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Introduction

* Atmospheric tides play an important role in
atmosphere, especially in MLT and higher

* Propagating diumal tide is especially important
at latitudes less than ~35°

e Introduction to tidal theory
* Survey of impact of tides on atmosphere

Source material:
Chapman and Lindzen, Atmospheric Tides, 1970
M. E. Hagan, Lecture notes, Wave Workshop, Adelaide, September 1997
H. Volland, Atmospheric Tidal and Planetary Waves, 1988
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- Tidal Forcing

e Atmospheric solar tides are driven by the absorption of
solar radiation in the middle and lower atmosphere

e Two primary sources
— Solar IR absorption by water vapour in the troposphere
— Solar UV absorption by O, in the stratosphere

* Latent heat release in deep convective activity in the
tropics is an additional tidal source
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Goveming Equations

AU Oxy=-_V P Coordinates :
dt p A — longitude
9P _ —oV-u 0 — colatitude (from North Pole)
ot 7 — altitude
pc, c—g = RT f;,l;‘ +pJ velocity u = (u,v,w)
p=pRT pressure = p(z,0)
where density = p g 0)
Rotation = Q)
4 _ —a—+E-V Temperature = 7'(z, 0)
iﬁ ot y v D 3 Heat capacity=c,
”'Vzasme_;éx‘kwg Heating rate per unit vol = J
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- Assumptions

e Linear steady-state theory u=u,v=v,w=w

 Wave amplitudes small p=p,+p
compared with background _p 7=T7,+7"
atmospheric fields p=p, +p

e No dissipation
* No latitudinal gradients

 Harmonic steady state

SOluﬁonS i(S)L—Gt)

’7 7 VA A Y N 4 A A A A M A
UL,Vo,w,p,I,p =u,v,w, p,T,pe
s = zonal wavenumber (+ve eastward)

o = wave frequency
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The Classical Approximation

* A single differential equation in z and 0 can be written in terms

of perturbation geopotential \

* Equation is separable in terms of z and O o =L
P,
P'=30,(0)G,(2)
n

With the linearised horizontal momentum equations
this allows for the expansion of the Velocity perturbations

ZV 0)G,(2)

u' = ZU (0)G,(z) andV' =

492 492

These are the wind expansion functions.
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‘Vertical Structure Equation

icsH(l 0 ) oG, ]+ 19 (Po‘dn):—ioKGn

p,0z ° dz | p,oz h,

Where 7, is the separation constant (eigenvalue), Kk =R/c, H is the scale
height and J_ is the expansion of the thermal excitation

J=320 J (2)
Assume an isothermal atmosphere and define reduced height
x=z/HandG =G,.Jp, /N e [KH I]G’ L de.))

d? | h, 4] iofp,N dx
or
I’G
“+0°G, =F(x
2 . = F(x)

9/25/01 | | Tides in the equatorial atmosphere: R. A. Vincent



Solutions: Forced Oscillations

(A) F(x) # 0, “forced” oscillations with solution
G ~ Ae'™ + Be™

kH 1
where o= o
h, 4

Note, by removing [/ dependence can rewrite as

2
m= | __1 ,where N? = %2
gh, 4H’ H

cf dispersion relation for gravity wave

N* , 1
m=,—k, —
\/co2 " 4H?

h  often referred to as “equivalent depth”
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~ Propagating Solutions

o2> 0 then 0 < /2, <4 KH combined with “radiation condition” (no
source at X = o) implies

’/ 10X
G ~e

Sign of ol determines whether wave is upward (+) or downward (-)
propagating

Trapped or Evanescent Solutions

02 <0 then 2, <0 or /1, > 4 KH. Outside the source region the solution
is of form

/7 _ plalx
G ~e
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Solutions: Free or Lamb Waves

(B) F(x) = 0: Single solution that satisfies w=0 at x=0

(vc—%)x

G ~e

n

and /1 _
1-x

For an isothermal atmosphere with 7, = 256K and / = 7.5 km then
h,=10.5 km and o < 0.
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Laplace’s Tidal Equation

The O-dependent part of solution is given by
Laplace’s tidal equation:

d[(l—uz) dG),,,} 1 {s(fzwz)_ s’ ]@ e ® =0

dul (f*-p*) du | -t LS -ph) 1-p?
where |l = cos0, f =c/2Q,ande, = (2Qa)* / gh,
2 2
Often written as /'°° (©;°) =¢°0™° = 45121 S‘i 0°°
gh,’

The solutions for © (eigenfunctions) are usually

known as '""Hough functions

Each (7, ,0,) pair constitute a '"'mode" , referred to as a (s, n) mode
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(1))
mode

Nomal
modes
£,1=8.4

(1"1)

Mixed or
“Rossby-

gravity” mode

9/25/01

Class I =*“gravity modes” Class II =“Rossby modes”
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:\n(i:assl l\z\\kl - ;

NG
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Hough Functions for Diumal and
Semidiumal Tides
] e O, for diumal (s=1, 6/Q=-1) and
semidiumal (s=2, 6/Q2=-2) tides

[\~

€ o i _ * Latitudinal extent
1:§> ; \ e Hemispheric symmetry
oY * Vertical wavelength

Mode hy (kim) A, (kim)

a,1) 0.69 ~25
1, -2) -12.27 Trapped

2,2) 7.07 >100

e Ea men e oon 2,4 1.85 =~ 50

Latitude
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Thermal Excitation: Mlgratmg Tldes

OZONE
o = sQ therefore tides 0025 poos oo o
follow apparentmotion of sun oN—— |
. ; . . ‘\ .
- £ [} >
| | ? I.B:-' T T T T ] i "’40 "/
joo) Tldrive) sVI(Z)HI(@) | 2 1af 77 5 = -
wa(z1H2) | 3 \of 18 € > DECEMBER SOLSTICE
£ osf 1% % W ¥ +(1.1) =—+(1:2)
S o2, Jo T2 —-—--(1.3)—(—-)-(1.-4)
= o2l —(
;‘E, - 'le_j : — \’ \-sﬁ\“ .
‘§ g 4 :032 - ’ 1 1 ‘}\ s
z 3 Jo2s € o 006 009 0i2
< g Jote WATER VAPOR
£ {.008 3
% o OZONE
e T TR om0 004
80 -40 [e] 40 80

Vertical and latitudinal distributions for water
vapour (IR) and ozone (UV) heating (Chapman

and Lindzen, 1970)
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Latitude (deg)

HEIGHT  (km)

IR and UV heating rates (Jkg!) for December

Solstice (Forbes and Garrett, 1978)
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Tidal Polanzation Relations

T, sWys DosPy < O,
i.e. the values of these quantities for a particular mode

in amplitude and phase are proportional to the Hough function

[ (L1
L.0+

e (1, B)

— (1, -2

L n . . "
908 605 308 EQ 30N 60N 90N
Latitude

:-?; 0.0
oSNy
—'2:..1..|‘41,.|..|.. —0.5F -
908 60S 308 EQ 30N 60N 90N
Latitude ~1.0f . ’ . ' ‘
PY 908 608 308 EQ 30N 60N 90N
S1 Hough functions

S1 Wind expansion functions
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Global-Scale Wave model
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Seasonal Vanations
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Tidal Effects on the

BMF radar, FCA, March 1999 superposed: Zonal velocity
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Fi] —t
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=] ,
-z0R
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Turbulnt BMS *‘:«al%i g‘

o 5.5%
o B
A i -E
. B S
¥
@ 85

(:00 4:00 8:00 12:006 18:00 2000 24:00

e Turbulence motions shom
variation

e [In-phase with zonal tidal
component

e Vertical wavelength (~25 km)
consistent with (1, 1) mode

hy does the atmosphere appear
stable with 24-hr period?
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(1,1) Momentum Flux

u'w < 0 for latitudes < 25°
uw > 0 for latitudes > 25°

Tide is rather like a planetary-

-2t . .

1 1 i 1 ' 1 ' { n L 1 L :

scale inertia-gravity wave 905
Maximum negative temperature

gmdients (least Stable) Where u' wind and Temperature Ple:ttl,:rb?tio‘ns _

60S 308 EQ 30N 60N 90N
Latitude

is a maximum
Tide preconditions atmosphere_

for instability and turbulence
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Tides
transport
momentum
Dissipating
tides will
drive mean
zonal flow
at equator

Tide/Mean Flow Interactions

ALTITUDE (KM)

b

L
® © O =
O O O O

~
(@

o= <0 T 0 T 3

> S
CoN e <N

Mar May Jul Aug Oct Dec Feb Apr Jun
1992 1993

MLT zonal-mean zonal winds at equator

110
S 1000 S T
& s0p 5 T - e
= e
E 8oF0 i p— I Y
-l
< 70FE

Jan Mar  May Aug Oct Jan Mar May

1992 1993

Inferred zonal accelerations by (1,1) mode.
Appears to drive time-mean westward winds in
90-105 km height range (Lieberman and Hays,
1994)
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QBO Influences
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24-hr tide at Adelaide

Equatorial
zonal winds
¢ Interactions between QBO and
diumal tide
* Wave-mean flow interactions?
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b T Tt N ]  Gravity-wave/tidal interactions?
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Tides and Airglow Emissions
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TIMEGCM
model output

Convergence at
equator means
downward
motions

Downward
transport of O-
rich air
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