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itzetage am
 H

interrhein?
Davantage de journées tropicales dans la région de Hinterrhein ? G

iornate tropicali più frequenti nella zona di Hinterrhein? M
ore hot days in the Hinterrhein region?

Tropennächte in Thun?
Des nuits tropicales à Thoune ? N

otti tropicali a Thun? Tropical nights in Thun?

W
ieviel Schnee in Saas-Fee?
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bien de neige à Saas-Fee ? Q

uanta neve a Saas-Fee? How
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uch snow
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eiz	trifft.

Kein	Schnee	in	Saas-Fee?

Die	neue	Schw
eizer	Grundlage	für	die	Anpassung	an	den	Klim

aw
andel	erscheint	Ende	2018.	

[Rückseite]
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7.3
Prim

itive Equations
295

T
hat the vertically averaged divergence is typically

about an order of m
agnitude sm

aller than typical
m

agnitudes of the divergence observed at specific
levels in the atm

osphere reflects the tendency (first
pointed out by D

ines 23) for com
pensation betw

een
low

er tropospheric convergence and upper tropos-
pheric divergence and vice versa.V

ertical velocity !
,

w
hich is the vertical integral of the divergence,tends

to be strongest in the m
id-troposphere,

w
here the

divergence changes sign. 24

It is instructive to consider the vertical profile of
atm

ospheric divergence in light of the idealized flow
patterns for the tw

o-dim
ensional flow

 in tw
o differ-

ent kinds of w
aves in a stably stratified liquid in

w
hich density decreases w

ith height.Fig.7.20a show
s

an idealized external w
ave

in w
hich divergence is

independent of height and vertical velocity increases
linearly w

ith height from
 zero at the bottom

 to a
m

axim
um

 at the free surface of the liquid.Fig.7.20b
show

s an internal w
ave

in a liquid that is bounded by
a rigid upper lid so that w

"
0 at both top and bot-

tom
,

requiring perfect com
pensation betw

een low
level convergence and upper level divergence and
vice versa.

In the E
arth’s atm

osphere,
m

otions that
resem

ble the internal w
ave contain several orders of

m
agnitude 

m
ore 

kinetic 
energy 

than 
those 

that
resem

ble the external w
ave.
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e respects,

the
stratosphere plays the role of a “lid”

over the tropo-

sphere,as evidenced by the fact that the geom
etric

vertical velocity w
is typically roughly an order of

m
agnitude sm

aller in the low
er stratosphere than in

the m
idtroposphere.

7.3.5
Solution of the Prim

itive Equations

T
he prim

itive equations,in the sim
plified form
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w

e have derived them
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otion

(7.14)

the hypsom
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(3.23)

the therm
odynam

ic energy equation

(7.36)

and the continuity equation

(7.39b)

together w
ith the bottom

 boundary condition

(7.41)
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m
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 of
prim
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,#
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T
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and friction F
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(i.e.,expressed as

functions of the dependent variables).T
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the therm
odynam

ic energy
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and 
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pressure 
on 

the
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 boundary all contain tim
e derivatives and are
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W

illam
 H

enry D
ines

(1855–1927) B
ritish m

eteorologist.First to invent a device for m
easuring both the direction and the speed of

the w
ind (the D

ines’ pressure-tube anem
om

eter).E
arly user of kites and ballons to study upper atm

osphere.
24

T
he m

idtroposphere m
inim

um
 in the am

plitude of &*
V

justifies the use of (7.22) in diagnosing the vorticity balance at that level.
A

lternatively (7.22) can be view
ed as relating to the vertically averaged tropospheric w

ind field,w
hose divergence is tw

o orders of m
agni-

tude sm
aller than its vorticity.

(a)
(b)

Fig. 7.20
M

otion field in a vertical cross section through a
tw

o-dim
ensional w

ave propagating from
 left to right in a sta-

bly stratified liquid. The contours represent surfaces of con-
stant density. (a) A

n external wave
in w

hich the m
axim

um
vertical m

otions occur at the free surface of the liquid, and
(b) an internal wave

in w
hich the vertical velocity vanishes at

the top because of the presence of a rigid lid.
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R
adiative transfer, or how

 sunlight and long-w
ave 

radiation propagate up and dow
n through the 

atm
osphere

B
oundary layer and surface exchange processes

C
loud form

ation and precipitation

Physical processes
too sm

all to be resolved
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odel codes
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perature increase until the end of the century


