
AOS 103 
Study Aid Slides: Final

Some important stuff to know for the final…but not totally 
comprehensive!

!
USE THIS AS A REFERENCE FOR CONCEPTS YOU MAY NOT 
UNDERSTAND BY LOOKING AT THE LECTURE SLIDES/HW!

!
DO NOT JUST TRY TO MEMORIZE THESE OR THE LECTURE 

SLIDES



Topics you should know/understand and be able to apply
- Ocean geography!

- sea floor topography, name of oceans, major currents!
- Temperature, salinity, density!

- equation of state!
- gravitational stability (stratified vs unstratified)!
- potential vs in situ (for temperature and density)!
- Global patterns and what controls them!

- Surface heat fluxes!
- sensible, latent, radiative!

- Conservation laws !
- IN = OUT of anything!

- Barotropic vs baroclinic !
- Pressure!
- Coriolis Force!
- Hydrostatic Balance!
- Geostrophic Balance!
- Ekman Balance!
- Relative and planetary vorticity (cyclonic vs anticylonic)!
- Potential Vorticity!

- what kinds of flows are due to PV conservation!
- Gyre circulation!

- Ekman + Geostrophy + PV!
- Western boundary currents!

- Water masses!
- formation, location, materially conserved tracers, 

transformation between water masses!
- Water mass geography!

- ACC!
- role of Ekman and geostrophy in the ACC!
- ACC fronts!

- Waves!
- Characterizing waves via dispersion relation!
- surface, internal, Kelvin, Rossby!

- Generation, what medium they propagate on, 
restoring force !

- Stokes Drift/transport due to waves

- Observations and modeling!
- Types of observations!
- application and limitations of both 

(observations and models)!
- Aliasing!

- Mesoscale eddies!
- instabilities that cause to eddies!
- force balance of eddies!
- types of eddies!
- effects of eddies!

- Tides!
- Tidal producing forces (tidal bulge)!
- Amphidromic points!
- Bill O’Reilly’s thoughts on tides!
- Kelvin (tidal) wave propagation!

- Coastal Ocean!
- Geography of coastal ocean (shelf, slope, 

canyons)!
- Slope Currents!
- Topographic Rossby waves!
- Shelf vertical profile of T,S,density!
- Surf zones: longshore and rip currents due to 

waves!
- Wave refraction!
- Tsunamis!

- El Nino/La Nina!
- equatorial view of winds, sea surface, 

thermocline and how it varies during ENSO 
phases!

- teleconnections!
- Ocean and Climate

***This is a list of general topics, do not assume 
this is completely exhaustive (although it is close)



Seasonal'Temperature'Profiles'
Temperature

D
ep

th
Mixed Layer:  will get deeper with 
stronger winds or surface cooling

Thermocline: depth variations 
are day and season dependent 
(solar heat flux on ocean surface 
is a big controller of thermocline 
AND mixed layer depth).

Sub- surface/Abyss: slow drop 
off of temperature with depth. 

What does a vertical temperature profile look like during 
the day (strong surface heating) and night (strong surface 

cooling)?

What does 
stratification mean 
(what does it look 

like)?
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Fig. 2.7. Mean vertical profiles of θ (which is nearly the same as in situ T
on the scale of this plot), S, ρ, and ρθ (i.e., potential density with a refer-
ence pressure at the surface) for the ocean. These are averages over time and
horizontal position for a historical collection of hydrographic measurements
(Steele et al., 2001). The “sigma” unit for density is kg m−3 after subtracting
a constant value of 103. Note the strongly stratified thermocline in T and
pycnocline in ρθ; the layered influences in S of tropical precipitation excess
near the surface, subtropical evaporation excess near 200 m depth, and sub-
polar precipitation excess near 800 m depth; the increase in ρ with depth
due to compressibility, absent in ρθ; and the weakly stratified abyss in T , S,
and ρθ. (Courtesy of Gokhan Danabasoglu, National Center for Atmospheric
Research.)

waves having been emitted in conjunction with the parcel displacement,
allowing the parcel pressure to locally equilibrate.) After using the hy-
drostatic balance of the mean profile to substitute for ∂zp(z0 + δz),

D2δz
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The second line follows from ρ and ρ depending only on a common
pressure-dependent factor in relation to ρpot and ρpot, which then cancels
out between the numerator and denominator. Since potential density is
preserved following a parcel for adiabatic motions and δz is small so that
the potential density profile can be Taylor-expanded about the parcel’s

- Increase in density with depth at large depths is not present in 
potential density 

- Pycnocline present in potential density profile and thermocline 
present in potential temperature profile 

- Potential temperature and potential density are CONSERVED 
(as they follow the flow), which also makes these good quantities 
to trace water masses…

PycnoclineThermocline
Don’t 
worry 
about 
odd 

salinity 
profile

No appreciable 
pycnocline here



- Compression by pressure can change 
density —> changing the density 
changes the mass, which changes the 
internal energy, which can lead to a 
change in temperature 

- Potential temperature removes effect of 
compressibility

Potential Density

With the realization that compressibility (pressure influence on density) is 
negligible for the ocean currents we care about, we can form a more 
dynamically meaningful measure of density and temperature: 

Potential Temperature
- Removes effect of compressibility

Both potential density and potential temperature lead to 
simpler measures of water column stability!
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Water Masses
• Observing (taking measurements of) the 

entire ocean (all of its horizontal and 
vertical expanse) is essentially impossible.   

• Water masses provide a way of 
geographically defining the ocean with 
limited observation 

Things to care about for a water mass!
!
1) Where it is formed (origin) 
!
2) How it is formed (mechanism) 
!
3) What properties are conserved as they flow 

with the water mass (tracers) 
!
4) What depths does it travel through (depth: 

surface, intermediate, bottom)!
!
5) Where does it end up (destination)

Meridional Overturning and Water Mass Geography

Salinity [PSU] section in the Pacific from WOCE data along the P16 line in the inset. The labels are

the water mass types. Over most of the section S has a weak dynamical influence, compared to T ,

but it tracers the path of surface waters into the interior. The STMW are trapped pools above the

deep pycnoclines in subtropical gyres created by wintertime surface mixing. In the Pacific abyssal

water (AABW) comes only from the south.



Planetary Geostrophic Momentum Equations
( F      =            ma ) / volume

Pressure gradients in x-
direction and Coriolis force 

drive currents in y-direction (v)

Pressure gradients in y-
direction and Coriolis force 

drive currents in x-direction (u)

Pressure at any depth is equal to 
the weight of the fluid above it

x-direction balance

“Hydrostatic”!
“hydro”  = water;  “static” = not moving up or down

y-direction balance

z-direction balance
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v = ûi+ v̂j+ wk̂(32)

@v

@t

+ v ·rv = �f k̂⇥ v � 1

⇢

0

rp� g

⇢

⇢

0

k̂+ F (32)

@p

@x

= ⇢

0

fv (32)

@p

@y

= �⇢

0

fu (32)

@p

@z

= �⇢g (32)

⇢

0

= constant



These equations mean nothing without a 
physical interpretation…

• Geostrophic adjustment describes 
how a parcel moving across the rotating 
Earth can come into geostrophic 
balance 
 
• We start with a parcel at rest but 
experiencing a PGF directed towards L 
 
• As it starts moving, Coriolis starts its 
rightward tug, the air starts turning 
 
• Geostrophic flow, parallel to isobars 
with L to the left results when PGF and 
Coriolis finally come into balance 
 
• Note PGF always directed towards L, 
Coriolis always to right, and Coriolis 
force is proportional to wind speed 
(Why?) 
 
• In the NH, with the wind at your back , 
low pressure is to your left 

An air (or water) parcel in this system is being 
acted on by 2 forces!
1) Pressure gradient force (PGF)!
2) Coriolis force (CF)!
!
- The PGF wants to push the parcel from the 

HIGH to LOW pressure bars (bottom to top)!
- The CF wants to make the air parcel deflect 

to the RIGHT (we’re in the NH) of its flow at 
any point!

- Once the parcel adjusts to both forces, it 
ends up flowing in between the lines of 
constant pressure (this is geostrophic flow)!
!

Geostrophy is a BALANCE (PGF = CF), so the 
air parcel ends up flowing IN BETWEEN the 
lines of constant pressure !
!
*We say geostrophic flows run “parallel to 
isobars” (isobar = line of constant pressure)

Geostrophic System (North Hemi)

*Geostrophic rule of thumb: in NH with geostrophic wind at your back, 
low pressure is to your LEFT (in SH, low pressure is to your right)



Inferring geostrophic velocity
1) Sea surface height map (x,y)!
- Determine what direction the 

pressure gradients vectors 
are pointing (the PGF arrows point 
from HIGH pressure to LOW pressure = 
HIGH sea surface elevation to LOW sea 
surface elevation (red to blue)) !

- Draw your PGF arrow that 
points from HIGH to LOW 
pressure!

- If you are in the NH, the 
geostrophic current is an 
vector directed to the RIGHT 
of your PGF arrow(vector)!

- If you are in the SH, the 
geostrophic current is a 
vector directed to the LEFT of 
your PGF arrow(vector)

Clicker'Ques7on'

Time6averaged'sea'surface'eleva7on'[cm]'

In'which'direc7on'do'we'expect'the'South'Pacific'gyre'to'flow?'

A,

B,

PGF
Geostrophic 

current

H L 

PGF

Geostrophic 
current

H 
L 

Clicker'Ques7on'

Time6averaged'sea'surface'eleva7on'[cm]'

In'which'direc7on'do'we'expect'the'South'Pacific'gyre'to'flow?'

A,

B,



Rules of Thumb!
KNOW THESE FOR EXAM!

Northern Hemisphere
-Coriolis force deflects flows 
to the RIGHT 
-Geostrophic flow is to the 
RIGHT of an arrow pointing 
from high to low pressure 
(i.e. the direction the water 
wants to flow due to the 
pressure gradient force) 
-Ekman transport is to the 
RIGHT of surface wind 
stress

-Coriolis force deflects flows 
to the LEFT 
-Geostrophic flow is to the 
LEFT of an arrow pointing 
from high to low pressure 
(i.e. the direction the water 
wants to flow due to the 
pressure gradient force) 
-Ekman transport is to the 
LEFT of surface wind stress

Southern Hemisphere



Terminology
Pressure gradient: points from low to high pressure 

Pressure gradient force: points from high to low pressure

Advice to not confuse yourself: when thinking of geostrophic 
velocities draw/think of arrows pointing in the direction of the 
pressure gradient FORCE (HIGH to LOW)…this will make it 

more intuitive to deduce geostrophic velocity from that

North Hemi: geostrophic velocity will flow to the RIGHT of the 
pressure gradient force (HIGH TO LOW arrow)



Horizontal 
gradient of 
density in 
the x-
direction 

Take the horizontal components of the planetary geostrophic momentum system

(these equations merely describe the horizontal velocities (u, v) that are due to a

force balance between the Coriolis and pressure gradient forces:
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Vertical variation 
(shear) of 
geostrophic velocity 
in the y-direction

Take the horizontal components of the planetary geostrophic momentum system

(these equations merely describe the horizontal velocities (u, v) that are due to a

force balance between the Coriolis and pressure gradient forces:
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Thermal Wind: How do geostrophic velocities vary with 
depth??

Thermal wind relates 
horizontal density 

gradients to vertical 
changes in the 

geostrophic velocity 
(which is a horizontal 

flow)

You DO need to 
understand this 
relationship for 

the exam!!!



Thermal Wind: Interpreting Data/Plots

!
- Because there is a horizontal density gradient along the y-axis, the geostrophic velocity (that goes 
in or out of the page) has vertical shear (i.e. it increases or decreases with depth)!
-In this case, the geostrophic velocity  DECREASES with depth on the left half of the plotted domain!
  
******The reason why the velocity is stronger (and the shear more pronounced) on the left side of the 
plot is because the horizontal density gradient is stronger there…the white lines are vertical and 
close together, so if you were to step from left to right along the y-axis, density would be changing 
very rapidly from y=0 to y=1.5km; but from y=1.5km to y=3.0km (the right side), the density gradient 
is pretty small, so the geostrophic velocity and subsequent vertical shear of geostrophic velocity is 
relatively smaller and less noticeable there.

Take the horizontal components of the planetary geostrophic momentum system

(these equations merely describe the horizontal velocities (u, v) that are due to a

force balance between the Coriolis and pressure gradient forces:
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geostrophic velocity in or out of page (red 
means out of page, blue means into page), its 
the same as “u” in the equation above

Take the horizontal components of the planetary geostrophic momentum system

(these equations merely describe the horizontal velocities (u, v) that are due to a

force balance between the Coriolis and pressure gradient forces:
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This plot shows a ‘cross-section’ of geostrophic velocity (colors) and 
density (white lines)

Sea floor

****This is an example of a 
baroclinic current b/c it 
has vertical variation (i.e. 
the velocity is not 
constant with depth)



There are 3 main types of dynamics going on in gyres 
that can all be traced back to the wind stress (in 
conjunction with Coriolis force):!
1) Ekman dynamics (Ekman flow/transport and Ekman 

pumping/suction)!
2) Geostrophic currents due to sea surface height 

gradients!
3) North/south transport in center of gyre and at land 

boundaries due to potential vorticity conservation

Gyres



Large scale wind 
stress at surface Ekman flow

Ekman 
pumping/
suction at 

CENTER of gyre

Thermocline 
elevation/

depression

Sets up large scale 
sea surface height 

gradients

Geostrophic 
currents

Horizontal gradients of 
thermocline and 

geostrophic velocity lead 
to vertical shear of 

geostrophic velocity by 
thermal wind relation

Large scale curl 
of wind stress  

“injects” 
vorticity into 

ocean

Boundary current exist to balance out 
the relative vorticity input by the wind; 

relative vorticity generated at land 
boundary of boundary current is 

opposite of vorticity generated by 
winds

Water wants to move meridionally 
(north or south) to get rid of injected 
relative vorticity while conserving its 
potential vorticity: results in transport 

north or south in the gyre interior



For any gyre:!
-    Start with the large scale atmospheric pressure!
- Deduce the geostrophic atmospheric wind from this pressure!
- Use the wind pattern to infer Ekman transport (it will go into our out of the 

gyre radially)!
- Use the direction of Ekman transport to infer whether there is upwelling 

(suction) or downwelling (pumping) at the center of the gyre!
- Essentially answer this question: is there convergence or 

divergence of water at the center of the gyre?!
- Use this behavior at the center of the gyre to infer what the thermocline and 

sea surface height are doing!
- Use the sea surface height to infer which way the surface pressure gradient 

forces want to push water!
- Use these pressure gradient forces to infer a geostrophic current!
- The horizontal variation of the thermocline combined with a geostrophic 

current will mean that the geostrophic current will have vertical shear 
(increase or decrease) with depth due to the thermal wind balance!

- The final piece of the gyre story is the boundary current…figure out the sign 
of vorticity that the wind is inputting to the gyre and what type of boundary 
current would be needed to balance that out



Thermocline and sea surface height 
response to Ekman pumping/suction

Upwelling (due to surface 
divergence) = SUCTION!
- thermocline raised up 
- sea surface depressed

Downwelling (due to surface 
convergence) = PUMPING!
- thermocline depressed 
- sea surface raised up

What’s the geostrophic velocity? 
(pick a hemisphere)

What’s the geostrophic velocity? 
(pick a hemisphere)

Cyclonic'and'An+cyclonic'Gyres'
•  The'opposite'process'

takes'place'in'
cyclonic&gyres.'

•  In'either'case,'the'
surface'currents'flow'
in&the&same&direc6on&
as&the&winds.'

•  The'+lted'
thermocline'results'
in'a'weaker'current'
at'depth,'by'thermal&
wind&balance.'

•  Ekman'transport'does'not'predict'the'transport&of'the'gyre'–'
for'that'we'need'to'consider'the'flow’s'vor6city.'
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Planetary Vorticity
Because the Earth is always rotating, everything in it always has some 

vorticity.  We call this vorticity “planetary vorticity”, simply b/c it is due to the 
planet’s own rotation.Planetary'Vor+city'

Similarly,'even'“sta+onary”'water'columns'on'the'rota+ng'Earth'have'
a'background'planetary&vor6city,'ζp'='f%='2Ω'sin(ϕ).'
'
A'water'column'with'rela+ve'vor+city'ζ'has'an'absolute'vor+city'of''
ζa'='f'+'ζ.%
!
Angular'momentum'conserva+on'implies'a'water'column'of'thickness'
H'must'conserve'its'poten6al&vor6city,'q%='ζa%/'H'='(f%+'ζ)'/'H.%'

f%

NH - counterclockwise = cyclonic

SH - clockwise = cyclonic

“Cyclonic” always refers to having the same sense of planetary 
rotation.  The “sense” of planetary rotation is opposite in each 
hemisphere.  Thus cyclonic refers to counterclockwise rotation 
in the Northern Hemishphere (NH) and clockwise rotation in the 
Southern Hemisphere (SH)

Ocean'Gyres'
•  Ocean' gyres& are' the'most' prominent' feature' in' the' surface'

circula+on'of'the'world'ocean.''

•  They'are'typically'(but'not'necessarily):'
! wind+driven,''
!  re+circulatory,''
!  basin+scale,'and''
!  surface+intensified.'

'
•  They'may'be'cyclonic'or'an6cyclonic:'

!  Cyclonic:' circula+on' has' the' same' sense' as' local'
rota+on' (counterBclockwise' in' the' Northern'
Hemisphere).'

!  An+cyclonic:'circula+on'has'the'opposite'sense'to'local'
rota+on'(clockwise'in'the'Northern'Hemisphere).'

'

Planetary vorticity = Coriolis parameter = f!
Units: [1/s]



Relative Vorticity
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@v

@x
� @u
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Relative Vorticity

Vertical component 
of curl of 3D velocity

Just tells us how much rotation 
or shear a fluid is exhibiting in 

its horizontal velocitiesThe surface vorticity shown in Figure 8 is just the last component
⇣

@v

@x

� @u

@y

⌘
k of the curl

operator (it is also normalized by the rotation of the Earth, but it is the curl operation that
gives the spatial structure of the colors in the figure). Vorticity is an indicator of rotation in the
(x, y) plane about (around) the vertical (z) axis; it is also a great indicator of velocity shear.
Shear in velocity fields can be caused by velocity vectors opposing each other, or, more generally,
gradients in the strength and/or direction of the velocity itself. Two examples of shear flows are
shown in Figure 10.

Figure 10: Flow profiles that can lead to velocity shear. The flow profile on the left has equal
velocity magnitude with opposing directions. The flow profile on the right has velocity with
uniform direction, but a top to bottom drop o↵ in magnitude.

Divergence Theorem

Let’s revisit our control volume in Figure 5. We know that a 3D velocity field leads to flow
through each face of the box. Depending on the direction of the flow relative to the face, fluid
is flowing in (sources) or out of (sinks) the box at each point on each face. We also know
that the divergence of the velocity vector at each point gives us the strength of the
sources and sinks of fluid at each point.

We could figure out the total amount of fluid flowing in our out of the box by summing (in-
tegrating) the divergence at every point in the interior of the box. This would just
result in a volume integral of the divergence of the 3D fluid velocity:

volume total of fluid sources and sinks =

˚

V

(r ·U) dV (27)

Keeping in mind that our control volume is a closed region, we can actually say that the volume
total of fluid sources and sinks in our control volume is equivalent to the net flow of fluid
across each face (boundary). This statement is the divergence theorem and is mathematically
expressed by equating our volume integral (27) to the surface integral of flow normal
to each boundary: ˚

V

(r ·U) dV =

‹

S

(U · n̂) dS (28)

Where
‚
S

indicates a surface integral over the boundary of the volume V . The circle enclosing

the 2 integral symbols is to denote that the volume V is a closed surface.

All 3 of these flow profiles have vorticity.

For the North Hemi, what 
should the pressure in the 
center of this velocity field be if 
this were a geostrophic wind or 
current (high or low pressure)?

When we talk about vorticity we use the convention 
of saying whether or not the flow is “spinning” in a 

clockwise or counterclockwise manner…just imagine 
a pinwheel in the parts of the flow where there is 

shear and the way that pinwheel rotates.

Clockwise Clockwise

Counterclockwise

Units: [1/s]



Absolute and Potential Vorticity (PV)

Absolute Vorticity: combine planetary and relative vorticity ⇣ = (r⇥ v) · ˆk =
@v

@x
� @u

@y

⇣
relative

=
@v

@x
� @u

@y
= ⇣

⇣
planetary

= 2⌦ sin(�) = f

⇣
absolute

= ⇣
planetary

+ ⇣
relative

= f + ⇣

But in the ocean we like to think about “water 
columns” that have depth…!
!
We also know that if we have a “fluid column”, we 
can change its vorticity by “stretching” it due to 
conservation of angular momentum…if we 
“stretch” out the column by making it taller, but 
more thin in diameter the vorticity will increase!
!
So we need to incorporate this dependence of 
column height(depth) into our vorticity.!
!
We include a depth-dependence with potential 
vorticity!

⇣ = (r⇥ v) · ˆk =
@v

@x
� @u

@y

⇣
relative

=
@v

@x
� @u

@y
= ⇣

⇣
planetary

= 2⌦ sin(�) = f

⇣
absolute

= ⇣
planetary

+ ⇣
relative

= f + ⇣

q =
f + ⇣

H

Water column 
thickness (depth)

Absolute vorticityPotential Vorticity (PV) 



Cyclonic and Anticyclonic

Cyclonic!

North Hemi! South Hemi!
Counterclockwise Clockwise 

Clockwise Counterclockwise Antiyclonic!

Easiest way to remember: just memorize that the NH’s 
cyclonic rotation is counterclockwise….if you remember 

that, you can remember all the other ones by knowing that 
the SH is the opposite for cyclonic and anticyclonic is just 

the opposite of cyclonic in each hemisphere!
!

YOU NEED TO KNOW THIS FOR THE EXAM!!
Best way to get familiar with it is to give yourself multiple examples: put a high or low 

pressure center in a hemisphere and draw the geostrophic wind around it and then say 
whether its cyclonic or anticyclonic for that hemisphere



PV Thinking/Deductions
The way these questions will probably be worded (**ask Prof Stewart in 
Lecture tomorrow) is as follows:!
!
Case 1:!
The winds (or something else) tend to increase the vorticity of the ocean and 
thereby increase its potential vorticity (q ~ f/H).  In which which direction 
does this cause water columns to move (if H is constant)!
!
Answer Case 1:!
If q is being increased, then f must increase and this will cause northward 
movement!
!
Case 2: !
The winds (or something else) tend to decrease the vorticity of the ocean 
and thereby decrease its potential vorticity (q ~ f/H).  In which which 
direction does this cause water columns to move (if H is constant)!
!
Answer Case 2:!
If q is being decreased, then f must decrease and this will cause southward 
movement



!
GETTING TO BOUNDARY CURRENTS FROM VORTICITY (RELATIVE AND 
POTENTIAL)
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To balance out the negative vorticity input by the wind, the boundary current must 
create(supply) positive vorticity.!
!
The western boundary current supplies this positive vorticity!
!
It exists to 1) conserve mass and 2) balance out the vorticity input by the wind!
!

x (east)

y (north)
(Interior transport)
(Boundary current)

Interior transport: caused by 
Case 2 scenario on last slide 
(winds act to decrease potential 
vorticity)



Conservation of any Flux 
(volume, mass, heat, salt, etc)

Bottom

S3

Surface

Slope stuff
S1

S2

IN = OUT!
!

ALL THE ARROWS NEED TO SUM TO ZERO



Conservation of Volume
We can use conservation of volume(or mass) to calculate 
the actual velocity of fluid going in and out of different 
areas (i.e. faces of a box), but you should ALWAYS FIRST 
be using this principle to give yourself an intuition of how 
a fluid flows in and out of different areas if it is conserving 
volume(mass)

1) Do you expect V1 to be greater than or less than V2!
2)  Show why mathematically using the conservation 

of volume!
**So for any time you have a problem that has stuff (water, mass, etc) 
fluxing in and out of boxes, basins, any old shape…you will probably be 
able to figure out flow or transport using conservation of volume

IN = OUT!
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Conservation of Volume
Cross-section example to deduce direction of a flow

A B

C

Ocean Surface

Ocean Bottom
Volume transport 
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Conservation of Volume

If we knew the direction of A and B, we could deduce the direction of C 
based on conservation of volume (e.g., if A and B were out of the page, C 
would have to be into the page).



Eddies
-Coherent vortices in the ocean that are 
approximately in geostrophic balance (PGF  = 
CF)

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.'

Study aid: convince 
yourself of these 
geostrophic flows

Real World Regional Ocean Model

Can you tell if this North Hemi eddy is 
cyclonic or anticyclonic?



Eddy and Mean Components!
(mathematical definition)

@⇢

@x
= 0

@⇢

@y
= 0

@⇢

@z
= 0

�y

v = < v > + v0

< v0 >= 0 By definition, the mean(average) 
of a fluctuation (eddy) is zero

@⇢

@x
= 0

@⇢

@y
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@z
= 0

�y

v = < v > + v0

Mean (time or 
space)

Eddy component 
(deviation from the 

mean)

Field (for this 
example, 
velocity)

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



Barotropic Instability

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).
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columns are for vorticity (left) and tracer (right), and the rows are successive
times: near initialization (top); during the nearly linear, Kelvin-Helmholtz,
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anticyclonic vortices and approximately one cycle of pairing and merging of
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Shear Flow

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,

Step 
forward in 
time

Step 
forward in 
time

-Barotropic instability occurs when there is a 2D 
(x,y) shear flow

-Perturbations (i.e. something that will disrupt the state 
of the flow) can amplify exponentially and lead to eddy 
(vortex) formation by ‘rolling up’ of the shear layer!

-BAROTROPIC: this implies that there is no depth-dependence (i.e. 
we are in a horizontal 2D system)

Vortex emergence due to 
barotropic instability

horizontal shear is energy source 
for the eddy

(x,y) system with a 
shear flow



Baroclinic Instability

Potential Energy
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< v0 >= 0
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pot
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-2D instability but it has a DEPTH-DEPDENCE (that’s what “baroclinic” means), 
so one of the dimensions must be depth (z-axis)

vertical shear and horizontal 
density(buoyancy) gradient are 
energy source for eddy

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.%

Vertical shear Horizontal density gradient

Where'Do'Eddies'Come'From?'

•  Eddies'form'as'the'result'of'instabili-es'of'ocean'currents.'
'

•  In'general'a'physical'system'is'said'to'be'stable'to'some'
perturba;on'if'the'system'will'return'toward'its'original'state'
ader'being'perturbed.'
'

•  Example:'ball'in'a'
valley/on'a'hill.'
'

•  Major'ocean'currents'
are'perturbed'
con;nuously'by'winds,'topography,'waves,';des,'and'preR
exis;ng'eddies.'

Let’s relate this diagram for 
how unstable equilibrium 

works to the figure above on 
the right…



Turbulent Cascades of Energy
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 vortices112 Barotropic and Vortex Dynamics

xx

x x

yy

y y

t = 100t = 10

t = 1.0t = 0.01

ζ (x,y)

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.



Effects of Eddies
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)



Tides due to gravitational forces: moon and sun 
pulling on the Earth

Gravita@onal'Forces'
•  The'gravita@onal' forces' are' 'Fg' ='G$MMoonMEarth/R2,'where'MMoon'

and'MEarth'are'the'masses'of'Earth'and'Moon'and'R'is'the'distance'
between'their'centers.'G'is'the'universal'gravita@onal'constant.'

•  At'the'Earth’s'center'of'mass,'the'gravita@onal'forces'are'balanced'
by' the' centrifugal' force,' but' this$ is$ not$ necessarily$ true$ at$ the$
Earth’s$surface.'

'

•  In'which'direc@on'is'the'net'force'at'the'side'of'the'Earth'closest'
to'the'moon?'

A.  Toward'the'moon'
B.  Away'from'the'moon'
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How does the gravitational 
force behave with distance to 
the moon?

At center of mass of Earth:
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Net force that is non-zero 
causes the earth to bulge 
towards the moon (or sun)…
this causes tides

At surface of Earth (closest to 
Moon):
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Coastal Kelvin Wave: a tidal signature that 
propagates along the coast
Ingredients for a coastal Kelvin wave: Coriolis 
force, pressure gradient, topographic 
boundary (i.e. a coast, that we call a ‘coastal 
waveguide’)!
!
**A ‘wave’ here can be considered a sea 
surface elevation that propagates (like waves 
you see at the beach, but here they are of 
much bigger scale and for our purposes, we 
will say that there is no wave breaking)

Kelvin'Wave'
•  The'signature'of'the'@des' is'visible'

at' the' ocean' surface' as' a' Kelvin$
wave.$

•  Due' to' the' Coriolis' force,' the'
amplitude' of' the' Kelvin' wave'
increases' exponen@ally' towards'
the'coast.''

•  The'Kelvin'
wave'speed'c'
is'given'by'
c2$='gH.'

Rule of thumb: Kelvin waves propagate with the coast to the 
right in the NH (so to the left in the SH)
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North Hemi example!
-a Kelvin wave propagates northward 
along the coast,!
-the Coriolis force wants to deflect this 
wave to the RIGHT!
-BUT, there is a coastal boundary, so 
water piles up at the coast!
-This pile of up of water is manifested in a 
sea surface elevation, which we know 
causes pressure gradients!
-The pressure gradient force leads to a 
geostrophic current (PGF = CF)!

g = gravity!
H = depth (water column thickness)



Variables'used'

t: Time [s]      x, y, z: Space Coordinates [m]  

λ: Wave length [m]    a: Amplitude [m] 

T: Wave period [s]    k: Wave number [1/m]  

ω: Frequency [1/s]    η: Sea Surface Height [m] 

Cp: Phase Speed of Wave [m/s]   Cg: Group Speed of Wave [m/s] 

H: Water Depth [m] 
'
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Linear wave equation
Wavenumber

Frequency

Phase Speed

Group Speed

*Note: frequency is a function of 
wavenumber
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*Note: wavenumber is inversely 
proportional to wavelength

Waves: Mathematical Description



Shallow Water Waves Deep Water Waves
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Surface Wave: General Phase Speed

*We can simplify (and categorize surface waves) via assumptions!
about the ratio of wavelength to depth
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Google/wikipedia “wave dispersion” to see more movie examples

A wave is dispersive if the phase velocity DOES NOT 
equal the group velocity
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Non-dispersive wave packet (movie) Dispersive wave packet (movie)

Dispersive vs Non-dispersive 



Internal Waves

Internal'Wave'Speed'
For' long' (λ&>>&H)' internal'waves' in'a' twoVlayer'ocean' (pictured),' the'
phase'and'group'speeds'are'given'by'
'
'
'
For'the'special'case'of''
equalVdepth'layers'(H1=H2),'
'
'
'
Similar'to'surface'waves,''
the'interface'displacement'ξ,''
wave'frequency'ω,&and'wave''
number'k&are'related'via'
'
'
In' a' con?nuous' density' stra?fica?on,' internal' waves' propagate'
ver&cally'as'well'as'horizontally.'
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(Distance,Depth) View - Propagate along isopycnal 
surfaces!

- Subject to buoyant restoring 
force (reduced gravity)!

- Generated by many processes 
including flow over variable 
topography!

- When they break they can lead 
to mixing which is critical for 
closing out the Meridional 
Overturning Circulation (MOC)
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Coastal Waves: Wave Refraction
How do waves approaching a beach at an angle behave?

Which region do you expect stronger wave activity: 
headlands or bays?

Clicker'Ques9on'

This'figure'shows'wave'crests'approaching'the'beach.'What'do'
you'expect'to'happen'to'the'waves'as'they'approach'the'beach?'
'
'
'
'
'
'
'
'
'
A.  They'will'turn'to'lie'parallel'to'the'shore.'
B.  They'will'turn'to'lie'perpendicular'to'the'shore.'
C.  They'will'keep'propaga9ng'at'the'same'angle.'

Cp = gHShallow'
=>'Cp'small'

Deep'
=>'Cp'larger'
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Wave'Refrac9on'
When'waves'approach'the'shore'and'start'to'“feel”'the'bogom,'
or' when' they' experience' changes' in' current' speed,' they' are'
refracted,'or'“bent”'such'that'crests'arrive'parallel'to'the'shore.'



Continental ShelfThe'Con9nental'Shelf'

•  The'con$nental) shelf' depth' ranges' from' tens' to'hundreds'of'
meters.'
'

•  Temperature/density' exhibit' top' and' bogom) mixed) layers,'
with'a'thermocline/pycnocline)in'between.'

Jim'McWilliams'

Blue lines represent 
isopycnals (lines of 
constant density)!

Where are there mixed layers here?

What does a vertical profile of density (or 
temperature) look like in the continental 
shelf?

Is there a thermocline?

Why would a slope current flow 
on the slope here?



What does a raised thermocline near South America 
mean for near surface waters there?

Clicker'QuesAon'
The* trade*winds' blow' from'east' to'west' along' the'equator.' In'
which' direcAon' do' you' expect' this' to' drive' ocean' volume'
transport?'
'
A.  North'
B.  East'
C.  South'
D.  West'
E.  It'will'not'drive''

any'transport'

Does it have an impact on the atmosphere near the 
surface of the ocean?

The Equatorial “Bathtub”



El Nino/La Nina

Bjerknes (1969) recognized that El 
Niño is the product of interaction 
between the ocean and atmosphere: A 
positive ocean-atmosphere feedback. 
 
But what breaks the positive feedback?!

A
no

m
al

y!

Time!

SST! Walker Cell!

Surface Wind!

Ocean-atmosphere feedback system

El Nino is the result of a 
positive feedback 

between the ocean and 
atmosphere

How does the ocean 
transmit information 
across the equator to 
break this feedback??

Waves!



El Nino/La Nina: Effects on Global Systems

ENSO'and'the'
Jet'Stream'

For' example,' ENSO' has' a'
strong' impact'on' the'posiAon'
of' the' jet' stream' over' the'
Pacific.'''
'
During'La'Niña,'the'jet'stream'
is' pushed' far' to' the' North' of'
California.'''
'
During'El'Niño,'the'jet'stream'
(and' the' associated' storm'
acAvity)'tends'to'be'located'at'
about' the' same' laAtude' as'
Southern'California.''
'
'

ENSO events can have impacts across the entire globe via 
“teleconnections”
Jet Stream

How would you expect El Nino to affect the 
fishing off the coast of equatorial South 

America? Why?
Global'Impacts'of''ENSO'

ENSO' generates' a' huge' climate' anomaly' over' such' a' large' area,'
that'is'affects'climate'in'many'parts'of'the'world.''

It'does'this'by'altering'atmospheric''
panerns'that'typically'propagate''
from'one'region'to'another,''
called'teleconnec+ons.''


