
Fig. .



Fig. .



� � �

�

Fig. .



0 5 10 15 20 25 30 35 40 45 50
−1

−0.5

0

0.5

1

0 5 10 15 20 25 30 35 40 45 50
−1

−0.5

0

0.5

1

Wavenumber, k

Wavenumber, k

k0

t = 1

t = 12

k0

� A
(k
)

e
it
Θ
(k

;x
,t
)

� A
(k
)

e
it
Θ
(k

;x
,t
)

�A(k)

�A(k)

Fig. .



T
im

e

Wave packet collision.
Ray theory fails.

Trajectory 1

Trajectory 2

Distance,  x 

Fig. .



.
.

y

η(t > 0)

η(t = 0) ζ < 0

ζ > 0

Fig. .



Wavenumber Wavenumber

F
re
q
u
e
n
cy

G
ro
u
p
a
n
d
P
h
a
se

v
e
lo
ci
ti
e
s

-4 -2 0 2 4-4 -2 0 2 4

2

1

0

-1

-2

2

1

0

-1

-2

Fig. .



� �

�
�

� �

�
�

�

�
�

� �

Fig. .



✓i

✓r

γ

cgi

cgr

x

y

Fig. .



l

kC O

ki

kr

I

R

cgi

cgr

γ

✓

✓

x

y

Fig. .



D
e
p
th

Fig. .



Scaled wavenumber (k/m)

Non-hydrostatic

Hydrostatic

Sc
al

ed
 f

re
q

u
en

cy
 (

  
  
N

)
/

Fig. .



����� �����������

������ ��
����� �������

����

����

���

�����

�����

Fig. .



Fig. .



��

�

� ���

�

�

�

Fig. .



Fig. .



�

�

�

�

�

�

� �

�

Fig. .



�

�

�

�

�

�

�

�

Fig. .



�

� ��

�

��

�

�

Fig. .



m2 > 0

N >ω

N =ω, m = 0

N =ω, m = 0

N <ω, m2 < 0

N <ω, m2 < 0

y

z

Fig. .



D
e
p
th
(k
m
)

2

1

0

3

mixed layer

pycnocline

abyss

~10 mins.

~20 mins.

~2–3 hours

Density Buoyancy frequency N(z)

Fig. .



oscillating

decaying

decaying

N

N ,
2 2

2

2

2

2
0

2
0

2
0

2

0

Fig. .



Group velocity

Amplitude,  m2

m2

Amplitude

Fig. .



Fig. .



U

x

z

z = 0

hλ

Fig. .



H
e

ig
h

t,
 z

Pressure

0 1 2 3 4 5 6
0

0.5

1

1.5

2

Horizontal distance, x

H
e

ig
h

t,
 z

Streamfunction

0 1 2 3 4 5 6

0

0.5

1

1.5

2

Pressure

0 1 2 3 4 5 6
0

0.5

1

1.5

2

Streamfunction

0 1 2 3 4 5

0

0.5

1

1.5

2

Horizontal distance, x

H
e

ig
h

t,
 z

H
e

ig
h

t,
 z

Fig. .



Fig. .



Fig. .



2 1 0 1 2
0

1

2

3

4

5

6

Wavenumber, kH

F
re
q
u
e
n
c
y
,

/N

m=1

m=1

m=0
m=0

Lamb

a
(acoustic)

g (gravity)

L
(Lamb)

Fig. .



������������

l

k

k

O

C =

✓

−β

2!
,0

◆

C

kc

R

R =

"

✓

β

2!

◆2

+
!2

− f 2

0

c2

#1/2

⇡

"

✓

β

2!

◆2

−

f 2

0

c2

#1/2

·

kc =
−β

2!
+ R ⇡ −

!f 2

0

βc2

l

k

k

O

C

R

R =

"

✓

β

2!

◆2

+
!2

− f 2

0

c2

#1/2

⇡

"

!2
− f 2

0

c2

#1/2

·

C =

✓

−β

2!
,0

◆

kc =
−β

2!
+ R ⇡ R

�������������

Fig. .



Gravity waves

l = 0

l = 1

l = 2

�� � �
�

�

�

�

Wavenumber, kc/f0

F
re

q
u
e
n
c
y
,
ω
/
f

0

Planetary waves, l = 0,1,2

Fig. .



l

kO

k1

k2

k3

Locus of wavenumbers of

given frequency !

k =
−!f 2

0

c2β

Fig. .



� �� � � �

������������
����

�����������
����

�����������
����

������������
����

��

�

�����������������

Fig. .



Latitude (y)

��
0

Latitude (y)

V
1

Latitude (y)

V
2

Latitude (y)

 V
3

Fig. .



1

2

3

0

1

3

− 4 − 2 0 2 4
0

1

2

3

4

Kelvin wave
Yanai wave

Fr
eq

u
en

cy
,

Wavenumber,

Gravity waves

Planetary waves

Fig. .



�� �� � � �
���

���

���

���

���

�� �� � � �
���

���

���

���

���

Zonal wavenumber, Zonal wavenumber,k

q

c/β k

q

c/β

Fr
e

q
u

e
n

c
y,

 !
/
q

β
c

Symmetric Anti-symmetric

Fig. .



Fig. .



South                                        Wall or equator                      North             

Pressure gradient forcePressure gradient force

Coriolis force Coriolis force

K K

Fig. .



� �� �� �� ��

�

�

�

��������� � � ���

��
�
�
��
�
�
��
�
� �

��

�

�

Fig. .



/L
/L

Rossby pressure

Total pressure

x/Leq x/Leq

Total vertical velocity

e
q

e
q

Fig. .



y

x

z

z

Fig. .



Pressure and Velocity

�y

�x
� � � � � � �

�

�

�

Fig. .



Heating centred at x = 0, y =1

 x
10 5 0 5 10 15

5

0

5

 x
10 5 0 5 10 15

Heating centred at x = 0, y = 2

y

Fig. .



 x
10 5 0 5 10 15

5

0

5

 x
10 5 0 5 10 15

Line of heating at y = 0

y

Line of heating at y = 1

Fig. .



��
� �

Fig. .



Fig. .



Fig. .



�

Fig. .



................            ................................. 

..........................              .......................

Fig. .



0 0.2 0.4 0.6 0.8 1
−1

−0.5

0

0.5

1

Wavenumber

W
a
v
e
 S

p
e
e
d

0 0.2 0.4 0.6 0.8 1
0

0.05

0.1

0.15

0.2

0.25

Wavenumber

G
ro

w
th

 R
a
te

Fig. .



Fig. .



Fig. .



-

-

-

-

-

-

-

-

--

-

-

-

Fig. .



)

)

A

B

C

high density

low density

low temperature

high temperature

density increasing

densit y decreasing

φ

α

Fig. .



0 1 2 3 4
0

0.1

0.2

0.3

0.4

Zonal Wavenumber

0 1 2 3 4
0

0.2

0.4

0.6

0.8

1

Zonal wavenumber

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

Phase

H
e
ig

h
t

0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

H
e
ig

h
t

Amplitude

C
r

C
i

G
ro

w
th

 r
a
te

, k
C
 i

W
a
v
e
 s

p
e
e
d
s
, C

 r
  a

n
d
 C

 i
(a) (b)

(c) (d)

Fig. .



� � � �
�

�

�

�

���

���

���

x-wavenumber

y
-w

a
v
e
n
u
m
b
e
r

Fig. .



Streamfunction

Temperature

Meridional velocity

H
e
ig
h
t

H
e
ig
h
t

H
e
ig
h
t

Zonal distance, x Zonal distance, x

Unstable Wave Stable Wave

Fig. .



0 1 2 3 4
0

0.1

0.2

0.3

0.4

G
ro

w
th

 r
a

te

Wavenumber

2 

4 

8

�

Fig. .



Fig. .



S
h
e
a
r
(1
/
L
d
k
β
)2

Wavenumber

Unstable

Stable

Fig. .



10

0 0
0 20 40 60 80

20

30

40

Latitude

M
in

im
u

m
 s

h
e

a
r 

[m
/s

]

M
in

im
u

m
 s

h
e

a
r 

[m
/s

]

0.1

0.2

0.3

0.4

Latitude

Ocean

0 20 40 60 800 20 40 60 80

Atmospshere

Fig. .



1

0

1

0 0.2 0.4 0.6 0.8 1

0

1

-

1-

ψ1 ψ2

τ

v

x

Fig. .



1

0

1

0 0.2 0.4 0.6 0.8 1

1

0

1

-

-

bT
vT

ψT

ψBbB

vB

x

Fig. .



0 1 2 3 4
0

0.1

0.2

0.3

0.4

0 1 2 3 4

0.2

0

0.2

0.4

0.6

Fig. .



0.3 0.4 0.5 0.6 0.7 0.8
0

0.2

0.4

0.6

0.8

1

Amplitude

H
e
ig
h
t

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

Phase

H
e
ig
h
t

Fig. .



Buoyancy

(a) (b)

(c) (d)

Fig. .



G
ro
w
th

R
a
te
s

Amplitude

D
e
p
th

Phase

D
e
p
th

D
e
p
th

Buoyancy
1

Velocity

(a) (b)

(c) (d)

Fig. .



�

�

�

�

�

�

�

�
�

�

� � � �

� �

Fig. .



0 0.5 1
0

0.5

1

Latitude (y/L)

H
e
ig
h
t
(z
/D
)

Fig. .



 (Eulerian)

0

0.5

1

(Residual)

Latitude  (y/L)

H
e

ig
h

t 
 (

z/
D

)

0

0.5

1

ψ

ψ

H
e

ig
h

t 
 (

z/
D

)

0                             0.25                           0.5                            0.75                             1     

0                             0.25                           0.5                            0.75                             1     

Fig. .



�v    (mean low tendency)

0                         0.25                     0.5                       0.75                       1     
0

0.5

1

�  w    (buoyancy tendency)

0

0.5

1

� 0.5

0

0.5

2

0

2

Latitude  (y/L) 

H
e

ig
h

t 
 (

z/
D

)

�

H
e

ig
h

t 
 (

z/
D

)

0                         0.25                     0.5                       0.75                       1     

Fig. .



Latitude (y/L) Latitude (y/L)

(a) (b)

Zonal flow tendency Buoyancy tendency

0 0.5 1 0 0.5 1

1

0.5

0

-0.5

-1

2

0

-2

lower

upper

v
* w
*

-

Fig. .



Fig. .



Fig. .



ε

ε

Wavenumber

E
n
e
rg
y

Dissipation

Transfer

Stirring

Fig. .



Wavenumber

E
n

e
rg

y

Fig. .



Initial Later

Fig. .



k1 k0

E
n
e
rg
y

Wavenumber

Later

spectrum

Initial

spectrum

Fig. .



Fig. .



0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0
y

0.0 0.2 0.4 0.6 0.8 1.0

x

0.0

0.2

0.4

0.6

0.8

1.0

y

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

x

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

x

0.0

0.2

0.4

0.6

0.8

1.0

Fig. .



Fig. .



X

−20
−15

−10
−5

0
5

10
15

20

Y

−30

−20

−10

0

10

20

30

Z

0

10

20

30

40

50

Fig. .



Time Time

X X

Fig. .



Fig. .



Wavenumber

In
v

e
rs

e
 T

im
e

s
c

a
le

����

��

��
���

Fig. .



Fig. .



kx

ky

kxkx

ky ky

Fig. .



0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0
y

0.0 0.2 0.4 0.6 0.8 1.0

x

0.0

0.2

0.4

0.6

0.8

1.0

y

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

x

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

x

0.0

0.2

0.4

0.6

0.8

1.0

Fig. .



r

Eddy kinetic energy

Zonal kinetic energy

Fig. .



0.0 1.0 2.0 3.0 4.0

Potential vorticity

0.0

1.0

2.0

3.0

4.0

y
/L

h

β y

q = ζ+β y

−0.05 0.00 0.05 0.10

Zonal wind, u

0.0

1.0

2.0

3.0

4.0

Fig. .



–6 0 6

–1                          0                            1

–15                                                                     15

0

–6 0 6

–1                          0                            1

–15                                                                     15

0

y

y

Fig. .



enstrophy flux

energy flux

Fig. .



Wavelength (km)

Sp
ec

tr
al

 d
en

si
ty

 (
m

  
s 

  
 )

Wavenumber (radians m   )

Fig. .



Horizontal wavenumber

V
e
r
ti

c
a
l
w

a
v
e
n
u
m

b
e
r

t = 0 t = 13 t = 26

Fig. .



Fig. .



(a) (b ) (c)

Mode amp litude ‘A' Mode amp litude ‘B’

D
e
p
t
h

Buoyancy
–0.2 0 0.2

Fig. .



Fig. .



����������������������� ����������������������� �����������������������

�

�

�

� ��
Horizonal wavenumber

V
er

ti
ca

l 
m

o
d

e 
(m

)

Fig. .



kd

Horizontal wavenumber

V
e
r
ti

c
a
l
m

o
d
e

0

1

2

3

Fig. .



A A

B BC C

D D

t1

t1 = t

t2 = t t̂

t̂ = t − τ

τ

t̂ = −τ

t̂ = t

t2

Fig. .



� � � ��

���

�

Fig. .



−98 −96 −94 −92 −90 −88 −86 −84 −82 −80 −78 −76
16

18

20

22

24

26

28

30

32

Fig. .



� � �� �� �� ��
�� �

�� �

�� �

�� �

���

D
is

p
e

rs
io

n
 (

k
m

  )�

Time (days)

Fig. .



Fig. .



Fig. .



Fig. .


