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66 3 ELEMENTARY APPLICATIONS OF THE BASIC EQUATIONS

3.24 CvycrosTrROPHIC Flrow

If the horizontal scale of a disturbance is small enough, the Coriolis forcé_
may be neglected in (3.10) compared to the pressure gradient force and the
centrifugal force. The force balance normal to the direction of flow is then |

Vi e

R an

If this equation is solved for V, we obtain the speed of the cyclosirophic wind |

- 1/2 \‘
ve(-r%® (3.14)
an i

As indicated in Fig. 3.4, the cyclostrophic flow may be either cyclonic or
anticyclonic. In both cases the pressure gradient force is directed toward
the center of curvature and the centrifugal force away from the center of
curvature. ‘

The cyclostrophic balance approximation is valid provided that the ratio 1
of the centrifugal force to the Coriolis force is large. This ratio V/fR is
equivalent to the Rossby number discussed in Section 2.4.2. As an example
of cyclostrophic scale motion we consider a typical tornado. Suppose that

Fig. 3.4 Forcebalance in cyclostrophic flow;
0 P designates the pressure gradient,
R>0, g 24 Ce the centrifugal force.

Ce

<'3r|



3.2 BALANCED FLOW 67

the tangential velocity is 30 ms~' at a distance of 300 m from the center of
the vortex. Assuming that f=10""s"', we obtain a Rossby number of
Ro = V/|fR|~10", which implies that the Coriolis force can be neglected
in computing the balance of forces for a tornado. However, the majority
of tornadoes in the Northern Hemisphere are observed to rotate in a cyclonic
(counterclockwise) sense. This is apparently because they are imbedded in
environments that favor cyclonic rotation (see Section 9.6.1). Smaller-scale
vortices, on the other hand, such as dust devils and water spouts, do not
have a preferred direction of rotation. According to data collected by Sinclair

(1965), they are observed to be anticyclonic as often as cyclonic.

3.2.5 THe GRADIENT WIND APPROXIMATION

Horizontal frictionless flow that is parallel to the height contours so that
the tangential acceleration vanishes (DV/Dt=0) is called gradient flow.
Gradient Hlow is a three-way balance between the Coriolis force, the cen-
trifugal force, and the horizontal pressure gradient force. Like geostrophic
flow, pure gradient flow can exist only under very special circumstances. It
is always possible, however, to define a gradient wind, which at any point
is just the wind component parallel to the height contours that satisfies
(3.10). For this reason (3.10) is commonly referred to as the gradient wind
equation. Because (3.10) takes account of the centrifugal force owing to
the curvature of parcel trajectories, the gradient wind is often a better
approximation to the actual wind than is the geostrophic wind.

The gradient wind speed is obtained by solving (3.10) for V to yield

2p2 1/2

2 4 an (3'15)

Not all the mathematically possible roots of (3.15) correspond to physi-
cally possible solutions since it is required that V be real and nonnegative.
In Table 3.1 the various roots.of (3.15) are classified according to the signs
of R and ¢®/on in order to isolate the physically meaningful solutions.

The force balances for the four permitted solutions are illustrated in Fig.
3.5. Equation (3.15) shows that in the cases of both the regular and
anomalous highs the pressure gradient is limited by the requirement that
the quantity under the radical be nonnegative; that is,

2@
on

R 2
_IRIf

1 (3.16)




68 3 ELEMENTARY APPLICATIONS OF THE BASIC EQUATIONS

Table 3.1 Classification of Roots of the Gradient Wind Equation in the Northern Hemisphere®

Sign o®/on R>0 R <0

Positive Positive root: unphysical Positive root: antibaric flow
{anomalous low)

Negative root: unphysical Negative root: unphysical
Negative Positive root: cyclonic flow Positive root: (V> —fR/2):
(regular low) anticyclonic flow (anomalous
high)
Negative root: unphysical Negative root: (V< —fR/2):
anticyclonic flow (regular
high)

? The terms positive root and negative roof in columns 2 and 3 refer to the sign taken in the
final term in (3.15).

Thus, the pressure gradient in a high must approach zero as |R|—0. It is
for this reason that the pressure field near the center of a high is always
flat and the wind gentle compared to the region near the center of a low.

The absolute angular momentum about the axis of rotation for the
circularly symmetric motions shown in Fig. 3.5 is given by VR+fR?/2.

vy
F__Yce P
L H Co ——
Co = Ce
Ty
(a) (b)
<P: Co —vp
L H
,?} . s
Co
Py v
(c) (d)

Fig. 3.5 Force balances in the Northern Hemisphere for the four types of gradient flow:
(a) regular low; (b) regular high; (c} anomalous low; (d) anomalous high. P desig-
nates the pressure gradient, Ce the centrifugal force, and Co the Corialis force.
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From (3.15) it is readily verified that the regular gradient wind balances
have positive absolute angular momentum in the Northern Hemisphere,
while the anomalous cases have negative absolute angular momentum. Since
the only source of negative absolute angular momentum is the Southern
Hemisphere, the anomalous cases are unlikely to occur except perhaps close
to the equator.

In all cases except the anomalous low (Fig. 3.5¢) the horizontal com-
ponents of the Coriolis and pressure gradient forces are oppositely directed.
Such flow is called haric. The anomalous low is antibaric; the geostrophic
wind V, defined in (3.11) is negative for an anomalous low and clearly not
a useful approximation to the actual speed.! Furthermore, as shown in Fig.
3.5, gradient flow is cyclonic only when the centrifugal force and the
horizontal component of the Coriolis force have the same sense (Rf > 0);
it is anticyclonic when these forces have the opposite sense (Rf <0). Since
the direction of anticyclonic and cyclonic flow is reversed in the Southern
Hemisphere, the requirement that Rf > 0 for cyclonic flow holds regardless
of the hemisphere considered.

The definition of the geostrophic wind (3.11) can be used to rewrite the
force balance normal to the direction of flow (3.10) in the form

VY/R+fV—fV,=0

Dividing through by fV shows that the ratio of the geostrophic wind to the
gradient wind is

LI 4 (3.17)
V | fR ‘

For normal cyclonic flow ( fR > 0) V, is larger than V, while for anticyclonic
flow (fR<0) V, is smaller than V. Therefore, the geostrophic wind is an
overestimate of the balanced wind in a region of cyclonic curvature and an
underestimate in a region of anticyclonic curvature. For midlatitude synoptic
systems, the difference between the gradient and geostrophic wind speeds
generally does not exceed 10-20%. (Note that the magnitude of V/(fR) is
just the Rossby number.) For tropical disturbances, the Rossby number is
in the range of 1-10, and the gradient wind formula must be applied rather
than the geostrophic wind. Equation (3.17) also shows that the antibaric
anomalous low, which has V, <0, can exist only when V/(fR)<—1. Thus,
antibaric flow is associated with small-scale intense vortices such as
tornadoes.

* Remember that in the natural coordinate system the speed V is paositive definite.
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