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Pcrtllrhing the Navicr-Stokes equalion in Ihe ionosphcric F-regioll, the tlispcrsioll [c¡arion and Ihe unstnhlc rcgions in w<lvcnumbcr spacc
are dcrivcd as ¡¡ function of two control par:.unctcrs. Ihe colatiludc (J amllhc slow time cvolution for tidal mndes T. Our results salisfy Ihe
internal gravity wave (lGW) dispersion relalion and are in good agreement with ohservntional dnta. Also. we ohtained ••nice prediction for
lhe cx.citation regions of these modes in the parameler space (8, T). The distrihlllion of IGW ex.citations. in this parameler space is in very
good agreement wilh ohservational dala dislrihlllcd along the day. An alternative explanation to the disappearence of IGW ncar Ihe cquator
is givcn. Our model predicts an interesting latitude dependence. which necds to hc tested hy new observntionnl data.

Ke)"u'ord.f: Gravity modes; lidal wind; ionospheric F-region

En este trahajo derivamos -perturbando la ecuación de Navicr-Stokes en la región r= de la ionósfera-Ia relación de dispersión y la ubicación
de regiones inestahles en el espacio de número de ondas como funciones de dos p••dmelros de control: la colalÍlud () y el tiempo lento T de
evolución. Nuestros resultados salisfacen la relación de dispersión de las ondas de gravedad inlernas (IGW) y acuerdan sntisfaclOriamenle
con los datos ohservacionales. La dislribución de las excitaciones IGW ell el espacio de los par;ímclros tamhién <lcuerda con los datos
distrihuidos a lo largo del día. Presentamos una posible explicación a la desaparit'ión de las IGW cerca del Ecuador. Nuestro modelo predice
Ulladependencia interesante de los modos con la latitud que necesilaría que dchcría ser corrohorada con nuevos datos obscrvacionales.

¡k,W'I"i¡ll0res: Ond ••s de gmved ••d; marcas; región F de 1•• ionósfcra

rAes: 47.20; 47.35

1. Inlrnduction

Dcnsity ami velocity irregularities with pcriods shorter than
tcrdiurnal tide observed at O, E and ro allllospheric regiolls
were inilially attrihuted to turolllence [11, However, several
ohserved periodicities and regular charactcrislics have led lo
Ihe heliel" Ihal dala variability in qllasi-periodic oscillalions
Illighl cause the appearance oí" irregularilies, Thcse fealUres
\\'cre ohserved al a large wind lidaI scalc and also al a small
lllh.:tuation scalc. and wcrc auribuled hy Hines [2J to the
¡¡clion nI' internal gravity wavcs usually prcscnl at disconti-
nui(ies or dlle to dcnsity stmtification and impuIsive cnergy
sourccs [3, ,l]. Thc spcctrum analysis 01" the perturhations
was investigalcd by Gcorges [5]. who identifico lwo diffcrel1t
typcs 01' waves: Large scale waves 01' horizonlal velocilies
bClween ,lOO anu 1000 m/mio (wilh pefinus arouod 80 mio
to S hs respcclively. and horizontal wave nUlllbcrs 01' IkJ, 1.
I¡"!JI "" 10-;' m-1); and meJium-scale waves propagating
with horil.olllal \'clocities about 100-250 m/min wilh periods
01' ahout 15 min 10 1 hs and horizontal wave Ilutnhcr vectors
I/"rl.I/.:,,1 "" 10-4 m-l. The vertic<ll wave numhcrs werc 01"
ahollt 1O-:l 111-1 in hoth cases.

More recent data 01' the low atmospheric F region (250-
500 km) wcre descriheo in the litcralUre as Ihe nonline<lf en-
hanccmenl hClwecn internal gravity waves (lGW) ano the

titla! wind syslem (T\VS). DilTcrent descriplions takc into
accoLlnt lhe encrgy transport (GJ, the coupling 01' gravi(y
motles 171 and (hc induction of a thin turbulent layer duc to
Illode cOll(lling [8]. Thcse papers use characterislic data for
hoth tidal tlnd gravitalional modes.

t\-lost studics 01"atmosphcric structure and wavc hchavior
wcre conducted. al lowcr altitudes, mainly at stratosphcric
and lllesosphcric heights, producing a wcalth of new rcsults
in recenl years. In Ihe presellt papel", our ••im is to apply thcse
sludies made at lowcr altitudes. to sec ir Ihe themlOsphere
presenls a similar behaviol". Basically. we assume that slow
ami cOllveclive instahilities I!JI have an important role lo play
in (he IIpper allllosphere as they do in Ihe lowcr atmosphcre.

\Ve derive a self consislenl dcscription which. taking inlo
account the aboye tncnlioned prohlems. gives as a rcsult
Ihe IG\V as llonlincar perturhatiollS of tidal modes. Nonlin-
cal' perllll'hati\'c lcchniqucs descrihing tile behavior of <lU-
ton0lT10llS sySlCIllS are COllllllon illlhe literaturc [la, 11]. The
I1rsl stcp is to pcrfonn a linear analysis in lcrms af the free
parametcrs. Linear instahility rcgions can be idcntilleo in a
sp:u:c forlllcd hy thesc free paramcters. IIsually callcd "con-
lrol paramclers". whosc variation fmm stable to unstahle lin-
ear rcgions. give rise lo new slahle Ilonlinear equilibria (in
Ihis contcxl, the Hopl" bifurcatiolls play the role 01' internal
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gravity waves). The richness 01' lhe information we could ex-
traet frol11lhis linear analysis (lhe cxcitatiol1 regions al' IGW)
constraincd our first papcr lo this approximation ami cncoUT-
aged us to altcmpt a nonlinear calculation in a subsequenl
work.

A general description reqllircs the ealculalion 01' the cxei-
tation regions in Ihe parametcr space; lhe wholc sel 01' excited

modes. ¡ahelled hy k and w (Ihe wave numher and frequency
respectively); the amplitude of the IGW and their relaxation
times. From a complele nonlinear study the ampliludes 01' the
lG\V can he ohtained as the nonlincar saturalion 01' the linear
cxcilalion. The linear analysis gives. in lerms of the control
parameters e and T. the boundaries 01' the rcgions where the

dynamics 01' the systelll changes and the characteristic '[ and
LU al' Ihe pcrlurbation in thesc boundarics. We assulllc that the
characterislic limes associated to the pcrlurbations are t « T.

whieh in lurn justifics an autonornous trcatment.
The paper is organized in the following way: Ihe model.

the proccdure and lhe approximations for solving the cqua-
tions arc presellted in Secls. 2 ami 3, respectively. Seclion 4.
is dc\'otcd 10 somc rcsults and discussions in conncclion wilh
Ihe previolls model. Finally, in Sect. 5 wc surnmarizc our con-
clusions.

2. Thc 1II0del

There is an extcnsi\'c literature devotcd lo the description 01'
almospheric tidal winds produced by gravitalional ami ther-
mal cllcCls 11, 12). Tidal lields aredescrihed by lineari/.ations
aroulld the steady state (Jr the Navier-Stokes, continuity and
el1crgy halance equations 01' a compressihle. slralitied, non.
adiabatic !luid, taking into account Coriolis cffects, the grav-
ilational potential due to lhe earth, the sun and the moon, and
(hermal elTects as wel\.

Assullling the earth gravity as constanl (y) and ncglccting
magnetohydrodynamic and viscous effects we can write

D," vI' -- = - -- - 2<1' x ;; - 'Ji + :F. (1)
DI P .

Dp
Df + v . (f';;) = O. (2)

DI' .,Dp
DI -'<-Jjf=h-I)Q() (3)

\I,.'hcre:F is lhe force associaled 10 the lidal gravitational po-
t~ntial (sun ami moon) and Q are Ihe heal sources. (~ is lhe
eanh's rolational vclocity, "1 = Cl'/C\" ~ is the sound ve-
¡oeity and J) / Dt is the total derivali\'c.

\Ve aSSUl1le the usual cOl1\'enlioll for the tidal funclional
dcpendcnce 01' lhe vclocilY tield. density and pressUTe:

"= [U(.Ly,O.T), 1'( .•.,y,O.T). 11'(o.T)], (4.1)

P = (,(o. T), (4.2)

l' = 1'(0. T). (4.3)

TABLE 1. lidal ampliludes. their derivatives with respect 10 z,
phascs and periods [6, 12 J. Chawctcristic lcnghls and the Froud and
Rossby numbers. ~

Semidillrnal Diurnal Units
Tide Tide

Bu 3(XX) 4200 m/min

Bv 3(XX) 2700 mlmin

Bw tRO 120 m/min
OBu
Do

-().015 -0.015 l/min

OBu
Do -0.020 -0.020 l/mio

OBu 54 x 1O-.'i ;).1 X 10-5
Oz

l/min

rhase 9A.M. 7 A.M. hrs
T{T) 720 1440 min
D(7") 2160 3XXX km

lJ(T) 130 172 km

F 1O-:~ 0.5 x 10-3

JI •• 0.5

Our ¡lim is (o oblain lhe IGW through lhe perturbalion of
Eqs. (1) lo (3) around the steady tidal solutions, taking into
account that ror lhe IG\V the aUllosphcre behaves as an adia-
hatic and incompressihlc stratified Illcdiulll. Thus. we impose
adiabaticity ami incolllprcssibility lo the pcrlurhation. Thcn,
lhe ICi\V musl satisfy V . ir = o and also P' = ."-/'f/ [13].
Thc charactcristic frequency 01' the IG\V duc 10 slratification,
the Ilrunt-Vjisühi frequency IS~= -(g(p)(Dp(Do)], is in
OUTcase N2 = l.G min-"l. which Illcans thal stralilication is

stahlc.
The ::: vertical background wind component (T\VS) is an

order 01' magnilude smaller than lhe horizonlal one. so its
dcpendence on horizontal coordinates might he ncglcctcd.
Then, these dcpendcnces for \1'. fJ and P have been nc-
glcctctl in Eq. (4) 11. fil. The values (Jf ['roude and Rosshy
llumhers show Ih:\I lhe stralilication effects are preponderanl

and the relevance of the rol:llion crfects. As ¡)TJ « D(T)

(vcrtical l'S. horizonlal charactcristic scale lenglhs ), Ro. and
f nUlllhers are Sll1:1l1cnough (sec Tahlc 1), the evolution 01'
the hackground ami perturhations can he thought nI' as large-
scale quasi-horil.oll(al licld [131.

For the tidal lIclds we take an average phcnomcnogical
solution whose functional dependcnce will be given beIO\~.
\Ve choose a local coordinale system where .i~is parallel to B,
Ü is parallel 10 VJ ami i is perpendicular to (he earth surfaee.
(j is Ihe colatitudc.

From phenolllcnological dala IG. 14] we can conclude

thal Ihe Icnglh scale Den 01' varialion 01' Ihe lidal \'cloeity
componenls U ami V is much larger lhan lhe gravity horizon-

tal wavelenglh. D((,') ,...",O.lD('I").then we can use a multiple
scalc mcthod where k and w are lIelined as local wavcnum-

Re\'. Me.\". F(s . ..t6 (3) (2000) 227-235
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oer am! loey depend on loe paramelers O and T, \Voere O is
Ihe colatitude and T, Ihe slow time evolution for tida! modes.
This mcans that a magnitudc, e.g., U can be wfinen as lj' =
U(O, T)+A, e"-' f(O,x) \Vhere J(O, T) = kx(O, T)X-W(O, T)I
and k,(O, T) = eliJJ /Dx, w(O, T) = eliJJ /DI. The small
pararnclcr £ characlerizcs lhe scale scparation.

In surnrnary, in our case Ihe linear cxpressions of lhe pcr-
turbation amplitudes A¡ al' rhe vclocity v, lhe dcnsity p and

the pressure P can he written as

(5)

and w = Wll + iw, and k are functions of the parameters (}
and T. Also, up to zero orJer, the amplitudes A¡ are not time
dependell!'

Thc rcsulting pcrturbcd cquations are

r{i(v [- w) + ~~] A, +I'(~~ -2</>,) A2+1'(~~ +2</>y)A3 + [~~ +(i; VU) +2(9yIV -</>,11)] A, +ik,A5 =0,

1'( iJV + 2</>,)Al + I'[i( ii. [-w) + iJl'] A, + l' (iJV - 2</>,)A3 + [iJiJV+(¡i. vv) + 2(</>,U- 9, IV)] A, +ikyA5 = 0,D./" iJy Do I

[
- iJIV] [iJIV DIV ].

-21'</>yAl + 21'</>,A2+ l' i(ii. h: - w) + Dz A" + DI + IV Dz + 2(9,.1' - </>,P) +!f A, + ,k,A5 = 0,

(6.a)

(6.0)

(6.e)

Hcrc we have ncglcctcd lhe ICfms Q. A1 and lhe pcrturhation
01' Ihe gravitalionaltidal force :F.

In [he dcrivation 01' Eq. (7) \Ve llave cxplicilly uscd Ihe
fael lhat Ihe pcrturbation (lG\V) is incompressihle, thm is.
V' . ir = O. In Eq. (8) (he contrihution proportional to A,] is
cancellctl hy virtue of (he usual deflnition of (he vclocity 01'
sountl",2 = rlP/dp. Then. fmm this equation we rccover (he
rclalion 1" = .<;2 pi for the perturhation.

The rllllclional dcpendence of lhe (idal velocity lIcld 'ii
was modclcd as

U(O, o. T) = [13[1)(0) COS(O'T)

+ 13~)(z) COS(!!,T - 11"/3)] . Ju(O), (9.,,)

\1(0. z. T) = [13(:'!¡z) cos(O, T)

+ 13~)(z)COS(O,T -11"/3)J. JdO), (9.11)

11'(0. =, T) = [13(~)(z) cos(O, T)

+ 13(V(z) eoS(!l2T - 11"/3)] . JI\'(O) (ge)

where O is Ihe eol¡¡¡ilude. J,,(O), J,. (O) and J••.(O) are Ihe ,id,,1
\vind colalitudinal dependcnce.

There are several diurnal and semiJiurnal molles aCling
simllllaneously, hut al Ihis altilude (z "" 300 km) lhe tleepcsl
modes are lhe simctrical (-1, 1) and (2,2) Hough molles.
Thesc molles prcsent a rathcr similar colatitudinal hclwvior:
ncar null at thc pole and maximizing at mid anJ low colati.
ludes. For simplicity in this scenario, the same colatiluJinal
hchavior shall he adopted for diurnal anJ semidiurnallllodcs.

DI' A3 + [i(i;. [- w) + (v. ¡i)JA, = 0,
Dz

-,'(v. [- w)A, - (ii. [- w)A5 = o.

(7)

(H)

TABLE 11.Paramcters values employcd in (he model [14, 161.

I'~I 4.36 x 10-1 l/min
n, 4.36 x 10-.1 I/min
\l., 8.73 x 1O-;~ I/min

2.G x 101 m/min
y 32040 m1min2

l' 2 x 10-8 gr/m3

Dp
_10-12 gr/m4O,

lIsing a colaliludinal fllnction helwecll O and 90 degrces (we
use the same fUllction for the north ami south hemisphere)
given oy J,,(O) = Jv(O) = (20/11"+ 1/2) eos(11"/~ - O)
and JII"(O) = l. A !llore complcx colatitudinal slructure at
F.region is hcing studied, hut differences due to individunl
moJes conlrihution are not yet conclusivc. The amplitudes
n(d),(lJ:j, as well as the phases and periods 01' the diurnal amI
semiJiurnal tides respectively are shown in Table I [G,121.
Note lhal due to the proportionalily of Ji lo T, the y depcn-
dence 01' thesc expressions has heen ahsorhed in the T depen-
denee. The gravily conslant.'/, sound speed s, Ihe densily p(z)
and ilS derivative oplu:; were eSlimated fmm tables [16, 171:
lhe ampliludes 13(z), amI lheir derivatives, (iJBu)/(Dz),
(D13l')/(iJ=) ami (D13I1')/(Dz) \Verc estimaled fromlaoles
ami graphics IG. 121 and are shown in Tahles I and 11 for a
height :; ~ ;HlO km.

3. The proeedllre

The system given oy Eqs. (6) lO (8), has nonlriv;al Soiulions
in (he amplitudes A if its complex determinant is equal lo

Re!'. Me.!. Fú. 4(, (3) (2()(Xl)227-235
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lero. Aftcr a long hut straightforward calculation wc obtaincd
lhe determinant thal givcs twa equations in WR and w,:

D
,.¡+ lOWIl: + Dllwnw, + DI2WHW, + D13(.¡..'J(W~

+ D:ww~ + D21W;W,

(ahout the autonomous conditioll and the local wave numher)
and the inequality estimaled previously from phenomenolog.
ical values (from the predicled values of Ihe model given
in Tahle 111, we have: WR •.•.•• 510-:1 min-1; v """ >'/T .
10-1 m/min; k: •.....10-3 m-1 lhen C'IOW~ is less than lwo
order of magniludc lhan C:mw;¡).

Tilen

C 2 3 4
00 + C01wJ + C02w¡ + C03w¡ + CO.¡W1

+ ClOWR + Cllwnw, + CI2WUW;

C
2 ., ., 2

+ :'WWfl + C:HW~W, + C:12W;W,

:1 4+ C30wu + C40Wn = O,

000 + DO¡w¡ + D02w; + D03W~
(IO.a) f(IJ) (H,•. Tb) + (uf(H, •. Tb) = O,

I,x = I,,~OI(Hb. T,,)+ (uk.T(H, •. T,,),

k" = k~nl(eb.Tb) + (uk,,(eb, Tb),

k, = k~O)(eb.TI,) + (uk,(eb• T,.);

( 12)

( 13.a)

( 13.h)

(n.c)
3 3+ D:Jowl/ + D:uwnw, = 0, ( 10h) where

4. Resulls ami discussioll

Pollowing the procedure dcscrihed in the previous section
we ohlain charm.:lerislic vallles J".r: •....• 10-;) m-l, "11 """

10-<1 m-I and /,7: wilh a r<llher steady vallle, k: """5 . 10-3

m-J and pcrim1s T helwcen lOO al1l1200 min (see Tahle Ill).

explicit expressions 01' which are given in Appendix JI.
In Eqs. (12) ami (13) lhe lerl11wilh parameler ( is propor-

tional lo the stratilkation or lhe medium. The parameter ~ is
relatcd 10 lhe Brunt-Yriistilti frcquency N [131. In our model,
lor the reference heighl = "" 300 km, ("" -2.910-3 min'lm
corresponJing 10 a llrunt- Vtiisalii I"requency 01' ahnut N 2!
1.2 min-1.

The solulion or Eq. (12) gives the houndary valucs
(fJ,¡, TI,) in the para meter space where W¡ ((h, Tb) == O and they
are shown in Fig. 1. These curves, which prove lo separate lhe
damping and excitation regions (the signs of w¡ al both side
of the curve are diITerent), are the separatrix Iincs. Wilh the
Iimiling values given in Fig. I we evaluated lhe correspond-
ing values of f lIsing Eqs. (13.a)-( 13.c).

The [ values are sololions of Eqs. (1I.a) and (1I.h) wilh
W, == O. The correspomling values of k out 01"these curves are
lInknown huI c10se 10 the boundaries lhcy must coincide with
lhe vallles previously obtained. Morcover, ncar lhe separalrix

lilles, lhe k \'allles Illust he continllous and cannot be too dif-
rerenl from lhe sel ohlaincd hefore. Then, for lhe paramctcr

values H '" e" "nti T '" Tbwe can assume [(e. T) '" [(eb, Tb)
"nd w,,(e. T) '" w(H, •. T,,) ""d solve Eqs. (IO.a) or (IO.b) lo
obtain i.4-'f near lhe horders, oulside the separa\rix ¡¡nes. The
sign of W¡ (+ / -) indicatcs rcspeclivcly the growth or damp-
ing of lhe pcrturhalion in cach region. The corresponding rc-
sullS are symholizcd wilh plus and minus signs in Fig. l.

( 15)

( 16)

(14 )

f(O) = (PO) . ¡;) + (v. ii)/2,

uf = uk,U + ul,,, \' + uk, IV

whcrc lhe coctlicients e and D (whosc cxplicit cxprcssions
are givcn in Appcndix 1 ) dcpcnd on Ihe componcnts of lhe
wave vector [ and 01 lhe tidal model hOlh dependenl on lhe
control paramctcrs (8, r). Note. that this means thal lhe dis-
persion relalion. IEqs. (10)]. depends only on lhe conlrol
paramclcrs. Thc moJes that can be cxcitcd are those with
w, > O. \Ve obtain thcsc cxcitalion rcgions and lhe damping
ones (w, < O) hy looking for Ihe sel 01 poinls were w, = O.

Thc sct of poinls lhJI we oblained, lurned oul lo be one
dimensionJI curves in lile (O, T) space. A curve that delimites
l\Va regions in Ihe parameters space with diffcrent signs of W,
at both sides will be the separalrix line hetween damping and

excitation zones.
Replacing w, = O in Eqs. (1O.a) and (IO.h) we ohlainlhal

WR must satisfy the following equations (dispersion reIJlion):

Coo + CIO..vN + C:'!llW~ + C30w;, + C,IOW~ == O (1 La)

Doo + DIO",",'n + D:wW7l + D30w; = O. (1I.h)

Sincc lhe dispersion relation is unique eilher Eq. (11.a) and
Eq. (IJ.h) are lhe same (ir C40W~ is negligibly small) or Ihe
set 01' roolS 01" Eq. (1I.h) is included in lhe sel of rools of

Eq. (1I.h).
If \Ve eSlimate fromliteraturewH and [charactcristic val-

lIes 0'- the IG\V and using lhe T\VS paramelers 15, G, 141, we
nOlicc that, 1'01"the extreme valllcs of u.,'n """ 10-1 min-1

amI .Ji;. ¡:. •..... 10-1 min-1 there is an order of magnitude
01' dilTcl"ellcc hetwcen C40W'~ and C:JOw~. In Ihe Jverage
CJse (his relalioo gives a differcncc 01' Iwo Of tllree ol'ders
01" magnitllde. Then we can say that C40W~ « C:WW;I' Ir
we repeat the same proccdure for lhe other lerms, we I'ound
lhal C'O/(WRC30) < 103. This allows us lo negicct lhe
lerm GlOw;, in Eq. (1I.a) and eonsider lhal Eq. (1I.a) and
Eq. (11.h) are lhe sallle term hy term. Prom this asslImplion
\Ve wcrc ahle lo determine a functional I"mm (delloted hy J)
for lhe Scl 01"points (H

"
• n) in lhe p<lr<lmetcr spacc (8. T) thal

satisf)' lhe condition W¡ == O and lhe associ<lted wave vector

[(8. T) in selfct.lllSislcnt way.
Note lhat the consistency 01"the l1lethoJ will he proved

ir lhe resulting vallles satisfy the hypothesis of the Illodel

ReJ'. Mex. n,. 4(, (3) (21XX) 227-235
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TABLE 111. Charnc(cristic \'alues fOf f} = 40° and z = 300 km in the scparalrix lines S, of k {m-I]. ~R {min t 1 and their rcspectives A ¡m]
ano T [min]. Note that for S4 the two crossing valucs are given.

SI S, S3 SI S5 Sr. S7

-3.69x \0-5 J.16x \0-5 3.97x \0-5 2.39x 10-5 -2.14x 10-5 1.24x 10-5 -4.83x 10 5
k~

1.21 X 10-5

ky -2.i3xlO-4 3.91 X \0-3 -3.59x 10-4 -1.12xl0-:¡ !.G2x 10-::1 .t.25x 1{)-'1 -2.92x 10-3

-;.íOx lO-.1

k, 5.GGx 10-3 5.G6x 10-3 5.G/x 10-3 ,).GGx 10-:\ ;").G6x10-3 [,.G/x 10-3 5.66x 10-3

5.GGx 10-3

(1) 6.46x 10-3 9.íOx 10-3 6.43 x 10-1 J.G9x 10-.1 7.G9x 10-3 616xlO-3 4.34 X 10-3I.I.'1l

5.9,j X 1O-'i
('.n -8.IOx \0-1 -5.82 x 10-.1 -5.70x 10-3 -G.75x W-'\ -5.99x 10-1 -6.21 x 10-3 -;.35x 10-3(.JI(

-G.ilxIO-:\

AJ. 2.71 x Hr1 8.62 x lO' 2.51 X 10,1 .J.18 X 11I' 4.G7x 10-1 8.0Gx l{fl 2.07x 101

8.2Gx 10~
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FIGURE 1. Excilalion and damping rcgions for the IGW as a fune-
¡ion nI' () anJ T. A. e and E (sign +) denote exeilation zones. B. O.
1)' and F (sign -) denote damping mnes.

In Tahle 111 \I,.'C prescnt the r: valllcs wilh thcir corre-
sponding wavc Icnglh A. thc frcqllcncics wll JIH.!thc C{)J"-

rcsponding pcrioos T on the scparatrix lincs ror e = -tOo
and = = :100 km. The sel of third solulions of Eq. (11).
uJ~;q~ Hfl m-l. are nol shown hccíJuse Ihe associated peri-
ods range out 01' lhe scale of validily 01' Ihc modcl. \Ve stress
Ihat all valucs of TJhle 111 corrcspond lo lhe scparalrix lines
ami not lo lhe cffcctivc zoncs ol"excitation {)J" damping. T!lis
v;¡lucs arc in very good JgrccJl1cnt wilh Gcorgc's spectrul1l
analysis l:ll whose valucs werc givcn in the In!roduction.

FIGURE 2. Experimenlal values of spcelral power densily in the
rangc 10-90 minutes ohtaincd at: • Buenos Aires. o Tucumán and
~. V7San Juan. A. e amI E denote excitation zones. B. O. O' and
F dcnotc damping zoncs (see Fig. 1).

Figure 1 displays lhe CXCil<llionand damping regions for
lhe IG\V as funclioll of paramclcrs H ano T. At diffcrent hours
during lhe da)', illslahilities appcar supcrimposed to the lidal
willd signal, which íJrc idcntificJ as IGW [6, 14]. This is con-
lirmed hy Ihe ohservalional dala given in Fig. 2 [6) where Ihe
spcclral power Jensity of lhe hackground wind field versus
locallimc is shown.

\Ve can sec tha! lhcrc is a unc-to-ollc corresponden ce
among thc cxcitalioll zOl1esdenolcd by A. e and E in Figs. I

Rel'. ;\1£,X.Fú. -l6 O) (20(X») 227-ns
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FIGURE 3. a) Scparalrix I¡oc (53) betwcen the cxcitation zonc e "nti thc dumping D onc, in the para meter spncc; b) kx values in the separatrix
I¡!le S.l I'S. (he coiatiluue; e) The same as in b Cor I.;y; d) Thc samc as in b for kz.

and 2. Also, the damping zones denoted in both figures by B,
D and F, show the same agreement. In Fig. 2 wc can also see a
laLilude depenuence of the data, but as their colalituue values
(Buenos Aires O = O.DO rad, Tucumán O = 1.10 rad and San
Juan O = 1.03 rad) are so close, we are unable to check the
complele latilude dependence. A dalaset more wioely spread
in latilude is nccessary to compare our prediclions ano to de-
termine the cxislence of the excitalion zone D' of Fig. l.

Observational data [18] in the literature rep0r! the phe-
nomenon of disappearence of the IGW ror sorne hours and
large colatitude values. This is generally attrihuted to an ah-
sorption mcchanism in the rnedium. Our rcsu!ts show Ihut
lJ.~:t1ami Ikyl have a decreasing value as colatitude increases.
Morcovcr. in sorne cases, kx presents a change of sign for
colalitudes uround 75°. As un examplc. in Figs. 33-3d wc
show Ihis hchavior ror the values in the separatrix Hne be-
Iween e and D regions. Therefore, these results provide an
alternativc cxplanation lo Ihe phcnomcnon of disappearcnce

01' the IGW. Either wave relleerion or the increase of cxciteu
wavclengths beyond the range 01" Ihe window search can also
be associated lo this phcnolllenon. Thc deteetion of rclleetcd
waves or modes Ihat have a strong change of ,,\ with lalitudc
eould provide sorne supp0r! to this hypotesis. The data anal-
ysis of the latitude ucpendcnce and the derivation of the wave
amplitudes will guidc OUT subscquent work.

5. Conclusions

Thc Navier-Slokcs, continuity antl encrgy balance equations
for an inviscid compressible lluid in the low atrnosphcric
F-rcgion were pcrlurbed aroullll Ihe tidal phenomenological
solution. We imposed ndiahaticity and ineompressihility to
Ihe perturhation. Wc ohlaineu characteristic k and w valucs.
These modes salisfy Ihe dispcrsion relation of the internal
gravity waves and are in good agrccment with the perturba.
tion spectrul1\ analysis givcn hy Gcorges [5].
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Wc dcrivcLl lhe linear damping anu cxcitation regions of
IG\V. in lhe paramctcr spacc of OUT model. In lhe scparatrix
lines (Hnes bctween excitation and dalllping lOOC of IGW)
wc dcrivcd in a systcmatic way, lhe wavc numbcr k anL! frc-
qucncics w. Thcy prcsent a functional dcpcndcnce with lati~
tude (J ami lhe slow time cvolution 01' lhe tidalmodcs T. Thc

prcdictcd lime dependen ce of k and w are in vcry good agrcc-
ment with mudel predictions o[ Giraldc7. el al. [G] and Can-
ekmi [1<1] and are confirmed by experimental data "givcn in
Fig.2.

\Ve repon un inlcrcsting behavior of lhe horizontal com-
poncnts of waveveclor k ncar lhe cquator Iinc. This rcsult
is in agrccmcnt wilh well cstablished obscrvational data that
report lhe Jisappearance 01' IGW al large colatillldes. Our
l110deloffers ¡m alternativc explanation lo t!lis disappearance,
which is eilher wave rel1cction or Ihe ¡ncrease of wavclengths
heyond lhe delection window.

\Ve can sUl11l11arizethe advantages uf our lreatment as 1'01-
lows:

Appendix 1

The eoeflieicnts C 01"Eq. (7.a) are:

Wc ohtaincd Ihe IGW charaeleris!ics in a nalural way
from lhe linear analysis of lhe excitalion modes in lhe sys-
(cm.

Thesc characleristics (regions ami houndary valllcs of f
and w) are displaycd in lhe frec parameters space. allowing
a glohal dcscription of lhe hchavior 01' the systcm. As a fi-
Ilal rCIllark note lhal a nonlinear perturh<1live calculation of
the eoupling 01' Ihese modes requires lhe knowledge 01' this
glohal descriplion as a sl<1rlingpoint.
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Ca .• = fJ

C12 = 121'(,7. k)

C DI' {- -, 2 DlV DI' }
20 = "1 D: + l' G(v. k)- - ('\7 .,7) - D: 'tl + 2 D: (>, + 2/11(>, + 1I - 4,~2

C21 = - GI'( '\7 . e)

C:!:! = -úp
C:lO = -4p(ii. k)
C.jO = f'
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amllhe coenie;enls [) 01"Eq. (7.h) are:

DI' {. ., DU ., (DI' ) .,[ - -". . ] - - }000= Do 2kys-<I>'Dl: -2k,s-q" D.,. +2<1>, +k,s- ("'1.-)-+2('/1-2</>,)</>,+13 +(".k)[2o,(I,+2<p)-0I'I']

_ _ { _ [ _ _., DIV DI' .,] DW }
+ 1'(". k) ('\7 .v) - 2(". k)- + Dz '1' - 2 Do </J,- 2,/,</>, - (3+ 4<1'- - (2'11</!'+ /3) Dz + 4", + 2'(</"

001 = ~~ {- 2nd ü' k) - k,s',/, + 2kys'</J, } + I'{ 2W k) [('v' ¡;l' - 2(v. ;;)' + D~>/z- 2 ~~ </J' - 2'/19, - 13+ 4<1>2]}

.)Dp _ - (
002 = -1.:,"- Dz + GI'('" k) '\7. v)

Do, = 41'('" ;;)

010 = ~~{ - 21.:,,,2(ü.;;) + 01'/' - 29, (/, + 2,,) }

{ [
- ., DIV DI' .,] mI' [ ] ( )}+ l' ('\7. ,7) G(ií. k)- - Dz '/2 + 2 Dz </>,+ 2'11</J,+ /3 - 4'P- + Dz /3 + 2 ('/1 - 2</>,)1>, - 2 '( + 2"1 </>,

DI' { -., ., Dl\' (DI' ) "}011 =20I
D

= +21' 6(ü.k)--('\7.¡;)-- Dz ,/,+2 Dz9,"+'119, +/3-'¡'P-

012 = -6{,('\7 . ií)

013 = -41'

0'0 = k,s'~~ - 61'(ü' k)('\7. ií)
021 = -12{,(ií.;;)

OJO = 21'( v . ii)

whcrc
. DIV DW

01='I+29,I'+-D. +-D. I =
DW Dl\'

(l.) = I}+ -+-W- . DI D=

DU ( DIV)
0' = 751</J,+ !J + DI 1>,

Appendix 11

DU DI' DU DI'
/3 = Dy D.,. - D.,. Dy

DU DI' DU DI',=--.----D= D.,. D.,. Dz
DU DI' DU DI'

8=-----
iJ.,. DI DI D.r
iJU DI'

I}¡=---
iJy iJ.,.

iJU iJI .
I¡-)=-+-- iJ.,. Oy

OU OU
"1 = -D </>, + -D 9,

.1' .::

DU, OU DW 2
'" = -o q);. + ...,,1>,9, + -D </J,

.1' (1: :

DI'
I1 = W. vI') + 751
'P = (J:;U - 9 ...11'

DU . . ., DI' )}-I
',;'" = {<J, (/JI' - 6) + 1,', (203 - 201 </J,+ 21/19, V) + D,. [01'/'- 9, (11+ 2,,)1 + (2", + f'i',) 1\' }k9'( o.;: + 21>,

k;O) = {Ol'/' - (), (11 + 2",) } X {"'</J,}-I
10) -"1.. :; = !lIS -

::'1., = { '" 1[Ij - ~ ('\7 . (')' + ~~ ('\7 . l' + 11') + 2 (1/1- 2,>, )<,\, ] + 0., [;0 (v . ,') - ~[:.] - "'1}{ 2(), (~\:. + 21>,)} -1
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Llky = {Ll, (\7 . ti + '12) - Ll, }{2t¡\,}-'

Llk, = LlI

whcrc
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