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i. Introduction

This lecture will first show some observations of the lower and
middle atmosphere and compare these with calculations in which
atmospheric wave dynamics is not present. Some of the ways in
which the momentum deposition by atmospheric wave motions 1hat
have their source in the troposphere improve the agreement
between modeled atmospheric structure and observations are as
tollows:

{1} the winter and summer jets become closed;

(2) the winter stratosphere is made warmer,

{3} the meridional temperature gradient is such thar the
winter mesopause temperatures are warmer than those

in the summer, and

(4 a meridional and vertical circulation is induced that is
consistent with observed constituent distributions.

()

Gravity Waves

The first wave type to be discussed are internal gravity waves
these are atmospheric waves with frequencies that lie above that of
buoyancy oscillations and less than 2n divided by the Coriolis
parameter. They can be ducted by temperature variations.  Also,
vertical variations of the horizomal wind affect their verticul
propagation. For instance, they are absorbed at critical levels where
heir Doppler-shifted frequency becomes zero. This is thought 10
itfect the distribution of turbulence in the middle atmosphere uas
well as constituent distributions. Gravity waves are forced by a
number of mechanisms including orographic forcing, convective
activity, shear instability, and geostrophic adjustment.



3. Tides

Atmospheric tides are global scale waves that are forced either
thermally or gravitationally with an astronomically determined
period.  The principal tidal components are the solar diurnal and
semidiurnal tides as well as the lunar semidiurnal tide. The
amplitude of the tides grow with altitude roughly exponentially up
through the mesosphere. They can be a source of turbulence for the
upper atmosphere.  Their momentum deposition at high altitudes
may also become important. They provide the dynamic forcing for
dynamo currents in the E region.

4. Extratropical Planetary Waves

Surfuce continent-ocean distributions give rise to thermal and
orogruphic forcing of planetary waves. These planetary waves are
important in the wroposphere but become dominant in the middle
atmosphere.  Stratospheric wind systems affect the vertical
propagation of planetary waves such that stationary plabetary wives
cannot propagate vertically through the summer easterbies. Their
vertical propagation is also inhibited by very strong westerly winds
‘These properties help to explain seasonal and interhemispheric
variations in planetary wave  structure. Planetary waves interact
with the mean zonal flow. The weaker forcing of planetary waves in
the Southern Hemisphere helps to explain the different nature of the
annual cycle in the dynamics of the Northern and Southern
Hemispheres.  Planetary wave interactions with the mean zonal flow
produce strutospheric warmings.  Traveling planetary waves with
two day, five day, sixteen day, and other periods are also observed.

5. Equatorial Waves

Close 10 the Equator, the Coriolis parameter ( 1 = 2Qsing ), goes
to zero.  This conditich permits the existence of special equatorially
trapped waves. It is thought that these waves are being constantly
excited by wopical convection. These waves, along with gravity
waves, are thought to provide eastward and westward momentum
fluxes into the stratosphere, thus driving the quasi-biennil
oscillation (QBO) in the lower stratosphere and the semixnnuai
oscillation in the upper stratosphere.  The QBO is an excellent
example of an atmospheric oscillation that is unrelated to a forciny
with a similar period. The period of the QBO is variable, and liule is
known about what is responsible for these variations.  There is a

suggestion, however, that these variations may be due .to‘variatium
in tropical sea surface temperatures (SST's). Ozone variations are
seen that are related to the QBO. An SST response is also seen in the
ozone field.



1]
k11

b 19

L

N B

b &

_} (g 7
w

~10

\/°-§: l_/:__..

»
Jhalh S NS I et SRR

b B

¥ - L

€0°T8° #8° N8 48° " 34° 10* 0 100 30° AR LN L L. 1N "1

& Summee~  LATITUDE N
ZONAL MEAN WIND (m/s) Wolnte

Pt

g ey T v T N T
BEOT TT 000 00° 400 30 20 10° 0 tee zur g2t o B

oy

30° £0° §0° 60 70° gooN
ZONAL MEAN WIND (m/e) LATITUBE Svmmer
Sef ) en -

1'°_L L n i Y L I i i 1 e i i &4 13 A 'l 1 i 1 1 1 1 _1 i 1 [ |. 12
BRI ST i RS N s DN
: T 188 b 11 =

o i 2
e —
D6 e 1w 4 m e

100

A = = . 1609 - = =
Al B0°70% #0° B0° 40" 30* 30° 10° 0 10° 20° 30° 40° §O° MG* I Bet SBO* 70° £ 5 g3 80° 70° go°n
$ Sevmmer  LaTTUDE \J . ZONAL MEAN TEMPERATURE (k) JuLy ~ LATITUBE Sommer
IONAL MEAN TEMPERATURE {K) JANUARY e~ Mmoo )
~——r— Figure 6-2. As Figure 6-1 but for July.
Figure 8-1. Cross sections [pressurs Imbar}-latituds) of zonsi mesn gecetrophia wind [ma-'} end 20nai —

mean temperaturs (K) for the average sves 6 yoars of the monthly meens for Jonuery. The dats are
from the combined SCR/PMR retrlsvel made ot the Untversity of Onterd fer the pociod January 1973
to Decembser 1974 and July 1978 to June 1978, (Supphied by J.J. Barnett and M, Comey).



(Favoney |

AR

o - o < fef -

“RARJATLYE-CONVECTIVE” TEMPI oo
0.01 Trw—gs oy

4 » [3
0.0 1 '
0.03 4 - l/ e /WNP
0.06 : g P . '

'y SJ"-\"\(—" W:nzcr

0.10 o

FRRNINRE iy}

TTYYY Y Yr Y Y Oy rY Y e Y

1000

-7

NORTH LATITUDY U™ u= ——-§,(£]
W e - Sommen %)y and

Figurg 8-30. Time-dependent "'radiativet -datermined’' tampérature T, for 15 Jarnuary 1904 rem the
edlEulatioh of Fels and Schwarzkopl {1 §v'g'ym. Tha sutfdce temFSETUTEE BTh SroYCIREd IR e Gobosnelly-
varylig observed values. Cloudiness, and ozone Below 35 km, dfe Sravcriigd at sl heen volues,
83 In Fdls er 2! (1980); ozone above 35 km it aflow&d to * flodt, ik (BEAGHIE 16 HMPW IS vafations

towdrds & crude phetochemical equilibrium. Détalls of the watsr vﬁ .12 5 S vty stend-

ard ang are described in Fels and Schwarzkopt (1988). [From UTeheie, 1004}, Mm

-t e

Rodint e Eoyvilibeio = du _R 8T]p

R b e Hf.ats;xo = RAJ.',,.{N( Caol:;\g




" M
-0 -70 ~80 - B0 - 40 -39
LATITUDE

-0

20 30 40 40 0 70 L]

LATITUDE

Figure 8-31. Geostrophic winds U (8,P} calculated from the January 15 temperstures of Figurs 8-30,
The value of U (¢, 80 mb) Is taken from Oort end Rasrnussen, and the thermal wind sgquation integrated
upward from 50 mb. The contours have been modestly handsmaothed. [After Fals and Schwarzkop!?,
1986}

WA= e [NK

[ =

\:;;W

_
b '777'7:26/ 7777 ;\JP
(e

y



$UMMER WINTER

0
FOLE . POLE

_C LSRN TN Ji
—_——T
LATITURE

Figurs 6-65. Schematic ilustration of zonally-averaged transport processes up to the mesopause. Single
arrows: mean circulation; double arrows: quasi-herizontal and vertical diffusion. $ee text for discussion.

Neorth o South !
Pele N Equater bt ] Pole a

Fig. 11.11 Longitudinal mean ozone concentration in units of molecules cm™? (4E12 melg
4 x 10'%) for mid-January. See text for further explamatio.. {After Climath
Impact Committee, 1975) v

a0 40
km Wintar Summer km
Hemisphors Hemisphere

30} ot ———— 130
Stratospheric Strotospheric
Westerlies Source Easterlies
Region
20} / {20

e

~
Tropopouse -
-

-
\ - Y
. . S
10} - J“ 10

\ —
Ozone Destruction Near Ground
11111[.1111IIIIIIIIIAIIIIIMIIIIIIUIII
a0° 60° 100 0° 300 80° 20°

Fig. 11.12  Schematic illustration showing sources, sinks, and mass transport of ozone. (After
LR S T A I



Dtr.'\rat\'an of .Iht'ffru.i Gf&.vh-y Wawej

Buoyancy Ofc‘r”o-t'mn.f
G‘Lorv-c.tm‘c
. Cowf}“er— -~ P
‘{&'. Parref cL‘I‘y]MtJ CDHIZJ(’_ ~ c”".uﬂ"ﬂé th"t b”nj P“”‘J hor;hht&”’
{\ verticelly P JEr ~t ”~ IP“J C fo'”JL ~  reeadiged £hid
—"—*“‘_@ 2-0 !.‘..:};L('u—m roJr‘t;on )
1

. 0‘ Mgﬁovx .
/—--"'_"/—’—_’“_r_-
-8
P A O
kS
dt S A (Y ——— tmviremment

e 3(57:,—1?) = 3(15)
p——q orke

bl
dt*

( PIfwmeng r__r")
and P s /4 RT
Corrugated lower surface moving through a fluid.

the .p)w'c{ odove fl«c ,.}ucl

(%_ %})—()"1’2{}“1)
= 3 T Wave Paoteng are ()(:,'16(1 I'm
F = - Niqces#
- - i ig + 9_7;]%
T, < > Also §2 =§S cosO so
. d_la' + NL?- :O le’nan:‘ "‘(:”AIIM :
» de’ with f'omi am F = ENICM 63
s v
d P N1 ¢cos O 5
det

Br"’ht‘ _VA.:’Al'». *Frez)ue_,_b{_j



Assome §5 oL 7T N
. : T
55 5"
:> (7_'1 :}\JLcoIlé = KLC-L
K< c‘etermjh}J the 6‘-"\5"( 9 .
L L= 3.-’-7
BUC . tarn B8 = HAV = /e/K ( by
e 27
Ly
{Ahle - ft < :—ffig = , ] ‘-(_i:
L - —_
K Cof 9 '(1‘1
s
Hl
A (A . r (h— - ) :
e La] /e = K‘c‘ ( K

ﬁ Dr\gpgft'ox

(K*+ ,t“)l"
Cpx - % = + -_..j\l—.
(K*+ 24)'t
rlﬁsu_ V!.I'ot.{g—,l
Cyu A Ni /2
R
{K“+ ,Q‘)”‘“
L
C - 20 - 2 o
4x Py (1<‘+/Q‘)”L
jf‘b.r vgtlz:ti)
AT ~Nkd
N 27 A
9 o4 '
(xh 29"
No{(’. *tLhr o § a
h?O ) -’e ‘*‘%’OJ or
LV — 0 TL\;I wall &0 T v
preve-r fo'h‘(ﬂf

Pnpﬂjhﬁi;/\,



ND{Q 'tL( NHowmj

) Fm-

hoh&-‘!}f\ahh\/'( Plbkf_

Woawe
TER

P onenne | b Yy
> /«' ~ e
B0

{c)

.5»¥/\/ "

GO“M te)

+ Yay
= |V ~e DAk T~

HEIGHT (hm)}

= Wae Bfuzni\\j ‘

Pl A "\/uw "

LN ng x‘df‘((t O

Fig. 4.17. Schematic diagram illustrating the breaking of vertically propagating internal

gravity waven in the mesosphere. The curves 1abeled (a}, (b), and (¢} denote muterial surfaces.

T T - K 7 At the level of {a) and (b} the linear nondissipative theory of Section 4.6.1 is approximstely

valid, At the level of {c) nonlinear sffects are Important, with irraversible deformstion of

pravicusly wavy material surfsces, snd turbulence near the weve crasts, presumably followed
by small-scale mixing and dissipation.

a -
o (P >0 T
O0ccw Wl\‘v\ M"- - I at( ou ) /U.ﬂd

_ Deceleratlon

of Mean Flow

e Haight of Wave
" r.--.lr )-w. /5 Bresking Where™

oT [Convecilve
3T < Eip‘ Instability)

or

1 _,z1H

o

M < 1/4 (Sheat
Po TW Instabliity)

Fig. 12, Schematic of gravity wave breaking and the resulting vertical flux of zonal momentum.



{a)

N A N 3
Ty N Lo o N 3
Jonugry B o ‘Q N
N N
0}- ~. k N N
Convlraghie \ 100 - §
op- Jeruury . > TELLUU AR RSR SRR
Y
N
N
(18 e- < " \
T ' N
- 2z " - by
= sl brage y - N N
8 s N
2 g "N N
= [ 1% N N W
F o o % N
'= N
0t »tn J § TO §
» Tallepn 191-4Y l Balleps Grasadey \
2ok @ Lo W10 RS I o wan 1N B %
Xy e N l
. LALTRIT = ANTENNA,
' e N ANTEDNWAN, 0 | VERTICAL ' ]
1o " . from W1l 1 1 ORIGUE A;t;l':::.__.—% A VERTICAL ANTENWA, | TRAMBMTTER nrv-lm’l“ L '?“.:"lmg 1
(L} om Wy + TRAMIMTTER | 1
la) -—Lq-&&—-‘« PPN PR v A N lochKWIDCCJJAN P nJA‘, AN Jn. M4 WP OCT HOV DEC
i wsld — i MAR AMR MAY AN JL:LW:R e 1980
SPEED (mync™) u (¢} &I*N
Wy (O3 md 47
S 1no
4 z
Jury 2 crr
1} E
? Clc‘“?ﬂ";: E {»)
wh B T TT YT T
o g ; [T th ﬂ
a0 (] - -
e :
s 1) B - 1T =
5 - 1k
l | -
e " 1 ~
ZL' L e W 21 g 1980
2 - e W Sop- 13 Ot1 B0 ]
i Wi p
= Wollzpy 2961 £ B
saf. @ LEn B O19E4 B8 ]
: N, B
Prahobiles phayy . 4 -
" sserty v e . === .- \"--.___..*...-
: j I
_ 1y Voot fram M [ A |
Y ; ‘*(L . " I W T
™ I I i T WOV OEC
Y _‘.-J'D‘(Au‘_ﬁ 77‘_—@; e e ;I N 20 ze w32 0 J&W FES MAR APR MAY JUN JUL MO SEP OC
AVERAGE S/N (B} . ion of season. Crow-hatched arsas
SPEEC [m e ) DT t Poker Flat (85"N} na a function of ses #cho
Fig 10wl Hﬂw'd;::b?::o:n?:hmnsuqrd:‘:‘:: 3573.1;. [from Baistey ei al, 1983). “’.’,,"l:“o‘i'.'oﬁ?”z'? fg"’o‘]"[';nll,,y
Fag 100 Sehematic tlustrating the allowed and prohibited phase denia F"‘;‘:,:':fo‘fg;‘wmm, July 11 10 August 21, 1980, sverage) and fali {Seprember
speads for pravity waves .t Wailops [lund for winter and summer signal 10 o
LErsd=en 19%1 ] Note 1hay the sumnier wind profile prevenss stalion-
Sy e o entering the mg

Idle \ ot o, 1981] () Computed vertical profiis o Munion cotMcient 1 & functi ason for 81°N.
1] &) wd | profile of eddy di on ion of K
rhere f
l¢ atmuasphe,



So).— —TFJU
Gl"o.vl"khv'.h..,,l —T-;JCJ |

SOlLr Lekf\nj d.h;“ mred over ﬂr‘“"lt'-\hh.-/ efHfecrs

Enrt\'\ (Vl)

Moo C\n\)

gol“f chtﬁ;\j

+
Terered Cosling
Gf..m‘q Far;_g_ = Cd-er-'a.,..’ Eth
ot ‘tLL Llwte, o+ ‘QLC E‘.‘-L\ D:‘V(V\hl
”“; T
Eh(tl\ (M} ! gt“'ﬁf Af\lvrv\ul
M
Moen L) :
’ Fbrc.\-\s
e
9 {r-at
Naerm l‘l\( M‘l-\
> X =
. Fo C rifw "I e = &0“‘\ -
G €y rie E(I ant 1 For £ <he Muund T 5.\“_ \'\stnj
o+ [PURPR { Vol v-r.r-f‘
& ~nid one
Mesn
{0s)
CID‘.(\,,\

=D A semidionanl wle



Obscrw\fvms

ACCOFJ-;V\:) i3] H“U‘(w"ti 5

SaCp) = [ 1€ sin'B Sin (2t 4 158°)

+0.085 P (8) sa (2, +1R*) b
and

Colp) = 0.593 a0 s (tr12°) nd

where

G- col o rde

‘év - Ur\:\/tl‘h\l T'\""(

PL(B) - E—'{(?Cofle —i)

pre——— -m--w. : — - b SR R
2 ool . . -
g OO = g g - L
- e —
"0 :-%. = " i‘—— 1
T L T - A
Amplitude, mA Phose, deg
Dlurnal fide ~ Qorehy
Apri 29 1970
l 00— — h— —
g 0 - = 1-
- =
| i | | ]
o 20 PT) 60 0 o 0 10 2
Amplitude, m/s Phose, deg

Figure 9.18: Amplitude and phase of the semidiurnal component of the
eastward velocity over Garchy observed by meteor radar during Septem-
ber 24-7, 1970 (top), and of the diurnal component during April 29, 1970
(bottom). After Glass and Spizzichino (1974).



C-ihll iLk{ TJ'—J TL"")‘ C - LV‘C‘ DI—(’/!»(( )
Two E‘}V*hﬁ.«f
Loplace s T Eaon
& [ lde ) L [sfe o ]@_
dar | £ dm flopr [ £t
WL“L
= Cof B

Vertent Scrvcxoe E?"'*ﬁ”".‘

AN /N
N i [
| \ . \ I? .\ . lr \
f VAN T AT\
] o VA N
O = A ” "
<5

VL
ab \ '!Il \ -4
VU
\J Vi
00 11 35 3 L1 12 0
Latitude (deg.)
Ne0}le —_—— s
LN
., — — — —
G|I
By o
By — — o —-

Figure 9.25: Symmetric Hough functions for the migrating solar diurnal
thermal tide. Also shown is sin@ cos @, the most important odd mode. After
Lindzen {1967b).

041 ‘| I" s By -

el /,f L _— i

o7\ .

NARY ]
0 ' 2'0 - 4'6 - é . .ID

tettade (deq)
Figure 9.24: Latitude distribution for the first three symmetric solar semid-
iurnal migrating Hough functions. After Chapman and Lindzen (1970).



/‘\

D

R
Zk\b 53%:4;\#\'\4\!
o

N

=
Z
[ouin|pIwag [ouMIp WG gg - H £-b £-0 e §-0 o $-b
o ‘ v = o 0.065° KB, ~ +003{°K b
L e 8o 3§§.§.o ER o« 0 0.25°K®, " + Y &
_'!'l‘l‘l' T LIS SN0 R0 AN BN AL | o : "
i X .
. .
I 19 § & N 7 ‘ ‘b
i B 3 g - H r = 0,021 °K @in\» O 008 °K @:D + O-OOW’*DK@; o
. 4 __0! ‘EA TR
L j 1 = E ﬂ: %,J
| i _‘93 «9 g £ F__@{
o + 4’ ég k3 ) 1
:Lnll-i;l. 1* Ll e L .""8 §.§ Dru(“\f“‘
e g gET TR § i & ——
(10uInIQ) (W EBPIZH  (10INIQ) (N BBPHIH 87 o A D
T T T T T T T « o D v v _ il © =
~ 2 '§§ S Ly = 13K @5 -0k
(-.’:;i? o -§§ A A CD\ ~ 6 p 0 P
EE = s: o " toosy K - oK
37 Ef—’ o s
_ll n . 5-‘
~— o] . E b . ) 0 D
s § ~ Y TR TR - NN A UM
s R 3 _ *
A N 1 .d ° % P o D
8 % 3 g S ° §'§ P4 w; 0D 427K &Y - 0.0/4 K@J o
(W) apninly & 3 INE

Fig. 3.2
,}/



Table 9.1:;

Diurnal Semidiurnal
Mode # | h, Mode # h,
+ 1 .69 km 2 7.85 km
+ 3 12 km 4 2.11 km
+ 95 .05 km 6 0.96 km
- 2 -12.27 km
- 4 -1.76 km
i
- S : -
Figure 9.22: Vertical wavelength as a funetion o ivalent de; er
Lifdzr:n oy, tical length funct f equivalent depth. Aft
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Figure 9.15: Phase and amplitude of the semidiurnal variation of the merid-
ional wind component u at 30°N based on data from White Sands (32.4°N)
and Cape Kennedy (28.5°N). After Reed (1967).
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ght (solid lines, km) and temperature {(dashed lines
mmer (left) and winter (right) averaged for 1958

for Northern Hemisphere sy

Fig. 11.2 Mean 30-mb geopotential hei
(After Hare, 1968.)

or
=

Charney and Drazin (1961) pioneered

studying the vertical propagation of

atmospheric planetary waves. They
showed the following:

(1) vertical propagation ef~Phemetasy
of planetary waves cannot take
place in regions where the mean
ronal winds are cither easterly or
very large and westerly;

(2)short wavelength waves cannot
propagate vertically; and

(3) the second-order cffect of small
amplitude stationary planetary
waves on the mean zonal flow is
7zero in the absence of diabatic
effects and zero wind lines.
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averaged zonal wind from GCM simulation. Bottom - Qrography
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4 FEB. 1957

50 mb charts showing evolution of the sudden strarags

warming of early 1957.
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Fii. 2. Expanded plot of Fig. 1 for the period 20-30 January 1984,
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Figure 5. Infrared geostationar i
y satellite picture for October 20, 1975, Latitude a
{ ; , . nd |
Ir’l I(;l degrees (solid lines), About one-third of the globe is visible. Note that there lr:n.g;llllztlzlftﬂ'il
usters seen in the band located in the Equatorlal Trough Zone. ™ clovd
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J1L7 Velooity and pressure distributions in the horizontal plane for {a) Kelvin waves, and
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(b) mixed Rossby-gravity waves. (After Matsuno, 1966.)
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Fig. 1182

LONGITUGE E--on

Longitude- height section along
the equater showing pressure,
temperature, and wind perturba-
tions for a thermally damped
Kelvin wave. Heavy wavy lines
indicate material lines, short blent
arrows show phase prapagution
Areas of high pressurc are shaded
Length of the small thin arrows s
proportional to the wave amph-
tude which decreases with height
due 1o damping. The farge shaded
arrow indicates the net mean flow
acceleration due tu the wave
stress divergence
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Fig. 11.8b

W

LONGITUDE £ -

Iongitude-height section along a
lutitude circle north of the equalor
showing pressure, temperature,
and wind perturbations for a ther-
mally damped mixed Rossby-
gravity wave. Areas of high pres-
sure are shaded. Small arrows
indicate zonal and vertical wind
perturbations with length pro-
portional 1o the wave amplitude
Meridional wind perturbations
are shown by atrtows pointed inly
the page (northward) and oul of
the page {southward). The large
shaded arrow indicates the net
mean Now scceleration due to the
wise stress divergence,
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Fig- 4.25. Lime heght sections for the equatonal lower sirmieaphere, showing evidence of
Kelvin waie activity (@i Zenal wind snd th} temperature at Canton Island {1°5) Nole the
westerly pluse of the QUO encranching from upper lesels 1n {a) e ( hapter B (From Giu
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Fig. 8.6, Schematic representation of the instability of 20nal low in & stratified Huid with
standing-wave forcing at a lower boundary. (a) Onset of inatability from a small zonal fiow
perturbation. (b) Early stages of the Jubscquent mean-flow evolution. Broed arrows show
locations and direction of maxima in mean wind scceleration. Wavy lines indicate relatjve
penetration of wave components of positive and negative phase speeds . [From Plumb (19821

with permission.)
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Fig. 8.7. Schematic representation of the evolution of the mean flow in Plumb's 0
the QBO. Six stages of a complete cycle are shown Double arrows show wav
accelerations and single arrows shaw viscousty driven accelerations. Wavy lines indicate
penetration of casterly and westerly waves. See taxt for details. [Afar Plumb (1984).
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