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1. Introdu
tionNumerous studies have addressed the ex
itation and e�e
ts of gravity waves arisingfrom strong 
onve
tion as their roles in the stratosphere and at greater altitudes havebe
ome in
reasingly re
ognized. Observational studies have asso
iated gravity waves nearthe mesopause with severe storms (Taylor and Hapgood, 1988; Sentman et al., 2003) or
orrelated mesos
ale varian
e, dis
rete gravity wave signatures, and wave momentum
uxes in the troposphere and lower stratosphere with 
onve
tion and frontal a
tivity(Larsen et al., 1982; Lu et al., 1984; Kuettner et al., 1987; Fritts and Nastrom, 1992;Hauf, 1993; P�ster et al., 1993a, b; Alexander and P�ster, 1995; Sato et al., 1995;Karoly et al., 1996; Dewan et al., 1998; Alexander et al., 2000; Dhaka et al., 2001,2002). The modeling study by Alexander and Vin
ent (2000) 
on
luded that the seasonaland interannual variability of gravity waves observed at Co
os Island and des
ribed byVin
ent and Alexander (2000) was likely due to deep 
onve
tion. Other studies estimatedthat 
onve
tive gravity waves make a signi�
ant 
ontribution to mean for
ing (Dunkerton,1997; Alexander and Holton, 1997; Chun and Baik, 1998; Piani et al., 2000).More fo
used studies of 
onve
tion and gravity wave generation examined the spe
i�
me
hanisms of wave generation. Two-dimensional (2D) studies suggested three primarysour
es of gravity waves arising from 
onve
tion. These are the \me
hani
al os
illator"(Clark et al., 1986; Fovell et al., 1992; Alexander et al., 1995), deep heating (Salby andGar
ia, 1987; Walters
heid et al., 2001; Holton et al., 2002), and the \obsta
le e�e
t"(P�ster et al., 1993a; Alexander and Vin
ent, 2000), whi
h appear to play varying rolesdepending on the spatial and temporal stru
ture of the 
onve
tion and the environmen-tal shear and stability pro�les. More re
ent studies have emphasized (or reiterated)the three-dimensional (3D) aspe
ts of 
onve
tively-generated gravity waves and furtherquanti�ed their stru
ture, sour
e me
hanisms, and responses to environmental pro�les(Piani et al., 2000; Lane et al., 2001; Horinou
hi et al., 2002; Beres et al., 2002, 2004).In parti
ular, these studies have highlighted the tenden
y for the resulting wave �eld tobe determined largely by the responses to lo
al, rather than \ensemble", for
ing by ap-parently individual 
onve
tive 
ells, with the 
ir
ular patterns of gravity waves radiatingoutward from the most intense 
onve
tion often seen well above the 
onve
tive sour
es2



(Taylor and Hapgood, 1988; Dewan et al., 1998; Sentman et al., 2003). Further dis
us-sion of 
onve
tively-generated gravity waves, and of their e�e
ts at higher altitudes, maybe found in the re
ent review by Fritts and Alexander (2003).The gravity waves ex
ited by 
onve
tion have a potential to have in
uen
es to veryhigh altitudes be
ause they often have relatively large verti
al wavelengths and they oftenpropagate, initially at least, in all dire
tions from the 
onve
tive sour
e. Large verti
alwavelengths imply large horizontal phase speeds that es
ape 
riti
al-level absorption morereadily than waves having smaller phase speeds. Quasi-isotropi
 dire
tional propagationimplies that at least a portion of the ex
ited waves will penetrate to high altitudes, wherein
reasing large-s
ale winds 
ause waves to refra
t to higher and lower intrinsi
 frequen
ies(and phase speeds) and allow for di�erential momentum deposition where the waves aredissipated (Vadas and Fritts, 2002). The largest verti
al wavelengths (and phase speeds)also are favored by deep 
onve
tion (Salby and Gar
ia, 1987), and the most energeti
waves are ex
ited by the most intense 
onve
tion having the strongest heating and thelargest verti
al motions (Piani et al., 2000; Lane et al., 2001). The 
ombination of thesein
uen
es makes the tropi
al 
onve
tion zones the dominant sour
es of 
onve
tively-generated gravity waves, and possibly the dominant sour
es of high-frequen
y gravitywaves on the planet, based on wave varian
es inferred from GPS and other data (Tsudaet al., 2000).The 
onsequen
es of gravity waves penetrating to very high altitudes are largely un-known at this time. However, there is some eviden
e that they propagate to altitudesof � 200 to 400 km and above, and that they may have some signi�
ant e�e
ts on theneutral and plasma dynami
s at these altitudes. Ele
tron density and temperature mea-surements with VHF and UHF radars suggest gravity wave 
u
tuations having periodsof � 40 min to 2 hr and verti
al s
ales � 30 to 50 km to altitudes of � 100 to 200 km,with larger verti
al s
ales at greater altitudes (Ho
ke and S
hlegel, 1996; Oliver et al.,1997). We note, however, that the eviden
e of gravity waves at very high altitudes (above� 200 km) is often linked to apparent auroral sour
es at high latitudes. Other measure-ments have suggested a possible link between stratospheri
 gravity waves above tropi
al
onve
tion with ionospheri
 irregularities at mu
h greater altitudes (Ho
ke and Tsuda,2001). Gravity waves have also been impli
ated in the seeding of equatorial spread F3



(ESF) (Hysell et al., 1990; Huang and Kelley, 1996a, b; Sekar and Kelley, 1998) and inlarge lo
al body for
ing of the lower thermosphere (Vadas and Fritts, 2002), though thesee�e
ts remain to be 
on�rmed and quanti�ed with further modeling and observations.There are, nevertheless, suÆ
ient motivations at this point in time to explore more fullythe potential links between 
onve
tively-generated gravity waves at tropi
al latitudes andtheir e�e
ts in the lower thermosphere.Our obje
tive in this paper is to approximate both the spe
trum of gravity wavesarising from mesos
ale 
onve
tive 
omplexes (MCCs) at tropi
al latitudes and their prop-agation through variable wind and stability pro�les into the lower thermosphere. For thispurpose, we will represent the 
onve
tive sour
es of gravity waves a

ompanying MCCsas momentum sour
es in an idealized linear model based on the formalism advan
ed byVadas and Fritts (2001, 2002). Su
h an approa
h is validated by the relatively goodagreement found between su
h idealized linear for
ing and a dire
t nonlinear des
riptionof 
onve
tively-generated gravity waves by Pandya and Alexander (1999). The resultinggravity wave spe
trum is then propagated to higher altitudes via ray-tra
ing te
hniques(E
kermann, 1992; Marks and E
kermann, 1995; E
kermann and Marks, 1996), fromwhi
h we infer penetration altitudes and possible wave in
uen
es.Our paper is stru
tured as follows. The formulation of the linear model employedto des
ribe gravity wave ex
itation by MCCs and the ray-tra
ing methodology used todes
ribe their verti
al propagation are summarized in Se
tion 2. Se
tion 3 des
ribesour model of tropi
al 
onve
tion, and Se
tion 4 des
ribes the spe
trum of gravity wavesarising from MCCs for the assumed spatial and temporal s
ales of this sour
e. Theirverti
al propagation through two 
anoni
al winds and an isothermal temperature pro�leis examined in Se
tion 5. The possible roles of gravity waves arising from MCCs at loweraltitudes for body for
ing, dependen
e on non-isothermal thermospheri
 temperaturepro�les, and ESF seeding are also explored in Se
tion 5. A summary and our 
on
lusionsare provided in Se
tion 6.2. Model Formulationsa. Body For
ing ModelConve
tive sour
es of gravity waves 
an be des
ribed equivalently as heating or mo-4



mentum sour
es, as these sour
es are 
oupled through the verti
al momentum equation.For our purposes here, we will des
ribe MCC 
onve
tive sour
es as verti
al body for
eshaving spatial and temporal s
ales representative of the verti
al motions within MCC
onve
tion. Our formulation is based on that employed previously by Vadas and Fritts(2001, 2002) and Vadas et al. (2003) to des
ribe the mean and gravity wave responsesto horizontal body for
es a

ompanying lo
alized gravity wave breaking and momen-tum deposition. Those appli
ations employed an f-plane representation of the governingequations. Our 
urrent appli
ation would be best served by a �-plane representation ofthese same equations appropriate for equatorial latitudes. However, this would renderthe equations nonlinear in the latitudinal 
oordinate and not analyti
ally tra
table. In-stead, and motivated by the expe
ted dominan
e of the wave spe
trum by wave motionsat high intrinsi
 frequen
ies, we employ the f-plane formalism by Vadas and Fritts (2001)with f=0.a.1. FormulationVadas and Fritts (2001) (hereafter VF) 
onsidered the problem of body for
ings andheatings that are spatially and temporally lo
alized. The 3D linear, Boussinesq, in
om-pressible, f-plane equations assuming no ba
kground wind are�u�t + 1� �p0�x � fv = Fx(x)F(t); (1)�v�t + 1� �p0�y + fu = Fy(x)F(t); (2)�w�t + 1� �p0�z � g� �0 = Fz(x)F(t); (3)��0�t + �N2g w = �gJ(x)F(t); (4)�u�x + �v�y + �w�z = 0; (5)where N is the buoyan
y frequen
y, u, v, and w are the zonal, meridional, and verti
alvelo
ities, � = T (ps=p)R=Cp is potential temperature, T is temperature, p is pressure, �is density, ps is standard pressure, R=Cp = (
 � 1)=
, g is gravitational 
onstant, andoverbars and primes denote mean and perturbation quantities, respe
tively. The bodyfor
ing and heating terms on the right-hand sides of Eqs. (1-4) have spatial distributions5



given by Fx(x), Fy(x), Fz(x), and J(x) and 
an be any 
ontinuous fun
tions. Thetemporal distribution of the sour
e terms is assumed to have the formF(t) = 2�t ( 12(1� 
os ât) for 0 � t � �t0 for t � �t ; (6)and has a total duration �t. The frequen
y of the sour
e terms is â = 2�n=�t, wheren is the number of for
ing 
y
les. Our appli
ation of this methodology to gravity wavegeneration by MCCs assumes n = 1. We also assume N = 0:02 rad s�1 for this solutionas well as for the ray tra
ing.The solutions to Eqs. (1-5) are Eqs. (3.8)-(3.17) in VF and are obtained in terms ofthe Fourier transforms of the variables, e.g.,u(x; y; z; t) = 1(2�)3 Z Z Z e�ikx�ily�imz eu(k; l;m; t)dk dl dm; (7)where the tilde denotes a Fourier transform. For horizontal body for
es, the solutionafter the for
ing is �nished is 
omposed of a mean response and a gravity wave response,with the mean response independent of the temporal variability (i.e., �t) of the for
ing.However, the gravity wave response depends sensitively on the temporal variability ofthe for
ing. In parti
ular, if the for
ing is applied very slowly in time (e.g., �t ! 1),there is no gravity wave response. The exa
t gravity wave solutions after the for
ing is
ompleted (i.e., t � �t) areeuGW = �Dmâ2k2H (  k!AF � lfBF! !S � (lfAF + kBF)C) ; (8)evGW = �Dmâ2k2H ( (kfAF � lBF)C +  kfBF! + l!AF!S) ; (9)ewGW = D â2(AF!S � BFC); (10)e�GW = DN2â2 �AFC + BFS! � ; (11)with the usual dispersion relation!2 = (k2HN2 +m2f 2)=k2: (12)In the above, � � g�0=�, S � sin!t + sin!(�t � t), C � 
os!t � 
os!(�t � t),D = 1=(�t!2(â2 � !2)), k2H = k2+l2, k2 = k2H+m2, k, l, andm are the zonal, meridional,6



and verti
al wavenumbers, respe
tively, the subs
ript \GW" refers to the gravity waveportion of the solution, andAF = fFz � mk2 (kfFx + lfFy +mfFz); (13)BF = k2H eJk2 + mfk2 (lfFx � kfFy): (14)a.2. Gravity wave spe
tra and 
ospe
traThe most general solutions reveal a 
omplex dependen
e of the gravity wave spe
traand 
ospe
tra on the various possible sour
e terms and the spatial and temporal 
hara
terof the sour
e(s) (see VF for details). We present here simpli�ed solutions for horizontaland verti
al body for
es in order to 
ompare the gravity wave response to MCCs withour previous appli
ations.The gravity wave spe
tra and 
ospe
tra resulting from a zonal body for
e withAF = �mkfFx=k2, BF = 0, and f = 0 (assuming tropi
al 
onve
tion) arejeuGWj2 = �2  k4kH4! 1� !2N2!2 jfFxj2; (15)jevGWj2 = �2  k2l2kH4! 1� !2N2!2 jfFxj2; (16)j ewGWj2 = �2  k2kH2! !2N2! 1� !2N2! jfFxj2; (17)j e�GWj2 = N2 �2  k2kH2! 1� !2N2! jfFxj2; (18)euGW ew�GW = ��2  k3mkH4 ! !2N2! 1� !2N2! jfFxj2; (19)evGW ew�GW = ��2  k2lmkH4 ! !2N2! 1� !2N2! jfFxj2; (20)where the overbar represents a temporal average, and� = 4â4 sin2(!�t=2)(â2 � !2)2!2�2t : (21)Eq. (21) yields � ' 1 for fast or impulsive body for
es and � ' 1=4 for �t = �
 at ! = !
,where �
 = 2�=!
 and we de�ne a 
hara
teristi
 frequen
y !
 as the frequen
y obtainedfrom the dispersion relation, Eq. (12), for the 
hara
teristi
 s
ales of the sour
e (see VF).7



The 
orresponding spe
tral energy density (see VF) isE = ��2 k2kH2  1� !2N2! jfFxj2 ! ��4  1� !2N2! jfFxj2; (22)where the arrow indi
ates the solution when l = k. This is a realisti
 approximation whenthe spatial s
ales of the for
ing have similar lengths in both the zonal and meridionaldire
tions, as expe
ted for MCC gravity wave sour
es.We note that the spe
tral energy density for a zonal body for
e peaks at approximatelythe 
hara
teristi
 spatial s
ales of the body for
e provided 1) that !
 is somewhat lessthan N and 2) that the duration of the for
ing is suÆ
iently short to prevent the prefa
tor� from 
utting o� the spe
trum for frequen
ies higher than â. Provided that â� !
, theresulting gravity wave energy spe
trum does not depend on the duration of the for
ing, �t.This is also true for the 
omponent horizontal velo
ity and potential temperature spe
tra.The verti
al velo
ity spe
trum, however, di�ers in that gravity waves with frequen
ieshigher than the 
hara
teristi
 frequen
y are enhan
ed relative to gravity waves havingthe 
hara
teristi
 frequen
y. The ratio of verti
al to horizontal velo
ity spe
tra whenl = k isj ewGWj2jeuGWj2 = 2!2=N2(1� !2=N2) ; (23)and readily demonstrates the preferential o

urren
e of signi�
ant verti
al motions atthe highest frequen
ies for any sour
e fun
tion.Thus, a fast horizontal body for
e ex
ites gravity waves that have spatial s
ales andfrequen
ies asso
iated with the spatial s
ales of the body for
e, but 
onstrained by thefor
ing duration, with verti
al velo
ities biased towards somewhat higher frequen
ies.Shown for referen
e as solid (dashed) lines in the upper panels of Figure 1 are frequen
yand horizontal and verti
al wavenumber spe
tra of horizontal (verti
al) velo
ities arisingfrom a zonal body for
e having a spatial distribution given by a Gaussian of the formFx(x) = u0 exp � "(x� x0)22�2x + (y � y0)22�2y + (z � z0)22�2z #! ; (24)with full width and depth of Dx � 4:5�x = 10 km, Dy � 4:5�y = 10 km, Dz � 4:5�z = 5km, u0 = 100 ms�1, and a temporal distribution given by Eq. (6) with �t = 2�
 ' 1100s. Note that the dominant horizontal and verti
al wavelengths are � 40 and 6.3 km,8



respe
tively, for the horizontal velo
ity spe
trum and only slightly 
loser in s
ale for theverti
al velo
ity spe
trum. The dominant wave periods for the horizontal and verti
alvelo
ity spe
tra are � 26 and 19 min, respe
tively. For slow body for
es (i.e., �t � �
),the horizontal wavelengths in
rease and the verti
al wavelengths and wave frequen
iesde
rease with in
reasing for
ing duration.The gravity wave spe
tra and 
ospe
tra resulting from a verti
al body for
e withAF = k2HfFz=k2, BF = 0, and f = 0 arejeuGWj2 = �2  k2kH2! !2N2! 1� !2N2! jfFzj2; (25)jevGWj2 = �2  l2kH2! !2N2! 1� !2N2! jfFzj2; (26)j ewGWj2 = �2  !4N4! jfFzj2; (27)j e�GWj2 = N2 �2  !2N2! jfFzj2; (28)euGW ew�GW = ��2  kmkH2! !4N4! jfFzj2; (29)evGW ew�GW = ��2  lmkH2! !4N4! jfFzj2: (30)The 
orresponding spe
tral energy density for a verti
al body for
e isE = ��2  !2N2! jfFzj2; (31)whi
h implies that the peak spe
tral energy density (and of the 
omponent spe
tra and
ospe
tra) o

urs not at the 
hara
teristi
 frequen
y of the verti
al body for
e but ata frequen
y larger than the 
hara
teristi
 frequen
y (provided the temporal duration ofthe for
ing is suÆ
iently short) due to preferential ex
itation of the highest-frequen
ywaves. Comparing these expressions with the gravity wave spe
tra and 
ospe
tra as wellas the spe
tral energy density for a horizontal body for
e, Eqs. (15 - 20, 22), we observethat verti
al body for
es result in wave spe
tra that are fundamentally di�erent from thewave spe
tra resulting from horizontal body for
es. The ratio of verti
al to horizontalvelo
ity spe
tra obtained for a verti
al body for
e is identi
al to that shown in Eq. (23)above. What is perhaps surprising is the ratios of verti
al and horizontal velo
ity spe
tral9



amplitudes for horizontal and verti
al body for
es when the for
ing geometries are thesame, jfFxj2 = jfFzj2. These are given byjeuGWj2vertjeuGWj2horiz = j ewGWj2vertj ewGWj2horiz = 2!2=N2(1� !2=N2) ; (32)and are seen to have the same form as Eq. (23) in this spe
ial 
ase. In general, however,gravity wave sour
es are not symmetri
 in the horizontal and verti
al.Shown in the lower panels of Figure 1 are the horizontal and verti
al velo
ity spe
traarising from a verti
al body for
e having the same spatial and temporal s
ales employedto 
ompute the horizontal body for
e response spe
tra displayed in the upper panels, butwith w0 = 100 ms�1 andFz(x) = w0 exp � "(x� x0)22�2x + (y � y0)22�2y + (z � z0)22�2z #! : (33)In this 
ase the dominant horizontal and verti
al wavelengths are � 31 and 7 km, re-spe
tively, for the horizontal velo
ity spe
trum and again slightly 
loser together for theverti
al velo
ity spe
trum. The asso
iated dominant wave periods for the two spe
traare � 19 and 15 min, respe
tively, � 30% shorter than found for the horizontal bodyfor
e of the same geometry.It is of interest to explore why horizontal and verti
al body for
es yield su
h di�erentgravity wave spe
tra. Consider �rst a horizontal body for
e having a depth �z << �xand �y. If su
h a body for
e is applied impulsively (Fritts and Luo, 1992; Luo and Fritts,1993) or with �t <� �
 in time (VF; Vadas and Fritts, 2002; Vadas et al., 2003), thegravity wave response is 
omposed primarily of low-frequen
y waves having spatial s
alesdi
tated by the geometry of the body for
e. If this body for
e is instead applied slowlyin time (i.e., �t � �
), the gravity wave response is even lower frequen
y (down to f),with mu
h larger horizontal s
ales and somewhat smaller verti
al s
ales than the sour
ehorizontal and verti
al 
hara
teristi
 s
ales, respe
tively. The low-frequen
y motionsand small verti
al s
ales result be
ause the sour
e s
ales 
ouple eÆ
iently only to low-frequen
y motions; no large verti
al motions are required to balan
e the slow and largelyhorizontal 
ir
ulation indu
ed by this body for
e geometry. When this same body for
egeometry is applied verti
ally and on a fast time s
ale, however, the result at �rst orderis a body of 
uid displa
ed largely verti
ally, indu
ed to os
illate at frequen
ies mu
h10



higher than the 
hara
teristi
 frequen
y (
loser to the buoyan
y frequen
y), and having a
onsiderably greater depth than the depth of the body for
e be
ause a largely horizontalbalan
ing 
ir
ulation, 
omposed only of gravity waves, 
annot o

ur on su
h rapid times
ales. Thus the response in this 
ase ex
ites gravity waves not having the verti
al sour
es
ales and 
hara
teristi
 frequen
ies, but having instead mu
h deeper s
ales and mu
hhigher frequen
ies than implied by the sour
e geometry alone.The situation is very di�erent for a deep body for
e having �z � �x and �y. In this
ase, a horizontal body for
e a
ting slowly ex
ites gravity waves having horizontal s
alesmu
h larger than verti
al s
ales (with verti
al s
ales being somewhat smaller than sour
everti
al s
ales, and horizontal s
ales being mu
h larger than sour
e horizontal s
ales),and having frequen
ies lower than the 
hara
teristi
 frequen
y when �z ' �x and �y andhaving frequen
ies of order the buoyan
y frequen
y when �z � �x and �y. These e�e
tso

ur be
ause, as above, largely horizontal motions are able to a

ommodate the requiredresponse. A fast for
ing with this same body for
e geometry, in 
ontrast, leads to gravitywave verti
al s
ales 
omparable to verti
al sour
e s
ales be
ause larger verti
al motions(and higher wave frequen
ies) must play a role in the adjustment pro
ess. (In this 
ase,the gravity wave horizontal s
ales are of order the sour
e s
ales when �z ' �x and �y,and are mu
h greater than sour
e s
ales when �z � �x and �y). Both lead to a meanresponse when the for
ing is �nished that has the same s
ales as the horizontal bodyfor
e when k = l. On the other hand, a verti
al body for
e of the same geometry leadsonly to gravity wave radiation, with the s
ales di
tated by the for
ing geometry for fastbody for
es. For slow body for
es, the gravity wave verti
al s
ales are somewhat smallerthan verti
al sour
e s
ales, while the horizontal s
ales are mu
h larger than horizontalsour
e s
ales. The gravity wave frequen
y for slow body for
es peaks at the buoyan
yfrequen
y for sour
es with �z � �x and �y, and peaks at lower frequen
ies for sour
eswith �z ' �x and �y. We note that for all body for
es, an important upper limit onthe wave frequen
ies that 
an be eÆ
iently ex
ited is imposed by the sour
e frequen
yâ, independent of the sour
e geometry, be
ause higher-frequen
y waves are not requiredto des
ribe the indu
ed 
ir
ulation.b. Ray-Tra
ing Methodology 11



Our ray tra
ing model is built on the formalism developed by Lighthill (1978) andallows the wind, density, and other ba
kground parameters to 
hange as fun
tions ofaltitude and horizontal lo
ation. If a wave pa
ket is propagating in a ba
kground wind,V(x) = (V1; V2; V3) = (U; V;W ), then its evolution in spa
e and time is des
ribed by thefollowing equations:dxidt = Vi + �!Ir�ki = Vi + 
gi (34)and dkidt = �kj �Vj�xi � �!Ir�xi ; (35)where the indi
es i; j = 1; 2; 3 indi
ate the 
omponents of the ve
tor quantities x, V, k,and the group velo
ity 
g, repeated indi
es imply a summation, and !Ir is the real partof the intrinsi
 frequen
y of the gravity wave; !Ir = real(!)� kU � lV , where real(!) isthe real part of the ground-based frequen
y.For example, !Ir is given by!2Ir ' k2HN2m2 + k2H + 1=4H2 (36)in a 
uid that has negligible vis
osity and thermal 
ondu
tivity, f = 0, and for gravitywaves that 
an be des
ribed by the anelasti
 approximation. Eq. (36) a

urately repre-sents the stru
ture and behavior of the highest-frequen
y gravity waves in the mesosphere.As these waves propagate into the lower thermosphere, however, vis
osity and thermaldi�usivity be
ome in
reasingly important with altitude due to the de
reasing ba
kgrounddensity. Consequently, the dispersion relation must be modi�ed to a

ount for the role ofdissipation in de�ning wave stru
ture and propagation. Be
ause the Prandtl number isPr � 0:7 throughout the mesosphere and lower thermosphere (Kundu, 1990), kinemati
vis
osity and thermal di�usivity will have 
omparable damping e�e
ts on a gravity waveat approximately the same altitude. To a

ount for both of these e�e
ts, however, isbeyond the s
ope of this paper (see Vadas and Fritts, 2004). Here, we 
onsider only therole of mole
ular vis
osity in damping the gravity waves.The intrinsi
 frequen
y is de�ned as !I = ! � kU � lV , where the horizontal windis (U; V; 0), where ! is the frequen
y with respe
t to the ground frame, and the per-turbation solutions are proportional to exp(�i!t) (e.g., the Fourier transforms of the12



zonal and verti
al perturbation velo
ities of the gravity wave are eu / exp(�i!t) andew / exp(�i!t), respe
tively). The intrinsi
 frequen
y 
an be split into real and imag-inary parts: !I = !Ir + i!Ii. Here, !Ir is real and relates the intrinsi
 gravity wavefrequen
y to the wave stru
ture, buoyan
y frequen
y, and damping due to kinemati
vis
osity, and !Ii is real and expresses the inverse de
ay rate of the wave amplitude withtime due to mole
ular vis
osity. (The inverse rate of de
ay of the wave momentum 
uxis approximately twi
e !Ii). Using the Navier-Stokes momentum equations,�v�t + (v:r)v + 1�rp� g = �r2v; (37)linearizing, making an anelasti
 approximation for the gravity waves, and assuming that� is 
onstant over a verti
al wavelength at a given altitude z, the anelasti
 dispersionrelation has the form (Vadas and Fritts, 2004)!Ii = ��2 (k2 � 1=4H2)(1 + Æ=2) (38)!2Ir + �24 (k2 � 1=4H2)2 (1 + Æ)(1 + Æ=2)2 + �m!IrH = k2HN2k2 + 1=4H2 ; (39)whereÆ = �mH!Ir : (40)Note that jÆj � 1 where the mole
ular vis
osity is unimportant at lower altitudes. Thisdispersion relation is nonhydrostati
 and 
ompressible, but ex
ludes a
ousti
 waves, sim-ilar to Marks and E
kermann (1995), and yields the anelasti
 dispersion relation (Eq.(36)) when � = 0 (and Æ = 0). As a gravity wave propagates upward, wave dampingin
reases, and the wave eventually re
e
ts and dissipates strongly within a s
ale heightwhere Æ ' �1. For waves with verti
al wavelengths less than 4�H, !Ii is always nega-tive. To ensure that mole
ular vis
osity 
auses dissipation even for waves with very largeverti
al wavelengths, we spe
ify the inverse de
ay rate to be �j!Iij. A gravity wave'smomentum 
ux is then proportional to exp(�2j!Iijt). In general appli
ations, N(z),H(z), �(z), and �(z) = �=�(z) will all vary with altitude (and the presen
e of large-s
alewave stru
tures), pla
ing additional restri
tions on a formulation seeking more quan-titative results. Here, we set N = 0:02 rad s�1, H = 7:0 km, 
 = 1:4, T = 250 K,13



� = 0:017 gm m�1 s�1, �0 = 103 gm m�3 and � = �0 exp(�z=H). This yields a kinemati
vis
osity at 90 km of � = �=� = 6:5 m2s�1, whi
h is similar to the value used by Pittewayand Hines (1963) of 4 m2s�1 at this altitude. We allow initially downward-propagatingwaves to re
e
t upwards at z = 0. No other wave re
e
tions at z = 0 are allowed. Inaddition, we only allow waves with verti
al wavelengths above the shear of �z � 80 kmto 
ontinue propagating upwards into the mesosphere/thermosphere in order to ensurethat the anelasti
 approximation remains approximately valid. This follows the 
riteriathat jmj > 1=2H, or �z < 4�H = 88 km for our assumed density s
ale height. In order totest the sensitivity of our results to this 
uto�, we also performed the same 
al
ulationsfor the 
uto� �z � 100 km above the shear layer. We found that the results 
hangedonly slightly, implying not only that our results are robust, but also that it is the gravitywaves with verti
al wavelengths < 80 km above the shear that are most important to thethermospheri
 body for
ing for our 
hoi
es of shear and gravity wave MCC spe
trum.To a
hieve a

urate numeri
al solutions, a 4th-order Runge Kutta routine (Press et al.,1992) is employed to advan
e the ray equations in time. Wave saturation e�e
ts are notin
luded here, sin
e the waves whi
h dissipate at the highest altitudes have large enoughphase speeds below the turbopause to likely avoid saturation (see Se
tion 5b). Resultsof this initial implementation of the vis
ous ray-tra
ing 
ode are dis
ussed in Se
tion 5below.3. Gravity Waves Arising due to MCCsWe des
ribe in this se
tion the representation of MCC 
onve
tion within our bodyfor
e model and the 
hara
teristi
s of the initial wave �eld that arises from this sour
e.We begin, however, by examining the impa
t on the resulting gravity wave spe
tra ofvariable spa
ings between multiple sour
es.Figure 2 shows frequen
y and horizontal wavenumber spe
tra of zonal wind for threeidenti
al verti
al body for
es that o

ur simultaneously and that have spatial and tem-poral s
ales of Dx = Dy = 10 km, Dz = 5 km, �t = 1100 s, and w0 = 100 ms�1 forhorizontal for
ing separations of 0, 1, 2, and 3 Dx. The response for zero spa
ing isshown at 1/3 amplitude be
ause superposed for
es lead to quadrati
ally larger spe
tralamplitudes. The greatest departure of the spe
tra from multiple sour
es o

urs for a14



sour
e separation of only 1 Dx. In this 
ase, su
h sour
es lead to dominant horizontalwavelengths at signi�
antly larger s
ales than for a single sour
e and a less obvious shifttowards larger wave periods. For sour
e separations of 2Dx or greater, however, horizon-tal wavelengths are peaked more strongly about that for a single sour
e, with a redu
tionin the response at wavelengths of � 50 to 100 km and an enhan
ement in the ex
itation ofwavelengths larger than � 200 km. Despite these di�eren
es in the wavenumber spe
tra,frequen
y spe
tra for separations of 2Dx or larger are almost identi
al to that for a singlesour
e. Gravity wave spe
tra for larger sour
e separations thus 
losely resemble the sumof spe
tra from individual sour
es, and we will utilize this fa
t in our des
ription of thewaves arising from MCC 
onve
tion below.To represent MCC 
onve
tion, we generate 30, spatially- and temporally-lo
alized,Gaussian, verti
al body for
es (simulating 
onve
tive plumes) that o

ur within an hourand over a small volume of the tropi
al upper troposphere. Be
ause our model is linear,we 
annot take into a

ount wind shear e�e
ts on the generated gravity wave spe
trumwithin the for
ing area. The number of plumes is 
hosen to yield a mesos
ale 
onve
tivepattern similar to Lane et al. (2001), with individual plumes having di�ering diameters,depths, and strengths. Ea
h plume has equal horizontal extents, �x = �y, with the fullwidth and full depth of ea
h plume Dx = 4:5�x and Dz = 4:5�z, and a spatial distributionas de�ned by Eq. (33) above. The full width of ea
h plume is 
hosen randomly between10 and 20 km employing a box
ar probability distribution, (10 + 10�) km, where � is arandom number between 0 and 1. The full depth, Dz, is 
hosen to lie between 3 and 12km, but along a probability distribution that emphasizes 3 km over 12 km full depths,Dz = (3 + 9�p) km, where p = 2. The strength of ea
h plume is spe
i�ed byw0 = w1 + (�z � �z1) w2 � w1�z2 � �z1 ; (41)where 4:5�z1 = 3 km and 4:5�z2 = 12 km. In addition, the verti
al body for
e amplituderanges from w1 = 50 m s�1 and w2 = 250 m s�1. It might be surprising that we areusing su
h large for
e amplitudes. However, the 30 verti
al body for
es yield maximumverti
al updraft velo
ities ranging from 0:1 m s�1 to 8:5 m s�1. Thus, a verti
al bodyfor
e is largely balan
ed by potential temperature and pressure perturbations rather thanby large verti
al motions (see Eq. (3)). 15



Ea
h plume 
enter is 
hosen randomly to lie within x0 = [�50; 50℄ km and y0 =[�50; 50℄ km. Be
ause gravity waves are generated most eÆ
iently when 
onve
tiveplumes impa
t the stratosphere, we set the for
ing altitude to be z0 = ztr �Dz=2, whereztr = 17 km. The temporal behavior of ea
h plume is given by Eq. (6) with a startingtime 
hosen randomly within t = [0; 1℄ h. The duration of ea
h plume, �t, is 
hosen tobe �t = 2�
; (42)as in Figures 1 and 2 above. The range of values of �t for our 
hoi
e of plume parametersis 13� 46 min.Figure 3a and b show horizontal and verti
al 
ross se
tions of the maximum positiveplume velo
ities evaluated every 5 minutes from t = [0; 1℄ hr. Be
ause of the probabilitiesassigned to strong and weak plumes, only a few plumes are deep and have large verti
almotions. Be
ause the smaller plumes are masked by the larger plumes in Figure 3b, wealso display the maximum updraft verti
al velo
ities as a fun
tion of the body for
ingdepths for ea
h body for
ing in Figure 3
. The largest body for
ings have depths of � 8to 12 km and peak verti
al velo
ities as large as � 8.5 ms�1, and thus agree well withthe 
onve
tion simulations by Lane et al. (2001). Be
ause gravity wave amplitudes areproportional to w0 and frequen
ies are higher for deeper plumes, the few deepest plumesa

ount for the large majority of MCC gravity wave varian
es and momentum 
uxes. Asense of the temporal variability of the simulated plumes is provided in Figure 4, whi
hdisplays horizontal 
ross se
tions of instantaneous verti
al velo
ities at four times sepa-rated by 15 minutes. These views illustrate highly transient behavior of the plumes. Ea
hstrong, deep updraft lasts for approximately 3�6 minutes, followed a few minutes later byan equally strong downdraft (not shown). The plume with the strongest updraft is shownat nearly its peak amplitude in the lower left panel of Figure 4 at (x; y) ' (�31;�37)km. In addition, Figure 4 shows that our assumption that the plumes are separated byat least their diameter is a good assumption in general. As above, this behavior wasdesigned to repli
ate the temporal variability noted in 3D 
onve
tive simulations andappears to be in reasonable agreement with those studies (Piani et al., 2000; Lane et al.,2001). 16



4. Gravity Wave Propagation to Higher AltitudesWe begin exploring gravity wave propagation above MCC 
onve
tion by examiningthe wave �eld that arises from multiple plumes assuming the waves are not �ltered orrefra
ted by mean wind shears. This also provides a further 
omparison of our plumesimulation with the results of 3D 
onve
tive models in terms of wave amplitudes ands
ales.Horizontal and verti
al 
ross se
tions of verti
al velo
ity are shown in Figure 5 att = 30, 60, and 90 min following initiation of 
onve
tive ex
itation. In order to in
ludethe 
ompressible e�e
t that the wave amplitudes in
rease with height from the densityde
reasing with height, we s
ale the wave amplitudes by q�i=�, where �i is the ba
k-ground density at the assumed initiation altitude of z = 14 km. The horizontal 
rossse
tions are at 25 and 50 km and the verti
al 
ross se
tions are at y = 0. These reveala wave �eld that is dominated by only a few of the deepest and strongest plumes. Themajor responses at 30 min have radii about their sour
e plume of � 30 to 50 km at25 km and � 50 to 100 km at 50 km. Smaller radii 
orrespond to the waves havingthe highest frequen
ies, smallest horizontal s
ales, and highest verti
al group velo
ities,while larger radii at this time are responses to plumes that o

urred somewhat earlierand were somewhat shallower, thus ex
iting lower-frequen
y waves.The expanding wave �elds observed at 60 and 90 min have two primary 
auses. Theinitial motion �elds ex
ited dire
tly by 
onve
tion at ea
h altitude exhibit an evolutiontowards larger s
ales and larger radii, re
e
ting lower-frequen
y 
omponents of the wavespe
trum having smaller verti
al group velo
ities and requiring longer times to propagateto these altitudes. A se
ond 
ontributor to the later wave �elds is that a portion ofthe initial response propagates downward and re
e
ts from the earth's surfa
e, thussuperposing higher- and lower-frequen
y wave motions that would otherwise o

ur indi�erent regions at di�erent times. At 90 min, we see an emergen
e, espe
ially at 50 km,of a more 
oherent and larger-s
ale response at the outer edges of the 
onve
tive wavepattern that appears to be a merging of the faster responses to several of the strongersour
es.Similar responses, but at greater altitudes, are displayed in Figure 6. Shown here are17



horizontal 
ross se
tions of verti
al velo
ity and perturbation temperature at 90 km (leftand 
enter panels, respe
tively) and verti
al 
ross se
tions of verti
al velo
ity extendingfrom 90 to 150 km at y = 0 (right panels). The panels are at t = 30, 60, and 90min from top to bottom. As in Figure 5, we s
ale the wave amplitudes by q�i=�.As at lower altitudes, the largest horizontal s
ales appear �rst be
ause they have thelargest asso
iated verti
al s
ales and verti
al group velo
ities for the highest-frequen
ywaves. At later times, smaller-s
ale motions appear at the same radii, implying 
ommonintrinsi
 frequen
ies but smaller verti
al s
ales and verti
al group velo
ities. Whereasmultiple sour
es are evident in the verti
al velo
ities at 25 km at 60 and 90 min, the
ross se
tions at 90 km suggest only two dominant sour
es at early times, with otherlesser sour
es (having smaller spatial s
ales, thus ex
iting waves with smaller s
ales andgroup velo
ities) having in
uen
es at later times. The verti
al 
ross se
tions reveal thatthe high-frequen
y, large-s
ale portion of the wave spe
trum penetrates to very highaltitudes very qui
kly.To understand whi
h 
omponents of these wave �elds a

ount for the largest for
-ing of the MLT, we display in Figure 7 a 2D spe
trum of the gravity wave momentum
ux generated from our model of the MCC as a fun
tion of verti
al wavelength and in-trinsi
 frequen
y. This plot reveals a dominant 
ontribution to the momentum 
ux at!Ir � 0:35N , �x � 40 km, and �z � 15 km, in line with expe
tations from our dis-
ussion above. Of these motions, those waves having the largest horizontal phase speedsand verti
al group velo
ities above the stratospheri
 and mesospheri
 shears have thegreatest potential for e�e
ts at the highest altitudes. Thus, the portion of the spe
trumshown in Figure 7 that 
ontributes most at the highest altitudes depends sensitively onthe shear at lower altitudes, as dis
ussed in Se
tion 5.Overall, the wave �elds dis
ussed above resemble 
losely those modeled by Piani et al.(2000), Lane et al. (2001), and Horinou
hi et al. (2002) and give us 
on�den
e that theyare a suÆ
iently good approximation to gravity waves ex
ited by MCC 
onve
tion forour purposes in this paper. In parti
ular, the s
ales and superposed patterns of the wave�elds arising from multiple sour
es appear in 
lose agreement. They do di�er, however,in the degree of 
oheren
e of the wave �elds at 90 km from the results of Horinou
hi etal. (2002), suggesting either a less organized 
hara
ter of the 
onve
tion in the dire
t18



numeri
al simulation results or the in
uen
es of mean shear on wave propagation and�ltering that is not present in our results displayed in Figures 5 and 6. Our resultsalso do not a

ount for the e�e
ts of wave instability. However, peak verti
al velo
itiesex
eeding � 15 m s�1 and peak perturbation temperatures ex
eeding � 9 K at 90 kmat 60 min and beyond (in the absen
e of mean shear) imply wave amplitudes near the
onve
tive instability limit for the wave s
ales and intrinsi
 frequen
ies at whi
h theyo

ur. In reality, of 
ourse, gravity waves generated by 
onve
tion will virtually alwaysen
ounter wind shear throughout the MLT. Thus waves either having larger amplitudesor experien
ing de
reasing intrinsi
 phase speeds will likely be
ome unstable in the MLT.But the larger amplitudes anti
ipated here to be important in the for
ing of the ther-mosphere are likely not overturning below the turbopause be
ause they are asso
iatedwith larger verti
al s
ales that have large phase speeds (as we will see in the followingse
tion). And those waves en
ountering 
riti
al levels are removed from the spe
trumand play no role at higher altitudes. Due to the la
k of eviden
e that turbulen
e playsa dissipative role above the turbopause (at � 108 km altitude), saturation will probablybe unimportant above the turbopause and will therefore likely not a�e
t the amplitudesof the deepest waves with the highest phase speeds, as we argue in the following se
tion.Be
ause we do not in
lude saturation in our ray-tra
ing model, those waves that wouldnormally be
ome unstable below the turbopause dissipate at altitudes below 150 km.Be
ause of the exponential growth of gravity wave momentum 
uxes with altitude, thishigher deposition of momentum 
ux will not a�e
t our results for waves that dissipateat altitudes of 150-170 km (with our assumed thermospheri
 thermal stru
ture), as weshall see in the next se
tion. We explore �ltering of this gravity wave spe
trum by amean wind shear below.5. Gravity Wave Filtering and Thermospheri
 E�e
tsGravity waves ex
ited by MCC 
onve
tion in the tropi
s en
ounter wind shears due tothe quasi-biennial os
illation (QBO) in the lower stratosphere, the semiannual os
illation(SAO) near the stratopause and mesopause, various tidal and planetary wave stru
turesin
reasing in amplitude with altitude, and other equatorial and gravity wave motionso

urring on a wide range of s
ales. Thus, rather than spe
ifying single or multiple19



wind �elds that 
annot span a reasonable set of representative 
ases, we 
onsider theimpli
ations of a single shear layer of representative magnitudes. These are spe
i�ed asa mean zonal wind of the formU = U02 �1 + tanh �z � z
z0 �� m s�1; (43)with U0 = �30 m s�1 (Figures 8-15) or U0 = �60 m s�1 (Figures 16-17), z
 = 30 km, andz0 = 5 km. Here, the mean wind de
reases from zero to �30 m s�1 for U0 = �30 m s�1(or zero to �60 m s�1 for U0 = �60 m s�1) between � 24 and 36 km. The meanzonal wind for U0 = �30 m s�1 is shown in Figure 8 as a dotted line. The evolution ofthe MCC gravity wave spe
trum in this environment is 
omputed using our ray tra
ingmethodology des
ribed above in Se
tion 2b.a. Ray Paths in a Mean ShearRay paths 
omputed for several representative wave s
ales and frequen
ies are shownin Figure 8 to illustrate the diversity of ray paths that arise in response to wind shearand in
reasing vis
osity with altitude. Gravity waves propagating eastward a
quire largerintrinsi
 phase speeds, !Ir = k(
x � U), and are refra
ted to larger verti
al wavelengthsin passing through the zonal wind shear. For example, the eastward propagating gravitywave represented by a solid line initially has �x = 103 km, �z = 46 km, and 
g;z =37 m s�1. After passing through the shear, it has �x = 103 km, �z = 67 km, and
g;z = 49 m s�1. As long as the eastward propagating wave's frequen
y remains less thanN , the wave emerges above the shear layer with a larger verti
al wavelength, a steeperpropagation angle, and a larger verti
al group velo
ity (see the eastward propagatinggravity waves shown by solid, short dash, and dash-dot-dot-dot lines). If, on the otherhand, !Ir > N above the shear layer, the ray path be
omes verti
al at the altitude atwhi
h !Ir = N and the wave re
e
ts from this \turning level" in a loop and is trappedat lower altitudes (see the eastward propagating wave shown by the dash-dot line).Gravity waves propagating westward exhibit a de
reasing intrinsi
 frequen
y uponen
ountering the mean wind shear (be
ause 
x and U now have the same sign). If
x � U < 0 (or j
xj > jU j), then the wave emerges above the shear layer with a redu
edintrinsi
 frequen
y, a smaller verti
al wavelength, a shallower ray path, and a smallerverti
al group velo
ity (see the westward propagating gravity waves shown by solid and20



short dash lines). But if j
xj < jU j, the wave en
ounters a 
riti
al level where !Ir ! 0, anda

ording to linear theory and numeri
al modeling results, it is dissipated and removedfrom the wave spe
trum (see the westward propagating gravity waves shown by dash-dotand dash-dot-dot-dot lines).Those eastward propagating gravity waves in Figure 8 that refra
t in the shear 
owbut 
ontinue to propagate verti
ally at greater altitudes undergo further refra
tion tosomewhat smaller verti
al wavelengths near their dissipation level, whi
h o

urs as aresult of the exponential in
rease in kinemati
 vis
osity with in
reasing altitude. Ulti-mately, dissipation 
auses ea
h ray to re
e
t at this vis
ous \turning level". However,at this point, Æ ' �1 and dissipation due to mole
ular vis
osity is so strong that thewave typi
ally travels only a fra
tion of a s
ale height below this turning level beforethe gravity wave loses essentially all of its momentum 
ux to the ba
kground 
ow. Forexample, the eastward traveling gravity wave represented by the solid line in Figure 8turns at z ' 163 km, and dissipates 
ompletely by z ' 156 km. This turning levelaltitude is highly dependent on the wave s
ales. These features are shown in Figure 8,along with the path a gravity wave would take if there were no kinemati
 vis
osity (light,long dashed line).In Figure 9, we display the quantity Æ for the eastward-propagating gravity waveshown by the solid line in Figure 8. This quantity is approximately zero ex
ept within afew s
ale heights below the turning level, where it de
reases towards �1. After rea
hingthe turning level, Æ ' �1 and remains at this value as the wave re
e
ts and dissipatesrapidly below the turning level. We also show u0w0(z) exp((z � z0)=H)=u0w0(z0) as afun
tion of time, the gravity wave altitude as a fun
tion of time, and the gravity wavemomentum 
ux deposited into the 
uid as a fun
tion of altitude. For this wave, bythe time jÆj is large (i.e., Æ ' �0:5), the gravity wave has already lost � 65 % of itsmomentum 
ux as 
ompared to a wave that en
ounters no kinemati
 vis
osity. This lossis signi�
ant, and o

urs by z � 162 km. The maximum momentum deposition o

urs atthe turning level (z � 163 km). The entire wave dissipation pro
ess takes approximately15 minutes. Note that the momentum 
uxes (per unit mass) in the thermosphere are afew times 109 times as large as the wave's momentum 
uxes at z0 = 9 km.21



b. Di�erential Filtering and Body For
ingGravity wave refra
tion in the zonal wind shear at lower altitudes removes wavesfrom the spe
trum penetrating to higher altitudes that en
ounter either turning levelsor 
riti
al levels within the shear layer, as dis
ussed above. The waves that emergeabove the shear layer are refra
ted to higher or lower intrinsi
 frequen
ies, depending onwhether they propagate eastward or westward (for our 
hoi
e of mean zonal wind). This
auses those waves propagating eastward to penetrate preferentially to higher altitudesbefore they are dissipated. The result is dissipation of westward-propagating waves (andsmall westward body for
es, be
ause of larger mean densities) at lower altitudes and latertimes, and dissipation of eastward-propagating waves (and large eastward body for
es,be
ause of smaller mean densities) at higher altitudes and earlier times. The altitudepro�les of momentum 
ux for the wave spe
trum arising from ea
h 
onve
tive plume, forthe MCC as a whole, and the body for
ing a

ompanying wave dissipation are displayedin Figure 10. The body for
ing shown in Figure 10
 is 
al
ulated viaFb = �1� �(� u0w0)�z : (44)In this 
ase, horizontal and temporal averaging are performed on the momentum 
uxesprior to 
al
ulating this verti
al derivative. In order to generate this �gure (and Fig-ures 11-13), the gravity waves for ea
h plume are assumed to be generated at the 
enterof ea
h body for
e at the time when that body for
e is a maximum. This assumptionthat a body for
e a
ts like a point sour
e generator of gravity waves is motivated byFigures 5-6. For Figures 10-13, the normalizing volume V we use to 
al
ulate the ther-mospheri
 momentum 
uxes and for
es is V = 1000 km� 1000 km� 25 km in the x, y,and z dire
tions, respe
tively. Here, the horizontal s
ales are 
hosen from Figure 12 andthe verti
al s
ale is 
hosen from Figure 10b. Ea
h momentum 
ux pro�le is spread over afew s
ale heights, while the total momentum 
ux pro�le is spread over � 3 s
ale heights.Due to the point-parti
le assumption inherent when ray tra
ing, and to the deep verti
alwavelengths of the waves whi
h lead to these thermospheri
 for
ings, we expe
t the ther-mospheri
 verti
al pro�les to be somewhat more spread in altitude than that depi
ted inFigure 10. Thus, the pro�les in Figure 10 are intended to represent the approximate 
en-ter of the distribution. Due to the exponentially in
reasing vis
osity with altitude, these22



waves would likely not be able to penetrate mu
h further in altitude. And be
ause evena s
ale height lower in altitude leads to a momentum 
ux amplitude redu
tion by e�1,we do not expe
t the momentum 
ux pro�le to extend very mu
h lower in altitude thanthat shown in Figure 10. For this shear pro�le, the momentum 
ux pro�le is maximumat altitudes of z � 155 � 165 km, while the body for
e pro�le is maximum at some-what higher altitudes of z � 155 � 170 km. We also show in Figure 10 the momentum
uxes and resultant body for
ings that arise from the deepest as well as the 5 deepest
onve
tive plumes. It is observed that the 5 deepest plumes result in nearly all of themomentum 
ux and resultant thermospheri
 body for
es, while the deepest 
onve
tiveplume 
ontributes � 33% to the total momentum 
ux and thermospheri
 body for
ing.We show in Figure 11 the variations of the total deposited thermospheri
 momentum
ux arising from ea
h plume sour
e versus the width of the plume, the depth of theplume, and the ratio of the depth to the width (a measure of the 
hara
teristi
 intrinsi
frequen
y of the plume wave spe
trum). These results reveal the dominant responses tobe a 
onsequen
e of deep, rather than steep, for
ings, as these are the plumes havingthe largest for
ing amplitudes and ex
iting gravity waves with the largest verti
al wave-lengths. Again, the plume with the largest thermospheri
 response is also the deepestplume, and the 5 deepest plumes 
reate the 5 largest thermospheri
 responses.The horizontal distribution of this deposited momentum 
ux is shown in Figure 12 atz = 161 km (a-
) and at z = 171 km (d-f) and at average times of t = 1.1, 1.8, and 2.5 hrafter initiation of plume for
ing (ea
h representing a � 30-min average). The height,z = 161 km, is the altitude of maximum deposited momentum. The thermospheri
response is fairly simple, in that the spatial distribution is similar to a Gaussian, withtotal horizontal extent of 1000 km. The response turns on smoothly at � 1 hr, and lastsfor a few hours, with the spatial distribution varying little during that time. Note thatthe gravity waves with l ' 0 
ontribute signi�
antly to the thermospheri
 body for
ings.The main 
ontributor to the total thermospheri
 response 
omes from the deepestplume, as 
an be seen in Figure 12g-i at z = 161 km. The response from the deepest plumehas a similar spatial distribution as the total response. The total thermospheri
 responseis lo
alized in time, o

urring for a few hours, whi
h is a few times longer than theduration of the mesos
ale 
onve
tive 
omplex. The thermospheri
 response to the deepest23



plume is approximately 30 minutes, whi
h is approximately twi
e the duration of thisplume's duration. These are indi
ations, then, that only 
ertain waves with similar groupvelo
ities and frequen
ies es
ape �ltering and dissipation at lower altitudes and deposittheir momentum at these high altitudes. For, if other waves with signi�
antly smallergroup velo
ities were signi�
antly involved at these altitudes, the thermospheri
 responsewould be distributed over a longer period of time. The observation that the pattern sizeand shape varies only slightly in time in Figure 12 also indi
ates that the response athigh altitudes depends less on the ex
ited wave spe
trum than on the 
hara
teristi
s ofthose waves whi
h survive �ltering and dissipation and penetrate to these high altitudes.The full horizontal width of the deepest plume is ' 18 km, and the initial MCC areais 100 km � 100 km, as shown by the dotted box 
entered at x = y = 0. Therefore,the thermospheri
 response to this deepest plume is spread horizontally by an order ofmagnitude, and is due to wave dispersion. This 
on�rms the approximation we used forray tra
ing, that the 
onve
tive plume sour
es of gravity waves 
ould be 
onsidered tobe \point sour
es".Finally, we 
onsider the large momentum deposited in the thermosphere from thisex
itation me
hanism. An average for
ing in the thermosphere of 100 m s�1 day�1 isequivalent to an average momentum 
ux of 8 m2 s�2 when spread over a s
ale height.Be
ause the half-maximum of the total momentum 
uxes shown in Figure 12b is '100 m2s�2, the ratio of the deposited momentum from this me
hanism to the averagemomentum 
ux is 100=8 � 13. This number may be somewhat lower if realisti
 windpro�les are used, as more �ltering would likely o

ur, leading to a redu
ed gravity wavespe
trum and smaller body for
ings in the lower thermosphere. This ratio implies that thethermospheri
 for
ings are likely mu
h larger than the daily averages. If this me
hanism ispartly responsible for su
h a daily average, then thermospheri
 momentum 
ux divergen
emust o

ur intermittently in time and in spa
e, as is expe
ted from the nature of MCCs.The 
orresponding verti
al pro�le of the total, indu
ed body for
e is shown as afun
tion of time in Figure 13a. Horizontal averaging was performed on the momentum
uxes prior to 
al
ulating the verti
al derivative from Eq. (44). The thermospheri
response is positive and is 
on�ned verti
ally, with no signi�
ant response below 150 kmor above 170 km (with our assumption of thermospheri
 thermal stru
ture). It is also24




on�ned temporally, with no signi�
ant response before t = 0:7 hours or after t = 3:5hours. The peak is maximum at t = 1:8 hrs and z = 163 km. The pattern size andshape varies only slightly in time be
ause the response at high altitudes depends less onthe initial MCC wave spe
trum than on those waves with the 
hara
teristi
s needed tosurvive �ltering and dissipation and penetrate to high altitudes. Note, however, that themomentum 
ux divergen
e that o

urs at later times (i.e., t = 2:5 to 3:5 hours) o

ursat somewhat lower altitudes and is due to somewhat slower waves. Figure 13b shows thepositive individual responses for the 5 deepest plumes. (The 5 deepest plumes are alsothe 5 largest plumes in terms of the total, integrated momentum 
ux (see Figure 11b)).The maximum of ea
h body for
e distribution o

urs at z ' 163 � 165 km, whi
h is afew kilometers above the maximum momentum deposition altitude. Again, the deepestplume 
ontributes the most to the total deposited momentum. The times over whi
h ea
hof these plumes 
aused a body for
ing varies mostly be
ause of the varying ex
itationtimes. Subtra
ting the midpoint of the plume ex
itation time from the maximum for
ingtime for ea
h of these 5 plumes, we �nd that the ex
ited gravity waves take approximately' 1:2 to 1:3 hours to propagate and dissipate in the thermosphere after their ex
itation.Be
ause the shear is just above the plumes, this implies approximate verti
al groupvelo
ities in the range � 32� 35 m s�1.In order to understand the role that �ltering, turning levels, and dissipation playon the survival of gravity waves in our model, we show several spe
tra as a fun
tion ofaltitude in Figure 14 for the l = 0 gravity waves only. The upper, middle, and lower panelsshow the gravity wave spe
tra at altitudes of 15 km (just above the ex
itation altitudefor the MCC gravity waves), 71 km (just above the shear and resulting �ltering e�e
ts),and at 161 km (at the maximum dissipation altitude), respe
tively. These gravity wavespe
tra in
lude only those waves with l = 0, whi
h was motivated by Figure 12 wherewe observed that large thermospheri
 responses o

urred for waves propagating parallelto the ba
kground wind. In the top panel, we see that approximately equal amounts ofwestward and eastward traveling gravity waves are present, with the maxima o

urringat �x � 100 km and �z � 30 km for these l = 0 waves. The slight eastward-westwardasymmetry is due to the fa
t that nearby multiple body for
es a
ting at similar times
reate gravity wave �elds that add and subtra
t 
oherently, produ
ing an enhan
ement25



of positive over negative momentum 
ux, or vi
e versa (Vadas et al., 2003). Above theshear, waves with verti
al wavelengths less than approximately 20 km are removed, andthe spe
tral maximum shifts towards somewhat smaller horizontal wavelengths. At thisaltitude, the spe
trum peaks at !Ir=N � 0:3 to 0:5 and �x � 40 � 250 km. At themaximum dissipation level (z = 161 km), the maximal verti
al wavelengths are notvery di�erent than their values above the shear. Due to �ltering e�e
ts and vis
ousdissipation, waves with horizontal wavelengths smaller than 45 km and larger than 250km, and waves with verti
al wavelengths less than � 25 km and greater than 65 km,are no longer signi�
ant in the wave spe
trum. The spe
trum peaks at !Ir=N � 0:25 to0:35 and �x � 90� 160 km, implying intrinsi
 phase speeds of !Ir=k � 70� 180 m s�1.Be
ause these phase speeds are mu
h larger than the horizontal velo
ity perturbationsat z = 90 km depi
ted in Figure 6, these waves are not expe
ted to saturate below theturbopause. This 
on�rms our assumption that saturation 
an be negle
ted for thosewaves most important to the for
ing of the lower thermosphere at the highest altitudes.In Figure 15, we show the same gravity wave momentum 
ux spe
trum as in Figure 14,but as a fun
tion of the initial wave parameters kini and mini (i.e., at z = 13 km). Thegravity wave spe
trum peaks at the highest altitude for waves with �x;ini = 103 km and�z;ini = 46 km, yielding !ini=N ' 0:4. This is marked by an asterisk in ea
h of the threepanels. This wave parameter o

urs in the long-verti
al-wavelength tail of the MCCdistribution (denoted by an asterisk in Figure 7). The 
uto� in �z for values of 80 kmabove the shear 
an be seen in this �gure at smallmini. This 
uto� may have lowered thepeak verti
al wavelength somewhat, although raising the 
uto� verti
al wavelength to 100km has no signi�
ant e�e
t on the thermospheri
 momentum 
ux and body for
e pro�les.Only gravity waves with initial wavelengths of �x;ini ' 50� 200 km and �z;ini ' 25� 65km 
ontribute to the thermospheri
 body for
ing at z = 161 km for this assumed shear,although larger verti
al wavelengths (whi
h 
annot be studied here with our anelasti
assumption) may be important as well. These results are, in general, a fun
tion of theshear and assumed MCC distribution.We also display in Figure 15 those waves that are removed from the gravity wave
26



spe
trum due to 
riti
al levels, whi
h o

urs when!Ir = !r � kUz>50km � 0; (45)where Uz>50km is the mean, ba
kground, zonal wind above 50 km in altitude and equals�30 m s�1 in Figures 14-15 (and equals �60 m s�1 in Figures 16-17). We also displaythose waves that are ex
luded due to turning levels at lower altitudes within the shearlayer, whi
h o

urs whenm2 = k2N2(!r � kUz>50km)2 � k2 � 14H2 � 0: (46)It is seen that 
riti
al level �ltering does not signi�
antly impa
t the westward propa-gating waves in Figure 15, be
ause the absolute value of the phase speeds are generallylarger than 30 m s�1. It is also seen that �ltering from evanes
en
e within the shearlayer does not signi�
antly impa
t the eastward propagating waves be
ause the ba
k-ground wind is not strong enough in this 
ase (see Figure 17 in 
omparison); turninglevels within this shear only o

ur for those waves with very high frequen
ies, whi
h arenot well represented in our model MCC spe
trum.In order to understand how the evolving gravity wave spe
trum with altitude dependson the ba
kground wind environment, we also ray tra
e the same l = 0 gravity wavesthrough a ba
kground zonal wind given by Eq. (43) with U0 = �60 m s�1. The 
orre-sponding momentum 
uxes are displayed in Figures 16-17. Be
ause the wind is mu
hlarger here, the eastward propagating waves are refra
ted in the shear to larger verti
alwavelengths than for the waves in Figure 14. Therefore, it is no surprise that the surviv-ing wave spe
trum initially starts out at smaller frequen
ies, and that a good portion ofthe higher-frequen
y, eastward-propagating gravity waves are eliminated by evanes
en
eand re
e
tion within the stronger shear layer. Comparing Figures 15
 and 17
, gravitywaves with initially smaller verti
al wavelengths and frequen
ies survive the shear andpropagate to the highest altitudes for this stronger ba
kground wind. In this 
ase, thegravity waves that are responsible for the peak body for
ing at z ' 161 km are waveswith initial parameters of �x;ini ' 103 km and �z;ini ' 36 km (denoted by the triangle inFigure 7). We also note that there is mu
h more 
riti
al level �ltering of the westwardpropagating gravity waves, due to the fa
t that many of the westward propagating waves27



have phase speeds that are smaller in absolute magnitude than 60 m s�1. It is importantto note that the gravity wave spe
trum that survives and dissipates at z ' 161 km forboth shears look very similar (
ompare Figures 14
 and 16
). This shows that vis
ousdissipation in the lower thermosphere preferentially a
ts to �lter all l = 0 waves ex
eptthose with �x ' 40 � 250 km and �z ' 25 � 65 km at the highest altitudes, althoughwaves with larger verti
al wavelengths may also be important. The wave parameters andfrequen
ies of the gravity waves within the initial MCC spe
trum that have the biggeste�e
t on the lower thermosphere, then, 
an be dedu
ed by taking into a

ount the �l-tering from vis
ous dissipation (Figures 14
-16
), and the refra
tion through interveningshears.
. Dissipation altitudes for realisti
 thermospheri
 temperaturesThe isothermal temperature pro�le T = 250 K used in our ray-tra
ing simulations wasfor illustration and is mu
h smaller than the a
tual thermospheri
 temperatures (T � 550K). The extreme minimum thermospheri
 temperature implies a density s
ale height of� 14 km, with even larger s
ale heights during solar maximum. Following Pittewayand Hines (1963), the wave dissipation altitude depends on the lo
al kinemati
 vis
osityrather than on the vis
osity pro�le. (See also Vadas and Fritts, 2004). A larger densitys
ale height implies that at a given altitude, the kinemati
 vis
osity, �=�, is smaller thanit would be in an isothermal atmosphere. If we take a simple example of the temperaturein
reasing from 250 K to 500 K at an altitude of 125 km, then the density de
reases twi
eas slowly (and the kinemati
 vis
osity in
reases twi
e as slowly) in altitude above 125km. Therefore, a gravity wave would propagate the same number of s
ale heights (thustwi
e as high) above 125 km for this simple example than for this isothermal temperaturepro�le. We estimate that a wave that dissipates at 163 km in this isothermal atmospherewould instead dissipate at 125 + 2(163� 125) ' 201 km with this simple step-fun
tiontemperature pro�le.We obtain a better estimate by 
onsidering a realisti
 temperature pro�le. Figure 18ashows an extreme minimum thermospheri
 temperature pro�le. Using dp=dz = �g� andp = R�T ,p = ps exp�� 1R Z z0 gT dz� ; (47)28



� = p=(RT ), H = ��=(d�=dz), and N2 = (g=�) d�=dz. The solid line in Figure 18b showsthe altitude at whi
h � for this extreme minimum temperature pro�le is equivalent to� for this isothermal pro�le. The density (and therefore the kinemati
 vis
osity) at 165km in the isothermal pro�le is equivalent to that at � 200 km in the extreme minimumtemperature pro�le. In addition, the in
rease in temperature also leads to a de
rease inthe buoyan
y frequen
y, and therefore to larger verti
al wavelengths and group velo
itieswhi
h likely result in somewhat higher penetration altitudes. Thus, we expe
t that oursimulations underestimate the altitudes to whi
h MCC gravity waves penetrate underrealisti
 thermospheri
 temperature pro�les. We anti
ipate that the thermospheri
 bodyfor
ings whi
h result from the MCC gravity waves will likely be at altitudes of z � 200km under extreme minimum temperature 
onditions, and higher during solar maximum.d. Potential for ESF SeedingStrong equatorial spread F (ESF) is a manifestation of a Rayleigh-Taylor instability(RTI) of the F region of the ionosphere (or alternatively, positively buoyant plasmabubbles) that may penetrate to � 1000 km altitude, exhibits variability on � daily tosolar-
y
le time s
ales and is believed by some resear
hers to be triggered by gravitywaves. Three 
onditions appear to be required for gravity waves to parti
ipate e�e
tivelyin the seeding of ESF. These are 1) wave penetration to altitudes at whi
h seeding 
ano

ur, 2) suÆ
ient wave amplitudes at seeding altitudes to trigger RTI and ESF on times
ales 
onsistent with observed events, and 3) phase speeds that 
an yield the resonan
e
onditions suggested for su

essful 
oupling of wave and plasma pro
esses (Hysell et al.,1990; Huang and Kelley, 1996a, b). The �rst of these requirements appears to be satis�edwith waves penetrating to altitudes of� 200 km at the magneti
 equator or lower altitudesfor magneti
 latitudes up to � �20o (estimating the e�e
t of in
reased thermospheri
temperatures on the dissipation altitude (see Se
tion 5
)). The se
ond 
ondition is more
hallenging to assess from ray-tra
ing results alone, as the 
umulative momentum 
uxfor a single plume may be signi�
ant, but it is not yet 
lear how mu
h of the waveenergy (and amplitude) a

ounting for this 
ux is 
on�ned to a single region. Mu
hof the momentum 
ux and wave a
tivity for a deep, single plume is quite 
on
entratedspatially and temporally (see Figure 12g-i) with amplitudes that are likely suÆ
iently29



large. Finally, gravity wave intrinsi
 phase speeds are 
orrelated with the verti
al waves
ales at any altitude. These need to 
ouple to horizontal plasma motions whi
h moverelative to the neutral 
uid at these altitudes. Nevertheless, there is again suÆ
ientvariability in the gravity wave phase speeds and in the relative plasma-neutral motions,with 
omparable magnitudes, to suggest that su
h resonan
e 
onditions will o

ur inresponse to MCC gravity waves.6. Summary and Con
lusionsWe have employed two models to examine the ex
itation of gravity waves by MCC
onve
tion at equatorial latitudes and their propagation to, and possible in
uen
es in,the mesosphere, thermosphere, and ionosphere. A linear model of the responses to lo
albody for
es was employed to represent 
onve
tive plumes and the spatial, temporal, andspe
tral 
hara
ter of the gravity waves ex
ited by them. A ray-tra
ing model was thenemployed to propagate gravity waves 
omprising the spe
trum through a mean windshear and into an in
reasingly dissipative thermosphere.The body for
e model spe
i�ed 
onve
tive plumes on spatial and temporal s
ales
onsistent with su
h plumes des
ribed in expli
it models of tropi
al 
onve
tion (Pianiet al., 2000; Lane et al., 2001). The model was �rst used to assess the e�e
ts of singleand multiple plumes and plume spa
ing on the s
ales and frequen
ies of gravity wavesex
ited in this manner. Results for a single plume revealed a tenden
y for verti
al motionsto ex
ite gravity waves having higher frequen
ies and smaller horizontal s
ales than ahorizontal body for
ing having the same geometry. High-frequen
y gravity waves arepreferentially ex
ited by deep, strong plumes of limited horizontal extent.Results for multiple plumes revealed that 
losely spa
ed 
oherent plumes (with sep-arations less than � 2 plume diameters) lead to enhan
ed ex
itation of larger horizontals
ales than arise from a single plume. Plume spa
ings of � 2 plume diameters or larger,however, yield only a weak enhan
ement of waves at larger horizontal s
ales and a domi-nant peak near that for a single plume. This fa
t was used to justify des
ribing the �eldof gravity waves arising from a 
olle
tion of 
onve
tive plumes as the superposition of thewave �elds arising from ea
h plume individually, provided the spa
ings between strongand deep plumes are suÆ
iently large. 30



Ray tra
ing of 
omponents of the gravity wave spe
trum arising from 
onve
tiveplumes through a mean wind shear reveals that penetration to high altitudes is preferredfor waves refra
ting to 1) high intrinsi
 frequen
ies of order !Ir=N � 0:3 to 0:6, and 2)large verti
al wavelengths of order �z � 25 � 65 km. Gravity waves with even largerverti
al wavelengths may also be important, although we were unable to simulate themdue to limitations of our Boussinesq body for
e model and anelasti
 ray-tra
e model.These waves dissipated at ' 150�170 km (with our assumption of an isothermal thermalstru
ture). Due to wave dispersion, the thermospheri
 response was spread spatially by anorder of magnitude in ea
h horizontal dire
tion from the MCC, leading to instantaneousfor
ings of order (1000 km)2 � 25 km. The thermospheri
 response was found to o

urfrom � 0:7 to 3:5 hours after initiation of 
onve
tive ex
itation, with individual responsesfrom plumes lasting approximately 30 minutes. The largest thermospheri
 responses werefound to o

ur for the deepest plumes. Variable winds were found to impose signi�
antanisotropy on the surviving gravity waves, 
ausing large net momentum 
uxes and 
uxdivergen
e well into the thermosphere.In
reasing the ba
kground wind at lower altitudes had the e�e
t of �ltering thosewaves with higher frequen
ies and group velo
ities via evanes
en
e and re
e
tion withinthe shear layer. This in
reased refra
tion had the e�e
t of greatly in
reasing the fre-quen
y and group velo
ity of those waves with initially smaller frequen
ies and groupvelo
ities. Thus, the portion of the MCC gravity wave spe
trum that survived the windsand dissipated at the highest altitudes depended on the ba
kground wind environmentthrough whi
h it passed in our model studies. We also found that for ba
kground windsof 30 m s�1 and 60 m s�1, vis
ous dissipation in the lower thermosphere preferentiallya
ted to �lter out all waves but those with �x ' 40 � 250 km and �z ' 25 � 65 km atthe highest altitudes. Larger verti
al wavelength waves may also be important, althoughwe are limited to gravity waves with �z < 4�H ' 88 km in this study.These results were obtained assuming an isothermal temperature stru
ture through-out the atmosphere of T = 250 K. However, the lower thermospheri
 temperature is atleast T = 500 K, depending on solar 
onditions. This results in a gravity wave pene-tration altitude that is signi�
antly higher than that 
al
ulated here (Vadas and Fritts,2004), and is estimated to be �200 km under extreme minimum temperature 
onditions,31



and higher during solar maximum.Gravity waves ex
ited by MCCs and having suÆ
iently large verti
al wavelengths andgroup velo
ities above the shears at lower altitudes 
an thus penetrate to altitudes atwhi
h seeding of RTI and ESF is believed to o

ur when we in
lude larger thermospheri
temperature e�e
ts. Our results further suggest that wave amplitudes may be suÆ
ientlylarge for su
h seeding and that, at least on o

asion, wave phase speeds and plasma driftsare suÆ
iently aligned to satisfy the spatial resonan
e 
onditions believed to be requiredfor the seeding of ESF.A
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Figure CaptionsFigure 1. Frequen
y (left) and horizontal (middle) and verti
al (right) wavenumber spe
-tra of horizontal (solid) and verti
al (dash) winds for horizontal (top) and verti
al (bot-tom) body for
ing in varian
e 
ontent form following 
essation of for
ing. Other bodyfor
e parameters were u0 = 100 ms�1 (a-
), w0 = 100 ms�1 (d-f),Dx = 10 km,Dz = 5 km,f = 0, and �t = 2�
. The verti
al dotted line in ea
h panel indi
ates the 
hara
teristi
frequen
y or s
ale (i.e., 2Dx, 2Dz) of the sour
e.Figure 2. Frequen
y (left) and zonal wavenumber (right) spe
tra of zonal wind in varian
e
ontent form evaluated at the 
essation of for
ing for three verti
al body for
es spa
ed by0 (solid), 1 (dash), 2 (dash-dot), and 3 Dx (dash-dot-dot-dot lines) in the zonal dire
tion.Ea
h body for
e has Dx = Dy = 10 km, Dz = 5 km, and �t = 2�
. The amplitude of the
ollo
ated for
ing is redu
ed by 3 be
ause the spe
tral response is quadrati
 in amplitude.Figure 3. Cross se
tions of the maximum positive verti
al velo
ities in a horizontal planeat z = 13 km (left) and in a verti
al plane evaluated for all y (middle). The 
ontour linesshow 0:5 ms�1 intervals. The right panel displays the maximum verti
al velo
ities as afun
tion of the body for
e depths. The dashed box in the left panel shows the regionen
losing the plume 
enters.Figure 4. Instantaneous verti
al velo
ities in a horizontal plane at 13 km at 10 (a), 25(b), 40 (
), and 55 min (d) during the period of 
onve
tive ex
itation. The 
ontour linesshow 0:5 ms�1 intervals, with solid (dashed) lines denoting positive (negative) verti
alvelo
ities. As in Figure 3, the dashed box shows the region en
losing the plume 
enters.Figure 5. Horizontal (left and 
enter) and verti
al (right) 
ross se
tions of verti
al velo
ityshowing wave �elds arising from simulated 
onve
tive plumes at 30 (top), 60 (middle),and 90 min (bottom) after initiation of 
onve
tive ex
itation. The left and 
enter hor-izontal 
ross se
tions are at altitudes of 25 and 50 km, and the verti
al (x; z) 
rossse
tions are at y = 0. The broader wave �elds seen at lower altitudes at later times aredue both to the shallower propagation of lower-frequen
y waves having smaller verti
algroup velo
ities and to re
e
tions from the earth's surfa
e of waves ex
ited earlier andpropagating downward initially. Maximum verti
al velo
ities (s
aled by q�i=�) at 25 and38



50 km are 0.86 and 1.2 m s�1 at 0.5 hr, 1.5 and 2.2 m s�1 at 1 hr, and 1.3 and 3.3 ms�1 at 1.5 hr. Here, �i is the ba
kground density at the initiation altitude of z = 14 km.The verti
al 
ross se
tions (right) show verti
al velo
ities in the Boussinesq model. This
an be thought of as the a
tual velo
ities weighted by q�=�i to o�set the exponentialin
rease in wave amplitudes arising from density de
reases with altitude.Figure 6. As in Figure 5, but with horizontal 
ross se
tions of verti
al velo
ity and pertur-bation temperature (left and 
enter, respe
tively) at 90 km and verti
al 
ross se
tions ofverti
al velo
ity from 90 to 150 km at y = 0 (right). Maximum verti
al velo
ities (s
aledby q�i=�) are 3.5, 15, and 22 ms�1 and maximum temperature perturbations (s
aled byq�i=�) are 2.1, 8.6, and 16 K, respe
tively. For referen
e, the maximum zonal velo
ities(s
aled by q�i=�) are 3.6, 11, and 21 ms�1 (not shown).Figure 7. Verti
al 
ux of zonal momentum in 
ux 
ontent form as a fun
tion of verti-
al wavelength and !Ir=N for a single quadrant of wave propagation (i.e. upward andeastward, northward and southward) for all plume for
ings (solid lines). Thi
k dashedlines indi
ate 
gz in ms�1; light dash lines indi
ate 
x when l = 0 in ms�1. The maximumresponse o

urs at a frequen
y of !Ir � 0:35N and a verti
al wavelength of �z � 15 km.The asterisk shows those waves with �x = 103 km, l = 0, and �z = 46 km. The triangleshows those waves with �x = 103 km, l = 0, and �z = 36 km.Figure 8. Representative ray paths in the assumed mean zonal shear (dotted line) fortwo waves having k = �2�=103 km�1, m = �2�=46 km�1, 
gz = 37 m s�1, and 
x =�121 m s�1 (solid lines). Ray paths for two waves having k = �2�=45 km�1, m =�2�=15 km�1, 
gz = 13 m s�1, and 
x = �45 m s�1 (short dash lines). Ray paths for twowaves having k = �2�=10 km�1, m = 2�=1 km�1, 
gz = 0.3 m s�1, and 
x = �3 m s�1(dash-dot lines). Ray paths for two waves having k = �2�=20 km�1, m = �2�=2 km�1,
gz = 0.6 m s�1, and 
x = �6 m s�1 (dash-dot-dot-dot lines). For referen
e, a ray pathis shown for one wave having k = 2�=103 km�1 and m = �2�=46 km�1 but with � = 0(light, long dash line). All waves originate at z = 9 km and t = 17 min. Note the 
riti
allevel response within the shear layer for the waves propagating westward with smallphase speeds, and the refra
tion to higher and lower intrinsi
 frequen
ies of the wavestransmitted through the shear layer and propagating to higher altitudes.39



Figure 9. For the eastward propagating gravity wave represented by the solid line in Figure8, we show Æ as a fun
tion of time (solid line, using the left axis s
ale), u0w0=u0w0(z0)exp(�(z � z0)=H) of the wave as a fun
tion of time (dash line, using the left axis s
ale),the altitude of the gravity wave as a fun
tion of time (dash-dot line, using the right axiss
ale), and the amount of momentum 
ux deposited into the ba
kground 
uid dividedby the gravity wave momentum 
ux at z0 = 9 km as a fun
tion of the altitude z (dottedline, using the top and right axis s
ales).Figure 10. Verti
al pro�les of momentum 
ux for all individual plumes as solid lines(a), for the sum of all plumes as a solid line (b), and the body for
e arising from thedissipation of gravity waves from all plumes as a solid line (
). Also in
luded in (b) and(
) are the distributions for the sum of the 5 deepest plumes only (dot lines), and thedistributions for the deepest plume only (dash lines). All pro�les are summed horizontallyand temporally.Figure 11. Total deposited momentum 
ux for ea
h plume as fun
tions of plume fullwidth (a), plume full depth (b), and ratio of plume depth to width (
). Note that themomentum 
ux 
orrelates best with plume depth be
ause the for
ings with the greaterdepths are stronger and 
an ex
ite deeper wavelength gravity waves.Figure 12. Horizontal 
ross se
tions of the total momentum 
ux in 2 km altitude binsdeposited at 161 km (a-
) and at 171 km (d-f) averaged over � 30-min bins 
enteredat 1.1 hr (a, d, g), 1.8 hr (b, e, h), and 2.5 hr (
, f, i). The momentum 
ux depositedby only the deepest plume is shown at these averaged times in (g-i) at 161 km. Themaxima values in rows 1, 2 and 3 are ' 200 m2s�2, ' 8� 10�5 m2s�2, and ' 80 m2s�2,respe
tively. The s
aling values in rows 1 and 2 are the maxima values for ea
h row. Thes
aling value in row 3 is ' 200 m2s�2. Contours are 10% of the s
aling value. The dottedboxes show the size of the MCC region.Figure 13. a) Verti
al distribution of horizontally-integrated indu
ed thermospheri
 bodyfor
es at +10% intervals of the maximum value of 1:5 m s�2 (solid lines). The shaded areadepi
ts momentum 
uxes greater than 50% of this maximum value. Negative values areless than 10% of this maximum value. The peak deposition o

urs from � 1 to 3 hr. b) A40




lose-up image showing the 
omposition of the 
ontributions to a). The shading indi
atesthe total body for
e for positive values greater than 10% of the maximum value. Thesolid, dot, dash, dash-dot, and dash-dot-dot-dot lines indi
ate the positive portion of theindu
ed body for
es for the 5 deepest 
onve
tive plumes, respe
tively, normalized by thesame maximum.Figure 14. Gravity wave momentum 
uxes as a fun
tion of the horizontal and verti
alwavenumbers at di�ering altitudes for U0 = �30 m s�1 (shading). The initial spe
trum ofgravity waves (shown in Figure 7) is released at x = 0, y = 0, z = 13 km, and t = 0:5 hrs,and in
ludes only the initially upward-propagating waves with l = 0. Altitudes shownare a) z = 15 km, b) z = 71 km, and 
) z = 161 km. The gravity wave spe
trum at ea
haltitude in
ludes 
ontributions from the gravity waves as they propagate upwards. Ea
hwave is integrated out to t = 50 hrs, unless it en
ounters a 
riti
al level, re
e
ts at z = 0,or dissipates. Solid lines of 
onstant intrinsi
 frequen
y, !Ir, divided by the buoyan
yfrequen
y, N , are shown in intervals of 0:1 (solid lines).Figure 15. Same as in Figure 14, but as a fun
tion of the initial MCC horizontal andverti
al wavenumbers. (The initial wavenumbers are those a gravity wave has when gen-erated at x = 0, y = 0, z = 13 km and t = 0:5 hrs.) The asterisk shows those waveswith �x;ini = 103 km and �z;ini = 46 km. Solid lines of frequen
y with respe
t to theground frame of referen
e, !r, divided by N are shown in intervals of 0:1. We also showthe absolute value of the horizontal phase speed with respe
t to the ground frame ofreferen
e via dash-dot lines at j
xj = [30; 60; 100; 150℄ m s�1. The waves eliminated by
riti
al levels are shown as �lled-in dash lines in the lower left 
orners of ea
h panel (seeEq. (45)). The waves eliminated by evanes
en
e in the shear layer are shown as �lled-indotted lines in the upper right 
orners of ea
h panel (see Eq. (46)).Figure 16. Same as in Figure 14, but for a ba
kground wind with U0 = �60 m s�1. Here,the ba
kground zonal wind de
reases from 0 to �60 m s�1 between � 24 and 36 km.Figure 17. Same as in Figure 15, but for a ba
kground wind with U0 = �60 m s�1. Theasterisk show those waves with �x;ini = 103 km and �z;ini = 36 km.Figure 18. a) Extreme minimum thermospheri
 temperature pro�le (solid line). Dot-41



ted line is the isothermal temperature pro�le used for the simulations in this paper. b)The altitude of equivalent density for the temperature pro�les in a) as 
ompared to theisothermal temperature pro�le. The solid line shows the altitude of the equivalent densityof the extreme minimum temperature pro�le as 
ompared to the isothermal temperaturepro�le.
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