Balances in the atmosphere

1. Geostrophic balance
2. Hydrostatic balance

3. Thermal wind balance

Pressure

gradient Coriolis




0. Equation of motion

a—u+ﬁ-Vu—fv=—la—p horizontal

ot p 0x momentum equation
a—v+17i-Vv+fu = _la_p

ot P dy

8_W+ﬁ.vw+g=_la_p vertical |
ot 0 0z momentum equation

- Note: f (£2Qsing with angular velocity of the earth Q )
f* (22Qcos@) terms are neglected (traditional approximation)



0. Equation of motion (scale analysis)

ou 1 adp
—+u-Vu- f\/ =——— 10,000 km T Planetary (AO, ENSO)
ot P 0x

Synoptic (Cyclone, MJO)
v 10 1
Vi Vos fu=--2L 1,000 km
ot P dy

100 km4+ Meso (Fronts, MCS,
tropical cyclone)
10 km +

ow 1 adp Micro (Single thunderstorm,
— U VWw+g=—-—— 1km < turbulence)

ot p 0z



0. Equation of motion (scale analysis)

ou 1 adp

—+u-Vu- fr=——— Typical scale (in MKS unit) of
ot p 0x synoptic phenomena in mid-latitude
v 10
Wi Vv fu=—=22 U ~10m/s
1 p 9y W ~ 102 m/s
UT U2L fU  8PILp T ~105s (~1 day)
L ~106m
f ~104/s
; | OP ~ 103 Pa (N/m2; kg/ms?2)
W i Vwtg=-2P p ~1kg/m3

ot PO 0z



0. Equation of motion (scale analysis)
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1. Geostrophic balance

— fr=—r—>X Typical scale (in MKS unit) of
p 0x synoptic phenomena in mid-latitude
10
tfu=——L U ~10mis
p dy W ~102m/s
fU OP/Lp T ~105s (~1day)
~103 ~102 (m/sz L ~10°m
f ~10+4/s
| OP ~ 103 Pa (N/m2; kg/ms?)
a—w+1?i°Vw+g=——a—p P ~1kg/m?
ot p 0z

- Coriolis force and Pressure gradient force (PGF) make
the first order balance



1. Geostrophic balance
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http://www.ux1.eiu.edu/~cfjps/
1400/pressure_wind.html

- Coriolis force acts to the right of the wind vector in the NH
- It balances pressure gradient force (-Vnp)



1. Geostrophic balance (p-coords)

oD 0D o
u = , ug=—kXVh(D
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GPH(m) and wind(m/s) at 500hPa 20140101

Airflow
5800

5700

5600

5500

5400

5300

5200

Pressure 5100

gradient
force = Coriolis
force

5000

(a) Cyclonic flow
(Northern hemisphere)

4900

http://www.ux1.eiu.edu/~cfjps/
1400/pressure_wind.html

- Coriolis force acts to the right of the wind vector in the NH
- It balances pressure gradient force (-Vnp)



2. Hydrostatic balance (scale analysis)

— fv= _Lap Typical scale (in MKS unit) of
p 0x synoptic phenomena in mid-latitude
1
+ fu = __a_p
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2. Hydrostatic balance (scale analysis)

~ fr= _Lop Typical scale (in MKS unit) of
p 0x synoptic phenomena in mid-latitude
+ fu = _1op
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2. Hydrostatic balance (concept)
9P _

97 —pP8
Physicgl Concept_ Another application
 p+dp
N
0z =gp(6z)
— B'I‘m o 1000 hPa
P 52/5p = -RT/pg  (p=pRT)

o +8p+pgdz = p bz = -RTdp/pg
Sp/87 = - Height of an air mass
p/oz = -pg between two pressure levels is

(Straightforward!) proportional to its temperature



2. Hydrostatic balance (concept)
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3. Thermal wind balance

Relationship between
vertical wind shear (du/dz) and
horizontal femperature gradient (ViaT)

Warm Air

250 mb

500 mb

750 mb

850 mb

P=1013 mb

EQ http://www.ux1.eiu.edu/~cfjps/

1400/pressure_wind.html Pole

- Combination of hydrostatic and geostrophic balances



3. Thermal wind balance (derivation)

- Combination of hydrostatic and geostrophic balances

R,
fpdy

9

°P - _pg



3. Thermal wind balance (derivation)

- Combination of hydrostatic and geostrophic balances

| SG)

I/lg = ———p Vq — La_p
fpay ¢ fpox
Jap _
e P8
We use pressure coordinate for derivation (simple)

1 0P . .
u, = —7$, [usmg coordinate transform (8p / ay)z = pg(az / ay)p}
ob  RT

— = (where 0P = g02z)



3. Thermal wind balance (derivation)

- Combination of hydrostatic and geostrophic balances

1 0
I/lg = ———p V = La_p
fpay ¢ fpox
P __
Py P8
- We use pressure coordinate for derivation (simple)
1 0P . .
u, = —7$, [usmg coordinate transform (8p / ay)z = pg(az / ay)p}
@ 32 = —E, (where 0D = goz)
p p
S~ @

~

J ( 1 acpj du, 1 9 (RT]
—y =——— = N = S
dp\ ¢  fdy dp fdy\ p



3. Thermal wind balance (derivation)

- Combination of hydrostatic and geostrophic balances

19
L y o dp
fpay ¢ fpox
Jap
P

- We use pressure coordinate for derivation (simple)

u, = _%?);j;)’ [using coordinate transform (8p / ay)z = pg(az / BY)J
0 32 = _E, (where 6P = gdz)
p p
~__ \@)

J ( 1 acpj du, 1 9 (RT]
—y =——— = N = S
dp\ ¢  fdy dp fdy\ p

0 0 "
U, _Ror L§=—££, where 0z =-Holnp
dlnp f dy 0z Hf dy ~_

Thermal wind balance

log-pressure form (I love!)



3. Thermal wind balance (physical meaning)

Warm Air

250 mb

500 mb
ou/loz* > 0
wind 750 mb
850 mb
P=1013 mb . _
I Pole
_aTlay >0
thermal
ou ou .
¢ _RIT _i’:_ig, where 0z =—-HdoIn p
dlnp f dy 0z Hf dy

Thermal wind balance log-pressure form (I love!)



3. Thermal wind balance (real world)
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Thermal wind balance log-pressure form (I love!)



3. Thermal wind balance (real world)
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Thermal wind balance N log-pressure form (I love!)



Recap

e Geostrophic balance
Coriolis = Horizontal pressure gradient

e Hydrostatic balance
Gravity = Vertical pressure gradient

e Thermal wind balance
Geostrophic + Hydrostatic

ou, R Ji; R
= kxV,T = —KkxV,T (where, 6z*=— HSInp)
dlnp f az*  fH
Note:

1. Geostrophic and thermal wind balances work well
at mid-to-high latitudes

2. Hydrostatic balance works at all latitudes



