et al., 02, JC
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Extratropical Impact on Tropics

Coupled WES Teleconnection

WES, coupled teleconnection

Liu and Xie, 94, JAS

i) Atmospheric dynamics (days)
ii) WES coupled ocean-atmosphere teleconnection (months)

ili) Ventilation/ocean waves (years)

A2k RE-HFEAFE AR, 2019.03.28,

Seasonal Footprint
Contour SST Summer (0)

------

Shadin ng: NET HFLX Wmter (0)

=18 -9 3 Wm 9 1S
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2 ] .
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Vimont et al., 03, JC
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Mechanism for Decadal Variability

Where are we?

General Issues: Stochastic vs. Dynamics

Pacific Issue: Extratropics vs. Tropics

Atlantic Issue: Thermohaline vs. wind-driven

Coupling Issue: Atmospheric response to extratropical SST

Where do we go?

-
m
)
Z
@
Cc
Z
<
m
A
4]

iy

o+

L kERA-BEAE R, 20190328, ki 29



North Atlantic Decadal Variability

Wind-Driven

Power Spectrum Power Distribution
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OGCM Simulation of THC Decadal Variability

Heat flux forcing

Mixed B.C.
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Delworth et al,,
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Atlantic Decadal Variability

NAO impact: Visbeck et al., 98, GRL; Tanimoto and Xie, 99, GRL; Czaja et al, 02, JC

NAO Why decadal? Wind or THC?

1st SVD mode (45% toial squared covariance)

SST dipole mode
45° N s R

Observation -
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Chang et al., 97, Nature
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Decadal and Multidecadal Variability

\
! \ Where we are
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Decadal and Multidecadal Variability

What we know?

What we don’t know?

Overall

Noise important for driving
Ocean dynamics important

Tropical atmosphere important for global
response

Extratropical atmospheric response modest

Preferred time scale in the real world?
Role of extratropical ocean-atmosphere
feedback?

Role of tropics?

Pacific Decadal
Variability

Subtropical-mid latitude Rossby wave for
time scale selection

Role of tropical ocean?

Pacific Multidecadal
Variability

Subpolar Rossby wave for time scale
selection

Role of salinity and temperature
variability?

Atlantic Decadal
Variability

Tropical WES feedback important
NA/THC variability may be important driving

What determines the time scale?

Atlantic Multidecadal
Variability

THC important for time scale

Role of subpolar gyre?

REXRFRA-EFHAT R, 2019.03.28,
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Role of Ocean Dynamics?

Oceanic internal variability:

eddies and nonlinear interactions (needs high resolution
models for ocean, and coupled model)

Planetary wave dynamics:

instability, interaction with eddies, 3-D basin modes,
forced basin mode response

Subpolar dynamics:

Tvs S, wind-driven vs. THC, deep mixed layer, weak
stratification, sea ice

Coupled stochastic dynamics
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Extratropical-Tropical Decadal Variability
A Basin Mode View

Yang, H. and Z. Liu, 2003: Basin modes in a tropical-extratropical basin. J. Phys. Oceanogr., 33(12),
2751-2763.

Liu, Z., 2003: Tropical ocean decadal variability and the resonance of planetary wave basin modes: I:
Theory. J. Clim., 16, 1539-1550.

Yang, H., Z. Liu and Q. Zhang, 2004: Tropical ocean decadal variability and resonance of planetary wave
basin modes: Il. Numerical study. J. Climate, 17, 1711-1721.
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PDO versus ENSO

PDO is a long lived ENSO-like pattern of Pacific climate variability.

Pacific Decadal Oscillation El Nifio/Southern Oscillation

Similarity:
> Spatial pattern
> Warm phase — El Nino
E. Tropical Pacific: + ASST
W. North Pacific: — A SST
> Cool Phase —La Nina
s v L e — E. Tropical Pacific: — A SST

'WMWM WWW W. North Pacific:  + ASST

G G T I L L L G L)

Difference:

d Time scale
PDO: 20-30 years; ENSO: 6-60 months
Q Signal center
PDO: Most visible in North Pacific, secondary in Tropics
ENSO: Most visible in Tropics; Minor signature in North Pacific
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7 ALISYAAINN ONDE

What i1s PDO index?

» PDO SST index: Defined as the leading PC (EOF) of North
Pacific monthly SST anomaly (poleward of 20°N)

Pacific Decadal Oscillation (PDQO)

PO
04

e PDO SLP index: Defined as an area-averaged North Pacific
monthly SLP anomaly (poleward of 20°N)

L kERA-BEAE R, 20190328, ki 39



Historical PDO Records
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Frequency (1 year}

Power Spectrum (*0.01)

What is Tropical Decadal Variability?

1.0

.80

.60

3

.50

Power Spectrum for Tropical Ocean {GIS5T 55-5N)

Au!;n - ca;‘re]at.iun

MTM{taper=3)

b

N

L

&
2

“Ham

H

| =50 ¥T integ - | — S—Eﬁlryr integ
ﬁﬂl'E I .lﬁ'{l:l"E I llé"W I ].ﬂl'ﬂ" E'UI"E I IEE]"E llﬂ!.l'ﬁ' lﬂl'"if

8 kPR BEAE A, 20190328, ki

- 0.04

F A

F .55

I 020

F 0.1

F .0

G54

- .24
: 022
: G.14
: N B
: a4l
: G.04

F O R

41



TDV: what we know, and don’t know

» Signal(v')

Subtle, need more evidence
& Mechanisms(?)

Single or Multiple ? need Quantification
& Origin(?)

Extratropics (50%?7?)
Tropics: Equatorial and Off-equatorial (50%7?)
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Where does the TDV memory come from?

¢ Local

Equatorial Basin mode (Jin, 2001)

InfinitelX| for infinite Beta-plane

& Remote

Extratropical planetary wave basin mode (Liu, 2002)
Finite for finite Beta-plane

G  ALISHAAINN ONDIE
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§  ALISHIAINN ONIMAL

Shallow Water Model

Gu—yv=-6h, Gutyu=-gh  Jh+ du+ gv=0.
@ Planetary Wave (Cessi and Louazel, 2001) @ Equatorial wave (Jin, 2001)

-yv=-gh, yu=-gh,  Equation gu-y=-gh, yu= -ah,
gh + gu + gv=0. gh + gu + gv=0.

o B.C "
ha=h,(t), [dy[hdx=0 <gmmm-u],,=0, [u,,dy=0
0 0 0

H = exp[gp()( —1)y2] Mq = Zan (X)WZn(y)’ P :Z_ Pan (X)V/Zn(y)

Yy
Covnf~ v/ v2du — o Eigenvalue ; <~ (2n-3)!! _
Y[[l exp(-o,y*)]/y*dy = 0_glIENVaLE 4 > G SXP(4na.) =0

N=Y,2/4

D=2 7Y\ <T> @, =72N

P-Mode Equivalence Condition S-Mode
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Damping Rate

Theoretical Solution

0.01

-0.01¢
-0.02 |
-0.03
-0.04 |

-0.05

N=Y?/4 = S-mode = P-mode

Eigenvalues

O n=0
*

O P-mode
* S-mode

0

Frequency

12
10

Eigenfunctions
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Rossby Wave Dynamics

Topex/Poseidon SSHA: Large-scale ocean wave (1993-2014)

NOAA /Laboratory for Satellite Altimetry 7

-20 -16 =12 -8 -4 0 4 8 12 16 20
Sea level change (cm)
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Numerical Solution

o Eigenvalues of the first four PB modes

U, —yv+ hx +ru=0 u a ~0.02 - ST o Theory
. o S pee *
IV +YU+h, +rv=0 vi=e" I Vixy)  § PB1 P8 g
h +u, +Vv =0 h ﬁ £ o068/ e PB4
ot X y e
~ ~ A § ~0.11 Numer{ ,
u r —y o, j|u u o1z o
) io|V|=|y roo |-t el |
A A A 0 002 004 006 008 0.1 0.2 0.14 0.16
h 8X 8y O h h Frequency

Eigenfunctions of the first two PB modes

P-mode -- the least damping mode
o Eigenvalues
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Physically Meaningful Modes
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What Determines the P-mode?

Effective northern basin boundary
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Forced Response: Theoretical Solution

Amp(H)

10 20 30 40

P
(c) Extratropical Forcing
=
10 20 30 40
o/®
P
e) Eigenvalues *
(e) Eig -
PBA

(b) _

- Y | - Equatorial Wind

(d) :

,> € Extratropical Wind

Mechanism:
Resonance of P-mode
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Forced Response: Numerical Solution

(a) Eigenvalues
n s s s

e 12 {[—=
B 10—
pB1 ©O
_2- 8
“31od ° °
-4 S :
-5 O o] 0
(d) Equator 0 02 04 06 08 10 02 04 06 08 1 4 0 1
08 T X X Amplitude

= EEB
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g”"'\‘ - Equatorial response forced by
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SW Model Forced by Stochastic Wind
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o
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/

(a) West + | (b) Centrall (c) East
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SW Model Forced by Stochastic Wind

CEOF1
Y(°N)
8 8 8 3
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var=20.8%)

CEOF2
Y(°N)
8 8 & 8o

-
o

€ 8 8o

CEOF3
Y°N)
S
\

ALISHIAINN SNDEd

f2XFX

SREEAMSE A, 2019.03.28, B 53

A



Wave Speed and Cross Basin Time
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Cross-Basin Time
Yang and Liu, 2003
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Planetary Wave Basin Mode
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Tropical Decadal Memory

Origin:
From extratropics

Time scale:
Determined by the PW cross-basin time
along the effective northern basin
boundary

Mechanism:
Resonance of P-mode
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Discussion

How to further understand decadal climate
variability in the coupled model ?

+ Diagnostics

» Dynamic sensitivity experiments,
modeling surgery in the coupler (PC,
ensemble coupling), ocean,

atmosphere ... Than kS
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