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Physics of
Earth 's climate
T. Schneider

Temperature decreases with height lniostly) .

Upper level eastward flow ,
lower level

westward - eastward
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9-Sv = 109kg Is

Air rises near the equator and sinks
around 30° ( two cell structure) .

Geophysicalt-luiddy.name# (Vallis 20067

Geophysical Fluid Dynamics is the study
of rotating ,

stratified fluids that
describes large scale motions in the
atmosphere and ocean on Earth and
other planets

C-quationsofmotiononasphe.ua
His section 2.2.3

I = ( x , 4 ,
r)

Zonal
, meridional ,vertical

I = (u , v,
w )
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Momentum Vallis (2.7-5)

4¥ - (2km4 + utaano)~ =

¢ ¥

DIE + (want + uta÷)u = ¥,
Dy

Coriolis acceleration = - f-¥z -g
Dt Hydrostatic balance

N . B
. 9- = 9-eff = 9-grau +NIL
8 = % ⇐ 1 r= a + 2-

3 equations , 5 unknowns (u,Twp , f)
Mass Vallis (2.52)

¥t +PO - I = 0 Cartesian

coordinates
.

2¥ + Ey + 2w_
= 0 pressure coordinates

Jp Vallis section 2.6
☐
to I + 2¥ = 0

4 equations , 5 unknowns (4,4W ,p , f)
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Equationofstate
Ideal gas law p =p RT R=R*

MSequations
,
6 unknowns (um, w, Hp , T)

Energy .

First law of thermodynamics for ideal gas

cp E -

tpD¥
= LC + 9 Ep (FR + Fs )
condensation radiation conduction

EEE
LDf
Dt

= - LC + g 2- Fc
ZF conduction

moisture

13¥
= w =

2ft + Kipp + w¥z
= 4¥ + Y

• Tipp - pg w

w ≈ -pg DI
= -pD,¥+Dt

N . B . Approximation neglects kinetic energy -
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Exerciseiusescaleanalysistoshowktne.tk
energy is a small

contribution
-

First law becomes :

cp 1¥ + DE = Lc +

¥ (FFF)Dt

⇒ st = Lct Ip (FR + F)
5- Cpt + gZ dry static energy

combine with latent energy

Dime = 9 Ip ( FR + Fs + F)
m =Cpt + gz + Lq moist static

energy .

6 equations ,
6 unknowns (um, w, pp, m)

Equations of climate modeling
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Dominantbalances (scaling )

Vertical momentum : Hydrostatic balance

7¥ = 2¥ - g

¥ -1%3*1+9
w ~ .IO -2ms " L-106 m g. ~ /0m52
U ~ 10m51 1-=L/U H - 104M

* ~ ~ 10-7:<< g

⇒ ¥z
=
-

pg 8--44<1
Horizontal momentum : Geostrophic balance

¥4 - Grant + uta→ )" =¥%¥
v2 fu ÷ ↳ 9¥ /
I



⑦
Ro I ¥ Rossby number

If Rok 1 ⇒ - 2 Rsinov = - fv=¥¢?g¥
2h single = fu = -ta 2¥_g

Vallis fig 2.

5-hemalwindbalareecombi.me
hydrostatic and geostrophic balance

-

fÉ
=⇒%¥gÉᵈn"→

' balance
ideal gas law

-1%-4--1=5-3×5
f¥p==a'¥É==a¥⇒ .

-

- ta# 3¥

eastward Vallis

Fig 2.6
westward
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Z-onalmomentumbalancereg.im#

(Schneider 2006)
Exploit symmetry about the axis of
rotation (connected to angular momentumconservation

D¥
- zrsmctr - ¥ taro =¥¢ 3¥

21 + I. FU -2Rsincfv - UI tanto
=

¢ ÷/ Ot
u

☐ • ( Iu)

Consider steady state zit
Let = = ¥ £ C) di Zonalaverage

exera.se?sniiii-ii-iiiiiiiiiiigE-
away from surface becomes

If + 5) it - ñ¥p=¥¢¥ws4uñ)+¥u'w)
-
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In the upper troposphere or ≈ 0

( f- + 5) Ñ ≈ a¥, z¢(ws2¢uT )

Let Ro = - where F- ¥¢¥ws¢ñ)
f- Il - Ro )Ñ ≈¥, ¥ (costliest)

Two regimes :
Ro ~ 1 f- ( 1- Ro)ñ ≈ 0

Ro << 1 fit ≈ ¢ ¥6544T)

Root

µ
Ronit

µ
Root
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Energy.ba/ancere9imes-

Miyawaki etat@ 22)
consider steady state , zonal average ,
vertically integrated moist static energybudget
vertical integral C ' > = gtfo dp
Dm
It

=

9 ¥ (FFF
S

+F)
2m
JE

+ IT . G- m) = 9 ¥ ( FR + Fs+F)

a¥¢ ¥ (cost <Tm)) = FF - FF
- Fs - F

-

IlHa + TF¥
,
Kim>) =

OFA = #Ktm)
TF = LE + SH

Hartmann (2016)



④
Divide by Ra radiate cooling
2 (cunts) = 1 + ¥a
ñra
Let R

, = FKrI
what balances radiative cooling ? =L

-

Global mean Fy {Tm) → 0 at
tux

R
,
≤ E Radiative convective equilibrium

Ra ~ - TF

Thermal stratification follows moist
adiabat

r→¥=rn→[¥¥;!É¥⇒



④

Md =

-9g
Rd = R Rv = R,

Clausius - Clapeyron relation

nm < Pd
oq¥*≈✗oT
✗ ≈ 7%/K

R , ≥ I - E Radiative advective equilibrium

Adveclive heating balances radiative cooling

/ R
,
≤ e¥ I /÷

E = 0.1




