
Lecture 7: 
Basic Forces and Coordinate System 



Goals for Lecture 7: 

 Reviewing the terminology

 The Earth’s coordinate system

 Dominant forces in ocean circulation

 Inertial currents (one of three types of 
wind driven surface phenomena)



Learning Objectives

• Know coordinate system used in ocean science

• Know the three dominate forces in the sea 
and understand how each is quantified

• Understand the concept of isostatic balance

• Know what the geoid represents and its 
approximate deviation in distance near the 
surface of the Earth

• Understand the concept of wind stress and 
know the equation used to compute it

• Understand inertial currents and the equation 
used to compute that quantity



Review Ocean Terminology
• General circulation: time-averaged (mean) flow

• Wind-driven circulation:
– Wind driven flow

– Wind effect down to 10% of water column

– Influence extends further down: 1000 to 1500 m 

• Thermohaline circulation 
– Density driven flow 

• Basin scale gyres
– Cyclonic 

– Anticyclonic



Review Ocean Terminology
• Which ones are cyclonic / anticyclonic?

• Which ones have low pressure / high pressure ?

anticyclonic cyclonic

Earth’s Rotation

1 2

3 4



Review Physics Concepts 

• Speed = rate of motion, distance moved (d) 
per unit of time(t). A scalar quantity: d / t

• Velocity = a vector contains both speed              
and direction. (ie., speed is the magnitude 
component of velocity)

• Acceleration = rate of change in velocity 

– Formula: du / dt

where u is speed (m/sec) and t is time (sec) 

– Units: m sec-2
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2D Cartesian Coordinate System 
Named for French 
mathematician Rene 
Descartes also known as 
Renatus Cartesius

X = longitude 
(positive to the east)
Y = latitude 
(positive to the north)

U = dx / dt (longitude)
(positive to the east)
V = dy / dt (latitude) 
(positive to the north)
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3D Cartesian Coordinate System 

Note:  
In oceanography,         
Z often defined as 
positive downwards             
(e.g., Tomczak & Godfrey)

X = longitude (positive to the east)
Y = latitude (positive to the north)
Z = elevation (positive upwards)
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Dominant Circulation Forces
• Ultimate forcing for circulation

– Wind 
• Produces circulation via friction; Downwind motion
• Horizontal flow and vertical water flow

– Density 
• Produces vertical flow due to changes in density                                        

(sometimes called buoyancy flux) 
• Note: buoyancy fluxes both positive and negative

– Other (minor) forcing: Seismic events, atmospheric pressure

• Forces involved in fluid flow
– Pressure: The weigh of the water above

– Friction: Interacting water molecules, dissipates as heat

- Coriolis Effect: Circulation under influence of Earth’s rotation 
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Pressure and z-plots

• Z-plots typically have dbar on z (y) axis

• Why? 

• CTD measures pressure not depth

• Depth (z) is calculated from pressure 
(p) and rho (ρ), by calculating the 
pressure of the water above the CTD:   
p = ρ* g * h
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Vertical Profiles Use Decibars
(rather than meters)
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Pressure
Pressure (Hydrostatic equation)

p =  ∫ g * ρ *dz
or with constant density p = g * ρ* z

ρ = density (kg / m3)
g = gravitational acceleration on earth (9.8 m / sec2)

z = height (m). If down is negative: p= - ρ* g * z 
dp / dz = - ρ * g = pressure gradient

Pressure force / area or Newtons / m2

Units: kg * m * sec-2 * m-2 = kg m-1 sec-2 = pascals (SI unit)

Pascals: 1 atmosphere = 101,325 pascals
1 bar = 1 *105 pascals = 100,000 pascals

o

z



Pressure Calculation - Example
Assume:  ρ = 1,020 kg / m3

dρ / dz = 0 (constant density)

What is the pressure at z = 10 m? 

Pressure =

1,020 kg m-3  * (9.8 m sec -2)  *  10 m

Pressure = 99,960 kg m-1 sec-2  = 

Pressure = 99,960 pascals

Z
10 m

Pressure
Recall: 1 pascal / 100,000 bars  
so 99,960 pascals = 0.9996 bars or 9.996 dbar

h
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Note on Earth’s Gravitation (g)
• Standard gravitational acceleration at Earth’s 

surface (g) = 9.80665 m sec-2

• However this average value varies with location:

– Change with latitude
• Lower at equator due to inertial force and the      

Earth’s equatorial bulge 

• Therefore objects weigh slightly more (~0.3%) at 
poles than at the equator (even if mass equal) 

– Also variability with location:  
Differences in mass at various locations on the Earth… 
due to gravitational anomalies
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Earth’s Gravity Anomalies
(variations due to density changes)

Gal (Galileo) is a unit of acceleration 1 Gal = 1 cm / sec2

Standard Gravity ~ 981 Gal 
so these variations (5Gal / 981Gal) are about 0.5% 

Gravity 
Recovery 
And 
Climate 
Experiment
(GRACE) 

How does 
this range 
compare 
to the 
latitudinal 
gradient?
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GRACE Satellites
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Universal Gravitational Constant

• Different from the Earth’s gravitational 
constant (g)

• G = 6.6739 * 1011 m3 kg-1 sec-2

• Newtons = G * (mass1*mass2/distance2)

• Newtons = (m3 kg-1 sec-2) * (kg2 m -2)

• Newtons = (kg m sec-2) 



9/22/2019 MARS 6080 18

GRACE Satellites
Monthly changes in Antarctic ice mass, in gigatones
(billion tons) from NASA's GRACE (2003 – 2011).

Time series illustrates 
the continuing loss of 
ice from the continent. 

The plots depict results 
from five different 
methods. The data have 
been adjusted to 
reflect new models of 
post-glacial rebound.
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The ocean contains large vertical 
pressure gradients and  smaller, but 

important, horizontal gradients 

Hydrostatic equation:

With constant density at the Earth’s surface           
( ρ & g are constants)

p = - ρ* g * z

This computes the vertical pressure gradient 
dp/dz = - ρ * g



Pressure (Isostatic) Balance

In Geology: 
The “depth” to which a block of crust sinks is a 
function of its weight (density, volume). This
equilibrium, or balance, between blocks of crust 
and the underlying mantle is called isostasy.
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P1 = 0.35 m * 9.8 m/sec2 * 
1000 kg/m3

343 kg m-1 sec-2 = pascals

Note: density in g / cm3

To convert to kg / m3

1 g = (kg / 1000) = kg 10-3

cm3 = (m / 100) 3 = m3 10-6 

= kg 10-3 / m3 * 10-6  

= kg * 10-3 * 106 * m-3

= kg * 103 * m-3 

= 1000 kg / m3 

Pressure (Isostatic) Balance
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NOTE: Pressures P1, 
P2 and P3 are equal

P1 = 0.35 m * 9.8 m/sec2 * 
1000 kg/m3

343 kg m-1 sec-2 = pascals

Pressure (Isostatic) Balance

The column of wood (P3) 
sits a bit higher because 
its density is lower than 
water (950 kg/m3)

What if we used higher 
density (salty) water ?
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Horizontal Pressure Gradients

• Fundamental to understanding ocean circulation

• Some terminology:
– Isobar = line of constant pressure

– Isopycnal = line of constant density

– Isotherm = line of constant temperature

– Isohaline = line of constant salinity

• Issue: 
Pressure may (and does) vary in both the x 
and y direction in the sea, but these gradients 
may be different (in sign and magnitude)
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Horizontal Pressure Gradients
(simple view)

∂p/∂x
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Derivatives and Partial Derivatives

• Change in x or y exclusively designated by 
partial derivatives 

• ∂p/∂y = pressure gradient in y (del p dee Y)

• ∂p/∂x = pressure gradient in x (del p dee x)

• Partial derivative of a function of two of more 
variables is its derivative with respect to only 
one of those variables

• d(density) / d(temp)  & d(density) / d(salinity)



Horizontal Pressure Gradients
(another view)

Sea surface

Isobar
Horizontal 

Pressure

What is the Result of 
Summing These Vectors?

• Downward pressure: 
parallel to gravity, perpendicular to geoid

• Upward pressure: 
equal along and perpendicular to isobar

Vertical 

Pressure

Water 

less dense

Water 

more dense
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Adding the Vectors

Pressure 
pendicular
to isobar

Pressure 
perpendicular 
to gravity

Resultant 
Vector



Horizontal Pressure Gradients
(another view)

Sea surface

Isobar

Sum of 

vectors

The red vector points in direction of lower pressure

For this vector to be maintained it must be opposed 
by an opposite and equal force
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Sea surface Sea surface

isobar isobar

Larger horizontal 
pressure gradient

Smaller horizontal 
pressure gradient

Horizontal Pressure is a Function of the 
Isobar Slope Relative to Gravity Vector
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Realistic Isobars and Water Flow

Sea surface

isobars

Sea surface

isobars

isobars

isobars

Where 
would the 
water flow 
if pressure 

was not 
balanced 

by an  
opposing 
force ?
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Coriolis Force Examples
• Demonstration • Deflection to the 

right in North

• (left in South)

www.youtube.com/watch?v=WB4dxpUS530

http://www.youtube.com/watch?v=WB4dxpUS530
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Coriolis Effect Formula
• Technically an apparent force – on rotating earth

• Quantified and treated as a real force

• Named for Gustave-Gaspard Coriolis, 
French mathematician 1835

• CF = m * u * f
– m --- mass – units (Kg)
– u --- velocity - units (m/sec) (e-w)
– f --- Coriolis parameter 

Units (1/sec)
2Ω*sin(latitude)

• Ω --- Earth’s angular momentum 
(7.29 * 10-5 radians/sec)

– Note: radians have no units

Recall: 
2*pi radians = 360o

(or ~ 57.3o / radian)



• Units of Coriolis force - Newtons

• CF = m * u * f = Mass * Acceleration

kg * m/sec2

• Units:  m = kg u = m/sec f = 1/sec   

• CF = kg * m/sec * 1/sec = kg m/sec2

Coriolis Effect Calculation

• Dependency on Latitude: 
Maximum at poles 
Zero at equator

Sin(90 deg) = 1
Sin(0 deg) = 0

H

O
A

Sin(A) = 0pposite/ Hypotenuse

angle



9/22/2019 MARS 6080

Coriolis Effect Continued

• To right of 
motion in N 
Hemisphere

• To left of 
motion in S 
Hemisphere

• Causes circular 
motion in ocean 
and atmosphere

• Termed: 
Inertial Motion



Inertial Motion
• Related to Newton’s first law

– No net external force; No acceleration 
(i.e., no change in motion, except friction)

• Coriolis force perpendicular to path resulting   
in circular motions

• Inertial period (seconds)
• T= 2π/f 

f = 2Ω * sin(latitude)

Inertial Period vs Latitude
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At 210 N:

= 6.28/[2*7.29*10-5 * sin(21)] 
~ 1.2 *105 sec  or 33 hours 
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Inertial Motion

• Period of revolution  
of inertial oscillation 
varies with latitude. 

• Theoretically: 

the closer to 

the equator, 

the longer 

the period. 
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Coriolis Offsets Pressure Gradient

Sea surface

isobars

Sea surface

isobars

isobars

isobars

Where 
would the 
water flow 
in the N 

hemisphere 
to cause the 

observed 
Coriolis ? 

x

x

.
.



Northern  Hemisphere Patterns

Be ready to explain Southern Hemisphere patterns  



9/22/2019 MARS 6080 39

Friction
• Result of the resistance of a fluid to motion (or more 

properly resistance to transfer of momentum) due to the 
interactions of water molecules or interactions between 
parcels of water (turbulent mixing).

• This resistance to the transfer of momentum is 
parameterized by viscosity.

• There are two “flavors” of viscosity:

– Molecular viscosity (momentum transfer between molecules )

– Eddy viscosity (momentum transfer between parcels of water)



What is Viscosity?

• Measure of resistance to momentum transfer  

– can think of this as transfer of velocity 
too, but objects with the same velocity but 
different mass have different momentum 

• Useful parameter to understand the transfer 
of motion within the ocean and between the 
ocean and the atmosphere

• The magnitude of viscosity in the ocean is 
variable and generally poorly known

• It varies depending on the “type” of flow 



Two Types of Flow: 
Laminar or Turbulent

Molecular 
Viscosity

Eddy 
Viscosity



Laminar Flow

Molecular viscosity 
describes resistance to 
flow between molecules

Turbulent Flow

Transfer of momentum 
between air or water parcels 

Eddy viscosity appropriate 
parameter for momentum 
transfer in the sea

http://wiki.chssigma.com/index.php?title=6._Laminar_vs._Turbulent_Flow


Reynolds Number (Re) 
Dimensionless quantity used to help predict flow 
patterns in different fluid flow situations. 



Reynolds Number (Formula)

Re = Inertial Force / Viscous Force 
Re = (V * L) / kinematic viscosity

V = velocity of fluid
μ = viscosity of fluid
L = length of obstacle or diameter of fluid



Reynolds Number (Units)

Re = Inertial Forces / Viscous Forces

Re =    Length * Speed     =    m * m / s
Kinematic Viscosity       m * m / s

Kinematic Viscosity = Dynamic Viscosity / Density

•ρ is the density of the fluid (kg/m3)
•μ is the dynamic viscosity of fluid (N·s/m2; kg/m·s)

•ν is the kinematic viscosity of fluid (m2/s



Reynolds Number (Implications)
Laminar flow occurs at low Re, where viscous forces 
dominate, and fluid motion is smooth and constant.

Turbulent flow occurs at high Re, where inertial forces 
dominate, and produce chaotic flow instabilities.

Laminar flow domain:
•Bacterium ~ 1 × 10−4

•Ciliate ~ 1 × 10−1

•Smallest fish ~ 1

Onset of turbulent flow
~ 2.5 × 103 for pipe flow 
~ 106 for boundary layers

• Blue Whale ~ 4 × 108

• A large ship ~ 5 × 109



Molecular and Eddy Viscosity

(a) Molecular viscosity (laminar flow)  
water parcels moving in same direction

(b) Eddy viscosity (turbulent flow) 
hypothetical paths of water parcels

TOS Ocean 
Circulation 
Chapter 3



So which is larger ?  
molecular of eddy viscosity

• Viscosity is a measure of the resistance to 
momentum transfer. Viscosity opposes Re.  

• Higher viscosity indicates more resistance or 
greater momentum transfer. Smaller Re.

• More rapid momentum transfer when dealing 
with parcels than molecules of liquid or gas.

• Therefore eddy viscosity is larger than 
molecular viscosity because the transfer of 
momentum is faster when larger parcels of 
water are interacting.



Viscosity

• One of most vexing parameters in ocean science 

– very important for momentum transfer

– very difficult to quantify precisely 

• Often treated as  
constant; but varies                                                                         
as a function of                                                         
density (temp, pressure)

• The viscosity decreases 
with increasing temperature. 

• Alternatively, the fluidity of 
any liquid increases with 
increasing temperature.



Parameterizing Viscosity

• Measured as the ratio of pressure (Newton / m2

i.e., pascals) to the internal acceleration in a fluid 

• Internal acceleration of the molecules is measured 
as a velocity gradient (or shear) 

• Viscosity is therefore the ratio of force / m2

(between two layers) relative to velocity shear



Viscosity is a ratio of pressure between two 
layers (Newtons / m2) to velocity shear 

So, what is velocity shear?

• A change in current velocity with depth

Current shear

No shear

• Units of velocity shear: 
(m/sec)  / (m) = sec-1

Depth 
(m)

Speed (m / s)



Let’s check the units
• Viscosity measured as ratio of force (in units of pressure) 

to internal acceleration in a fluid perpendicular to the 
pressure force

– Note: pressure is force per m2 and a function of both 
speed or velocity and mass (i.e., momentum)

• Therefore:

– Viscosity = pressure / velocity shear (perp. to pressure)

• Viscosity units are pascals divided by rate of change in 
velocity with depth 

• Pascal = N m-2 or kg m-1 sec-2

• Velocity shear =sec-1

– So viscosity units are kg m-1 sec-1

• This viscosity is properly called “dynamic viscosity” 

(this is viscosity not divided by density)



• There are two formulations of viscosity:
• Dynamic viscosity and Kinematic viscosity

• Dynamic viscosity has units of kg m-1 sec-1 (as above)
• Kinematic viscosity = Dynamic viscosity / Density

• Kinematic viscosity therefore has units of:
– kg m-1 sec-1 * ρ-1 or kg m-1 sec-1 * m3 kg-1 or m2 sec-1

• Kinematic viscosity also called an eddy diffusion 
coefficient is used to describe turbulent ocean flux

• Equations of motion use dynamic viscosity (kinematic 
viscosity * density) to compute momentum transfer

Two Viscosities



Horizontal and Vertical 
Eddy Viscosity

• Viscosity generally designated by letter A
– Az vertical eddy viscosity

– Ah horizontal eddy viscosity

• Vertical viscosity (internal friction or 
resistance to momentum transfer) much 
greater than horizontal viscosity

• Due to the rapid density change in the 
vertical relative to the horizontal



Eddy Diffusion Coefficients 
(turbulent versus molecular)

(Libes, 1992)

Note: 

Diffusion 
coefficient is 
another term 
for kinematic 
viscosity

Sometimes 
expressed                
as cm2 sec-1 

Faster diffusion



Molecular Diffusion
Molecular diffusion is the thermal motion of all (liquid or 
gas) molecules at temperatures > absolute zero (-273 deg.C.). 

The rate of this movement (NA) is function of temperature, 
viscosity of the fluid, and the size (mass) of the molecules.

Very slow… 

Poses limitation 
for diffusion of 
nutrients and 
waste in kelps



Molecular Diffusion
Rate of Diffusion NA, usually expressed 
as number of molecules diffusing across 
unit area in unit time (a flux).

Where:  

D is the Diffusivity of molecules of A through area B.

-dCA/dx, is the gradient in concentration. 

CA is the concentration of A and X is distance. 

NOTE: The negative sign arises because diffusion spreads 
molecules down an existing gradient. Concentration of A 
decreases as the distance x increases. 



Aside Poetry

In his book “Weather Prediction 
by Numerical Process”

Physicist and 
meterologist
1881 - 1953


