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and after substituting (13.8) into (13.9)

%:%(%—[rxﬂ])— KZ—Z—[TX.Q]) xﬂ} (13.10)
:%—2{%XQ}+[[TXQ]XQ]. (13.11)

Eq. (13.11) states that the acceleration in an inertial system equalsthe accelera-
tion relative to the rotating system plus the Coriolis accel eration (second term) plus
the centripetal acceleration (third term).

Vector notation of the Coriolis force and acceleration, respectively:

F. = -2m[2 x v] (13.12)
a, = —2[02 x v] (13.13)

where £2 = (0, {2 cos ¢, 2sin ¢) is the vector of the earth’s rotation (|2| = 7.29 -
1075 rad s71).
In its cartesian components, the Coriolis acceleration is:

a. = 2(2vsin ¢ — 202w cos @) ©
—20using j
+2f2ucoso k,

Usually, the vertical component of the Coriolis force is small compared to the
gravitational force and vertical wind speeds are much smaller than horizontal ones,
so that these terms can be neglected leaving only horizontal components:

a; X a.p = —202sin¢lk x vp]

ik xol (13.14)

where f = 202sin ¢ (~ 10~ s~ in midlatitudes) isthe Coriolis parameter.
From Eq. 13.14 it is clear, that the Coriolis force vanishes at the equator and is
perpendicular to the horizontal wind vector v .

13.2.3 Friction Force

Theair motion is slowed down at the earth’s surface due to the friction force acting
in the lowest layers of the atmosphere (z < ~ 1000 m). For z = 0, itisv, = 0.
Thefriction force is determined by
— wind velocity
— surface roughness
— thermal stability of the atmosphere.
A simplerelationship for the friction forceis:

Fpop = —mpvyp;  Qprp = —pop (13.15)
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with the friction (or viscous) coefficient .
Thefriction forceis directed opposed to the wind flow.

Thefriction force is mentioned here only to completethe list of forces acting on
an air parcel. Its detailed description is out of the scope of this text, but is of major
importance for the description of turbulent flowsin the atmospheric boundary layer.

13.3 Equation of Motion

Horizontal motions of fluid elements in the atmosphere are governed by the acting
forcesintroduced in section 13.2:

Fy = Fp7h + Fc,h + Ffr,h- (1316)
Theindividual acceleration of fluid elements (air parcels) thusis:

dv

d—th =Qp =0pp+ Qc,n+ Qfrp- (13.17)

Inserting from Eq. (13.7), (13.14) and (13.15), the horizontal equation of motion
can be written:

d 1

= =~ Vip = f(k x o) = oy (13.18)

¢ p

Note: Accelaration is dueto a changein velocity of the motion as well as due to

achangein direction of the motion.

13.4 Balances of the Horizontal Wind Field

13.4.1 Geostrophic Balance

Assuming a parcel of fluid in a height above the surface, where it does not expe-
rience any influence of the underlying surface on its flow, i.e., no friction force is
acting on it. Comparing the typical magnitudes of the acceleration term and of the
acting forces:

e acceleration: 10~% ms1,
e forces: 1073 ms!

In good approximation, the accel eration can be neglected in most situations and
an equilibrium between the horizontal pressure gradient force and the Coriolisforce
is established:

1
—;Vhpz f(k xvp) (13.19)

or



70 13. Fundamental Forces

1
v, = ——Vpp x k. (13.20)
pf
The wind speed v, representing this balance is called the geostrophic wind v, and
iswritten in absolute terms as

vg = —pifvhp. (13.21)

Fig. 13.2 shows that v, is perpendicular to the pressure gradient V ;,p and par-
alel to the isolines of constant pressure (isobars). v , is proportional to the distance
between the isolines.

Thegeostrophicwind isagood measurefor the general wind flow for agivensite
(area) because of its independence on specific surface characteristics (orography,
obstacles, roughness).

Note: The geostrophic approximationis not valid in equatorial regions since the
Corialisforceis not defined for ¢ = 0.

The geostrophic assumption requires the abscence of horizontal accelerations:
— straight steady flow (uncurved flow)

—» parallel to isolines of constant pressure
— v ~ distance between isobars

13.4.2 Friction Wind

In the atmospheric boundary layer (ABL) thefriction force addsto the acting forces.
Thebalance now is (Fig. 13.3):

1
Vb Flk X vp) + pop =0 (13.22)

With decreasing wind velocity the Coriolis force also decreases. To compensate
for the pressure gradient force, the wind has to turn left. This indicates that in the
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Fig. 13.2. The geostrophic balance. The horizontal components of the pressure gradient force
F, 1, and the Coriolisforce F'.. ;, are balanced. v, isthe geostrophic wind.
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atmospheric boundary layer the horizontal wind has a component directed toward
lower pressure (Fig. 13.4).
The deflection angle o depends on
— surface roughness
— latitude
— turbulence.

Typical values for the surface wind deflection are 15-30° over sea and 25-50°
over land. The corresponding values for v /v, are 0.8 and 0.5, respectively. Due to
the decreasing Coriolis force «v increases with decreasing latitude.

The vertical change of wind speed and direction due to the decreasing influence
of friction with height is represented by the logarithmic Ekman spiral (Fig. 13.5).
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Fig. 13.3. The balance of horizontal forces in the atmospheric boundary layer. The pressure
gradient force F'p, , is balanced by the sum of the Coriolis force F'. ; and the friction force
Fy,.
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Fig. 13.4. Schematic surface wind pattern associated with centers of high and low pressure.
The wind field is indicated by arrows, isobars are shown by solid lines. Note that this holds
for the Northern hemisphere only. The circulation in the Southern hemisphere is clockwise
for lows and counterclockwise for highs.
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Fig. 13.5. The theoretical Ekman spiral describing the height dependence of the departure of
the wind field in the boundary layer from geostrophic balance. « is the directional departure
from the geostrophic wind.



