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Fundamental forces

1. In order to talk about moving air, we need tderstand whyir moves. Here we turn to
Newton’s Second Law, which expresses the prin@plde conservation of momentum.

Forces come in two types: botbrces, and surfaderces.

Bodyforces. Act on the center of mass of an airglarc
Examples: gravity, Coriolis (an apparent forceptaéugal (an apparent
force)

Surfaceforces. Act on the boundary between an air panedlits environment.
Examples: pressure force, friction

Newton’s Second Laways that the time rate of change of momentunm afigect (i.e., its
acceleration), is equal to the sum of all the feraeting on the parcel. The three forces of
primary concern in the atmosphere are:

Pressure gradient force
Gravity
Friction

Coriolis force and centrifugal force are also imtpot, but as we will see, they are
apparent forces and depend on the motion of thhk.ear

2. Pressure gradient force

Consider an infinitesimal volume elemedl/ = dxdydz, centered at the poirfit,, y,,Z,) -

Momentum is continually imparted on the walls détfiuid element by the surrounding air.
This momentum, per unit time and per unit areajngly the_pressurexerted on the walls by
the surrounding fluid. If the pressure at the eepbint, (xo, yo,zo), iS po, then we can express

the Pressure Gradient Force (PGF) at each of tfaees of our cubél andB,, using a Taylor
Series in terms of the pressure at the centereofuibe po:
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The first term of the Taylor Series is simply thregsure at the center of the cufage, The

second term of the Taylor Series is the partialvdére of pressure in the x-directio%—%)
X

multiplied by the incremental distance from theteeto the edge%). Both of these

guantities are multiplied by the area of the X-f&é§0z) to get the expression for Force on
each face (recall Force = Pressure x Area).

Note the PGF on Face A, , is negative because the force acts in the “negjatidirection.”

By the same analogy, the PGF on Facé=B, is positive. The first derivative terng,E%, is

X

positive on Face A because the incremental cha%)%;és positive (right of the center, in the

positive x-direction), and the term is negativeR&F acting on Face B because the incremental
change is negative (left of center, in the negatrdérection).

Sum of PGF on each face

The total force acting in the x-directiof, , is simply the sum of forces on both faces A and B

Thus,F, =F, +F; = —?&Jyéz, where dxdydz is the incremental volume of the cube.
" X

Recall thatp :Vm, wherep is densitym is mass, an¥ is volume. Thus if we dividE, by

mass, we get the following expression for the facing in the x-direction:
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Thus pressure gradient force (per unit mass) isessed as:
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3. Gravity and Coriolis forces

The gravitational force can be expressed as

where G = universal gravitational constant
M = mass of the earth
m = mass of air parcel
r = radius of the earth*

A

k = unit direction vector (always pointing perpendé and normal to earth sfc)

* Note thatr? is used, notr(+ 2)* because it is assumed that the height of an eiepmm the
tropospherez which at its maximum would only be 10-15 km) valivays be small when
compared to the radius of the earth (6371 km).o Ate Earth is assumed spherical.

Accounting for the mass of the earth, the grawtal constant, and the radius of the earth, we
can express the force of gravity as

- A

F,=0=-gk

whereg is the gravitational acceleration (-9.82 1) & the verticalk direction.

To account for earth’s rotation, we must first assuhe earth is rotating in solid body rotation.
Then the velocity of air parcels can be expressed b

U, =U+Qxr

whereU is the absolute velocity) is the earth-relative velocity, ar@xf is the velocity

owing to the rotation of the earth. It is thuswhqwithout proof in this class; will be shown in
S0335 for Oceanography Majors) that the accelardtibowing motion of an air parcel is

DUa:%uéxU—Qzﬁe
Dt Dt

which, in words, says “the acceleration of an aircgl following the flowin an inertial system is
equal to the rate of change of relative velopitys Coriolis acceleratiominus_centripetal
acceleratioh (Centrifugal force acts on an air parcel toquoe a centripetal acceleration).




4. Return to Newton’s Second Law

Recall Newton’s second law, an expression for theservation of momentum, tells &= ma.
Expressed in terms of the previous forces we dérjpesssure gradient, Coriolis, and centrifugal
force), Newton'’s second law becomes

BY - 2gxy —lmp+g+ﬁr
Dt 0
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with terms 1, 2, 3, 4, and 5 representing the valhg:

Acceleration (what we measure on earth)
Coriolis force

Pressure gradient force

Gravity (includes centrifugal force)
Friction

5. Geostrophic and gradient winds

Using the equation above, we can derive two spbaiainces that are very common in the
atmosphere.

1. What happens when the flow is horizontal, straighgccelerated, and frictionless?

Term 1, term 4, and term 5 are zero, leaving us thié¢ following:

This balance of forces is known @gostrophic Flow and represents flow of an air
parcel that is acted on only by Coriolis force &mdssure Gradient Force.

2. What happens when the flow is horizontal, unaceétel, and frictionless (and is
curved)?

We get a three-way balance between Coriolis fdPcessure Gradient Force, and
centrifugal force. This balance of forces is kncasGradient Wind Balance and
represents flow of air parcel that is acted on byidlis force, Pressure Gradient
Force, and Centrifugal force.




