
AOS 103 
Week 7 Discussion



Clicker	Ques;on	

This	diagram	shows	a	mode	water	eddy.	
The	sea	surface	is	completely	flat.	In	which	
direc;on	will	the	eddy	circulate?	
	
A.  Cyclonic	

B.  An;cyclonic	

C.  No	circula;on	

Mode Water Eddy
-Flat sea surface!
-Isopycnal structure drawn!
-Deduce the flow
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Mode Water Eddy
We need to get to a statement of the horizontal pressure 
gradient force !!
We can do this by using hydrostatic balance at different 
points in the horizontal (along the red-dashed line)!!
We can interpret the space in between the 2 contour lines as a 
space of constant density!!
Therefore the hydrostatic pressure variation will be related to 
the thickness of the space between the 2 contour lines (black 
dashed lines).  !!
We can make the above assumption b/c we know that the sea 
surface is flat, so the hydrostatic pressure is not dependent 
on sea surface height b/c it is constant along the horizontal 
axis.!!
In the middle, the thickness of the water column relative tot he 
density contour is larger (H1 > H2) This implies that at the 
intersection of the black dashed line and red line, the 
pressure is higher than at the sides.!!
The pressure gradient force points outwards from the middle!!
We are in the Northern Hemisphere, so the geostrophic 
velocity flows to the right of the pressure gradient force which 
is into the page on the right side and out of the page on the 
left side!!
The velocity structure is indicative of anticylonic 
(counterclockwise) circulation

H1
H2 H2



Observations/Modeling
1) Explain aliasing with a sketch of made up data (actual and 

aliased data)!
!
2) What type of spatio-temporal resolution would you want for 
a model to simulate the following: !
       -climate!
       - fronts,eddies, and filaments !
       - Langmuir cells!
       - internal tides!
       - molecular processes!
!
3) Do you think it is possible to capture all those processes in 
one model (why or why not)?



1) Explain aliasing with a sketch of made up data (actual and 
aliased data)!

!

Aliasing is the misrepresentation of a signal because it is under 
sampled. Which means that the measurements of the signal (in 
space or time) are not frequent enough to fully capture the true 
signal (e.g. one measurement every day or one measurement 
every 100km)

Example of Spatial Aliasing

if we took measurements at only the blue 
dots, we would miss all of the finer detail 
that is occurring



!
2) What type of spatio-temporal resolution would you want for a 
model to simulate the following: !
       -climate!
       - fronts,eddies, and filaments !
       - Langmuir cells!
       - internal tides!
       - molecular processes!

Time'&'Length'Scales'
Each of the processes listed above 
has a specific space and time scale 
shown in this figure. !
!
If you wanted to accurately model any 
of those physical processes you 
would have to choose a space and 
time scale that applies to the physics 
you are interested in!
!
For example: for internal tides, you 
would want a spatial resolution at 
least O(10km) and a temporal 
resolution at least O(~1day)



3) Do you think it is possible to capture all those processes in one 
model (why or why not)?

The short answer is no, essentially because it would require massive computing power and time that 
is not feasible. !
!
At this point in time, it is essentially impossible to capture molecular processes (the smallest space 
and time scales) AND climate in the same simulation because they are at opposite ends of the spatio-
temporal spectrum.  !
!
That is, climate acts on the largest space and time scales and molecular processes act on the 
smallest space and time scales.  !
!
To capture both of these processes in a model is essentially impossible because the computing 
power/speed is not good enough (for the calculation to happen in a reasonable amount of time)!
!
However, models can cope with this dichotomy, by using parameterizations which can emulate 
processes that happen sub-grid scale (e.g., clouds in a climate model, or molecular mixing).
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A common problem in atmospheric models is that clouds 
cannot be explicitly resolved b/c they are usually much 
smaller than the grid-boxes.  However, cloud effects are 
very important to larger scale atmospheric dynamics and 
heat and moisture budgets, thus their effect must be 
quantified via a parameterization.



Eddies
1) Why do eddies exist (why do they form)?!
!
!
2) What processes can lead to their formation!
!
!
3) What dynamical balance dictates eddy velocities?!
!
!
4)  What is the statistical definition of an eddy (write an equation and 
explain it)!
!
!
5) Explain the difference between the paradigms for 3D and 2D 
turbulence!
!
!
6) Explain 3 effects eddies have on the ocean



The ocean is a turbulent place
-The ocean is a very turbulent place: this means that the 
actual, real, flows are not perfect steady-state balances 
(like geostrophic or Ekman) and they exhibit seemingly 
chaotic tendencies (lots of ‘wiggles’…the smaller the 
spatial scale you look, the more wiggles for the most part)!
!
-The turbulent phenomena in the ocean can result from 
flow instabilities !
!
-Despite this chaos, we can determine what causes the 
instabilities and through some somewhat laborious 
mathematical analysis that we won’t get into in this 
course we can determine the mean effects of classes of 
turbulent flows!
!
-Eddies are one type of phenomena that are a 
consequence of instability and they have been studied a 
great deal b/c their effects are so important to describing 
the full spectrum of ocean physics (i.e  how does heat get 
transported to the poles, how is energy transferred, how 
does the ocean ‘nudge’ itself toward a dynamical 
equilibrium)

1) Why do eddies exist (why do they form)?!
!



1) Why do eddies exist (why do they form)?!
!

- Eddies form because ocean flows will develop instabilities!
!
- You can think of the instability (and resulting eddy) as the way in which the flow keeps itself in 

check!
!
- If instabilities did not form in flows ocean velocities would go to infinity, but nature does not allow 

this and thus eddies and other instability induced phenomena occur that are nature’s way of 
keeping the system from getting out of control (i.e. velocities that go to infinity)!

!
- It turns out that the resulting phenomena from these instabilities (eddies are one example) actually 

have very important roles in the energy budget and maintaining overall equilibrium in the system 
(which is what the atmospheric and ocean systems are constantly trying to get to…again, that’s 
why fluid moves: to balance out gradients of things and achieve equilibrium…which is another 
word for balance…and every STEADY-STATE (i.e. stable) ocean current is part of some balance: 
geostrophic, ekman, etc.)



!
2) What processes can lead to their formation

Barotropic Instability Baroclinic Instability
Barotropic instabilities occur in 2D (x,y) 
shear flows!
!
Perturbations (i.e., something that will 
disrupt the satiate of the flow) can amplify 
exponentially and lead to eddy (vortex) 
formation by “rolling up” of the shear layer

106 Barotropic and Vortex Dynamics

Fig. 3.14. Vortex emergence and evolution for a computational 2D parallel-
flow shear layer with finite but small viscosity and tracer diffusivity. The two
columns are for vorticity (left) and tracer (right), and the rows are successive
times: near initialization (top); during the nearly linear, Kelvin-Helmholtz,
varicose-mode, instability phase (middle); and after emergence of coherent
anticyclonic vortices and approximately one cycle of pairing and merging of
neighboring vortices (bottom). (Lesieur, 1995).

Shear Flow
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neighboring vortices (bottom). (Lesieur, 1995).

108 Barotropic and Vortex Dynamics

y

x

Fig. 3.15. Vortices after emergence and dipole pairing in an experimental 2D
turbulent wake (i.e., jet). The stripes indicate approximate streamfunction
contours. (Couder & Basdevant, 1986).

integral for ψ(x) is

ψ(x) =

∫
dk ψ̂(k)eik·x . (3.112)

k is the vector wavenumber, and ψ̂(k) is the complex Fourier transform
coefficient. With this definition the spectrum of ψ is

S(k) = AVG
[
|ψ̂(k)|2

]
. (3.113)

The averaging is over any appropriate symmetries for the physical sit-
uation of interest (e.g., over time in a statistically stationary situation,
over the directional orientation of k in an isotropic situation, or over
independent realizations in a recurrent situation). S(k) can be inter-
preted as the variance of ψ associated with a spatial scale, L = 1/k,

Baroclinic instabilities occur for baroclinic 
flows (one of the relevant dimensions is the 
vertical)!
!
In these instabilities, vertical shear and the 
density gradient are the energy source for 
the eddy!

Vertical shear

Horizontal density gradient

5.2 Baroclinic Instability 179

u2 = − U

z

x u1 = + U

Fig. 5.4. Mean zonal baroclinic flow in a 2-layer fluid.

the Shallow-Water Equations (Chap. 4) contain some of the combined
effects of rotation and stratification, they do so incompletely compared
to fully 3D dynamics and, in particular, do not admit baroclinic insta-
bility because they cannot represent vertical shear.

In this analysis, for simplicity, assume that H1 = H2 = H/2; hence
the baroclinic deformation radius (5.39) is

R =
√

g′IH
1

2f
.

This choice is a conventional idealization for the stratification in the
mid-latitude troposphere, whose mean stability profile, N (z), is approx-
imately constant in z above the planetary boundary layer (Chap. 6)
and below the tropopause. Further assume that there is no horizontal
shear (thereby precluding any barotropic instability) and no barotropic

Baroclinic'Instability'

•  Baroclinic'flow'is'oden'
unstable'to'small'
perturba;ons.'

•  In'the'diagram,'parcel'A'is'
denser'than'parcel'B,'so'
the'water'column'is'
sta-cally!stable.'
'

•  However,'A'is'lighter'than'
C,'so'we'could'reduce'the'
poten-al!energy'by'
swapping'A'and'C.'
'

•  Poten;al'energy'(per'unit'
volume)'is'Epot'='ρgz.%



Inverse Energy Cascade (Movie)



Gulf Stream Eddies



3) What dynamical balance dictates eddy velocities?!
Force'Balance'of'an'Eddy'

•  Ocean'eddies'are'typically'in'geostrophic!balance.'

•  In'cyclonic'eddies'
(highRpressure'core)'
the'outward'pressure'
force'balances'the'
inward'Coriolis'force.''

•  In'an-cyclonic!eddies'
the'force'direc;ons'
are'reversed.'

•  In'smaller'eddies'(on'
the'order'of'10km'
radius)'the'centrifugal'
force'becomes'
important:'this'is'
called'
cyclogeostrophic!
balance.'

Eddies are typically in geostrophic balanceForce	Balance	of	an	Eddy	
•  Ocean	eddies	are	typically	in	geostrophic	balance.	

•  In	an-cyclonic	eddies	
(high-pressure	core)	
the	outward	pressure	
force	balances	the	
inward	Coriolis	force.		

•  In	cyclonic	eddies	the	
force	direc;ons	are	
reversed.	

•  In	smaller	eddies	(on	
the	order	of	10km	
radius)	the	centrifugal	
force	becomes	
important:	this	is	
called	
cyclogeostrophic	
balance.	

If the eddy is relatively small (<10km), the centrifugal force 
can become non-negligble, and the eddy is said to be in 
cyclogeostrophic balance



4)  What is the statistical definition of an eddy (write an equation and 
explain it)
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< v0 >= 0 By definition, the mean(average) 
of a fluctuation (eddy) is zero

Take a field and decompose it into 2 components:!
1) Mean (average)!
2) Fluctuations about the mean (“eddy”)



2D turbulence 3D turbulence
Forward energy cascadeInverse energy cascade
- 3D stirring leads to smaller and 

smaller scales of tracer gradients!
- The transfer of energy is to smaller 

and smaller scales

ThreeRDimensional'Turbulence'
•  3D'turbulence'is'taking'place'all'the';me'at'small'scales'in'the'ocean.'

(on'the'order'of'meters).'
'

•  3D'turbulence'tends'to's;r'up'tracers'(e.g.'salinity,'temperature),'
crea;ng'large'gradients'at'smaller'scales.'

•  This'downscale!transfer'of'tracers'(and'par;cularly'of'energy)'is'
known'as'the'forward!cascade.'

- 2D(barotropic) turbulence has energy 
that is transferred to larger and larger 
scales as time goes on!

- An initial state of small scale vorticity 
(many vortices) will ultimately end up 
as fewer, larger vortices

112 Barotropic and Vortex Dynamics
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Fig. 3.17. Vortex emergence and evolution in computational 2D turbulence,
as seen in ζ(x, y) at sequential times, with random, spatially smooth initial
conditions. Solid contours are for positive ζ, and dashed ones are for negative
ζ. The contour interval is twice as large in the first panel as in the others.
The times are non-dimensional based on an advective scaling, L/V . (Adapted
from McWilliams, 1984.)

at least during the period after their emergence from complex initial con-
ditions or forcing. The vortices substantially control the dynamics of 2D
turbulent evolution.

5) Explain the difference between the paradigms for 3D and 2D 
turbulence!



1) Eddy diffusion of tracers!
-eddies transport tracers from places 
of high concentration to places of low 
concentration!
-in the ACC, heat transport to the south 
is primarily done by this eddy diffusion 
process!

2) Bolus Transport!
- eddy induced contraction of 

isopycnals causes transport 
through the isopycnal surfaces

3) Isopycnal un-steepening!
-potential energy is released due to 
eddies ‘un-steepening’ isopycnals (i.e. 
force the isopycnals to become more flat 
in the horizontal)!
!
ACC: eddies act to flatten the 
isopycnals, ekman transport acts to 
steepen the isopycnals—-> the balance 
between the 2 determines how baroclinic 
the ACC is

Eddy'“Bolus”'Transport'
•  Named'ader'bolus'e.g.'swallowing'of'food'

(imagine'density'surfaces).'

•  In'a'similar'way,'oscilla;ons'of'the'
isopycnals'can'force'water'between'them.'

•  Example:'moving'baroclinic'eddies''
carry'their'payload'with'them,'via'a'form'of'
bolus'transport.'

•  Jim'McWilliams'(UCLA)'pioneered'this'
understanding'of'ocean'eddy'transport.'

'

Eddies'in'the'Antarc;c'Circumpolar'Current'

•  Another'way'of'thinking'
about'mass'transport'by'
eddies'is'that'they'tend'to'
“un8steepen”!isopycnals.'

•  This'is'necessary'to'release'
poten-al!energy.'
'

•  The'balance'between'wind'
steepening'and'eddy'
relaxing'determines'the'
baroclinicity'of'the'ACC,'and'
thus'the'transport.'
'

•  Eddies'are'responsible'for'
mass'transport'back'and'
forth'across'the'ACC!'

Ekman'
transport'

Eddy'
transport'

(1)

(2)

(3)

6) Explain 3 effects eddies have on the ocean



U.S West Coast Models



U.S West Coast Models



U.S West Coast Models


