Reference Frames

Absolute frame of reference

When Newton defined the first law of motion --- which states that a mass in uniform
motion will remain in uniform motion (constant speed and motion) in the absence of any
forces --- it was derived in an “absolute reference frame”. This refers to the fact that the

, ],and k unit vectors remain relative to the stars, which are fixed in space (i.e.,

always points toward the North Star). As a corollary to the First Law, matter tends to
resist a change in velocity --- a property called “inertia.” Hence, an absolute reference
frame is also sometimes called an “inertial reference frame.”

Relative (accelerated) frame of reference

However, our frame of reference is the earth, which rotates and slowly “twists” the unit
vectors, introducing apparent forces which appear to change the speed and direction of an
object in motion. In reality, an object is still moving in a straight line with the same speed,
but because the earth is spinning underneath, it appears to experience an acceleration. This
type of frame of reference is called a “relative frame of reference,” or “accelerated frame
of reference.” It is also called a “rotating frame of reference,” or a “noninertial frame of
reference.” Examples follow which clarify this.

Because these forces are real to us (since our frame of reference is the earth), we have to
introduce apparent forces in our equations. This can be accomplished if the acceleration of
the coordinate system is accounted for in Newton’s Laws. This is done by introducing two
apparent forces: 1) the centrifugal force, and 2) the Coriolis force.
see e‘[y/ lﬁ’fa‘r’/ mq'/l’rlfi/ on M/?bul 7‘2

These apparent forces will be discussed briefly, but plezsesse-Handewts=2=B, and pages
H=#9 in Holton for more details.
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Apparent Forces

Centrifugal force

When viewed from a rotating frame of reference, the “centrifugal force™ acts radially
outward which increases the speed of an object as it moves outward. It is called
\ centrifugal because it is a “center-fleeing” force. It’s magnitude is proportional to the
Fany o -anmgutar velocity squared, and inversely proportional to the radius. (Note: when viewed
' from an absolute frame of reference, a “center-seeking,” or centripetal, force is keeping an
object from flying off the rotating axis).




It is convenient to combine the effects of the gravitational force g* (which is directed

towards the earth) and the centrifugal force (which is directed away from earth) into one
term. This term is called effective gravity g, or simply gravity. Since the earth bulges at

the equator, the centrifugal force is largest there, and hence g is less at the equator. The
following empirical equation as a function of latitude ¢ may also be used:

F=980616[1-2.64 x 10~ cos(2¢) + 5.9 x 107° cos’ (2¢)]

Since g = glg , where g =|g|, often only “g” is written for gravity. Also, it is convenient to
define a quantity called geopotential defined as ®@ = gZ , which represents the work
required to raise a unit mass to height z from mean sea level.

Coriolis force

1§
The Coriolis force is discussed in great detail in Holton (pg. 14-19), in the handout, and
illustrated in many figures. Hence, just some facts will be discussed here:

1) The Coriolis force acts perpendicular to the velocity vector and can only change the
direction of travel

s-seen-t-th mst_ [he Coriolis force is written as: —2Q x ¥ . Denoting Q=|C),
the three acceleration components may be written as:
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3) All motions (east, west, north, south, ascending, and descending) are deflected to the
right in the Northern Hemisphere. All motions are deflected to the left in the Southern
Hemisphere, ~ $e¢¢ [Frgures 1,2

4) The faster a parcel’s speed, the stronger the Coriolis force. This is because fast air
parcels cover greater distances than slow air parcels, and the longer the distance, the
greater is the shift of the coordinate system with respect to the air parcel.  dee Figure Y

5) The horizontal components of Coriolis force due to  and v motion is zero at the
equator, and increases with latitude to a maximum at the poles (note the sing term in

the equations). See Fryure 3



Dw Dw
6) D > 0 for a west wind (# > 0), and is D < 0 for an east wind (# < 0). This effect

is maximum at the equator, and decreases poleward (note the cos¢ ™ term in the
equations)  Sec Figure 5
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7) Dr > 0 for descending air (w < 0), and is Dr < 0 for ascending air (w > 0).This

effect is maximum at the equator, and decreases poleward (note the cos¢ ) term in the
equations. See Figure 6

8) There is a time scale factor below which the Coriolis force becomes negligible. If an air
parcel leaving point A reaches point B quick enough that the earth has rotated little, then
no deflection will occur. This is why the Coriolis force is generally only important for
medium to large-scale weather systems. These deviations can be computed by integrating
the Coriolis equations and making some assumptions (see B§a=#3 in Holton, for

example). ry 7
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FIGURE @& Coriolis acceleration develops because of the earth’s rotation. Consider
four rockets fired from the central United States. Three hours later the earth.has
rotated enough to change the north-south and east-west directions significantly in
relation to a fixed point in space. This produces a real acceleration to the right of the
path of motion. in the northern hemisphere. as an observer looks from the rotating
earth at the departing rockets.
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FIGURE &8 Coriolis acceleration is to the left of the path of motion in the southern
hemisphere because of the earth’s rotation. It is zero at the equator because the
primary directions do not change there as the earth rotates. The Coriolis acceleration
increases with distance away from the equator since the maximum change in
orientation of the primary directions. fixed on the rotating earth, occurs at the poles.
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Flg. JL Except at the equator. a free-moving object
heading either east or west wil apcear from the earth to
deviate from its path as the earn rotates beneath it. The
deviation (Conolis force) is greatest at the poles and de-
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Figure &L/ Coriolis deflection
of winds blowing eastward
at different Iatitudes. After a
few hours, the winds along
the 20th, 40th, and 60th
parallels appear to veer off
course. This deflection
(which does not occur at
the equator) is caused by
the earth’s rotation, which
changes the orientation of
the surface over which the
winds are moving.
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