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Held-Hou model (review)

-Summary

= Distribution of temperature constrained by the conservation
angular momentum and thermal wind balance.
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Held-Hou model (review)

-Discussion _;
= Upper jet: right place, but too large and é“_i, E
discontinue. é% C
o T e : Or(¢,2) _.i"l"*--AHPg(sm ®)
= Extent of Hadley Cell: only a finite extent. L9
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Hadley Cell - Theory:
Asymmetry about the equator®

" Lindzen-Hou (1988) Tropopause

Angular momentum conserving flow

4>
Large zonal flow aloft

Still make the assumptions:

= the circulation is steady or quasi-steady Warm Cool

ascent descent
(the flow adjusts to a steady circulation on a timescale faster than that

on which the solar radiation varies);

= the upper branch conserves angular

Frictional return flow

momentum; surface zonal winds are <«
wea k, Ground Woeak zonal flow at surface
. . .. . summer  equator winter
= the circulation is in thermal wind hemisphere hemisphere
balance;

= the only difference: the heating is centered off the equator.
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Asymmetry about the equator™ R "
-Angular momentum €Vja

In an inviscid, axisymmetric flow, the angular momentum is conserve "0\ €
upper branch of Hadley Cell.
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FIG. 3. Schematic illustration of the Hadley circulation.
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Hadley Cell - Theory: =
Asymmetry about the e

e
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FIG. 3. Schematic illustration of the Hadley circulation.

As the heating shifts off the equator, both
cells and the center of the raising branch shift
poleward, with a wider Hadley cell cross the
equator and a narrower Hadley cell in the
summer hemisphere;

- o i As the diabatic heating varies stronger in the
¥ ¥ o B X T meridional direction, both cells shift
&, (radians) poleward and become wider.

FIG. 4. ¢,,¢5+ and¢x- as functions of ¢, (see text for definitions).
Open circles show results from numerical integration for ¢, and ¢5_,
when Ay = Y. (Note 1° of latitude ~ 0.0175 radians.)
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| Hadley Cell - Discussion:
/ Asymmetry about the equator™®

= Lindzen-Hou (1988)

® Quasi-steady assumption, however the
seasonal cycle is temporally progressing;

= The lack of angular momentum conservation in
reality, especially when the angular momentum
transport by eddies are significant.

= The moisture effect is still neglected;

RIREm: 5% 7



Hadley Cell :

Role of eddies™

Qualitative considerations

D 1 Op D 0 u 0 v 0 0
EM = —;a + a cos ¢ F'\, where thaJracosgbaJrg@_chrw&

In an axisymmetric flow ([M]=M): 2
Dt
In a 3-D (with eddies) flow, the zonally averaged angular momentum:
0 1 0 0
s (lm cos o) + 5 ([ullm)
1 0 0
= oo g os9) = o (m*w]) + acos o[y
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[M] = acos ¢[F)\]

Neglecting vertical advection, vertical eddy fluxes and friction:
d0[m)| N w]dm] 1 3([
ot a O0p  acosd O

w*v*]a cos? @)
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Hadley Cell :
Role of eddies™

Qualitative considerations

D o 1 Op I D 0 u 0 v 0 0
DM = 7 gy Tacosebn where 5y =5t s on Tads TV
D

In an axisymmetric flow ([M]=M): [M] = acos ¢|Fy]

Dt
In a 3-D (with eddies) flow, the zonally averaged angular momentum:
Neglecting vertical advection, vertical eddy fluxes and friction:

olm]  [v]d[m] 1 0
ot a 0¢  acosp o

([u*v*]a cos? ¢)

Eddy momentum flux always
acts to decrease the angular
momentum of the zonal flow,

. and the zonal velocity is lower
\ than Uw.

v Observations
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Hadley Cell :

Role of eddies™

Vallis, 2006,
axisymmetric

numerical results from idealized GCM
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3-D flow, with eddies
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*| Hadley Cell

- Qutline

= (QObservations

= Held-Hou theory (axisymmetric flow, a model that is
symmetric about the equator)

= Lindzen-Hou theory (axisymmetric flow, a model that is
asymmetry about the equator)

® The role of eddies
= Moisture effects

=  Dijscussions
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14| Hadley Cell :

Moisture effect™®

Momentum equation: (d_“’) — fo=— (8_(1)) o
dt . ox .
dv) <(9<I>>
— | +fu=—(—=—] +F
(dt . o /), Y
Continuity equation: V. v+ 6’_w —0
p 8]?
Thermodynamic equation: (dln9) _Q
dt . cpd’
Water vapor (budget) equation: (%) — s(q)+ D
t
p

q - specific humidity
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Hadley Cell :

Moisture effect™®

dq dln6 _i
(@)p:S(Q)JFD ( dt >p_cpT

D - molecular and turbulent eddy diffusion through the boundaries

s(q) - souce-sink term s(q) = e — ¢

e - the rate of evaporation per unit mass

c - the rate of condensation per unit mass

Diabatic heating ) = Qrap + Qru + UB

Qua = —L (%)

()B - diabatic heating due to boundary layer processes, i.e. sensible heat

RIREm: 5K5F 13



Moisture effect™®

du) B (8(1))
(dt P ox ),

Continuity equation: | V. v+ 8_w —0
p ap R
Thermodynamic equation: (dln@) _ @rap + Qun + p
a /., cpd’
Water vapor (budget) equation: (@) _ Qum ﬁ
dt L

q - specific humidity P
(@),= @), (&), &), 7
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Ta]| Hadley Cell :
Moisture effect™

(dln@) _ Qrap +Quu + B dg\  Qunu
) c, T (%)p N

e.g. following a dry adiabatically-upraising parcel:

do or g
%:O’ 8z+cp_0

Dry adiabatic: (dIn6) 0
dt »

Moist adiabatic: [ ¢R0) _ @un _ L (dg
dt cpd’ cp T .

(8),-(8) (), () &
/), ot/ oz /), o/, op
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Hadley Cell :

Moisture effect™®

dq dln6 _i
(@)p:S(Q)JFD ( dt >p_cpT

D - molecular and turbulent eddy diffusion through the boundaries

s(q) - souce-sink term s(q) = e — ¢

e - the rate of evaporation per unit mass

c - the rate of condensation per unit mass

Diabatic heating ) = Qrap + Qru + UB

Qua = —L (%)

()B - diabatic heating due to boundary layer processes, i.e. sensible heat
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Hadley Cell :

Moisture effect™®

Diabatic heating ) = Qrap + Qru + OB
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Hadley Cell :

Q) = Qrap + Qru + OB

QQRAD
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Hadley Cell :

Diabatic heating ) = Qrap + Qru + OB

Moisture effect™®

Recall previous calculation:
De ©Ogp-06

op, 12
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Hadley Cell :

Moisture effect™®

40 T ' u '
- - = dry forcing temperature, GE
moist forcing temperature, 9’;_
35 —— solution
"_GE

" .
g H ©5-©  5gA%H?
£ 30 A E—©  5gAY
o ~ p—
g @oAV T 18a2TQ2AV
=

o5 Hadley cell becomes stronger

20 (Va”iS, 20Q6) . . .

0 5 10 15 20
Latitude

Fig. 11.8 Schema of the effects of moisture on a model of the Hadley Cell. The tem-
perature of the solution (solid line) is the same as that of a dry model, because this is
determined from the angular-momentum-conserving wind. The heating distribution
(as parametrized by a forcing temperature) is peaked near the equator in the moist
case, leading to a more vigorous overturning circulation.
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Moisture effect™®

Dry circulation

Upward branch of the MOIST Hadley cell
becomes much narrower and more intense
than the downward branch due to the
enhanced efficiency of moist convection.

Mild condensation

Strong condensation

=
—

(Vallis, 2006)
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*| Hadley Cell

- Summary

= (QObservations

= Held-Hou theory (axisymmetric flow, a model that is
symmetric about the equator)

= Lindzen-Hou theory (axisymmetric flow, a model that is
asymmetry about the equator)

® The role of eddies
= Moisture effects

=  Dijscussions
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Hadley Cell, Subtropical Jet and
the Subtropical High** (open discussion)

= Hadley cell and subtropical jet:
= BIRVE RIS Bladley AT A, HBLTE HOR UG AT 7E A 4
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Hadley Cell
- Observations

Stream function (
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Hadley Cell, Subtropical Jet and
the Subtropical High** (open discussion)

Hadley cell and subtropical jet:

BT 2R E HHadley R T4, BEERRmAMAENSGE

60°N /mﬁ \9% ’p“ja
L — 20 Qo = o0 — L— 20 20 -
450N, N Z N b L 450N, N N L
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. —_ 0 © _/ o5
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Hadley Cell, Subtropical Jet and
the Subtropical High** (open discussion)

= Hadley cell and subtropical jet:

= BT 2R EHHadleyENR A, EEEE R ER
S,

o ATHERGRRNALT XSRS THER. THEER
L. PEKRIBNEHERIERBEEELN

= Hadley cell and subtropical high:
" &£%ZE, BISFEAEAHadley R iR TITX ;

- EEZ, ZHfHadleyIREARE. BRRIAN, BS s
SEERINA (RESBRER. RBVERS) BRI
7, EEEIAETRASOBETL. BERRIAN, B \ b |
HE RS RTEEN TSR

=

: A WINDS

= Zonal winds and subtropical high:
= BMRAM, XSS, RXIEEN, BlS1t LrE;
= FXIEE, RXUEDE, BlSmEBERIER.,
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Assignment 3, Fall 2022

Held-Hou(1980) 118 7 H/MRRIBNL Mo E _RELEZ I, Bl

Or(o,z 2 . P 1
%) =1- S AnPy(sing) + Ay(7 — 5 )MMAT, BESARAKRAG. BES. FROZEEESE
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o

2. BEAANEERIR, BRSEARNZEEE Oy HRERX, MR r =

Ag = 1/6 B, SHeld-HoutEIRIBLE, G BHERE r TITH.,
3. EMEE: EHERT, HHERBNSEEREL,

gH
02q2°

BEHBEEYS Ay = 1/3 7
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