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Abstract
Decadal oscillations are obtained in a simple coupled model, consisting in a one-layer bidimensional
ocean model and a one-layer unidimensional energy-balance atmospheric model, including a
parameterization of the zonal winds ’à la’ Green, interacting through heat and momentum fluxes.
The range of parameters leading to oscillations is determined through several numerical
experiments: ocean eddy-diffusion smaller than estimations from observations is required for
oscillations to be sustained. The essential physical processes are clarified, but the spatial pattern of
the oscillation remains too complex for a simple low-order conceptual mechanism to emerge.
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M
o
tiv

a
tio

n

•
D

ecadal
variability

is
found

in
surface

observations
in

the
N

orth
P

acific
and

in
the

N
orth

A
tlantic

(Sutton
and

A
llen

1997,
M

ann
et

al.
1998),

and
the

subduction
and

equatorw
ard

propagation
of

m
id-latitude

surface
anom

alies
m

ay
influence

tropical
and

equatorial
variability

like
E

N
SO

(G
u

and
P

hilander
1997).

•
C

oupled
clim

ate
m

odels
show

variability
in

the
N

orth
P

acific
due

to
unstable

air-sea
interactions

betw
een

the
subtropical

gyre
circulation

and
the

A
leutian

low
-pressure

system
(L

atif
and

B
arnett

1994).

•
C

essi
(2000)

and
G

allego
and

C
essi

(2000)
exhibit

a
sim

ple
coupled

m
odel,

based
on

conservation
principles,

that
produce

decadal
oscillations

due
to

the
coupling

betw
een

ocean
gyres

heat
transport

and
w

ind-stress,
the

key
elem

ent
being

the
delayed

response
of

the
oceanic

circulation
to

changes
in

the
w

ind-stress.
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T
h

e
d

ia
g
n

o
stic

a
tm

o
sp

h
e
ric

m
o
d

e
l

•
zonally-averaged

one
layer

of
fixed

height
D

,
w

ith
constant

stratification
S,

in
energy

balance
betw

een
horizontal

eddy
diffusion,

incom
ing

shortw
ave,

outgoing
longw

ave,
and

surface
heat

flux

→
surface

tem
perature

θ(y)
determ

ined
through

heat
balance:

−
C
p
a ρ
a k
s d
e ∂

2y θ
=
Q

S
W

A
−

(A
+
B
θ)−

r[Q
S
W

O
+
λ(θ
−
T

)]

→
zonal

w
ind

τ(y)
determ

ined
through

m
om

entum
balance:

τ
−
d
e k
s

γ
∂

2y τ
=
−
ρ
a k
s d
e

d

[

β
d

+
fS

(∂
y θ

+
L

2ρ ∂
3y θ)
]

w
here

∫
L
y

0
τ
d
y

=
0

is
used

to
determ

ine
the

vertical
eddy

diffusion
scale

d
in

the
atm

osphere.

effective
scale

height
d
e

=
d
D

d
+
D

(∼
3600

m
)

baroclinic
radius

of
deform

ation
L
ρ

=
(

d
d
e g
S

f
2Θ

)
1
/
2

(∼
650

km
)
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T
h

e
p

ro
g
n

o
stic

o
ce

a
n

m
o
d

e
l

•
one

”therm
ocline”

layer
of

fixed
depth

H
w

ith
w

ind-driven
dynam

ics

→
vertically

hom
ogeneous

tem
perature

T
(x
,y)

integrated
through

heat
balance:

C
p
w
ρ
w

[H
∂
t T

+
J

(Ψ
,T

)]=
Q

S
W

O
+
λ(θ
−
T

)
+
C
p
w
ρ
w ∇
·(K
∇
T

)

→
horizontalstream

function
Ψ

(x
,y)

integrated
from

large-scale
lim

it
of

quasi-geostrophic
equivalent

barotropic
vorticity

equation:

∂
t Ψ
−
β
R

2∂
x Ψ

=
R

2

ρ
w
∂
y τ

+
∇
·(A
∇

Ψ
)

w
here

R
is

the
R

ossby
radius

of
deform

ation
(first

baroclinic
m

ode),
K

and
A

are
the

eddy
diffusion

coeffi
cients

for
tem

perature
and

m
om

entum
.

C
oupling

through
surface

heat
flux

Q
(x
,y)

=
Q

S
W

O
(y)

+
λ

(θ(y)−
T

(x
,y))

and
m

om
entum

flux
τ(y)
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C
o
n

fi
g
u

ra
tio

n
a
n

d
p

a
ra

m
e
te

rs

•
C

artesian
coordinates

single-hem
isphere

β
-plane

•
atm

osphere
of

terrestrial
w

idth
at

45
◦N

(28000
km

),
ocean

of
N

orth
P

acific
w

idth
(8300

km
),

both
extending

from
E

quator
to

P
ole

T
he

only
external

forcing
is

the
prescribed

incom
ing

solar
radiation

at
the

top
of

the
atm

osphere
and

at
the

ocean
surface.

In
spite

of
the

sim
plicity

and
crudeness

of
the

m
odel,the

w
ind

structure
is

relatively
w

ell
represented

w
ith

trade
w

inds
in

the
tropics,

w
esterlies

in
the

m
id-latitudes

and
easterlies

polew
ard

of
80
◦N

.

R
elatively

low
eddy-diffusivity

is
used

in
the

ocean
(K

=
A

=
200

m
2

s −
1)

for
oscillations

to
be

sustained.
H

ow
ever

a
proper

representation
of

the
frictional

w
estern

boundary
layer

requires
larger

viscosity
in

the
zonal

direction
(2000

m
2

s −
1),

w
hat

is
not

necessary
in

contradiction
w

ith
observations.
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D
e
ca

d
a
l

o
scilla

tio
n

s

For
a

lim
ited

range
of

param
eters,

consisting
in

low
atm

ospheric
and

oceanic
diffusivity,

decadal
oscillations

settle
in

place
of

a
steady

state.
P

eriods
are

typically
in

the
range

11
−

20
yr.

T
em

perature
anom

alies
reach

several
degrees

C
in

the
ocean,

but
hardly

0.1
◦C

in
the

atm
osphere.

T
he

variability
is

located
south

of
the

intergyre
boundary,

betw
een

30
◦N

and
60
◦N

,
although

the
position

of
the

zero
w

ind-stress
curl

line
rem

ains
stationnary.

T
he

anom
alies

structure
is

com
plex

w
ith

a
high

m
eridional

w
avenum

ber.
T

em
perature

anom
alies

are
initiated

at
the

separation
point

of
the

w
estern

boundary
current,

just
below

the
intergyre.

T
hen,

they
extend

easterly
and

m
ove

slow
ly

southw
ard.

T
hey

die
off

after
being

advected
w

estw
ard

into
the

boundary
current,

alm
ost

2
periods

after
their

form
ation.

T
he

diagnostic
atm

ospheric
variables

follow
the

ocean
anom

alies
along

their
m

eridional
course.

H
ow

ever,
the

developm
ent

of
a

positive
SST

anom
aly

at
the

w
estern

boundary
current

separation
is

coincident
w

ith
a

m
inim

um
of

the
subtropical

gyre
intensity,

because
at

this
tim

e,
the

stream
function

anom
aly

is
of

positive
sign

south
of

the
zero

w
ind

stress
curl

line.
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A
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ocean
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perature
(blue:-2
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,

red:+
2
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every

Sverdrup,
solid≥

0,
dashed

<
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every
year

over
half

an
oscillation

period.
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T
h

e
o
scilla

tio
n

p
e
rio

d

In
this

experim
ent,

the
oscillation

period
T

=
12
.5

yr
is

easily
related

to
the

propagation
of

long
baroclinic

R
ossby

w
aves

across
the

basin:

L
X

β
R

2
=

8000
km

1.6
×

10
−

1
1

m
−

1s −
1

(35
km

)
2

=
12
.9

yr

H
ow

ever
C

essi
(2000)

show
s

that
it

is
not

that
sim

ple
since

the
advection

tim
e

scale
plays

a
role

as
w

ell.
Indeed

the
sam

e
experim

ent
w

ith
a

slightly
different

boundary
condition

for
w

ind
speed

generate
oscillations

w
ith

a
period

of
19.5

yr.

C
om

parison
of

experim
ents

w
ith

various
param

eters
and

boundary
conditions

should
allow

to
determ

ine
exactly

how
the

oscillation
period

is
established.
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T
h

e
o
scilla

tio
n

m
e
ch

a
n

ism

R
esp

on
se

of
th

e
w

in
d

stress
τ
′

to
tem

p
eratu

re
an

om
alies

θ
′

For
large

scale
perturbations

(l�
L
ρ

and
l�

L
d ,
L
d

=
(d
e k
s /
γ)

1
/
2
∼

550
km

):

τ
′∝
−
ρ
a f
d
e k
s

d
S

∂
y θ
′

For
sm

all
scale

harm
onic

perturbations
(l�

L
ρ

and
l�

L
d ):

τ
′∝

γ
ρ
a f
L

2ρ

d
S

∂
y θ
′∝

γ
g
ρ
a d
e

fΘ
∂
y θ

N
ote

the
opposite

sign,
but

rather
sim

ilar
coeffi

cient
in

am
plitude

(2
.2
×

10
4

vs.
3
.1
×

10
4).

P
rop

agation
of

tem
p

eratu
re

an
om

alies
Southw

ard
propagation

of
ocean

tem
perature

anom
alies

from
60
◦N

to
30
◦N

follow
s

a
passive

advection
by

the
m

ean
flow

,
w

ith
a

m
ean

velocity
of

2
.6
×

10
−

3
m

s −
1.

R
em

ain
in

g
q
u

estion
s:

-
w

hat
sets

the
m

eridional
w

avenum
ber?

-
w

hat
is

exactly
the

instability
m

echanism
?
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D
iscu

ssio
n

D
iff

eren
ces

w
ith

C
essi

(2000)

-
boundary

condition
for

w
ind

speed
at
y

=
0

and
y

=
L
y :
∂
y τ

=
0

(instead
of
τ

=
0)

-
several

resolutions
and

param
eters

have
been

experim
ented

and
com

pared,
finer

resolution
than

previously
used

seem
s

necessary
-

resolution
and

num
erics

do
influence

the
occurence

of
oscillations

-
a

num
erical

experim
ent

w
ith

isotropic
viscosity

is
now

running
(A

x
=
A
y

=
K

=
200

m
2

s −
1)

T
h

e
p

arad
ox

It
appears

that
the

param
eter

range
leading

to
oscillations

is
rather

lim
ited:

it
requires

eddy
m

ixing
coeffi

cients
O

(200
m

2
s −

1)
that

are
sm

aller
than

estim
ations

from
observations

(typically
2000

m
2

s −
1),

such
that

there
is

finally
som

e
incoherence

w
ith

the
choice

of
the

dynam
ical

equations.
M

ore
sophisticated

ocean
m

odel
should

then
be

used.
Follow

ing
C

essi
(2000),

it
w

ould
then

be
diffi

cult
to

attribute
the

variability
to

coupled
processes

or
to

sim
ple

oceanic
turbulence,

unless
one

m
akes

up
clear

criteria
(like

the
phase

relationship
in

polew
ard

heat
transport

changes
in

atm
osphere

and
ocean).

T
his

is
the

challenge
of

clim
atic

data
analysis,

so
this

m
ight

just
be

a
good

prototype...

C
on

clu
sion

•
Sim

plest
setting

for
studying

interactions
betw

een
ocean

gyres
and

zonal
w

inds
•

P
otentially

interesting
m

echanism
for

decadal
oscillations

observed
in

the
P

acific
and

A
tlantic

•
Further

developm
ents

include
the

use
of

an
ocean

m
odels

that
allow

actual
propagation

of
tem

perature
anom

alies
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