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(  Introduction

Our primary objective is to report on the investigations of the behavior of smalil-
scale gravity waves; their effects on the fluctuations of mesospheric and lower
thermospheric airglow suéh as the OH infrared bands_ and the oxygen green Iinés.
This research wés carried out under the ARC-AARC aifglow modelling program and
forms part of the MAPSTAR program which incl.udes the following organizations: The
Br?gham Young University, the Uni’versity of Cincinnati, the University of
Southhampton (England), Utah State Unjversity, the University of Western Ontario

. {(Canada) and the Phillips Laboratories.

The theoretical analysis of our part of the investigation have resulted in four
papers, two of which have already appegred in the Journal of Geophysical Research,
the third has just been accepted by the same Joum’al, while a fourth has been written
up and is now undergoing its final re'visionszl before being submitted, again to the‘same‘
Journal. The experimental part of our program has alsd resuited in'several papers

which have been submitted and accebted by Geophys‘ica.l Resegrch Letters.'

In Section (ll), we present two papers which deal with small-scale gravity

‘waves (G.W.) and their effects on spatial-temporal variations in airglow structure.

- The first. paper, "Brunt-Doppler ducting of small-period gravity waves”,




investigates the simultaneous effects of two possible ducting mechanisms on small- -

period G.W.; mechanisms which enhance spatial-temporal fluctuations. The first
mechanism is the ducting produced by variations of the Brunt period with altitude.
At low altitudes (below mesopause) the Brunt period is of the order of 8 minutes and
it increases to 10-15 minutes in the thermosphere. A gravity wave with period less
than say 10 minutes will become evanescent above a certain height levelt The'
d‘oyvnward reflection from-such height levels is the Qg_lx mechanism in the atmosphere
that can produce fully guided modes. Other reflection mecnanisms such as the
inhomogeneous background density and temperature variations can only produce
partially guided modes. The second mechanism is the doanard reﬂecltion from
horizontal winds which Doppler shifts the frequency of the wave. - We do not
consider the case for critical layers when the situafion is far nﬁo're complicqted in this

. report. The combined Bbrunt-Doppler ducting can produce both the fully and the

partially guided modes.

The dispersion of these modes with' respect to frequency and wind propagation
have beén examined. In general, the" frequenéieé of éach'sei ;.)f guided modes
increase with the phase velocity in a complicated wéy. With wind dispersions, if the
direction of the wave propagation is along the wind direction, the wave period as
Doppler-shifted fo large values 'and vice versa. This is expeﬁted from the formula for

the Doppler-shifted frequency.




Whilst the effects of viscosity have been negligible aver nearly all the guided

medes, the effects of instability are not negligible for most of the modes. In fact, only
in the lowest mode (corresponding to lowest eigenvalua ( 1/v%), or the highest

horizontal phase velocity v,), i.e. the Lamb mode, can the instability be neglected.

. After thg publication of this paper, we have fbund an érror in our wind prqfiles,
which would make a ,difference for the highér modes‘bUt WoUld make no difference
for the lower modes. Since, owing to instabflity probiems with the higher modes, the
’ results would in any case be suspect, there is thereforéi no ¢ nod reason for elaborate
re-calculations with the corrected profile; the error 'o.ccurs bnly at relatively high

altitudes.

Simultaneous observations of the lo.v aititude (< 100 km) airglow such as the
557.7 nm Ol and the OIH bands seem to reveal éonsiderably more short period
str;.:c‘tures (of the order of minutes) than at higher aliitpdes (say the 630.0 nm red
line). In' this part of the report we have shown that such Short-beriod strucfures can
just as 'easily be broduced by tﬁe prevalence of short-period ductedl wave modes at

‘ lower altitudes as by instabilities_frdm larger scale wavés.

The secbnd.papér (Section ll) that deal# with small-scale spatial-temporal
fluctuations is entitled "On the importance of the purely gravitationally induced

dehsitv, pressure and temperature variations in gravity waves; their application to




" airglow observations”. The paper shows that for small-scale gravity waves where

v/ic € < 1, the variations in pressure, density and temperature are produced primarily
by the changes in the background gravitaiional and buoyancy forces as the air p'arcel
moves up and down in altitude. For such waves the. "acoustic component”, i.e. the
nressure, ldensity and temperature variations generated from the pressure gradient in
‘;purely acoustic wave propagation” play a very small role. The first and primary
effect will be hence referred to as G.I.C. (gravitatioﬁally induced compression a;xd

expansion).

We begin by showing that the three fluctuating variables {pressure, density and
temperature) can be explicitly expressed as a sum of two terms, one describing the
G.1.C., and the other the "wave motion”. The term describing G.I.C. vanishes if we

letg O where g is the acceleration due tb gravity, leaving only the "wave motion”.

The dependence of three variables on v, /c are then piotted for different G.W.

periods. The results show that for small-scale G.W. (e.g. vic < 18%]) ghe.Gil.C. term
by itself accounts for 95% of the tem‘perature‘ and density fluctuations.. This permits

us to make quick estimates of say height variations in the airglow corresponding to

any observed temperature variation. For instance, a 10° temperature variation

- corresponds to a height variation of 1 km; the simple conversion readily establishes

a relation between smali-scale temperature and height fluctuations.




in summary, for Section Il, we have examined mechanisms such as ducting
which can enhance small-scale temporal fluctuations in airg'ow and we have also

separated the G.I.C. from acoustic wave compression to show that the small-scale

G.W. is mainly dominated by G.l.C. which can lead to the simple relationships in

smali-scale fluctuations mentioned above.

In Sectioﬁ Il we also present two paperé 'which deal with the nonlinear
integrated and local responsé to a strictly linear G.W. Tnese papers are important to
the study of airglow fluctuations because G.W. behavior hias often been inferred from
the airglow response through assuming that a Iinear G‘.W. produces a linear response.‘
If such inferences are in fact unjustifiad, we need to study G.W. by means other than
their indirect effect on some minor specﬁes with say a Iaygred background structure.
The presence of additional structures in the airglow produced from the noﬁlinear
- response shodld add to our general study of spatial-temporal sirgiow fl,uctuations: the

. ?
fluctuations in this case are produced from nonlinear effects. |

‘We were led to the first work in Section Ii by the paper of Hines & Tarasick
[Planet. Space Sci. 35, 851 (1987)] who showed that unlike radar and lidar
' observations which méasﬁre the local fluctuat‘ions‘ at each height level, the ground-

‘based photometer 'aﬁd radiometer measure the integrated sirglow that éan, at least
in first order, allow the large nonlinear local Eulerian response, produced from the

steep density gradient of the bottom side of the minor species, to be transformed
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away with a Lagrangian transformation. Since the large nonlinear local response from
the bottom-side of the minor species structure has often been blamed for the
imponaﬁce of the higher order response terms, such a transformation, which can be
reslized in the integrated airglow, would seem to indicate two things: (1) in thg
integrated airglow the higher-order terms are filtered out so that a linear G.W. can only
elicit a linear response; {2} in studying G.W. the measurement of integrated airglow
would therefofe‘enjoy an advantage ovér the measurerent of local responses,‘since
the former fiiter out the undesirable nonlinear effects, whilst the latter would show

such effects even if they do not exist in the linear G.W. itself.

in this report we have computed the higher order responsﬁ terms in the
Lagrangian frame and found that they remain too large to be fgnored. This means that
the higher order harmonics should exist in ti.e response even if tﬁe G.W. is linear and
monochromatic and irrespective of whether the focal or th; integrata> airglow is

observed.

We were, however, unable to determine if the ‘largé magnitude of the higher

order terms is due to the steep vertical density gracient just mentioned. Nevertheless, |

the assumption that the higher order terms ayé unimportant and that a linear G.W, can

only produce a linear response has to be questicned.

In the second paper in Section I, we have developed a perturhation expansion




for computing the higher-order response terms in.x the purely Eulerian system. The
results again show that the integrated higher-order response te/ms are impcitant and
that they carnot be 'transfbrmed away either by a Langrangian transformation or by
integ-ation by parts. In this case, the importance of the higher-order terms app=2ars
tc be connected with the steep density gradient, ever thougn such a connection

car.not be estabiished in the Lagrangian system.

We snould mention tnat in general th2 gravity wave from a ground source
always consists of a linear cornbination of two waves: cne is a pureiy t:avellling wave
along both the vertical and horizental directions, while the otier is -statior;ary along
the vertical but traveiling aloﬁg the hori;ontal diraction. The linear combination takes
into account both the purely travellinyg part of the gravity wave and the partial (which
may somatimes be very small and.so‘metlimes e ve:y.large') reflection. The purely
travelling part can only be computed in the usual firet order 'response, witho;.xt
encountering the problem of secularity which requires renormalization techniques of
the KEM (Krylov-Bogolinbqv-Mitropolsky), (Seealso 'Avéréging Mathods in Non-Linear

Dynamical Systems, Appl. Math. Sci. (Springer-'/erlag) by Sanders and Verhulst). For

the present problem, we shall consider only the stationary vertical propagation which

_goes not encounter the secularity problem in any order of response.

Our overall theoretical conclusion for thig part of the report ié: (1) so 1ong as

a minor species is used for determining gravity-wave bahavior, the nonlinear response




is always important for an average wave amplitude Whether one uses photometer, a
riometer, a lidar or radar as probes. In this case only from diract measurements oi
some major spacies in hydrpstatic equilibriumn can one expect the behavior of the
response to strictly reflect th‘e‘ G.W. behavior;A {2) in meaSuring the local minor
species response (with say either the radar or lidar), the density gradient at the
_bottom-side of the minor-species layer plays a crucial role in both the linear and the
nonlinear response terms, since the gradient cannot be transformed away Iby an
integration by parts as it can be for the first order integrated airg ow; (3) for the
integrated airglow we are not able to determine if the large nonlinear response in the
| Lagrangian formulation is caused by the steep‘ gradient, since a nonlinear
transformaticn is required to go from th'e Eulerian to the Lagrangian system. Further

work is needed to clarify this point.

In Section IV we present the imaging of the OH airglow wave structure
measured in late March and early April 1930 at Maui, Hawaii. A second set of
measurements on April 18-28, 1990 were taken at Haleakala folloWing the success

of the first. The resuits have been submitted to Geophys. Res. Lett. and preprints of

these publications are presented in Section IV. The principal investigators for the

MAPSTAR portion of the ALOHA 1990 campaign are Drs. M. J. Taylor (Univ. of’

Southhampton) and R. P. Lowe (Uni* of Western Ontario).




. SMALL-SCALE GRAVITY WAVES

PART A: BRUNT-DOPPLER DUCTING OF SMALL PERIOD GRAVITY WAVES

D. Y. Wang
and

T. F. Tuan

Physics Department, University of Cincinnati

Cincinnati, Ohio 45221

*Permanent Address: Institute of Geophysics, Academia Sinica, Beijing, PRC
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The variation of the Brunt period with height lunds itself to a

natural ducting and filtering ne@anism for low altitude short-period |
gravity waves. We investigate this mechanism in combination with Doppler— .
ducting produced by the variation in horizontal winds. Both the trequency
dispersioﬁ at fixed pmpaga.tioh direction and the direction dispersion at
fixed frequerq have been examined in a COSPAR background atmosphere with
zonal and meridional winds. | |

Our results show that indeed the low altituielshort-periozli gravity
wavesaremtonlydu‘cted, but unlike the usual ducting mechanisms due to
uneven structure and dissipation which only produce the partially guided
modes, thismedmanismprodﬁcsprinarilyguidedmdsintheahsermof
winds and a mixture of fully and partially guided modes with the winds.
The wind effects are very large on the higher modes and less significant cn
tﬁe few lowest modes, including the Lamb mode. _ |

Investigations of viscous dissipation, non-linearity and instability
. have shom that viscosity is unimportant for most altitudes of interest and
that non-lmeanty and instability can play a role for all tut the lowest
Ve probcse that smultanecus continuous cbsetﬁtiai-of airglow at

‘msosphenc ard ionospheric altluﬂsoenadetoverifymtmlytre low-
altitude Brunt~ oppler ducting for smrt—period gravity waves, but also the
vertical energy distribution of the medium and 1azge-sa1e. TID's.

10




1. INTRODUCTION

There has bee.i considerable interest in the small to medium scale
" atmospheric fluctuations with periods' mthe rangé of a few miputes to 1ow
t‘ensof minutes and horizontal phése velocities in the range of iow tens to
low hundreds of meters per secornd.. They have been detected through many
different techniques including, for instance, the mesospheric and lower
thermospheric dirglow cbservations (e.g. Okuda, i962: Silverman, 1962;
Krassovsky and Shagaev, li974a,b, and 1977; Myrabo et al.,. 1983, 1984;
Peﬁerson, 1979; Freund and Jacka, 1979; Hapgood and Taylor, 1982; Peterson
and Adams, 1983; Clairemidi et al., 1985; Jacob and Jacka, 1987; etc.), or
the different radar systems (e.g. Manson and Meek, 1980; Manson et al.,
1981; Smith and Fritts, 1983; Vincent and Reid, 1983; Meek et al., 1985).
The small-scale fluctuations have Sometimes been interpreted as
insta‘bilit;is (Hodges, 1967; Tuan et al. 1979; Schoeberl et al., 1983;
Klostermeyer and Ruster, 1981, 1984).

"In this paper, instead of searching for different possible mechanisms
that produce these srnnll-sca;e fluctuations, we vshall.mka a systematic
investigation of short-period gravity waves with periods in the range of

‘ttByariatimotﬁuB:mtperigdwiﬁnlnigm,avarﬁtithin,m ‘

approximate range of the typically cbserved periods just mentioned. We

will focus our attention primarily an the small-period gzavity vaves with

" higher phasa velocities. ‘ | N ' |
The purpose for making a study of the stbrt—pe:iod linear gravity

waves are as follows: | |

(1) Power spectrum analyses of sinultaneon photometric cbseﬁ:atiq\s

11




of m&soépheric and lower thermospheric optical em.ssmns such as the 557.7

nm OI, the 730 nm and 790 rm OH band as well as the 1.53 rm OH radiometric
data (taken by Peterson and Perdleton in the 1984 MAPSTAR Campaign) seems
to show a surprisingly large number of power peaks with shon: periods.
This would seem to suggest that the higher Fourier components as well as

| the short period gravity waves play an important role in small-scale
atmospheric fluctuations. |

(2) Simultaneous observations of 557.7 mm and 630 rm OI by Weinberg
;at al. (1973) would seem to show that considerably more short period
structures occur in the 557.7 mm at lower altitudes rather than the 630 mm
in the ionospheric altitudes. Whilst other explanations are possible, we
_ will show that this is consistent with the behaviar of the simple short-
period linear gravity wave theoiy. | )

(3) ‘The theoretical justification for our investigations is based on
the fact that so far the treatment of gravity wave ducting has been
* confined to three particular mechanisms: the variation in atmospheric
structure (e.g. Francis, 1975 etc.); the variation in dissipation
(Richmond, 1978; Yu et al., 1980; Tuan and Tadic, 1962); and the variation
in background| winds ‘(Chinonas and Hines, 1986). ' We have found that there
exists type of ducting mechamss valid gnly for gravity waves, or
. higher . .Wof'mqmﬁm‘mr@mmma‘m
Brunt period (about 4.5 min at low altitudes to 15 min at higher
altitudes). variation in the Brunt period with height allows a low
altitude gravity wave with initial Fourier period component greater than
its' local period to, propagate upwards to same height level, zo,.wtnre
it becomes equal to the local Brunt period (Fig. 1). The resulting. |

12




dowrward reflectior together with the upward reflection from the rigid
ground would pmduée a series of gquided modes for each such Fourier
frequency camponent, rleavi'ng only the much lower frequency components to
continue their upward propagation. Thus, the variation in the Brunt
frequency curve could serve as a ducting-filtering mechanism (Wan: ard
Tuan, 1985, 1986) which filters out and restric::ts the higher frequency
components to only the lower altitudes (from now on to be referred to as
Brunt ducting).” | |
Whilst the acoustic 'uiave branch can readily propagate at higher
frequencies above z = zg, there is no way, of m, that a gravity wave
can turn into an acoustic wave, since the latter requires a horizcntal
;insevalocitygmtetﬂanme local speed of sound. Inarnnzmtally
stratified at:ns;here the horizontal phase velocity can not vary with
heigm:. Thus, for Z > 2g the short-period gmvxty waves pecame evarescent.
Tha further reguirement of finite energy source would limit the high
. altitude solutions to t:hose which are "exponentially decaying' and which in
. tarn limitﬁxepmtimmdsmaﬂymemwgmdedxwds
BecmmﬂarnrizmtAIwi:ﬂswmaluayshaveanxmtantetfect

above 80 km, we will in this paper cambire the Dopplér ducting of Chimonas
and Hines (1986) and the Brunt ducting (Wang and Tuan, 1985 and 1986) to
wodmas@lﬁmdﬁti@mdmnimﬁi&anmmmmm
‘and the parnmly'gumed'mdas and which will be referred to as the Brunt-
Dopplar ducting mechanism for short (ses also Wang and Tuan, 1987). The
zonmal and meri&:lmal wind profiles of Forbes and Gillette (1982) based on
Lie background mean circulation wind profiles of Lindzen and Hong (1974),
and Roble et al. (1977) will be used for the horizontal wind profiles. The

13
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COSPAR model will be usad for general background atwosphere. .

In Section 2 we shall develop and describe the fundamental equations,

the boundary conditions and the methods of solution. In Section 3 we shall .

pr&er'\t the solutions for the c:se when the wind is absent and the quidance

is provided by Brunt ducting alone. The dispersion curves for the fully

' gquided modes at different gravity wave periocds and the kinetic energy

density will be given as functions of z, the altitude, (Fig. 4§ and b) for
the various discrete fully quided modes.

In Section 4, we include the wind profiles (Fig. S-a and b) and will
discuss the effects of the zonal and meridional winds on the different
directions of wave propagation. Dispersion curves asla function of periods
for different propagation directions will be given and compared with the
dispersion curves for the windless case (Fig. 8-a,b and Fig. 9-a,b). We
also show the dispersion aurves as a function of propagation direction at
fixed periodl (Fig. 10-a,b)." |

In Section 5, we consider the effects of sﬁability and dissipation of
the different propagation modes, the range of vertical and horizontal vave
lengths for which neither effect 1s significant. In Section 6 we present

- 14




2. FUNDAMENTAIL FQUATIONS

The differential equations éoveminq the propagation of gravity waves
in a horizontally stratified atmsphere whose temperature and horizonﬁal
wind velocity vary in an arbitrary manner with height have been derived by
Fitteway and Hines (1965). Choosing the pressure perturbation ap and the
vertlcal velocity perturbation Aw as dependent variables, the system of
equations can’be transformed into two coupled first-order equations given
by . :

1

¥ oo =i % w2 - 0 (aW)
a3z ' Q

(1
a(A§)+[.,+_)E_X ﬂo_’_‘](ﬁ)=i° o 1)#

—_— (2
3z a az " a2 ;o-

where 0 is the Doppler-shifted frequency that would be measured in a
coordinate system moving with the atmosphere. It is a function of height
mmﬁimotmmmw,vw(z); @ is the vave
"'Mmatm'mmm. They are related by

Q= = keVox | - (2)

15




The variables 5, aw and n defined by

v = Ap ) ' (3)

o /2
aw = pp 1_/2 (AW) . (4)
_ 1 g wp?
n = = __ | - =) (5)
2 g 9

and the Brunt frequency wp given by

w2 = - g (L 0 4+ 9, ' (6)
R |

The other quantities have their usual meaning.

Eq. (1) -is subject to the following assumptions and limitations: (1)
the effects of viscosity, thermal conduction and source terms are |
neglected; (2) the ambient atmosphere is horizantally n'ratified, all
‘mpermmed quantities have z-dependence only: an’ (! he perturbations
are small so that the nonlinear terms can be cmitted, and all perturbation
qtmtitiecanbef‘wrie:—decmposed into monochromatic plane waves given
by A S - L

£x 2, 0 @ £ (2) @ [ 4 (o - ) ] S m

The height-varying bsckground wirdds are assumed to be horizontal,
including zonal and meridional camponents, Voz and Vom. respectivaly\.
Since the vertical wind is generally much less than the horizontal winds,
it would seem reasonable to simplify the discussion by neglecting the

\
N\
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vertical wind. The fact that the wind perpendicular to the wave vector has
no effects at all on the wave propagation allows us to consider only the
wind along ky, the direction of wave propagation. Thus, from Fig. 2, we

may write

Vox = Voz cosa + Von sim . (8)

" where o is the angle between ky and the East direction.

There may be a critical height level where the horizontal phase speed
equals the wind speed, and 0 = 0. The solutions of the Eq. (1) are
singular (Lin, 1955) due to the fact that, for harmonic wave trezins, the
inviscid equations introduce infinite shears at the critical level. This
implies that in the neighborhood of such a level viscous foroe cannot be
ignored. 'mesin;ular'itymayalsobecj.mmxtedbydealhqwiﬂi
transient wave packets (Tolstoy, 1973). Such a theory remains to be fully
developed, arﬂattmtimatanprsem:timiscmri:mwummdes
mimdoxnte:mmterashqnarlmlatanyhem

mnlwﬁnqatiaumhtebumwui“mm
Atﬂnrigidg:ummlﬂaryﬂnvardalwlodtymm In the
wputaltmt-puammﬂm“\hkum(ug J.md

..s-ab),ﬁnmugyptwtia\hastob.auywdatw Thus, the
»rmmmwmummmm:m«mmwm 1969; Prancis,

| 1974) . With the help of Bq. (1) these conditions can be expressed as

= n¥lzmp = 0 | e
9z . , '
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¥ (zew) = eXP(ika2)

(o .

‘where k, is the vertical wave mmber for the upper half space with constant ¢
temperature and wind.

For a given atmospheric model Eq. (1) can be mmerimily solved by
full wave campitations under the bouni:y conditions of Egs. (9) and (10)

for the range of horizontal phase velocities we consider in this paper.
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3. WINDLESS MODFS IN THE QOSPAR ATMOSIHERE

In order to understand the Brunt ducting mechanism for small-period
gravity waves in a realistic atmosphere, we {irst consider an aUmsm;zric
model without wind. The 1972 OOSPAR temperature protile with an exospheric
temperature of 1000 %K is used in the present calculation. The upper
- boundary, above which the atmosphere is assumed to be uniform, is fixed at
400 Xm. , ' |

The phase velocity dispersion curves for thebatmsphere are shown in
Fig. 3. Each curve represents a mode labelled by the node rumber in
pﬁraxtl’mis on the right-hamd side of Fig. 3. 'The discrete modes indicated
by short dash lines can be viewed as bound states. Since, in general, the
eigenvalues are proportional to mverse horizontal phase velocity (Yu et
al., 1980), we plot these discrete modes against decreasing velocity.’ The
mqeswithtpesmmaesmcahectedbysond1m, and the lamb modes
as pseudamodes (Press and Harkrider, i1962; and Pfeffer and Zarichny, 1963) .
are comnected by dotted lines. mmmmmmm .
velocity of about 316 m/sec, and are nearly non-dispersive. The modes with.
1mmamwusmmmwmmm1m'
thermcsphere, mucznbemhiquydispernvuattmlowvelocityaﬂ

Fig. 4-a gives the first few solutions of wave m'n:tim,y, for wvave
 pericd T = 6 min. hmm‘miwmmm‘ﬁqmmm

rmber of the mode, imlu:nrqttn infinity as a node. It cen be seen that
.fdecaystomvatyqziddyabovelsom, mdunwuvumg\ndedbytm
gmmd ard the thermospheric temperature qradient




The: time-averaged kinetic energy per unit volume, associated with the
wave perturbacion, is given by

E=_" sy [ lou? + |aw|? ] (11

where au 'is the horizontal velocity perturbation. The energy densities for
all ducted modes with periods of 4.5 - 14 min are concentrated at iow
‘a.ltituies either near the ground or near the lower thermosphere. Fig. 4-b
stwsﬂierwxlts for T = 6 min.
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4. PROPAGATION MODES IN WINDY ATMOSPHERE

The zonal and mendlonal wind profiles used in the present study are
shown by the bold lms in Fig. 5-a and b. They’ ame given for the winter
solstice at mid-latitude (42° N) and at local midnight. The East is taken
as positive for the zonal wind camponent, while the North is taken as
positive for the meridional wind camporent. These wind catpments are
taken from Forbers and Gillette (1982) whose calculations are in turn based
on the mean circulation components (given by the thin line in Fig. 5-a and
b) provided by mmlzen and Hong (1974) and Roble et al. (1977). These wind
,cmpaaxtsmybetahanastine—irdepaﬂaxtduetoﬂnmﬂme;stnrt—period
waves we consider in comparison with the tidal periods. It is samewhat
unfortunate that the region of greatest importance (80 - 120 km) in the
prmtpaperisalsoamgimofsauemcertaﬁﬂyinthewirﬂpmfnesdue
. to boundary effects. Same modification of the winds was performed to allow
for a swooth merging witﬁ profile below 100 km The new "CIRA" model (MAP
Handbook (1985)) would heip. The temperature profile is the same as that
described in Section 3. “

mrﬁnwirdyam mdalaolutiauhavabammtndtorm
pericds at T = 4.5, 5.5, 6, 8, 10, 12, 14 min at propagation direction
angle a = 0°, 30°, 45°, 60°, 90°, 120°, 135°*, 150°, 180°*, 210°, 225°, 240;,
270°,'300°, 315° and 330°. The presence of wind and the resulting Doppler.
. frequency ah’itt'(a:']. 2) can sufficiently alter the backgrourd atmosphere to
allow scme fully quided modes to change into partially c,mded modes. We
will specifically comsider two cases to show how the effect of the winds
can change fully ducted into partially ducted modes. The maximim wind
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speeds i1 the wind profiles of Fig.l S-a and b would restrict our presznt
treatment to gravity waves with horizontal phase velccity greater than 150
m/sec to avoid the singularities generated by critical layers already .
mentioned in Section 2. |

Fig. 6-a,b and Fig. 7-a,b show the wave function ¢ and the kinetic
energy density for the 6 min modes at o = 0° (Eastward propagation) and 90°
(Northward propagation), respectively. ‘As can be ceen, the presence of the
wind system greatly modifies the properties of wave guidance. Some modes
with lower horizontal phase velocities became partially ducted (Figs. 6-a
and b). The energy densities of the fully ducted modes are concentrated in
‘the region below 120 km, much lower than that for‘the windless modes. This
is caused by the rapid’ increase inu:ewi:ﬂsystanwitntaightmid\én
substantially reflect wave energy dowrwards to lower altitudes. The
horizontal phase speeds of the wave modes (as measured in a fixed
coordinate system) are also much altered by the presence of the wind
profiles. .The effect of wind structure is quite significant even for the
non—dispersive Lamb modes with a high horizontal phase vglocity Vphx+

The dispersion mrves for the variation in the modal horizontal phase
velocity with differen: vave periocds at each propacation dizuctim, and the
curves for the variation mmdalpmsevelocitywiﬂiditfezmtmﬂm
directions at each fixed_permd are campiled but will not all be shown due
to lack of space. Here we show the dispexsidalamres for a = 0°, 180°
(Figs. 8-a,b), 90°, 270° (Figs. 5-a,b), and the directional variation
curves ot phase velocities for T = 6 and 14 min (Figs. 10-a,b). The other
curves h.ave d\aracteristics similar to these more extreme cases. In :

addition to the notations anr.l synbols defined for Fig. 3 in Section 3, a
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"+ sign is used to indicate partially ducted modes.

The dispersion curves in Fig. 8-a and b show the ducted modes when the
propagation dlrectlon is along the direction of the zonal wind (a=0°), ard
against the zonal wind (a = 180°). Compared to Fig. 3, the only possible
similarity is the behavior of the Lamb mode which continues to'be
relatively non-dispersive, although the phase speed is shifted from 316
m/sec to 337 m/sec for a = 0° anri;%m/sec for a = 180°. This is to be
expected, since the zonal wind has a more or less constant magnitude of
about 20 nysec from the ground up to about 30 kn, a,heightxargewherea
significz:nt portion of the Lamb mode energy is located. In other respects,
Fig. 8-a looks quite different from Fig. 3. Owing to Doppler wind shift,
no fuliy ducted modes can be found for waves with periods greater than 8
min. Fig. 8-b bears some resemblance to Fig. 3, and shows the existence of
fully ducted modes foc waves with periods up to 14 min. The physics behind
it is that for a = 0° the waves, propagating always in the direction of the
background wind, can be Doppler shifted by the wind to longer pericds which
leads to reducing the reflection, amd allowing greater energy leakage
upwards into higher altitudes. Thus, the waves with periods greater than 8
min are no longer fully ducted. At the short period end of wave spectrum,
however, scme waves with periods less than 4.5 min (tisalowernmitof.u:'e
Brunt period) may be shxfted to form fully ducted g:;;vit’y uave modes. For
a = 180° the wave propagation is opposite to the wind. The wave period is
shiftedtothesmrtererﬂ, andthewavemﬂectimarﬂductimbecme
enhanced. Intmscase, evenwavawlth permdgveatermanumm (me
upperlmt:ofmeantpenod) canbemmedintofullyguxdedmds
| mmspetszmmml-‘ig 9-aaxﬂba.remetop.xmlymndlona1,
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wind. They bear more similarity to Fig. 3. The phase speeds for the Lamb

modes are nearly the same as that in the windless atmosphere, although
quite 51gn1f1cant differences can appear for other modes with lower phase
velocities. We point out that while the mendlonal wind in the regmn
around 100 km has amplitudes as large as zonal wind (Fig. S-a,b), its
effect on the wave guidance are much weaker. This can be understood in -
terms of the general pattern of meridional wind which reverses itself at
different height levels in a symmetric way. The wind reversals cancel aut
much of the effects of Doppler shifting that the more m:o—duecticnal
zonal wind can pmduoe.‘ Nevertheless, the cancellation is not camplete,
and the effects of meridional wind can not be ignored at all, particularly
where lower phase-velocity waves are concerned. |
Fig. 10-a and b show the directional dispersion of the guided modes at

" fixed periods (6 min and 14 min, respectively). The re.lat.we symmetry of
the modes about o = 180° isdueagaintothémridiaalwixﬂpatte_m. The
rise of the modes and hence a lowering of the phase velocity as a increases
from zero in Fig. 10-a can again be understood in terms of the dispersion
relation which provides for lower horizontal phase velocity as @ increases
through Doppler shift. Once again, the change in phase velocity is the
least for the Lamb mode which is sufficiently concentrated at lover
altitudes where the variation with héight,of_either. the zonal or the .
mer:.dmnal win:i is relatively small. The prepctﬂerance of modes near a =
| 180* for the 14 min wave (Fig. 10-b) and near a = ¢° or 360° for the 6 min
~wave can again be understood in terms of Doppler wind shift. The longer
period modes can only be Doppler wind shift. “The longer pericd modes can
only be Doppler-shifted to the higher frequency end and hence require winds
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at a = 180°, whilst the shorter-period modes can be more readily Doppler-

shifted to the lower frequency end and hence require o = 0° or 360°.

'25




All dissipations and nonlinear effects have been ignored so far. To

determine the conditions for which a linear, inviscid wave is a good
approximation, and the conditions for which nonlinearity and dissipations
would have to be included, the inertial, nonlinear, and visoous ‘terns have
besn calaulated in terms of the linear, inviscid modal solutlms The data
of viscosity coefficient are taken from the model used by Midgley and

Liemohn (1966). The Richardson's rumber given by

Ry = sz

(12)

|3 (Au+Vgy) | 2
3z

has been canputed to investigate the possibility for i;xstabilities to
occur. In all our calculations the gravity waves have been normaliced to
density flﬁctuation of 20%, 15%, and 10% at a height of 100 km. |

In the windless atmpsphe.ré for gu.uded modes with period less than 9
mmmenonlumeartermxsmmlasthanu\e na&mceﬁat lower
altitudes as expected. ﬁxesameistmeathigheraltihﬂs, wherethe
waves have purely imaginary vertlcal wave rumbers with values greater than
1/2H (H is scale height), and decay very quickly so that their amplitudes
are linited to small values. The nonlinear term, however, can be
conparable to the inertial term arcund 120 - 140 km. The viscous term
below 240 km is much less than the nonlmear term, and can be neglected.
Viscosity becam mportant at very high altitudes, but does not affect the

guided modes too much, since their wave energy is confined to lower
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altitudes. The Richardson's mumbers ¢f these wave modes are always much
greater than one quarter at all altitudes. 'nmsthereismdmarpefor
instability to occur. Fig. 11-a and b show the three terms and the
Richardson's mmber for the 5.5 min windless mode with phase velocity of 72
n/sec at density variation of 20%.
Porﬂ:emdswithperiodsg:'eaterﬂan9mininttxewirﬂfreeca§e,
'thenmlineartemmmngerthaninextialtemabweloom,
quite different fram the previous case, since the wave may not decay fast
~ enough to balance the exponential growth due to the decrease of the
background density. 'meviscwstemmldxzsalwaysl&ﬂanme

nmlmeartemanstlllbelgm:ei,mtbecamsompambletomemertnl :

term at higher altitudes. 'memdlaxdsm'sumbersatscmehelght levels
are less than one quarter, and instability can arise at these levels.
'n)epresenceofwirdwnld\an;ethephasevelocityofthelmdsand,
in consequence, greatly gffect the stability of such modes. ‘('hlo.llations
slmﬂxatonlyther.anbmod&sof‘ms-14minperiodprcpagati.nginany
duectzmcanstillbeviewedasstableintheprmofwirﬂs
Stabnityotothermdesviﬂxlmpusespaedsstrmglydq:aﬂsmvave
period, m:izatalpnsevelocity,mﬂpmpagatimdimtim For a = 0°
mlymwithperiodslessthansnincanhma\eormothermblev

mdswithlowarpusespeed. The numbers of stable modes increase as wave

pericddacreases."nnsmthimhappasatpetiodslessthmlzminfor"
a = 180°. 1In the case of purely meridional wind, each pericd within

4.5 = 14 min can have one or more stable modes other than the Lamb mode.

. The lower limit of the horizontal phase velocity for stable modes, roughly
w, is around 180 - 200 m/sec. Fiqs..lz-a,ba.nd 13-a,b display the
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. three terms and the Rictardson's mumbers foi 5.5 min wave with phase speed

of 260 m/sec (a = 0°), and 12 min wave with phase speed 210 m/sec
(a = 180')_ respectively. Those mods‘are stable even for the relative
density fluctuation of 20% at 100 k. |
In conclusion, in the real atmosphere with arbitrarily varying wind
System, cne would expect that only waves with periods less than 6 min and
horizontal phase velocity greater than 200 m/sec can ococur more frequently
as stable, fully ducted modes. These are consistent with the experimental
results mentioned in Introduction of this paper. More detailed discussién
abaut implication of the theory to experiments will be presented in other
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6. CONCIISTON

‘We have found and investigated a ducting mechanism, the Brunt Ducting,
valid only for gravity waves with periods in the range of the Brunt period.
Unlike structural ducting or dissipative ducting, the Brunt ducting can by
1tselfpmdwe;gl_ygu1dedm 'memlyotheruednmsmthatmndoso
'«mﬁem[plerdxctqulmthewuﬂvelocltyalmgﬂmednectlmofwave
propagation exceeds the phase velocxty. 'Ihe ocnbmed Brunt-Doppler ducting
can produce both the fully and the partially guided modes. We have
rumerically computed both these modes with a COSPAR atmospheric model and
the horizontal wind profiles of Forbes and Gillette (issz), Lindzen and
Hong (1974), and Roble et al. (1977). 'medispezsioﬁ of these modes with
wave period at fixed pmpagatim direction amd with prqngatimdirectlm
at fixed pericd have both been investigated. 'mmumnmugamm
effects of viscosity, rm-l.’mearity and dissipation for all the guided
modes. Ingmeral wehavefowﬂthefonwxrqmlts.

(1) Intheawa\oeotmrizmtalwhﬂstheguidedmdswiﬂxperiods
slnrberﬁnnsminamcmﬂ:ndtothelmrambalwlsom.

(?) mﬁnmotwi@mthimdepaﬂsthdimtimo:_
mriza:mempagatim Itmmmmu@mwot'
ﬂuzanlwiru(umst),umunmpermmmpplmumm
I‘ﬂnlalgerperiodsardmlyotﬂnhighermds(mnrnrizmtalpms‘
‘velocity) umldhavetheirmermgyspmadova‘ran:dmgmatsrmm'
range. If the wave propagates Alaqmedirectim of the meridicnal wind
'(dxeNoxﬂa),ﬁmﬁnNorﬂ:—Saxﬂmsym&yotﬂnmidiaulwhﬂpattem
hasmidemblyleaeffectmtheguidedmdesmﬁwaargymim
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in more or less the same location as the windless case (i.e. below 160 km

for periods less than 8 min). If the wave propagates against the direction
ofthezmalwird(duemt),ﬂmthewaveperimaremtoﬂre
smrterreriodaﬂandauymecrtsnlwermdes(highmriwtal;hése
velocity) can exist with most of their energy located below 80 km. Thus,
the net effect of the winds is to increase the spread of the wave energy
weragreaterhen;htrangewmmepmpagatxmlsalagmewuﬂard
decmasemwmmeprtpagaummagamsttheum ‘
(3) The winds also have an effect on the frequancy dispersion of the
quided modes. If the wave propajates due East, only the short-pericd modes
survive; the longer period ones have been Doppler-shifted cut of existence.
IfitisdaeNorth,ﬂmﬂaedisperSimqmmsmldtgsaﬂ:leﬂnyﬁﬂle@
casedueagaintothesymnettyotﬂnmridiaalvini. The dispersion with -
respect to propagation direction at a fixed buf. short period (6 min, Fig.
10—a)sr:wstmtannber.ofmdesvanishesittheptcpagatimisdnm
when most of the higher modes are again Doppler-shifted out of existence.
The opposite is true for the dispersion curve at a fixad, it relatively
long pericd (14 min, Fig. 10-b). In this case the mgmrmdes tend to

' smiyamlyifﬁnmﬁmis&bmﬂmﬂhhmmoqplm

shifting to shorter paricds.

(4) The camputations for the effects of viscc_nity, non=linearity and
instability seem to show that the viscosity is unimportant for most height
ranges of interest. In general, withina‘ﬁeiqmmlg.mnonuﬂ
180 km, the non-linearity and instability can be important for many of the
higher modes. The importance decreases with small wave amplitides as

expected. For reasonable wave amplitudes (say waves which produce 15-20%
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fluctuations in the major species at 100 km) the non-linearity and
instability can be totally neglected only for the Lamb mode with a
horizontal phase velocity of almost 315 m sec™l. For other modes they can
be neglected for same horizontal phase velocities when the wave amplitudes
happen to be moderate in the height ranges mentioned. So far as '
experimental cbservations are ‘concerned, for most of our calculations we
have found that the mos;iéric airglow peaks at height levels well below
the region where visobsity, wave Iilrstability and mlmrity become
important for gravity waves, (we deal with horizontal phase velocity higher
than 100 my/sec in this paper to avoid the singular solutions produced by
critical layers mentioned earlier in the paper). |

We would like to suggest doing similtanecus airglow cbservations at
mesospheric and lower thermospheric height levels (e.g. 557.7 nm OI, the CH
emission bands, etc.) and the jonospheric height level (e-g. the 630 rm
OI). The data should be taken at short time intervals (< min) to
' accommodate the short-period structure. This can provide us with
information on the energy distribution of the short-period ducted waves '
which, as we have shown, would concentrats ht lower altitudes. They can
. also provide verification on the 1 ‘ ardla:qe—scalelﬂD's-prcdtmd
by waves whose energy distribution is ted well above 100 kn
- (Thome, -1968: Yu et al., 1950). s° far as

know Thome's, (1968) radar
d:nuva;im.atArécihouasﬂnqﬂycmt ation of such an energy

distribution for large-scale TID's and that| no airglow observations have
ever provided such evidence. | N
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FIGURE CAPTIONS

FIGURE

1.

5.

6.

7.

Brunt period curve for the COSPAR atmosphere
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-a Wave Functions
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10.

-b Kinetic Energy Densities

Dispersion curves in the zonal wind
-a a = 0° (wave propagation towards the East)

b a = 180* (wave propagation towards the West)

Dispersion curves in the meridional wind
-a a = 90° (wave propagation towards the Nofth)

-b a = 270° (wave propagation towards the South)

Directional variation of Vpnhy in the winds
-a for T = 6 min

b for T = 14 min

The three terms and the Richardsan's mmbers
Windless mode, T = 5.5min, Vghy = 72 m/sec
-a ‘Inertial, viscous, nonlinear terms
s Inertial term
* visoous’ term

-b Richardson's mummbers

Bold line gives the wave function in arbitrary scale

Relative variation of density at 100 km is 20%
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- 12. The three terms and the Richardson's mumbers

Windy mode, T = 5.5 min, V‘*,x=260m/sec,a=0'

-a Inertial, viscous, nonlinear terms
A Inertial term |
+ Ncnlmeartem
* Viscous term
-b Rid:anisdm'snmbers
13. Mﬁueetms&dﬁemdm'snm
'wi‘mymde,r=12min,vw=21owsec,a=m0°
-a Inertial, viscous, nonlinear terms
A Inertial term |
+ Naninearteml
* Viscous term
b Ri&n:dsm'snmbers ‘

4




Heiéht

400 -

350 -

1725 Km

150 4

| T T
6 s 10 12

Brunt Period (in min.)

Figure 1. Brunt period curve for the COSPAR atmosphere
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FPigure 2. Coordinate system in the horizontal plane
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PART B:

ON THE IMPORTANCE OF THE PURELY GRAVITATIONALLY INDUCED

DENSITY, PRESSURE AND TEMPERATURE VARIATIONS IN GRAVITY

WAVES; THEIR APPLICATION TO AIRGLOW OBSERVATIONS.

U, Makhlouf’, E. Dewan", J. Isler’ and T. F. Tuan*

’Physics Department
University of Cincinnati

Cincinnati, Ohio 45221

'Optical Physics Division
Air Force Geophyéics Laborétory
Hanscom AFB

Bedford, IMassachusetts 101731
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Abstract

| A quantitative study is made on the relative importance of the purely
gravitationally induced cumpression (G.I.C.) due to fluid pa.fticle altitude
change and the actual “wave compression" which can occur at a fixed » .
altitude in a gravity wave. The results for density, pressure and

temperature variations show the following: (1) the G.I.C. effects

predaminate (>95%) for v/cl_ < 20% where v is the honzcm:al phase velocity

and very sian'.e formilas can be obtained; (2) the relative inportmm

depends strongly on frequency for‘ wave periods less than 10 min., but

becames totally independent of freguency for pericds greater than 20 min.:

(3) ﬂntexperatmemaskamtscanbeqnddycawertadtnmight

variations wherever the G.I.C. effect predaminates; in general the

conversion is equivalent to the adiabatic lapse rate, i.e. a 10°

temperature variation corresponds to a height change of 1 km.

In addition, the total kinetic energy density czn be sj.uply expressed
in terms of ﬁeight variation and, whenever the G.I.C. effects predominate,
can be very easily cbtained fram temperature W\cs. An intemsting
by-product has been that for waves of small horizontal phase speed, the
totalwavek.imticenengyat‘any frequancy is equal to the kinetic energy
of the natural (Brunt) oscillation of an air parcel vith the same vertical
' displacement. ' | '




vitat ic Effects i . vi wWavi
(I) Introduction

The purpose of the present note is to determine the degree to which
Gravity Waves (to be abbreviated G.W.) are subject t;opumly
Gravitationally Induced expansions and campressions (G.1.C.) from altitude
.dmgsofégivmparcéiofairmﬂ'tredégmetomidmtheymczused.by
purely “wave compression*. If, fo:cert:ain types of G.W., the G.I.C.
effects can cause most (say 90%) of the G.W. variations so that we can
neglect “wave conpression”, then the resulting sinpliﬁmtim (Dewan et al
(1988)) can allow us to use very simple formulas for the G.W.:parameters,
(density, mne‘arutapemumeﬂmtias) as well as to make quick
ostzmtsotomerdiffemtc.w.pammetexs Forinstance aqnd:
cawexsimtzmtatpemt:me flucmatxa'stohaight ﬂucnnt.wracznbe
readilyattectedardthelattercanbeusedforaquidcestimteofthe
kinetic enargy density. mmwmmmmmm

M‘MMW give temperature diractly ard hence _
Known qualitatively to G. W.
been a systematic quantitative

ted., While scme of our results are

| We will begin by showing that the density, pressure and temperature
. fluctuations can be explicitly ‘as a sum of two terms; ane
' | describing the G.I.C. campression, while the other the “wave motion*. The

former vanishes in the absence of gravity (g+0) while the latter remains in
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altered form and provides for purely longitudinal acoustic wave

campression®.

For g=0, the relative importance of these two effects depends on. the
magnitude of the horizontal phase velocity of the G.W. as cmpared to the
speed of sound. For small scale G.W., where by definition we mean the
pusevelwiWileessﬁunﬂnspeedof sound-and the wavelength is |
aiso small, we have found that indeed the G.I.C. effects predaminate.
Since much of the cbserved mid-latitude airglow fluctuations (including oH)
involve relatively small-scale G.W. (Witt (1962), Clairmidi et al (1985),
Taylor & Hopgood (1988) with low horizéntal phase velocity v < 70 m sec™l,
we may, lfor most cases, assume that the density, pzman:a and tesperature

variations are G.I.C. and a qxidc'cuwersim to height variations moy Le
| made. Very simple formlas foxj the kinetic eneryy density can be derived,
where k2 >0, mtnforungmlmsemmm,mmnnd.xfc.

approximation.

We should point out that there is considerable interference between
the two effects and that cnly if either is greatar in magnitude than the
other by a large facto‘r,can we camfortably neglect the smaller terms. To
test the limits of this criterion we will consider thres specific -
experimental chservations; the :mummmwmmﬁ.by
Taylor and Hapgood (1988) (in associatim with the MAPSTAR program) which
easilymtsmrcz-itarim. thesecomlbei.rgmmdnu:vatiauby
Clairemidi et al (1985) which also meets cur criterion; the third bein
cbservations on noctilucent clouds made by Witt (1962) and is marginally
above the limits of our criterion. The results show that for all three




sets of cbservations, the simple G.I.C. model is surprisingly accurate and

thataemaysafelyassmeﬂutmxhofmid—altiuﬁedagity,pmssurearﬂ.
tamperature fluctuations is governed by G.I.C.s. Inqeneral,behavé
proved that in the region v<<C where the G.I.C. expansion or contraction
effects dominate, a 10°K variation in temperature would indicate an
altitude change of 1 km of a parcel of air. We have also found that in the
_same region the kinetic energy density is equivalent to that of the free
verticél oscillation of an air parcel with the same vertJ.cal displa@ |
amplitude and is independent of the wave frequency. Thus, the above
cawe:simcanbeimed:htely\sedtomlanaﬁeﬁakineticmqydemity.

I. . G.I.C. Exvansion & Contraction

‘ﬂmaﬂuidelmmisdisplacadbyavexticaldistarm h, in a
hydmstatxcflu.id J.tsdmsxtyxscmprssedbyanw\twa."mis
density change, Apa.mmwadmgeinbadmmmm.m
(vhere ap = (3po/3z) h = C%pg and 8pg is the density variation due purely
toadiabaticcmprssim)nin&sthedmﬁeinbadqmm'da"sity, oo =
‘('apo/az)h. auanslmﬂntinanmifomisoﬂmmlbadqzwﬂ
at:wspherewiﬂ:scalehexghtu '

8pa , 823 _ 2¢q : | (1)
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where we have used the fact that c2pg=vPo

S

1 30 . 41
am, o poaz H z

W
Po
III._A comparison of the G.I.C. and wave conpression

In a G.W. vith frequency o, h = w/is' (to first order) uhere h and v
aré the vertical displacement and velocity‘ fields respectively. At the
Brunt frequency, « = wp, the atmosphere would just cscilnau vertically at
its natural frequency with the density tluctuations given by (1). In
general, by using the Hines' (1960) formila for 8s/pos h = Wiu and
harizontal velocity field u we can show that to the first order (see
Appendix (I)):

bp o ;11 ,h . ¥2 u
2.1z B B O
PO Po

where u = horizontal particle velocity
v = vy = horizontal phase velocity

Apc/ro ™ (v/c)? (i.VV) = density fluctuation due to wave campression :
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From (2) it is clear that apa/po ~ O as g ~ 0 since H = C2/vg, and the
temms Apo/po Will be appropriately changed to provide for the purely
lorgitudinal "wave campression" at all frequencies for sound wave

pmpagatimintheabserneof'gravity. As g+ 0, H~ « and using (A22) we

cbtain
loel 3 lapcl luv] (qui2 + qwj2)¥/2 |
po ,%-" " PO = = [ (23)
and  Ju] _ Xy
AT T

where Xy is the horizontal wave vector. (2a)_c1eaﬂystmsapm1y
longitadinal wave campression when g = 0. Fram now on we shall only be
concerned with g<0. In that case, from (2) the relative importance of
8pa/Po and Apo/po depends on (v/c) and, in order to remain well below the
Lindzen (1981) limit fm:" G.W. saturation, {u| < v4(see Fritts, 1984).
Clearly for smll-scale G.W. where v<<C, the density variation comes mainly
from G.I.C. lcmpnssim, Apa/Po. On the other hand for v - C and close to
the l;nit for G.. W. sauxra;tim the wave campression Apc/po is large and we
need to include both effects. |

- In general, since both Apa/po and Apclpo are camplex quantities with
different pl'nses,rcaiside:abile interference cocurs between the two terms
~ and only if cne has a magnitude of at least 4 to § times greater than the
other can we neglect the other term.

'Ibﬁakaaqnntitativacalparimbewamm,uuuc,hplat
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!Apal/lApl and |Apcl/lapl as a function of v/c. It can be shown for ki >0,
(see Appa'd.\x 11),

cl8pal - (fam) (1= (v/9)%2)
w1 = e Ganrez 172 . )

1aec] ) = (w/em)? 1,5 (¥ .
oo 1 = GO = apzva2 172 @ (4)

'i!ms, in ge\eml laral/lap| begins with the value unity (i.e. density
variations are due entirely to G.I.C. c:;npnssidm.) at v/c = 0, while
FYISVATYY| ’begi.rs at zero (i.e. no "wave capression®). As can be seen
fram (3) and (4), when v/c increases, the behaviar of |asal/jar] and
lapcl/16p| Gepend entirely on w/up, for any value of v/c.

For long pericd gravity waves where o << wp, We may neglect the terms
involving w/wp in the denaminator for both asai/lap| and |apcl/l8s|. For

such cases
eal . 1-(¥? | )
and : .
LY RIS UHRY PR | :
8o I ()72 () 6

and lApall/lApl drops frai unity as v/c increases while {asc(/l8s] inc:m
~linearly with v/c. | .

Fig. 1 shows this behavior for gravity waves with pari.ods greater than
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20 min. Actually, there is little variation with period fran 20 min. orup
and a plot at r = 120 min. falls exactly on top of the corresponding curves
at 20 minutes. Both curves are plotted from (3) and (4), but there would
have been no difference if we had used (5) and (6). At r = 16 min., ’(Fiq.
2),lapcl/8p] begins to deviate from a straight line but only slightly.
lapal/lap| drops somewhat less as v/c increases showing an increase in
importance relative to *wave compression® for a given phase velcocity.
Furthermare, the cross over betwecn the G.I.C. compression and u'xe “wave
campression” remains fairly constant at between v/c - 55 to 60%. In
general, for G.W. with frequescies in this range (i.e. r > 10 min.), if we |
use the approximate criteria tlat |4p,3]/180¢] has to be greater than a
factor of 5, then v/Cc has to be less than 15% or the horizontal phase
velocity has to be less than 45 m sec™l. This covers a fairly large range
and include most of the cbserved mid-altitude small scale G.W. from airglow
data. - ' ' '

The vertical green line indicates the position where k = 0. It is
easymﬂwﬁmﬂwﬂi:as'dispemimfmnauntki-omsto

v ff - 2‘ s ' : o
ARE AL : o

to the left of the green .w:kﬁﬁoﬂc.w. may propagate freely. To its
right k§ < 0 and the G.W. is evanescent in the vertical direction, although
it still propacates aiang ky. The dotted lines represent the evanescent
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region. At v/c = lwe‘havet.hel.asbwode' for which there is no G.I.C.
cmprssimshmﬂzemismvettimlmtimuﬂvariatiasindesityam
caused entirely by "wave compression®, an exact reversal of what happens at
v/c = 0. The same reversal occurs in all the Figures.

As r - rp, the Brunt periad, both |apal/|ap| and {apcl/l8s] increase
with v/c, (see Fig. 3 & 4) in such a way that the G.T.C. caxpzes:.m
cmtim&stopredanimteweranxdagreaterr&xgeottm’imnt&lﬂnﬂ
velocity. In fact, in Fig.‘$ uhere r = 5.2 min., the G.I.C. campression
continues to daminate all the way to the green line where v/c - 42%
mnaspaﬂi:gmam;izmtalpusewlqcityotmllavarDOnsec.‘l: a
strictly medium-scale G.W. (FRiancis 1975). Thus, as the G.W. periad
approaches the Brunt pericd, the G.I.C. compression dominates over a larger
rangeof’vardhemealazgerrgrgeofyavél'engﬂs.

‘Ihepressurevariatimcanbeeasilysrmntobaﬂnsmasuc.

Using the linearized horizmt;l mmentum conservation eqation, it can be
showr. that for monochramatic waves,

Ap = Voou
.Y bt I
o o F ' |
Y o ltecl - o
8o ey ™ | - ®)

From Fig. 1-4 we Soe that there is little pressure variation produced
by ‘“wave campression" for small-scale G.W. Only as the scale-size of the
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G.W. increases does it became important. “hus, for small-scale G.W. (<45 m

sec™l), the pressure variations are relatively insignificant.

The temperature variations may be very easily cbtained from the

linearized perfect gas law given by

AT

ap

To Po

From (7), (9) and (2), we cbtain,

AT
To

8
Po‘

- Va, _ A
T, - (-1 -k

Thus, for v << C (small-scale G.W.),
AT . _ 8¢a

o

and the temp. v,ériation is opposite in phase to the G.I.C. density

campression. We will define

Po

oT _ T,

To = 1, *
where aTa . _ 8ea

o Po

Aqain, as in (3) & (4) it is possible to show that for k3 > 0, (see

Apperdix III),
| 1aTa)
|aT|

[aTol
1aT|

=.-].£J_-._1)_-l.‘-

. 7 H

ATc
To
AT = _
5 (v l)gg

1 - (v/c)2 :

(3

= (1) (w/op) 2 (V/C) 2

(1=1) (1 = (w/wp)?)

(3

= (v=1) (w/wp) 4(v/C) €

172

1%2(%)

(9)
(10)

(11)

(11;)

(13)

(14)

‘Thus, once again, for v/c = 0 |AT,|/[aT| = 1 and |ATc|/|AT] = 0 and we see
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that in the low phase velocity limit (very small-scale G.W.) the

temperature variation is caused entirely by the adiabatic expansion and
campression of an air parcel oscillating in ﬂ'\e,vertiml direction. For
long period G.W. (w<<wp), (13) & (14) simplify to; .

Ll s n-g2ee (15}

[aTa]

B - 0 -n2g | (16)

Camparing (15) and (16) with (5) and (6) we see that for long period G.W.

" |6Tal/|AT| behaves the same way as |apa/|ap| in (5) whilst [ATcl/1AT| has a
far more gradual slope than |4pcl/lap]. Thus, for tenpemtm:e variations,
the G.I.C. effect predaminates over the "wave effect" through a greater
range of phase velocities. ' |

All this can be seen from Fig. 5 which shows the behavior of
' |aTal/1aT| and |aTq|/|AT| for G.W. with pericds from 30 min. on up. Adain,
a plot of both curves at s =120'm.i.h. canbeexact:.lya:peruposedcverthe
two curves for r = 30 min. This iésimilartoﬁ\eaxxvebfﬁndersity :
variations (Fig. 1) which has a lower limit at r = 20 min. Again, for r > .
30 min. there is no significant cifference between (13) and (15) or (14)
and (16). - | | '

Fig. 6, 7 and 8 show vt.he behavior of temperature vanatims for
r = 10, 6.4 and 5.2 min. respectively. The big difference between these

temperature variations and the density variations given by Fig. 2, 3 and 4
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is that for the former the effect of G.I.C. campression is even much more

important than the "wave campression". For instance, at r = 6.4 min., the
wave campression effect overtakes the G.I.C. effect at v/c = 0.72, whereas
the G.I.C. =ffect remalins predaminant in the correspording temperature
variation all the way to the green line. For both, however, the G.I.C.
effect predqninates all me way to the green line when r = 5.2 min.,
approaching the Brunt period.

The dotted curves in all the Figures on the right-hand side of the
gréenlimoorrspuﬂtoevamcentwaveswiﬂxk%<0arﬂﬁmsamrely'
imaginary k. .Int:his region one can no langer use the relatively sinple
_expressions given by (3), (4), (13) and (14), which were derived for kg > 0
ard real k;. Instead one has to work with the general polarization

relations given by Hines (1960).

From the above discussions, it is clear that comparatively small-scale G.W.
with horizontal phase velocities less than 40-50 m sec™! may be considered
to be purely urder the influence of G.I.C. e:gpansim and cmpr&ioq (6
90%). This will allow us to make simple conversions fram the measurement . .
of ta:pgxamré fluctuations to height fluctuations. Thus,

1871 JATal . (z=1) Ih| - an
To To Yy H .

andusirgthetsualvalum for y, H and T, weobfainﬂ\eapprmcmt:e
conversion that a 10° variation in tetperature corrsponds appzmdmtely to
a height variation of 1 km. at 90-100 Jm altitude.
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This can be immediately used for camputing the time averaged kinetic

energy density, K.E., given by
K.E. = 1/4 505 (1u|2 + |w|2) (18)

where w = vertical particle velocity. Using the contimuity equation and
the Hines' dispersion miatioq\; one can show that (Apperdix IV),

- 2 2
K.E. = %’ pdoglhlz [l_i_:(-‘fl(‘é??.:)_é‘.'&] (19)

" For large-sczle G.W. where v -+ c, the dencminator can be much less
than the mmerator. This is especially true for long period G.W. Thus,
the K.E. can then be mxch greater than 1/4 rafinl2. For small-scale G.W.
(v<<c), on the other hand, the K.E. is very accurately given by:

K.E. = 1/4 pqufih|? : - (20)

It is interesting to note that (20) is true irrespective of the |
frequency of the small-scale G.W. Since (20) is also the K.E. for the
' ~ hatural Brunt oscillation of a parcel of air, we may conclude th'at the
total K.E. of small-scale G.W. at any frequency is equivalent to natural
vertical atmospheric osciliaticns with the same vertical displacement.
Here, the G.I.C. approximation for the density, pressure and taperatum
variations are also good. Using (17), (20) acquires the form



KE _1 7,4Ta2 1 1,472 aT 2 (20a

where py = background pressure energy. Thus, ameasurv'anent'ofthg

rotational temperature variation can immediately yield the total kinetic
' energy density at any frequency for small-scale Gw In fact, (19) shows
that the K.E. deperds strongiy on frequency only for large-scale G.W. .where _

v-. c.

To sumarize: (1) for small-scale G.W. (v < 45-50 m sec™l), the KE
density is the same as that for natural atmospheric oscillations and is
i:ﬂeperaent of wéve frequency; (2) for any G.W. (arbitrary v/c), the x.r:.'
again becames equal to natural atmosphericoscillaticm‘ﬁm«:-oubas
expected: (3) for large-scale G.W. (v/c ~'1), the K.E. for the.same
- vertical displacement became very large and, unlike the two previous cases,
can also became very strongly frequency dependent.

(IV) Arplications

To specifically apply the aboi/e‘ analyses, we apply; them to three .
specific sets of cbserved data: two sets involve G.W. parameters @1
within the above mentioned limits for the validity of the purely G.I.C.

_ model; the other with parameters above the borderline. The first set were
data taken by Taylor and Hapgood (1988). The cbserved data include a G.W.
with alx horizontal phase velocity of v = 21.7 m sec™2, a horizontal vave
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lax;thofxx-zslmaxﬂaperiodr‘azomin. Usingg-ts.snsec‘z.a-

6.56 km, v = 1.4, rp = 5.1 min. (the Brunt period) and the speed of sound ¢
= 300 nm Jsec t , we find that if we employ the full expression given by
(10) with help from the Hines' polarization and dispersion relations (Hines
1960). we cbtain '

laTy

Fo- = 4.364 x 1072 |n| (21)
° .

where h is expressed in lm. Using the G.I.C. approximation, we cbtain

'QT*" = .(z.;.l).l.gl = 4.355 x 10~2 |h| (22)
o N

The error from using (22) is only 0.2%.

The second set were taken by Clairemidi, Hersh and Mareels (Clairavidi et

al (1985)). They have measured waves with velocity v = 15.6 m sec™) and a
pericd of 48 min. The full temperature fluctuation without apptmdmtim

is given by | l

18T . 4.36 x 1072}n|

T (23)

Campared with the G.I.C. vappmimtim given'by (22), we have an error of
the ‘order 0.1%. |

The third set of data were taken by Witt (1962). The G.W. had v = 75
m sec™1, Ax-somwmemt'of.meparamet‘emafeme.samasme
first data set. We abtain |
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18TL . 4.5 x 1072 [n| (24)
T, , | |

The G.I.C. approximation gives the same result as (22). Thus, the error
for this example is 3%. The sane\-hat bigger error is understandable
because at 75 m sec™} the horizontal phase velocity is somewhat above the
' 45-50 m sec™! upper limit that we mentioned earlier as.the safe limit.
(i.e. v/c - 15-20%3). Actually for this example there is considerable
interference between the two terms on the R.H.S. of (10). '

(V) Sonclusion

The present note seems to show that for small-scale G.W. (say v/c <
18%), the G.I.C. approximation is very good. to above 95% in temperature and
density fluctuations. The approximation appears to be applicable to mich
- of the observed mid-altitude airglow data. Quick estimates of and simple
fomulas for G. w. parameters such as he:.ght vanat:mns and kinetic energy
dersity may be inmediately cbtained from uaasummt ot talparatm'e
variations.
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Figure captions

Fig. 1 a plot of the induced density variation due to the gravitational
(red) and the acoustic compressions (black) as a function of v/c for wave
periods > 20 min.

Fig. 2,3,4 plots of the induced density variation due to the gravitational
(red) and the acoustic campressions (black) as a function of v/c for wave
pericds =10 , 6.4 , 5.2 min. respectively.

Fig. 5 a plot of the induced temperature variation due to the
gravitational (red) and the acoustic cpressions (black) as a function of-

v/c for wave periods > 30 min.

Fig. 6,7,8 plots of the induced temperature variation due to the
gravitational (red) and the acoustic compressions (black) as a function of
v/c for wave periods = 10, 6.4, 5.2 min. respectively.

“Fig. 9 a plot of the ratio of the kinetic energy density to the backgroud’

pressure as a function of v/c for wave periocds of 20, 10, 6.4 & 5.2 min. -
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‘Figure 1 = a plot of. the induced variation due.
to the gravitational (red) and the acoustic
compressions (black) as a function of v/c for
wave periods 20 min.,
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Appendix I
We can derive equation (2) by using the usual expression for Ap/pq,

(Hines (1960)), given by

2= (g + illr - VI - X)) | (A1)

where f = a FH  jletk.x)
Weelmmateubyusmgu=kxvandsubst1tutemfo.thesmlehe:.ght
H = c2/7g to cbtain, ' ’

éﬂ = Oigv? + B[ (B2 - e (A2)

we cbtain by adding and subtracting (::-’)2 (lsl%l) in (A2)

52 = e + 0310 - DA TP - %c%—é-mf | (A3)
intmducing the vertical qisplaoenmt field,

D=2 - H2e | - (a4d)

we get ot EhE+ Kv3(kg - ia - hdye - (a5)

Finally, wa use u = kc2v (kg - i(1 - 1/2)/2]f to cbtain

po-(l—l){; - 2 (As)

which is exactly equation (2).

mmmmmidermlykim (i.e. kzml) 'lb,obéainequati&.
(3), we note (using (A4)), : ' '
leal . (1-)1-1 = (-uxdanr - 92 11

-(1;—> @ (Szz -1 W1 B » @an
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Using (Al), eliminating ky and g, and substituting in g = = (1—/2)g/c?
we dbtain

VIR S L 1 - 21/2,2
L2l o og + (BZhG - 1 + V22 15 (33)

Using the dispersion relation (Hines, 1960), and letting ¢ = c2/v2 -1, we
have : ‘
kz__wg"wz wg-wz_wg-wz
2= T2

- 2= raml ‘Mlz, » (A9) i
2 -, ‘

Thus, ' e =Y
|8pal - 5 vy 'H
lAPII (“_’Eg_ € v+ [(El)%]zcz + (2.(1;.:%3_1_ }1/2

Using wf = (y-1)g%/c2 and dividing it from the numerator and
the dencminator, we acbtain

|8pal {1=1)¢ 1/2
ool = @72 ¥ 6 F a3

so Y (1=1) (1-(v/c)?) 172
IR RS G

(A1)

which is equation (3).

To campute {apcl/(8s], we note |
“e = F = Dl - 10 - hTne oy

where, again, we use the polarization relation for u (Hines (1960)).
Substituting for g,

8rc/ro = V/C? [ukyG? (kg + in))f S (a3)
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so lapc] k2 + p2

- 12
laol ~ (T TCGD/AT(/AT ¥ 212 (A14)

where we have used (A8) and (Al3).
Using (A9) we cbtain: .'
‘ g 2
wh™w
,1/2

J..e.:l
180 (‘:E’;‘t - %) + [L‘ + ]2

(ww*)/cc + [((1-1)/1) (I/H)J“c + 2(1-1)':/15

-  leecl . o 1-(w/w)? |
o Jap| { (1=1) = (w/wp)*® (V/C)‘ )1/ (v/<j} (AJ.S)

which is equation (4).

Appendix TTT
From (10) ve vrite |

= (y-1) (V/szwkxcz(fz + in)] - ikgg(v/e)2(AN2 - 1))t (A16)

m\e.rewehaveused(M) & (Al3). Thus,

AT/To = (1=1)Xk3v2(ky + iln ~ @/C2 (A2 - 1)1}f

since 72 . - 822 (see (12)), we cbtain by using (A7)
|ATa (1)) v2e/2)

= , A17)
18T (1K (KF + (0 = (/c?)e)2) /2 A

Using again the dispersion relation for k3, we obtain

1aTal _(q/c2) ¢
laTi ‘ [u_ég_-w ¢ - —§¢ + ‘.2]1/2
K%

- (WA F 72
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1= (v/c)? yi/2

T T A7

so 18Tal _ 1 - (v/c)? 1/2 '
127 = T (wrem 2 2 (A18)

which is equation (13).

Equation (14) may be similarly obtained. The dercminator is the same

as (13) as expectad, hut the numerator: is given by |(1-1)ﬁv/c2| vhich is
identical to (4) except for the udditional (y-1) factar.

Appendix IV
The K.E. density is given by:

K.-E. = 1/4 5o (u]2 + |W|2) ' L (n19)

Frae Hines (1960) and the definition of 7, we may write

U = ukyc? (kg + in)f ‘ (A20)

w = - wkic? (1 - (v/c)?)f | (A21)
so : k3 + n?

uj? = iv w2

X3(1 - (v/c)?)2
From the disperison relation

ﬂ.azl- /2 wE = we
(k22 < w82 - )2 -

(=] W

l%.z. - (‘é,z “’_g__' "2“’_3

w

24 12 o 20y o LB = 1101 = (w/e)?]
ml 'UI + 'Ul ' lWI ‘1 + (1 - (V/C)‘)‘ ,

(A22)

The total K.E. then becomes:

88




K.E. = 3 pgaglhi2

[ = (w/wp)2(v/c)?)

(1 - (v/c)4)

Obviocusly (A23) is equation (19). |
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Abstract

The questio'n'of whether a linear gravity wave will give rise to
nonlinear effects. in ground-based airglow observations is important
for the proper interpretation of gravity wave dynamics. In this
paper, we obtain a ciosed form solution for the integrated airglow
response to a linear gravity wave, containing all the higher-order

nonlinear responsc terms.

A co.mparisén is made to the linear

response, and the higher orders are seen to be significant. In
addition, the wave-induced airglow intensity 'fluctuations are shown
to, be much greater than the cormresponding major species density

fluctuations.
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1. Introduction

Ground-based airglow observations have often been used for
studying middle and upper atmospheric dynamics. The common
assumption has been that the airglow intensity (or “"brightness")
fluctuations correspond directly to atmospheric disturbances.
However, if the airglow response is nonlinear, many of the airglow
power spectrum peaks may be due to the nonlinearity of the airglow
response, rather than an indication of the actual dynamic behavior of
the atmosphere as a whole. This paper deals primarily with the
purely dynamical effects of a linear gravity wave on airglow as
observed by ground-based cquipmcm. We ignore, as have other

authers, photochemistry, quenching, and molecular/eddy diffusion
on the time scale of the wave period.

Minor species involved in airglow reactions often have a layered
structure, i.e. a sharply peaked unperturbed density profile, with a
very steep vertical gradient just below the peak. As a consequence,
it has been realized for some time that the fluctuation of the minor
constituent’s density, induced by a linear gravity wave, can ‘be very
large at a point where .its unperturbed gradient is steep. For
example, a linear gravity wave which produces a 10% density
fluctuation .in the major species may induce a 50-100% density
fluctuation in the minor species al the same point. Thus, the local
response of the minor species at particular height levcls may not be
amenable to a lincar treaiment.

Weinstock (1978) computed the first-order, linear airglow
rcsponse and ths unperturbed background alrg!ow for Oz(1Z+g)
emissions. He also attempted to calculate the norlinear response.
Hines and Tarasick (1987) (hereafter, HT87) kave recently
questioned the mnececssity of invoking the higher-order nonlinear

- response terms produced by the steep gradient. They have reasoned

that, while the local response may be nonlinear, the integrated
response as measurcd from the ground should bé linear, since the

X N
N
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effect of the large density gradient can' be removed by the

integration. They havc demonstrated this by means of a
transformation from the Eulerian to the semi-Lagrangian ‘rame, in
whick the air parcels in motion due to the gravity wave are mapped
back to their original resting positions (before the onset of the
gravity wave). This is a very important result, since it permits, if
true, a zreat simplification in calculating the column-integrated
response of airglow to a gravity wave. Radar or resomance lidar
which measures the local response of a minor %pectss must contead
with nonlinearities associated with steep gradi-.ts, leading to
harmonics not present in the original wave pecturbaiion; on the

other hand, passive instruments such &s ph-iomnetérs and

radiometers, which measure total cclumr brightress. effectively |

filter out such nonlinear responses.

In this paper we reexamine the hicl~.order nonlinear terms in
the semi-Lagrangian formulaiion of HI37 (for convenience "semi”
will be dropped for the remainder of ihe paper). W= propose to
show that whilst tuc steep ve.ticz: lensity gradient of the minor

species n0 (oaper shows vwp i= (¢ Lagrangian system, the higher-

order response terms Amey i»npurtapt. This is because a new

nonlinearity is introduced t, ths Lagrangian transformation itself.

In general, an atnospheric ficld variabls (for example, pressure
- or density) whick is linear in itr dspers.nce oa velocity at a fixed

point (in Eulerian coordinates) m:, ‘e acnlinear along a Lagrangian

trajectory passing through that peist  For example, while the density

may fluctuate with a sma!i implitzce at a fixed point, é!ong a

trajectory  passing through ihat point it may fluctuate with a much
larger amplitude, due in part 0 the large variation in background
- density and pressure experienced during vertical motion. By a

simple extension of the procecdure in HT87, it is possible to obtain the

mllaitglow response to a general gravity wave in doscd form,
which can. then be used to quantitatively demonstrate the
importance of the higher-order nonlincar response terms. '
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It is tempting to think that the large ronlinear response in the
Lagrangian frame is due implicitly to the stcci) density gradient in
the Eulerian frame. However, we have not beeun able to show this
explicitly. Nevertheless, we believe it is worthwhile to point out that
the nonlinear response can be shown to be large, whatever frame is
chosen for the caiculation.

2. Airglow Intensity Fluctuations

- Since we focus on purely dynamical effects which are largely
independent cf the particular radiator, we will discuss solely the
O2(1Z+;) emission considered by Weinstock and by HT87. We ignore
quenching and all other losses except radiative loss. We assume, for
the sake of discussion, that this state is produced and destroyed
solely through the reactions -

0+0+M—2950,(2%)+M
0,(2*)—>0, +hv,

where - M denotes the major species, O is a minor species with a
" layered structure in the atmospheric regicn of interest (lowcr
thermosphere and upper mesosphere) and k is the_'feaction' rate. O is
assumed to be a passive tracer of the atmospheric motions. The local
intcnsity‘ will be given by |

=kn2N - | | (1):

Here n (N) is' the minor (majof) species’ number density. The reaction
rate k is known to be temperaturc-dependent, but again, for the sake -
of clarity and brevity, we will take it to be constant.

If we sepau.c the number densmes mto an. unpenurbed part
and a wave induced fluctuation

n(x,y,zt) = nb('z).«'- n'(x,y.z.t)
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N(x,y,z,t) = No(z) + N'(x,y,z,t) ,

the volume emission rate profile, I, upon linearization, is given by

1=kn?No[1+2‘—‘i+3‘—'] | @.
° n, N,

However, as mentioned in section !, the minor species number
density, n, may require a nonlinear treatment even though the wave
itself, carried by N, is lineat. One method (Isler et al., 1988) is to
solve for n order by order via a perturbation expansion in the
velocity field, and so obtain nj, n2, n3 and so forth. This allows one to
calculaie 1 to any order in the velocity field and thus obtain the
column-integrated brightness ' '

(3)
to any order in the velocity field. The results show that the higher-
order terms are important and do not cancel.

B=Ii&
°

HT87 maintained that the dynamical nonlinearities in I, which are
local, are not present in B, which is height-integrated. To show this,
. they made two assumptions: (i) that n/N is conserved exactly along
a parcel's trajectory and (ii) that the essentially ‘nonlinear
transformation from Eulerian to semi-Lagrangian coordinates can be
adequately represented by a first-order Taylor expansion, given the.
linearity of the gravity wave carried by the major species. As to the
first assumption, along a Lagrangian lfaject,oyy the continuity
equations can be written ' <

-I-E.N;-z-v.ﬁ o )

N dt - (4)
tdn o P L
——.’-v." . _..L .

v +n ‘ ! (S)v

ndt -
where ¥ (Vaimr) is the velocity of the major (minor) species and P

and L are the production rate and loss frequency for the minor
‘species. This implies . .

95




2.(_"_)=_"_[v.(;,_;,__)+£,,;]
dt\ N N n

Thus, the first assumption is correct if production and loss processes
are negligible over gravity wave time scales and, in addition, the two
‘spccies have the same velocity fields at all times. But the former is
only trie for some airglow reactions (see, for example, Walterscheid
et al., 1987), while the latter ignores the diffusion velocity of the
minor species, ipherent in any bhydrostatically unstable density
profile, such as a layered structure. The effects of suck diffusion ar:
not negligible during the transient onset of the gravity wave, nor
during some fraction of each gravity wave period when the wave
amplitude is small. However, for the remainder of this paper, we
will ignore these effects of diffusion and chemistry and like HT87
allow that the mixing ratio is conserved along a trajectory. We turn

now to the second assumption, namely. the linearization of the
Lagrangian transformation.

(6).

3 I N . I E I .

A. The Exact Solution

We begin by writing the coupled set of equations expressing mass
and momentum conservation and the adiabatic equation |of state for
the major species in the' Eulerian system - (using
- D/Dt=d/+v-V) : ‘ ’

"1 DN

22V

N Dt Y : (7)
DV | _
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1
m Dt Dt - 9,

where m is the mean molecular rass, g is the acceleration due 1o
gravity and c is the speed of sound. Here, the only assumptions
made arc that m is constant and that the dissipative loss terms
representing kinetic viscosity and heat conduction are negligible.
These assumptions are generally valid in the mesosphere and lower
thermosphere, where the O2(1Z+g) airglow and other important
airglow emissions originate. " Since the momentum transferred to the
minor species 'is overwhelmingly dominated by collisions with the
major species and since we neglect chemistry and diffusion, the
minor species may be assumed to have the same velocity and
acceleration ficlds as the major species, so that V .. =V, and the
continuity cquatioh for the minor species reduces to

—_— V.7 . : )
_—— v . | (10)

With no further assumptions, we can.in principle solve equations
(7)«(9) for the exact V in the original Eulerian system. This allows us
to transform the continuity ‘equations, (7) and (10), using this ¥ into
the Lagrangian system. Thus, |

-~ 1 dN .
LI, . |
Na . (11)

<

l.d-ﬁ:-—v.

(12).

We next integrate these equations along the trajectory of a fluid
parcel, from time t = O, before the gravity wave arrives when the
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parcel is at rest at z = {, to time t, when the parcel is moving with
velocity V. We obtain

N=N40n{—V&mJ' |
- . (13)

(14).

Equa;ions (13) ‘and (14) are a direct consequence of the mass
conservation equaticns, (11) and (12). Obviously,

g_= n,(§)
N (C)

and the mixing ratio is. conserved along the trajectory. The
exponential term in these expressions is the Jacobian of the
transformation from Lagrangian to Eulerian coordinates [see, e.g.,
‘Dutton (1986)], in agreement with the usual fotm.in which the
Lagrangian continuity equation is written,
X.Y.2
-l N

Clearly, the Jacobién in equations (13) arZ (14) is nonlinear in Vin
general. :

The: Eulerian luminosity profile, Ig= k ng2 Ng (where, in the future,
the subscripts E and L will denote the Euleiian and Lagrangian

systems, respccuvcly) can then be transformed to the Lagrangian -

system as follows:

ng(g J' ,'
N 0 Ni . (15 a)

k[ o(C)]"L’ ~ (I15b)

Ig=kniNg o1, =
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where the same expression for the conservation of the mixing ratio
yields the two alternate forms (15a) and (15b) sting either form for
I, the integrated brightness, BL.‘. is given by

B, = [£n,2(0)N, <':>exp(—3 v -'th'J(l é--j“f)dc (16).
0 . : 0 .

The factor after the exponential term is the Eulerian 'dz transformed
to Lagrangian coordinates, .using z = { + h, whers h is the verticai
component of the‘pér&:el trajectory. In equation (16).and from now
on, we assume that the horizontal fluid displacement is small
compared to the horizontal wavelength. We are then justified in
considering only the vertical trajectorv. This' was implicitly assumed
by HTS87. ' '

This is the total integrated airglow response to a general gravity
wave velocity field for the three-body reaction considered,
neglecting oniy the effects of diffusion and chemistry. Note that, of
course, the column-integrated brightness, being a real physical
quantity, should be independent of the coordinate system used, so
that By, = Bg , where Bg is the Eulerian brightness integral. However,
since the transformatiqn from Eulerian to Lagrangian coordinates is
nonlinear in ¥, one cannot assume that,.in a series expansion in ¥, BL
will be equal to Bg term by term.’ :

. ;

B. Approximation Schemes

| We begin by making two observations. First, from equations
(13) and (14) it 'is obvious that, along a trajectory, n and N vary as

- complicated functions of the trajectory. For a monochromatic simple

harmonic trajectory with frequency ®, n and N are periodic with
fundamental frequency ® and all the higher harmonics. The question
is: Under what conditions are the higher-order harmonics negligible?
Second, we note that any approximation scheme may violate some

‘conservation principle.  Actually, in this ccntext, there are only two
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basic conservation laws involved, namely the mass conservation of

the minor and of the major species. From them, one can deduce the
conservation of the mixing ratio. However, the converse is not true;
the conservation of the mixing ratic does not imply that the species

‘densities are each individually coaserved. In HT87 the conservation

of the mixing ratio was initially assumed. As a result, their
subsequent Lagrangian linearization of the major species
automatically forced the linearization of the minor species.

Before we consider the effect of linear gravity waves we consider
a hypothetical wind or wave velocity, ¥, which is gxactly known and
is caitied by the major species. " Once again, we neglect chemistry
and diffusion and assume that ¥V, =V so that the behavior of the
minor species is determired completely by (10).

We introduce a dimensionless parameter A and let v— AV so that
the magnitude of the velocity can be adjusted by varying A.
Substituting AV in (10), transforming into the Lagrangian system and
integrating along the trajectory of a fluid parcel, we obtain

( . t . '}
= ) -A|V-vdt
n n.({;cxpk 4! | (.

where { is the vertical coordinate. of the parcel before the wind or-

wave arrives at time t = 0.

‘

Since V is known exactly, n from (17) is a power series in A.
Clearly if A is chosen small .crough, we need only keep the first-order

term in A. If A is large, on the other hand, we need to use many -

terms, or even the entire scries which is summable in closed form.

Thus for a given wind or wave velocity, AV, the Lagrangian density
response is highly noniinear in A.
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In the case of gravity waves we expand the dynamical variables
of equations (7)-(9) in a power series in a dimensionless parametsr A
(A here does not mean quite the same thing as before). Thus,

| 9,
V= AV, + A2y - 18

where we have assumed that the velocity is entirely wave-induced
(no prevailing wird), sad. for convenience, we choose the coordinate
system so that ¥=(u,0,w). Saubstituiing this expansion into the
dynamical equations and solving them to first order in A gives the
well-known expressions of Hines (1960) for V,, p1, and N;. Soiving
the equations to A2 gives V,, p2, and Ny in terms of products of first-
order terms. For example, ¥, would be a linear combination of Nip),
N1¥,, V2 etc.. For Ju|<<V.., where v, is the horzontal phase trace
speed, o/kx, one finds (Fritts, 1984),

Ao,| << Ajvy)

A3lp,|<<Alp| ~
12|N2,|<< ANy ' (19).

Here we can see that the powe} series expansion in & given by the
third line of (18) is an expansion for the major species velocity which
has to satisfy the hydrodynamic equations, with major species

. background density, pressure, etc.. ' The expansion in A given by (17) |

is an expansion in velocity for the niinor species density which needs
to satisfy only the continuity equation for the minor spscies, with a
minor species background. | The two are’ very different expansions
and .would not in general converge at the same rate.

Through (19) and the continuity equation for the major species it
is easy to show that ‘

RV -3 << V-7 " (0).

Thus, using V=49, +2%,+.....,| equation (17} becomes

101




L= no(g)ﬁexp[-/l" i('V -V, )dt'.}
= d

A wende - (VL)
.—.-n,({){cxp J:’ " exp I‘: el

. exp

SaGAR }

' t 2aft ' 2
=n,(0) l-AI(V-V‘)dt's&i-[I(V-V‘)dt"l
['] 2! 9 ' 4

-A’l(V-‘ t’+0(l’)}
! Vi | 21).

In the second line of (2i), we see that for each order of velocity
perturbation, (¥,, V,, etc.), the response of the minor species is in the
form of an exponential function of that particular order: a very
nonlinear response. In this paper we shall discard all the terms of
O(A2) and higher in the cxponent of the second line of (21), leaving
only the exponential response to a strictly linearized gravity wave,
i.e. ¥=AV,. The same approximation was made by Gardner ‘and
Shelton (1985) when they also considered the nonlinear respon.c to
a linear gravity wave. K

To see that there can be no cancellation between the higher-
order teims in the nonlinear response to AV, and & corresponding
* higher-order term in the expansion of ¥ such as A2¥,, we consider
the third line in (21). Of the two A? terms on the right-hand side of
(21) the first Lelongs to a series expansion of (17), ihe second
belongs to the velocity expansion in (18), and, .as already mentioned,
the two series do mnt converge at the same rate. Furthermore, ¥, and
¥, are linearly independent so that there is no way (for arbitrary
. time t) tha: the two A2 terms can cancel. Indeed, owing to the-
oscillatory nature of v, and the faci that the term involvihg v, is
always positive, there are times when the two terms would reinforce
rather than partially cancel. Whilst for the larger gravity waves ¥,
may well be important, for this paper we shall only be concerned
with 2 |incar gravity wave, i.e. v=AV, and as in the case of small
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' magnitede winds we shall consider the nonlinear responsc to a lincar -

velociiy perturbation (bearing in mind that the nonlinear response
cannot in general be cancelled by higher-order terms such as V,).
QOur numerical results seem to show that the higher-order correciicns
in the exparsion of (17), even for a gravity wave with a very modest
amplitude (say a 4% fluctuation in the major species density, which

should.allow (26) to be valid), the nonlinear response of the airglow
is important (see Table 1). From now on we shall omit writing A.

A It is customary in the Hines lirear gravity wave model to replace
the real fields V,, P} and N; by complex fields to take advantage of
the simplicity of the aigebra in the complex notation. This is
permissible because only Iiinear transfqrmatibns are carried out on
the variables. It is taicitly understood that the real part is to be
taken at the end of the calculation. On the other hand, when
nonlinezr ‘ransformations are curried out, as in the present case,
~ greater care is required tc ensure that only real ‘quantities are used

in nonlinear iransformations. " As an example, we note that, in
squaring a sinusoidai field, :

cos’ ot # Re ¢

The right member cerrectly yiclds' the second harmonic term, cos2ot,
in cos2, but completely misses the dc term. In our case, while. we

~choose to keep the linear field variables ¥y, P; and N, complex, so

that the usual linear theory may be applied, we also. make sure to
tzke the real part of the field ‘variables ‘that appear either in an
exponent or in a product of' terms.

In the linear theory, we have \7,=33,/¢_9t instzad of 'V, =Da, /-'Dt,
whcre_a‘ is the Eulerian displacement fi:ld (we keep only'the linear

terms in the Eulerian system; significant effects such as the Stckes
drift (Coy et al., 1986) have been neglected). Thus, when the 'velocity.
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divergence is evaluated in the Eulerian irame prior to the Lagrangian
transformation, we may set

v-v,=ﬂ%tﬂﬁ @

Since, unlike the major spcéics, ‘the minor species obeys only the
continuity equation (10), with V=¥V, we transform this equation to
the Lagrangian system exactly, keeping all orders in ¥,. Later, we
will investigate the magnitudes of the higher-order terms introduced

by this transformation. Thus, using (14) and (22), after transforming
to the Lagrangian system, we may write

=n (C)cxp( Rej -a—(-v—g‘-)-dt )

= n,({)cxp[Rc(-V- d). +V -&,],,,)]
=n,(DexpRe(V-%)) ‘ (23),

where in the second step we have used the fact that all integrations
are partial integraticns, and in the last step we have, as stated,
neglected any effects of the initial diffusion velocity so that at t = 0,
taken to be before the onset of the gravity wave, d, =0 for all X, ¥
and z. At time t, we have assumed that the gravity wave has
reached a steady asymptotxc statc with a moncchromatic velocity

field so that ¥ =iwd,,  The exact conservanon of the mixing ratio then
implies

Np =Ny({)exp[Re(3V-#,)] e

With these expressious,” we have the exact conservation of each

species and of the mixing ratio. The column-integrated brightness of
equation (16) becomes
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By = [knI({IN.({)exp[Re(35 V- T))I1 -Re( 2L @25,
(]

The factor after the exponential reflects the fact that h(z.t), in steady
state, is a simple harmonic vertical trajectory.

It is important to stress égain a: this point that N; may be
significant even though Nag is negligible, and this is due to the
nonlinearity of the transformation relating them. In faci, while Np
and Ng both refer to the wmajor species, they are actually quite

~ different physically; Np being the density of one air parcsl along its
‘trajectory is affected by background variations over a cycle, while Ng

is the density of a succession of air par :ls passing through a fixed
point where the ‘background is fi<ed. So there is no reason to expect
Nt and N: to be the same, “or even to ccnvcrgé at the same rate in a
perturbation expansion. As evident in equation (24), following a
closed, simple harmonic trajectory, NL=NL(3,.t)=NL(-%\7,,t) is in
general nonlinear in ¥,, even though at .ay fixed point Ng may be
linear ‘in V,. Again, the reason is the transformation from the

‘Eulerian to the Lagrangian system, that is, the Jacobian given by the

exponential in equation (24) is nonlinear in V,.

. This transformation was linearized by HT87 who transformed N
(whiich is already lincar in ¥,) to the Lagrangian system via a

linearized transformation, or a . first-order Taylor expansion. Thus,

according to HT87,
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N, +N,g = N, (&({.0) + N, (2L, 100)

=N ({+h)+ N ({+h,1)

~N,() +9-N—‘h, + N, (D +0EH

14
. aN i _ i dN, -
-N.(O'F-a?hl+;N.V'V'+;-a?w|+0(\!lz?
i .
-N.(;)(l.*-.v.e] =N, +N
| : e 8 [4 1L (26)

where the first two lines are nonlinear in ¥,, while the last three are

linearized. In going fiom the third line to the fourth line, the first-
order Eulerian continuity equation for a sinusoidal wave,

iwN,, =-N_V-¥, - w,dN, /d{ . @n
has been used.

S0 far as we can sce, the rationale behind this linearization is that
if Ng is linear, then N, being still the major species, should also be
used in its linearized form. However, Ng at a fixed point is a
diff-rent functior of V from Ni which follows a trajectcry through
the same fixed point. In general if g/V) and f(V) are two arbitrsry
functions related by a transformation nonlinear in ¥, the fact that
g(V) can be accurately linearized does not ensure that f(V) can alid
be accurately linearized. Hence, in our case, the hnemty of Np dces
not follow from the linearity of Ng

It is clear that equauon (26) is the same as the fi m-order term of
equation (24), as it should be. If we adopt this form .for NL.
conservation of the mixing ratio would force ny to acquire the same
form. We then have the pcculiar'qase of an exact conservation in the
mizing satio, while each specics is conscrved only to first order; a
point we have mentioned earlier. I addition, if we now write
equation (25) to first order in v,, we obtain
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By = [EmONO[1+3ReG V-3 ReG R JaC amy.

This is just the expression for B given by equation (20) of HT87 (with
a=1, p=2, A=Cj. (As remarked in HT87, this expression may also be
obtained directly from the linearized Eulerian equation (2), after an
integration by parts). The linearization of the coordinate
transformation, called a Lagrangian linearization by HT87, has
guaranteed a linear response for B.

To summarize this scciion, HT87 assumed that Nyg, being a -
solution to the linearized Eulerian hydrodynamic equatiors, could be
transformed linearly to the Lagrangian system with no loss of
accuracy. Then, through the constancy of the mixing ratio, (153) was
employed to express Ip in terms of Nir, which upon further
linearization gave equation (28). We, in contrast, use (15b), which is
just as valid as (15a), to express I in terms of ny. Since ng satisfies
a single equauon (the continuity equation) exactly, in the Lagrangian
system the solution np must satisfy ecuaticn {(23). Witk the
censtancy of the mixing ratio we obtain equation (25). If the
transformation can be accurately linearized, as HT87 assumed, there
should be no significant difference between using either equation
" (25) or (28}. We now explicitly calculate the higher-order

Lagrangian terms, to determine if thie is true. :

4 Immangg of the Hi!hﬁ[l Order Terms

To first order in ¥V, in the Eulerian system, using the bolariz;tion
relations of Hines (1960), one can show (Makhlouf et al., 1989) |

N (Y=Dh, v.n . , ‘
TR @)
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Here, y is the ratio of specific heats and H is the atmospheric deasity
scale height. Combining this with the first-order continuity equation,
equation (27), we have ' '

i . _iw, N
Vg =Ll ik
BRI wH N,

b, DR e
H y H ¢ .

Thus, to first order in V. in the Lagnngian system, using equation
24),

ot | 30).
For the small scale waves {vppa << ¢), often found in middle

atmosphere airglow, we may neglect the second term oan the right-
hand sidc_s of (29) and (30) and obtain

Ms l p‘lllgzslNlll (31)'

N, y-IN, N

where we have used y= 1.4. This demonstrates that the Lagrangian
density fluctuation is I2rger than the Eulerian by 3 factor of 2.5. For
larger scale waves, the relation is fiot sc simple, but the Lagrangian
density fluctuation remains on averige significantly greater than the
Eulerian density fluctuation. So, in an obvious expansion of I, the
integrand of equation (25), we write '

1, = l,[x . -'lu- + !ln + O(v,')]

- [ ]
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=kn2({IN, () x
T N T YO | |
‘{!+3RC(Z"VV!J+§[R\,((DV V-_)J +O{V‘ )} (32).

Then, we obtzin f{rom ecquations (30) and (31)

[IJL!=3E‘_Li=75 L o 33)

I "N, N,

faf 4. /li—"j)! = 2&1{%‘%”2 : - (39

or, dividing equation (34) by cqua'fion (33)

el

al 15 T 3754—!l : | (3%).

First of all, we notice from (33) that the first-order lﬁminosity
fluctnation in the Lagrangian system is 7.5 times the Eulerian major

' speciecs density fluctuation; a I0% major species density fluctuation

can produce a 75% brightness fluctuation. This is very similar to the
purely Eulcrian computations in which the first-order brightness
fluctuation can be very large whilst the major species density
fluctuation is only modest. Notice that this facter 7.5 is a product of
two factors: a factor of 2.5 from equation (31) which shows that the

first-order density fluctuation at a fixed point is only 40% of the

fluctuation along a trajectory passing through that point; and a factor,
3, which reflects thz conservation of the mnxing ratio alorig a .
trajectory, coupled with ‘he assun'pnon that thc a:rglow in questicn -
is produced by a three-bedy reaction, i
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Secordly, we noie that for a 10% Euierian density fluctuation the
second-order intensity fluctuation is 37.5% of the first order, and
28.1% of the backgrcund -- clearly not insignificant. This agrees with
the purely Eulerizs calculaticas (Isler et al., 1988), in which the
higher orders are also seen to be important. Table i shows the first-
and second-order intensity fiuctwations in the Lzgramgian system
against given Eulerian major spacies density fluctuaticns. We ses in
all cases that the second-order intensity fluctuation i greater than
the ﬁ_[ﬂ_o_r_d_g_r. density fluctuation.

N, 7 T I MY T
N. o l. l ] it‘n.l l.
4% 30% 15% 45%
6% 45% 22.5% 10.1%
8% 0% 30% 18%

10% 15% 37.5% 28.1%

Einally, while the two peints mentioned above deal with local
intensities and densities, the integrated brightness wti.h is being
measured will have the same nuinerical factoss, and would hence be
expected to remain important. We can convince ourscives of the
importance of the nonlinear response werms by iooking 2t the column
brightness. In Fig. 1-4, we bave used the Hines gravity wave model
which satisfies the rigid surface ground boundary condition. The
unperturbed density profiles (C, Na2. etc.) were takea from: the iJ. S.
Staudard .At:nosphére (1976). Two types of diagrams have been
plectied. One (Figures | and 4) deals with the variation of brightness

as a function of horizontal phase trace speed, vphsx. at a fixed time -

and period. Osciliations occur because of the varying wavelenpths
produced by varying vphx and the fact that tae ground boundary
condition ensurcs that all waves begin with the same pha'se.‘ The

second type of figure {Figures 2 and 3) illustrates thc variation in
brightness versus timc. at fixed vpnx.
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Here we should mention that we assume the backgi’ound to be
approximately uniform so far as the gravity wave is concerned all
the way up to and including the airglow region under discussion.
The general gravity wave in the airglow region can then be a linear
combination of an upwardly travelling Hines gravity wave and a
veriically statiodary non-evanescent Hines gravity wave. The latter
provides for the large downward reflection from the sudden
temperature rise at the base of the thermosphere for larger scale
waves. For smaller scale waves there can sometimes be significant
downward reflection from critical layar regions in the actual
atmosphere (He et al.,, 1990). Since the primary purpose of the
present paper is to demonstrate the importance of nonlinear airglow
response, ¢ven for relatively small amplitude gravity waves, we use
only the Hines gravity wave satisfying the rigid surface boundary
condition; in the Eulerian 'system a perturbation expansion for this
particular type of wave does not require renormalization and is
therefore simpler to use.

In Fig.l, we show a plot of the first-order Lagrangian and first-
order Eulerian brightness terms (which are the same, of course,
because of the relation via integration by parts referred to above) at
.a fixed time but for differert horizontal phase trace speeds, for a
two-hour period gravity wave that induces a 5% major species
density fluctuation at 97 km. In the same figure we have zlso
plotied the second-order Lagrangian (dashed line) and second-order
Eulerizn- (dotted line) terms. Cledrly both are significant for aii
horizonta! phase trace speeds. 'In Fig.2 we plot the first and second.
~order terms for a fixed vphx = J50 m/s as a function of time, where '
the maximum density fluctuation of the major species is again set to
5% at 97 km. -

Fig. 3a-¢ show a comparison of the total Lagrangian brightness
(equation (25), crosses), as 1 function of time, and the sum of the
first three perturbation terms in the Eulerian brightness (dotted
lines) us well as the firstTOrdcr' brightness (equation' (28), solid lines),
using thc same parameters as Fig. 2. Each figure is drawn for -a
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different fractional mujor species deusity fiuctuation at 97 km,
beginning with 7.5% in Figs. 3a through 3%, 3.75%, 2.5% and ending
with 0.5% fer Fig. 3e. As can be seen. the nonlincar recsponse,
producing 3 cvusp at the waveform crest and & flattening of the wave
trough, is very important for the 7.5% case, and alinost completely
absent for 0.5%. Figs. 4a2-e show the brighiness response at a fixed

time but for different horizontal phase trace speeds; the importance
of the higher orders is clear.
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'5,_Conclusion

The question of whether a iinear gravity wave will give rise to
higher-order harmonics of the basic gravity wave frequency in
ground-based observations of airglow brightness fluctuations is
important for the investigation of atmospheric dynamics, especiaily
with regard to the proper interpretation of the power spectra of
airglow data. That such harmonics are significant has been shown to
be the case when they are calculated in the Eulerian and in the
Lagrangian frames. ‘

The net consequence of all this is that one would expect the
frequent occurrence of higher-order harmonics in the power spectra
~of airglow brightness fluctuations. The results presented here may
be tested by the simultaneous measurement of ground-based
brightness fluctuations and local major species density fluctuations
via radar or lidar or in situ instruments. Such an experimeat could
~ determine whether higher harmonics present in the nonlinear
airglo“( response are in fact absent from the actual gravity wave
fields. ’
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Fi Capti
Figure 1. Comparison of the second-order Eulerian and Lagrangian
integrated brightness (with a second-order dc offset omitted) to the
first-order integrated brightness (=qn. (28)), at a fixed iime for a two
hour period wave over a range of horizontal phase trace speeds
(vphx:. The fractional major species density fluctuation (Njg/No) at

97 km has been set to 5%. The vertical scaie is given in arbitrary
units. ' |

Figure 2. The same as in Figure i, but for a fixed vphx of 150 m/s,
plotted as a funciion of time. The fractional major species density

fluctuation at 97 km has been set to 5%. The vertical scale is given in
arbitrary units. '

Figure 3. Comparison of the sum of the first three ordess (including
the dc offset) of the integrated brightness in the Eulerian system and
the total Lagrangian integrated brightness (eqn. (25)) to the first-
order integrated brightness (eqn. (28)), for a itwo-hour period wave
with a horizqmal phase trace speed of 150 m/s. The fractional major
species density fluctuation at 97 km'is 7.5% in Fig. 3a, 5% in Fig. 3b,
- 3.75% in Fig. 3¢, 2.5% in Fig. 3d and 0.5% in Fig. 3e. The vertical scale
is given in arbitrary units. |

. Figure 4. The same as in Figure 3, but at 2 fixed time and over a
range of horizontal phase trace speeds. The vertical scale is given in
arbitrary  units. | ' ’
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Abstract

The local fluctuations of a minor atmospixeﬁc species concentration caused by
linear gravity wave motions can be nonlinear if the minor species density gradient
is sufficently steep; To treat such a case, a mel;hdd is outlined by which it is
possible to calculate the minor species response to any order in the linear gravity
wave. Calculations to third order c;ver a wide range of wave parameters show that
the nonlinear e;ﬁ'ec,ts can be substantial. As av result, carc must be taken when
analysing data from minor species fluctuations, so that frequencies due solely to

the nonlinear nature of the minor species response are not attributed to gravity -

waves.
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1. Introduction

The study of gravity waves in the middle and upper atr:osphere has relied
from its begiﬁning upon the detection of the motizn of minor atmospheric con-
stituents. Early examples include Jeformations of meteor trails and radio echoes
from ionospheric layers, wkiie more recently many observations have been made of
airglow intcasity fluctuations ard resonance lidar bacicscatter,ﬁuctuapions.

Many of ‘the minor constituents of the atmosphere are distributed in layers
which are sharply peaked. The atomic sodium layer, for example, is concentrated
around 90 km in a layer which has on averagé a half-width much less than the

atmospheric scule height. Because of such background structures, small-amplitude

(i.e. linear) gravity waves can induce local fluctuations of much larger amplitude in

a minor species concentration. Modelling the: response of minor atmospheric species
to gravity wave perturbations has been carried out by many investigators (Thome,
1968; Porter and Tuan, 1974; Chiu and Ching, 1978; Weinstbck, 1978; Gardner and
Shelton, 1985; Molina et al., 1985; Walterscheid, et al., 1987; Hines and Tarasick,
41987; Hickey, 1988; Tarasick and Shepard, 1989). With the exception of Weinstoék

. (1978) and Gardner and Shelton (1985), previous studies have focused on the linear .

response. The present work develops a perturbation expansion approach that can

'be used to model the nonlinear response of neutral minor species to linear gravity

waves. The approach taken is Eulerian, so that the method has direct application

. to measurexﬁents made at a fixed height. 1t is apparent that with the inherent
reliance of so many remote sensing technologies (ionosondes, airglow photometeis,

radars, lidars) on the detection of minor species motions, a clear understanding

* of the response of minor atmospheric layers to lincar gravity waves is essential for
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the proper interpretation of such data, particularly when the data are spectrally
a.milysed. |

The present paper confines itself to the treatment of the local minor species
response, as measured at a given height by active instruments such as radars or res-
onance i:dars. A companion paper addresses the minor species fesponse integrated
along a iine-of-sight, as measured by passive instrurrents such as ground-based
photometer:

Section 2 displays the origin of the nonlinear dynamical response of minor
species with sharply peaked profiles. Section 3 develops the pertuzbation expansion .
method in general, and in section 4 it is used to calculate higher-order terms in the
minor species dynamical response over a broad range of wave i)arameters as well

as for an illustrative specific case. Conclusions are presented in section 5.
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2. I, namical Nonlinearity

Linear grivitv wave thmr_';' has on the whole been dcvcfnp(-d for the special
case of a homogeneous fiuid, where the mean molecular mass is constant and mixing
precesses overwhelm difﬁisive separation. This is in general a good approximation
below the mwopause;l near and above 100 km, however, the n,:'ca.n.mo]e‘cuiar mass
becomes strongly variable with increasing altitude, and at the same time the mean
free path is large enough for species to separate diffusively. In the thermosphere,
therefore, even for neutral minor species, a proper, treatment of the response to
gravity wave pcrtu'rbaxions must incorporate n:mlti-componcnt flnid etfects and
have scbmte momentu.m quations for each component (Volland, 1969; Mayr et
al, 1984). In the present paper, attentioln is rostricted to neutral minor species in

“the stratosphere and thm. In these regions, where minor species concen-
trations never exceed 1% of the total aimospheric concentration, one is justified
in considering only the rontinuity equation for the investigation of ncutral minor
spevies. This is because the overwhelming majority of minor syecies collisions are
with m‘ajor- species particles, and one can assume that they have the same velocity
as the major species, except posQibly for diﬂ'gsibn, which we will consider next.

The Euicrian continuity equation for any minor‘specia is

%’f:v-v-(ha..)w"—nt. | | - (1

where n(z,y, z,t) is the minor species number dcnsi(y, Um(2,y,2.t) is the minor

species velocity field, P is the minor species production rate per unit volume, and
L is the minor species loss frequency. Sirice we want our theory to apply to airglow.
emission as well &3 active probing, we will take the term minor species, in such

cuses, to mean the particular electronic or vibrational stéte of the species which is
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the source of the airglow. We wish to use this equation to examine the response of a

minor species to dynamical perturbations induced by a gravity wave, in particular
the nonlinear response to such perturbations.

Other processes which must be considered, in addition to gravity-wave-induced
dynamical perturbations, are diffusive processes and chemical (including collisional
" and radiative) production and loss. Even in the absence of any motion of the
atmosphere as a whcle, it may be that v,a # 0. This is because any minor cpocies |
with a layered structure is in diffusive, not hydrcs;atic, equilibrium, and is therefore
continually diffusing from regions of net production to regions of net loss. The
vertical diffusive velocity for an isothermal atmosphere is given by (Chamberlain

and Hunien, 1687)

1dn,  mae. .
wiyr = —D(;:‘;z— + %T‘a) (2)

where D is thq d>iﬂ'usion cocflicient, m, the molecular mass of tiie minor species, g
is the acceleration due to gravity, k is Boltzmann's constant, and T is the temper-
ature. |
‘ ny there is pure gravity wave motion (i.n.. no prevailing wind) with parcel
velocity U, so long as |¢] % [weigg), one can sct U = 0. Howcvef, for small scale
" waves it may be that [7] = |w4; 771, and even for somewhat larger' scale waves the
diffusive velocity may be comparable to the gravity wave velocity for an appreciable
part of each grav'it‘y wave period, as U passes through zero twice per cycle. ,

In addition to this diffusive vel;)city. ;miurbntioﬁ tolthc production and loas
terms induced by the gravitj wave tﬁotidn may be comparable to the other per--
turbation terms. If this is the case, the effects of chemistry will be as important as
dynemical effects in deterinining minor species density fluctuations. ‘Oné measure

of whell;cr this s s0 (demlncid et d.; 1987; Fritts and Thrane, 1989) is if the
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diffusion time (or the Lfetime of an excited state) is much greater than the wave
period, Tyiff(chem) > T._ The range of diffusion times (vlifetim&s.)' of minor con-
stituents, from seconds to days (Winick, 1983), encompasses the gamut of gravity
wave periods, which are from 5.or 6 minutes zlnp to several hours. Thus, whether
or not perturbations to the productioxi chemistry should be incorporaied in the
solution to aquation (1) must be decided on a case by case basis. For example, for
- the OH(3") levels, wh;ch are the source of the Meipel bands, Toaem ~ 1 .sc'c, and
chemistry must be included. For atomic sodium. on the other hand, 74iy; > 1 day,
so for this spscies chemistry may be safely noglected. |
Sinoc the focus of this paéet ison &ynamiral cffects, we will arbitrarily assume
i) Um = ¥ to a good apbroximaiion, that is ii¢,y; = 0, and ii) perturbations to the
production and loss terms are negligible. Under these assumptions, equation (1)
becom:es ‘ | :
= V- (nd), @®
where < is a knowa quantity, and (3) is therefore an uncoupled equation for n only.

To simplify the analysis, for thc remainder of this paper we shall take this t'r' to rep-

resep? a monochromatic, linear gravity wave with angular frequency w, horizontal

wavenumber ¢, vertical wavenumber k,, propagating in a wir.dless, isothermal, |

~ horizontally stiatified atmospiiere with components (u,0,w) in suitably chosen

. Cartcsian coordinaies, with z and t dependence given by exp‘ i(wt — kyz). Suck

a wave is a solution to the linearized hydrodynamic equations of the wmajor atmo-
spheric sp?ciea, implying that the major species number deqﬁty (hereafter denoted
by N), is fluctuating with a small amplitude about an unpcrturbéd, background
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value. Given this, we can write the relative fluctuation in the major speciex number

density directly from the linearized continuity equation as

N' k,  idw i 1dN,

7 VT

w (4)

where N'(z,z,t) = perturbed part of N and N,(z) = unperturbed part of N.
This wave will induce a fluctuation in the minor species density (hereafter

denoted by n). However, it is important to note that the minor species Juctuation is

' not necessarily a “wave” in the same sense as the major species fluctuation is a wave.

While the latter is a solution to the entire set of linearized, coupled hydrodynamic
equations fur a fluid, the former is the response of a minor constituent embedded in
the fluid to wave-induced perturbations and is the solution to just the uncoupled
continuity equation given by (3) for the minor species dcnsity n. This is true
because the minor species momentum equation is overwhelmingly dominated by
the ‘collision term representing momentum transfer from particles of the. ma jor

species. In a fashion quite analogous to the defiva.tioh_ of equation (4) for the

‘major species, linearizing equation (3) gives the first-order approximation to the

minor species response

e (5)

e
|
€
)
N
€
3

[ ]
oy

where n'(z, z,t) = perturbed part of n and n,(:) = unpetturbed part of n.

Two points to consider about the minor species response, evident in the first-’
order equation (5). are the follo‘winé. First, for minor ipédes with a lay.cred st‘.ruc-
ture, the unpcrturbcd. density gradient is positive in the region below the peak
and negative in the region above the peak, while the unpcﬂurbéd major spccies
gradient is always negative. This implies a skift in the phase difference between the
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major and minor species density fluctuations at the point of the minor species peak.
Indeed, for a wide range of gravity waves, equations (4) and (5) are dominated by
their third terms (Makhlouf, et al., 1987), so that below the peak the first-order
mlinox' species response is 180 degrees out of phase with the major species fluctua-
tion, while above the peak it'is in phase with the major species. This phase reversal
in the region of the prefile peak has been known for some time on both theoretical
(Theme, 1968; Porter and Tuan, 1974; Weinstock, 1978) and observational grounds
(Thome, lQGé; Noxon, 1978; Shelton et al., 1980). |
A second point to consider about cquation () is its magnitude relative to
cqluation (4). For the case of pure lincar gravity wave mot'ion which we are ¢on-
sidering, the magniltude of the majocr specics ﬂuétuation, given by equation (4), is
by assumption small, say 10% or less. However, when the same velocity field is
used in equztion (5), the magnitude of the first-order minor species response can
- be much greater. This result occurs becsus? the advective part of the Eulerian
time derivative, which produces the third terms of equations (4) and (5), involves
gradients of background densities. As mentioned previously, such gradients can
be much larger for minor specics than the corrcspondi,ng major species gradient..
'Consequently, though equation {4) is by assumption valid for the major species,
retaining only first-order terms for the minor spociq, as in equation (5), is nqt’ in-
general justified. As an explicit example, if one uses the U.S. Simdard Atmosphere
(USSA) 1976 model of atomic oxygen, at 90 km (just below the O peak at 97 km)
" a gravity wave which corresponds to a 10% density fluctuation in the major species
will induce a 40% first-order fluctuation in the atomic oxygen density. Thus dy-
nupical nonlinearities enter naturally into the minor species response. In the next

" section, & method i3 developed to treat these dynamical nonlinearities.
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3. Perturbation Expansion Method

To calculate higher-order solutions to equation (3), we begin by rewriting it
(Isler, et al., 1988) as

%’f_ _-_,\Qg.'ib,,\zz%”"; +ASY+AS - (6)
where
¥ = n'/n,..'.
Q= -v,
R = -w,

ou Ow 1 dn,
5-‘(5;”5:*;7:“’)'

and we have simply used

in rewriting equa.tiox{ (3). Note that we have rewritten the exact equation (3),
retaining all orders in the wave velocity v. A dimensionless parameter, A, has bzen
introduced as a bookkeeping device to keep track of orders in ¥, or equivalently of

.orders in N'/N,, since u and' w are lﬁiinearly rclated to N’/N.. iNexf, we write
¥ =My + A% + M0 4 : M

where ¥, is linear in N'/N,, ¥, is qixadxatic in N'/N,, etc.. .l'nserting this expansion
into equation (6), we can procced to solve for the minor species response to a linear |
gravity wave to any order in A, that is in N’/N..

To first order in A, equation (6) is 9y, /Ot = S, and so
| You bw ldn, \. |
'b'--/{,(b‘-;*‘a?*;:??"_’)""‘. @
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Since we are interested in fluctuations at some time t long after the gravity wave
has settled into its monochromatic state, we take the initial time in equation (8),
t == t,, to be a time before gravity wave motion begius, when v = 0. We assume -
that the transient siate develops smoothly and continuously into a monochrom;tic‘
state. As it should be, ¥, obtained in this way is equivalent to 2quation (5). Using
the above notation, $; = Re —iS/w. -
When calculating higher-order solutions to equation (6), it mu‘st be rgmeixxi
bered that the real parts of complex quantities must be taken prior to any multi-
plication; otherwxse, dxﬂ'erence—frequency effects can be missed altogether. Thus, '

tc second order in A, equation (6) is given by

&h &Y ¥,

= ReQRe " + ReRRe 2" + ReSRe 9)

which can be solved since ¢, is known. Once again, the integration is chosen to be
from a time prior to the gravity wave motion.

In general, at the nth ordcr, we have the recursion relation

B;b Opnr

“ox

01/):.

+ ReR Re————

Lol ReSReyn-i. (10)

In this way, one can obtain ¥, the minor specics resp;)nsé. to any order in the lincar
gravity wave parameters | | | \

. Gardner and Shelton (1985) devxscd a sxmxlar perturbation expansion ap-
’preach, they too neglected production and loss perturbatxons and diffusion, and
Begv.n, as we have done, from equation (3). waeve'r, their. approach assumed a
form for the solution in advance, and they considered only large penod gravnty

waves, while the approuch taken hcro is more general.
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It may be suggested that to be consistent, one would hcve to retain all nth

order terms, and so in equation (6) put in for ¢’ the expansion
U= A!7|+A2!72+/\3173+.... ‘ (11)

These higher orders in & would be the result of retaining higher orders in the
solutions to the coupled ﬁydrodynamic equations of the major species, i.e. incor-
porating n'onlinea.r gravity wave eﬁ'ecfs. However, we have assumed that the minor
species fluctuations are due to perturbation by a linear grivity wave, that is 7 = 7}
to a good approximation, so we further assume that any contributions to the minor
species r&ponse due to higher-order corrections to ¥ are negligible relative to those

due to the linear ¥ alone. This was also implicitly assumed by Gardner and Shélton :
(1985).
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4. Resulis

- We hm;'v caleulated the min‘(;r species response to tllix;({ order in the linear
gravity wave for several different background profiles and over a wide range of
' gravity wave parameters. As one would expect, the importance of the higher-order
terms in the response depends stréngly upon the steepness of the verti;:a.l density
gradient of the minor species. Specifically, we have used various Chapman function
and Gaussian analytic models, and the USSA 1976 model of atomic oxygen as well.
Figures 1a-1c show the profiles used in obtaining the subsequent plots: namely, a
Chapman function, a Gaussian distribution, and the USSA 1976 atomic oxygen
model. For casy comparison, the two analytic profiles have each been set to peak

at 92 km.- |
We have considered t.v»;o gravity wave modecls. The first is a free travelling

wave in an infinite isothermal atmosphere (Hines, 1960), with velocity components |
u= Awk,c’(k, + in)czlzﬂci(ut—k.:-k,s). . (12)
. w = Aw(wg - kzcz)exIZHei(ut-k.z-k, z) (13)

where H is the atmosphericé scale height, ¢ is the speed of sound, A is an amplitude
factor, and n = —(1 — v/2)g/c?, with 7 the ratio of specific heats. The second is a
vertically statinpary wave in a semi-infinite atmosphere with a rigid surface ground

boundary, havine velocity com;mnénts

v = f%’f: (cos k.2 + kl sin k,z)c’/z"c‘("’“*"’ - (14)
: z
/ 1.2 2 o v '
W = iasin k,z(f—)—é—i-—z;)ezhﬁcr(wl-k.:) | (15)

where wy is the Brunt-Vaisala frequency and a is another amplitude factor.l Such .

* waves come from either a high altitudg source, or a once-reflected wave from a low
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altitude source, or a guided ﬁlode; in general, an arbitrary gravity wave is a linear
combination of (12), (13) and (i4), (15). The detailed algebra leading to ¥, and
Y3 for each case will not be presented here.

The stability of the perturbation method outlined above is dependent upon
the type of gravity wave model used; in particular, sécula.rity (divergénce in time)
is present in the respcnse to the zz'avenirxg wave, vbut is absent in the response to
phe vertically s.ationary wave. The abSénce of secularity in the iatier case is due
to the fact that the horizontal and vertical velocitSr fields are 90° out of phase,
so that at the second order the time integral contains a pure elliptically polarized
sinusoid. For the travelling wave, on the other hand, the time i_nteg:al contains an .
offset sinusoid, and sccularity results.. It is interesting to note that the growth rate

of the instability is proportional to

w\/1 1dn, '
(1°1-3—c?)(ﬁ+7:3dz)' 8

Thus, i) the instability disappears if the minor species density falls off with the

atmospheric scale height, and ii) the instability is more pmnounced.ftl)r smaii-
scale waves (w <' krc) than for larger-scale waves, as one wculd expect, since
the relative importance of vertical motion is gfeater 'for the former than for the
latter, and it is vertical motion whick pfociuccs the nonlinear resrionse. To coi'rcét
for the secularity, we are investigating the 'use of renormalization schemes which
would ultimately lead to a solution containing non-integer multiples of the gravity
.wave frequency. To avoid the scculﬁrity, for the present paper we have restricted
attenﬁon to the vcrticzilly stationary wave model (it isvthis model which has been
.used in the Fig\’xrcs 2-5); however, the relative‘ magnitudes of the higher-order terms
are comparable in the two cases, so that the results yvould not be greatly altered

had we used a renormalized solution for the vertically. travelling wave model.
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To ensure the linearity of the gravity wave, the envelope of the amplitude of
the vertically stationary velocity field has Bevn normalized to induce at most a 15%
major speéics density fluctuation at the profile peak. In the case of the wave used
in Figures 2-4, this results in an actual majbr species density fluctuation of only
5% in the major species density at the profile peak.

The gravity wave used in Figures 2-4 has a horizontal phase ‘trace speed of
150 m/s, a.n intrinsic period ~f 2 hrs, a horizontal wavelength of i080 km, and a
vertical wavelength of 55 km. The results for this particular gravily wave are not -
unique, and we have used it Qolely for illustrative purposes. I ail three figures,
we have plotted the major species density ﬂuct'ua.tion, the first-oi der minor species
response, and the sum of the first three orders in the minor species response.

In Figure 2, the background minor species profile is that of F igure la. Figure 2a

shows the response at 87 km, where the background density is orders of magnitude -
below its peak value. The first-order response here ié greater than 400% (the
major species fluctuation is barely visible on this scale). As a result, the nonlinear
respoﬁse- is overwhelming. In Figure 2b, the response ai 89 km is shown. Thg
_nonlinear response at this height remains considcrable, and is responsible for the
culsp effect of sﬁarpenihg the waveform peak and flattening the wﬁk'efrom trough.
In Figure 2c, thé response at 95 km is v‘shown.‘ At this height, the r;spopse is for
the most part linear.. _ |
In Figure 3, the ba;ckground minor species profile is that of .Figure 1b. Figures
3a, 3b and 3c chow the response at 87 ki, 89 km and 95 km, respectively. The
nonlinear effects for this profile are not as pronounced as they were in the previous

figure, but they are noticeable nonetheless. The cuspihg of the waveform is evident

at 87 km. Also noticeable is the phase reversal of the response at the profile peak.
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The response is 180 degrees out of phase with the major species fluctuation below
the profile peak, and in phase above the peak. o
In Figure 4, the background profile is that of Figure 1c. Figures 4a, 4b and
4c show the response at 89 km, 92 km and 102 km, respectively. Even for this
relatively broad profile, there is a noticeable cusp effect at certain Leight levels.
Figure 5 serves tﬁ show the importance of higher-order effesis over a broad
range of wave parameters for the responsc at 89 km, using the proiile of Figure
la. In Figure 5a, we hay;e plotted the first, second and third-order response as
a function of time for a gravity wave with a horizontal phase trace speed of 15¢
m/s and an intrinsic éeriod of 2 hrs. It is the sum of these which appears in larlge
dashes in Figure 2b. In Figure 5b we have plotted the first, secona and third-order
response at a fixed time as a function of horizontal phase trace speed (vprs) from
35 m/s up to 250 m/s for an intrinsic period of 2 hrs. Oscillations occuf over the
range of phase speeds because of the ;rertically stationary gravity wave model we
cmploy. Figure 5c is the same as F’igurc 5b, except the intrinsic period is now
20 min. We should point ont that it is unlikely that smaller-scale waves (phase
spceds less than §0 m/s, say) will reach the amélitude necessary to induce éven a
10% major species fluctuatios: vefore becoming unstable or mcomteﬁng a critical
level, and so smaller-scale waves shoald not- be exp'ected to produce a significant
nonlinear ‘xl‘esponsé. Ho;veve‘er; it is clear that the significance of the higher-order
terms is not sensitive to the particular gravity wave parameters.
The above results demonstrate the significance of the nonlincar response for
- minor atmospheric constituents which are distributed in narrow layers. For exam-
ple, there can be a substantial cusp cffect in the response at .certain height levels.

As a consequence, it is to be expected that the spectra obtained from minor species
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fluctuations at particular height levels can contain peaks not only at frequencies

associated with the actual gravity wave field, but at integer-multiple harmonics of

the gravity wave frequencies as well.
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5. Cunclusions

‘We have outlined a method which can be used to éalcula'te higher-order, non-
linear terms in the local response of minor atmospheric species to linear gravity
waves. The method results in an expausion of the minor species response to any
order in the .inear grvity wave. Dye to secular terms arising when the method is

- applied to vertically iravelling waves, for the present we have therefore only consid-
ered the c#se of vertically stationary waires-; Higﬁc -order effects have been shown
to dbe important over a broad raﬂge of wave parameters. Consequently, particular
care must be taken in inferring from the ébwer spectra of minpt species flucuations
the wave field of the atmosphere as a whole. In future work we intend to extend the
method to treat charged minor species and incorporate the effects of perturbations

to the production and loss chemistry.
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Yigare Taptions

Figure 1. 'a. Chepmen function used in Figures 2 and 5. (b) Caussian distri-
Fation asea Tigore 5. () USSA atornic oxy g1 model, used in Figure 4.

¥ gure 2. (a) }irsi crder major species fluctua’ or (solid line), first-order minor
spe.tei esponse (larss achzs), and ~ru ¥ ke fits three orders of the mizor
's;‘rlés response (sm-ll dasies), at 27 } - . fo- 3 gravity wave with an intrinsic
peri *d of 2 hrs and a liorizontal phus 1. ace speed of 150 m/s. The minor species
profile is that of Figure 1a. (b) Sarae &5 (a), but at 8G.km. (c) Samé as (a), but at
95 km. ' ' |
| Figure 3. (a) F‘i' st-order smayor -pecies fluctuation (solid line), first-order minor
species response (lrye daskes), and the sum of the first three orders of the minor
cpecien responsev \small dashes), at 87 km, for a gravity wave with an intrinsic
period of 2 hrs and a horizontal phase trace speed of 150 m/s.lThe minor species
profile is that of Figure 1b. (b) Same as (a), but at 89 km. (c) Same as (a), but at
95 km.

Figure 4. (a) First-order major species fluctuation (solid line), first-order minor.
species response (large dashes), and the sum of the first three orders of the minor
species response (smalll dashes), at 89 km,v‘for a gravity wave with an intrinsic
period of 2 hrs and a horizontal phase trace speed of 150 qx/s. The minor species
profile is that of Figure 1. (b) Same as (a), bu.t at 92 km. (c) Same as (a), but at |
102 km. o

| Figure 5. (a) First-order minor species response (solid line), second'ox;der mi-
nor species response (large dashes), and third-order minor species response (sfnall
dushes), at 89 km, for a gravity wave with wt intrinsic penod of 2 hrs and a hori-

zontal phue trace speed of 150 m/s. The mi..or species profile is that of Figure lﬁl




(b) Saixie as (a), but at a fixed time as a function of horizontal phase trace speed
(vpas), for a gravity wave with an intrinsic period of 2 hrs. (c) Same as (b), but for

. & gravity wave with a period of 20 min.
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Figure 2. (a) First-order major species fluctuation
{solid line), first-order minor species respornse
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87 km, for a gravity wave with an intrinsic period of
2 hours and a horizontal phase trace speed of 150 m/s.
The minor species profile is that of Figure la.

(b) Same as (a), but at 89 km. (c) Same as (a), bhut
.at 95 km. '
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(b) Same uas (a), but at 8% km. (c) Same as (a), but
at 95 km. ’
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Figure 3. (a) First-order major species fluctuation
(solid line), first-order minor species response
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Figure 3. (a) First-order major species fluctuation
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Figure 3. (g) First-order major species fluctuation
(solid line), first-order minor species response
(large dasbes), and the sum of the first three

orders of the minor speciecs response (small dashes),
at 87 km, for a gravity wave with an intrinsic

period of 2 hrs and a horizontal phase trace speed of
150 m/s. The minor species profile is that of Figure
1b. (b) same as (a), but at 89 km. (c) Same as {a),
but at 95 km. '
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Figure-4. (a) First-order major species fluctuation
(solid line), first-order mincr species resporse .
(large dashes), and the sum of the first three

orders of the minor species response {small dashes),

at BY km, for a qgravity wave with an intrinsic period
of 2 hrs and @ horizontal phase trace speed of 150 m/s.
The minor apecies profile 1w that' of Fiqure lc.

{(b) Samc ag (a;, but at 92 km, (c) Samc as {(a), but
at 1C2 km. :

161"




N /N_o.Poi_V . Pot_102¢)

Figure 4b
.39 t T T Y T BN § lv’\7 v § T T ¥ :’ Y ]
N 7 \\\ ' J ;
28 : ‘\‘ I’ \ I -
|\ 1 \ 3
L / { 3
e ; \ { ]
o ] E
S pooo (7
E ;) ) { E
05 E 3////’—‘\\ ) ‘zf//"~\\\\\ 3
B N N
N s
e “ " H ’ ]
A S BT
20 \\ 'I o \: / :
: \\ i \ J :
.2 \‘\ l/’ , {\ﬂll ' -:‘
‘ E . ' - :
e Y I\ A A A A ' A 4 Fy ) 1 A
e, Py————" $000 0000 10000 13008 14008 10800
tiee foee)

Fisure 4. (4) First-order major species fluctuation
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(a) First-order major species fluctuation

‘(solid linc), first-order minor species response
(large dashes), and the sum of the first three

" orders of the minor species response (small dashes),

© at 89 km, for a gravity wave with an intrinsic period
of 2 hrs and a horizontal phase trace speed of 150 m/s.
The minor species profile is that of Fiqure. lc.

(b) Same as (a), but at 92
at 102 km.

163

km.

(c) Same as {(a), but




Pei_V.Pai _2.Pel )

-1.

Figure Sa

LAl SN SuLEE S ot BN AR RELANE L FRN §

rvvyryrryrtyryrrrviyvoan

WU WU VI ULY UV U L T VTV WA W N0 U U WU ST A N0 U WA S U S S W B S

PUBI WL i VP ENAT VU WA S Yy SN S i

[

2000 4000 o900 0000 ¢ 10008 12008 14008 16000
tLise (oec) '

Fiqure 5. (a) First-order minor species response
{solid linc), second-order minor species response
(large dashes), and third-order minor species
response (small dashes), at 89 km, for a gravity
wave with an intrinsic period of 2 hrs and a
horizont.al phase trace speed of 150 m/s.  The

minor sjecies profile is that of Figure la.

{b) Sam: us (a), but at a fixed time as a function
of horizcntal phase trace speed (Vphx)c for a gravity
wave with an intrinsic period of 2 hrs. (c) Same as
(b}, but for a gravity wave with a period of 20 min.
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"Pigure 5. (a) First-order minor species response
(solid line), second-order minor species response
" {large dashes), and third-order mincr species response
(small dashes), at 89 km, for a gravity wave with an
intrinsic period of 2 hrs and 2 horizontal phase trace
speed of 150 m/s. The minor species profile is that
of Figure la. .(b) Same as (a), but at a4 fixed time as
s function of horizontal phase trace speced (vphy), for’

LI ' a gravity wave with an intrinsic period of 2 hrs. (c)
Same as (b), but for a gravity wave with a period of
20 min. ’ '
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Figure 5. (a) First-order minor species tespénse
(solid linc), second-order minor species reapuiise

(large dashes), and third-order minor species response
{small ddashes);: at B9 km, for a gravity wave with an

intrinsic poried of 2 hrs and a horizontal phase trace
specd of 150 m/s5.  The minor species profile is that
of Figuze La. (b)) Same &g (a), but at a fixed time as
a fanctioun of horizontal phase trace spueed (Vany) o f.ér
a gravity wave with an intrinsic period of 2 Ets. (c)
Same as (b), but for a gravity wave with a period of
20 min. '
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' FINAL REPORT

Submitted dy: M.J. Taylor
Department of Physics,
University of Southampton,
Southampton, SO9 5NH, UK.

Period covered: 3 May 1990 to 4 April 1991.

1. This report covers the extension (Modification No 1) of the subcontract between the
University of Southampton and the University of Cincinnati issued as part of the US
Airforce Contract F19628-87-K-0023 to UC for research under the project entitled
"Investigations in Atmospheric Dynamics”.

2. The primary aim of this research contract wzs to image wave structure in the OH
nightglow emission ‘o determine the frequency of occurrence, geographical location,
horizontal wavelength, horizontal velocity (and hence apparent period) of short period
(<1 hour) mesospheric gravity waves present over an ocean site. The measurements
were successfully made in late March and early April, 1990 from Maui, Hawaii as part
of the ALOHA-90 campaign.

3. Due to the success of the ALOHA campaign it was decided, at short notice, to leave

the cameras set up on Haleakala and 1o make a second set of measurements during the

following new moon period 18-28 April. All three cameras continued o function well

and excellent data were obtained for comparison with the first set of measurements. The

additional funding awarded in Modification No 1 of this subcontract have been used

towards the costs incurred during this second set of measurements and to cover the initial
. data analysis.

4. In progress rcpén No 1 (submitied 22 June 1990) details of the instrumentation were
given together with a summary of the measurements. An introduction to the image data

was also presented at the first ALOHA warkshop which was held during the CEDAR
meeting, Boulder, in June 1990.

5. The analysis of both data sets has progressed well. The first detailed results were
“presented at the ALOHA session of the AGU meeting, held i in San Francisco, December -
1590. Durmg this meeting it was decided to concentrate on two nights 25 and 31 March
so tiiatthe image data could be compared with the measurements obtained by the other
instruments (both airborne and ground based).

6. The results of this study have recently been submitted for publication in Geophysical.
Research Letters as part of ‘a special section on the ALOHA-90 campaign. Copies of
these papers are appended. - Although there is still much data to be analyzed the
campaign was a great success and we have already achieved several of our stated goals.

(Dr M.J. Tayior)
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Appendlx 1

NEAR lNFRARED IMAGING OF HYDRGXYL WAVE STRUCTURE
OVER AN OCEAN SITE AT LOW LATITUDES

M.J. Taylor and MJ. Hill

Physics Department, University of Southampton,
Southampton, SO9 5NH, UK.

Abstract. Ccordinated observations of wave structure in the near infrared hydroxyl

(OH) nightglow emissicn have been made from Maui, Hawaii .using a suite of narrow
angle and all-sky TV cameras. Two sets of data were obtained, the first in conjunction
with the ALOHA-90 campaign and the second during the suhsequent new mooa period.
Weli formed, shori period (<20 min) wave patterns of comparable morphology, dynamics
and abundance to those regularly imaged from mid-latitude mountain sites were detected
on several occasions. Although the Hawaiian islands comprise several high volcaric
peaks, the patterns were not consistent with gravity waves generated by the interaction
of strong winds with the local island topography. This suggests that cther mid-latitude
wave patterns may also rot be of mountain ciigin. The wave patterns imaged during
ALCHA-90 were of significantly lower contrast than those detected later. This effect
may be related 16 changes in the characteristics of the middle atmosphere that cccur
shortly after the spring equinox..

Introduction

Photographic and iow light TV observations of wave structure in the near infrared

(NIR) OH nightglow emission (peak altitude ~87 km, haifwidth 5-8 km) have been made
from severz! mid-latitude sites for almost two decades [Peterson and Kieffaber, 1973;

- Moreels and Herse, 1977; Armstrong, 1986; Taylor et al., 1987). Mecasurements have also

been ‘obtained at auroral latitudes [Clairemidi et al., 1985) and from within the arctic
polar cap [Taylor and Henriksen, 1989]. The data frequently show extensive wave-like
patterns exhibiting horizontal wavelengths shorter than 100 km:

To date there is very little information available on mesospheric wave motions that

occur at low latitudes. Peterson [1979] reported visual and near infrared photographic
observations from Hawaii of two small scale wave events (termed ripples), but no details
were given of any other wave patterns that may have been detected. Subsequent attempts
to image wave structure at low latitudes from Puerto Rico (18.5°N), during the AIDA "89
campaign were restricted by poor observing conditions.

These observations of the NIR and visible nightglow emissions from Hawaii allow the
propcmes of short period mesospheric wave motions that occur at low latitudes over an

oceanic site to be investigated and comparcd with those regularly observed at mid-
latitudes.

Observations and Results

Observations were made from the Department of Energy (DQE) building, Haleakala
Crater, Maui (20.8°N, 156.2°W, 2970m), over two consecutive new moon periods; 18
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March-4 April during the ALOHA-90 campaign, and 18-27 April to provide additional
data on mesospheric wave activity shortly after the spring equinox. The high altitude and
favourable weather during these periods provided excellent conditions for imaging
structure in the faint nightglow emissions.

Four cameras were operated, three of which were broad band NIR OH imagers; a

narrow field Isocon (30°), a medium field CCD (55°), an all-sky Isccon (180°), and an all-

sky "monochromatic imager” filtered to observe structure in the OI {557.7 nm) nightglow
emission (peak altitude ~-95 km). Further details of the instrumentation are given in the
ALOHA-90 overview paper [Gardner, 1991]. On several occasicns during this campaign,
remarkably coherent but faint NIR wave patterns were imaged. Comparison with
spectrometer observaticns confirmed that these displays were due primarily to variations
in the OH emission [Taylor et al., 1991).

Figure 1 shows four examples of wave structure imaged by the CCD camera at low
elevations (~15°) during ALOHA-90. The wave patterns were clearest in the CCD data
which had the highest signal-to-noise ratio. Measurements of the horizontal scale size
and motion of each of these wave patterns are listed in Table 1. Figure 1a shows several
faint coherent wave crests curving upwards from the eastern horizon. The image was
obtained on 21 March at 11.34 UT and formed part of an extensive display that lasted
for about 2 hours. The pattern had an average horizontal waveiength, A, of ~25 km and
moved with a'speed, v,, of ~47 ms™! mdn.atmg an apparent period, v, of ~9 min. A
similar short period displuy (~12 mm) is shown in Figure 1b. The pattern was detected
cn 24 March, also around ncon UT, but to the south and wzst of the site. Unfortunately
metecrological cloud (seen in the low elevation foreground of the picture) limited the
observations this night.

Figure 1c shows another well developed wave dxsplay The data were obtained at 12 16
UT on 30 March looking northwards. On this occasion images of wave structure were
* also made in the zenith indicating an extensive spatially coherent display over much of

the sky (confirmed by the NIR all-sky observations). Initially faint structure was detected
around 08:00 UT but it was riot until later that the display became as conspicuous as
shown in the figure. A similar enhancement in wave activity during thc latter half of the
night was noticed on several other occasions.

‘Sometimes much smaller scale wave patterns termed "ripple events” [Peterson, 1979]
were detected. Figure 1d is an example and it can be seen that the morphology of the
wave forms is quite different. In particular, ripples are significantly smaller in
geographical extent and have shorter lifetimes (typically <1 hour) than the displays
discussed above. In this example the average separation of the wave crests was 14.5 km
and the wave packet moved with & uniform velocity of 46 ms’ mdxcatmg an apparent
period of 5.3 min, close to the local Brunt-Viisild period. Unlike the larger scale

- motions, ripples are thought 10 be caused by localised regions of strong wind shear
generating Kelvin-Helmbholtz instabilities in the mesosphere.

Discussion

. Wave displays of comparable morphology and dynamics to the examples shown in
Figure 1 were detected on many occasions during ALOHA-90, and the subsequent new
mogn period, indicating a wealth of short period mesospheric wave structure over the
Hawaiian islands. In particular the patterns shown in Figure lab,c exhibit good
correspondence with the mid-latitude wave patterns termed "stripes” [Taylor and
chnkscn, 1‘)8‘)] The principal features of this type of display are:
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Horizontal wavelength: 20-70 km,
Horizontal velocity: 10-50 ms™!
Lateral extent >500 km,
Duration: 0.5-2 hours.

The majority of the reports detailing measurements of mid and high latitude wave
structure are of this type. Experimental and theoretical investigations indicate that many
of the patierns are induced by the passage of short period (10-20 min) gravity waves
through the nightglow layers e.g. Taylor et al. [1987]. As similar wave motions were also
detected over the Hawaiian islands this suggests that the sources of short period gravity
waves are plentifu! and can occur at any latitude.

Nearly all of the mid-latitude observations were made ecither from high altitude
mountain sites (to facilitate the seeing conditions) or in the vicinity (<500 km) of large
mountainous regions. Wave activity in the upper troposphere and lower stratosphere is
considerably enhanced over mountain regions compared with the oceans. Much of this
enhancement has been attributed to the interaction between strong tropospheric winds
and the surface topography generating gravity waves (mainly in the Jee of the mountains).
Schoeber! [1985] has modelled the propagation of mountain waves through the
stratosphere and mesosphere up to an altitude of 70 km. He determined that
orographically induced gravity waves with horizontal scale sizes greater than 30 km may
penetrate freely into the upper atmosphere.

If mountains are a primary source of the short period wave motions seen in the
nightglow emissions then it is reasonable to expect considerably less wave activity over
a remote oceanic site such as the Hawaiian islands (which are over 3,000 km from any
sizeable land mass) than over a large mountainous region such as the Rockies. During
both observing periods NIR wave structure was imaged on a remarkably high parcentage
of nights (nearly every night, but not all night). This compares with typically 30-80% of
the clear sky observing time at mid-latitudes, depending on site and season. This suggests
that there are similar type sources for ihe waves observed over the Hawaiian islands and
over large mountainous region.

However, as the Hawaiian islands themselves consist of several high volcanic mountains
then prevailing winds blowing over local island peaks (such as Haleakala Crater) may be
a rich source of gravity waves. Balsley and Carter, [1989] 'and Hines, [1989] have
investigated the properties of mountain wavcs observed-in the upper troposphere and
lower stratosphere.- Whether these waves propagate significant amounts of energy into
the upper mesosphere is not proven. . Due :o the isolated location of the Hawaiian

"islands any gravity waves generated by topographlc forcing should be distinguishable from
waves of meteorological (or other) origin as they should be observed primarily downwind
of the source mountain(s) and; should feature near zero phase speeds (since.mountain
waves are stationary), and curved wave crests (as the wave patterns are viewed at a range

of only a few hundred km). Although curved wave patterns were observed on some’

occasions (Figure 1a) the majority of the displays were highly linear and often extended

+over much of the sky including the zenith (Figure 1c). Furthermore, all of the displays
- examined so far have exhibited substantial horizontal motion (see Table 1) and no
- preferred direction of propagation indicating other sources for the waves.

Compared with data recently obtained using the same instruments at a mountain site
near Nederland, Colorado (40.0°N, 105. 6°W) the wave patterns imaged during ALOHA-
90 were of significantly ‘lower .contrast (<10%) and proved quite difficult to detect.
During the subsequent new moon period the contrast. of the displays was considerably
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higher. -In the Ol (557.7 nm) emission similar' morphology wave patterns were imaged
on several occasions during this period, but only once during ALOHA-90. Unfortunately
the CCD camera was not available for the second observing irizrval and a quantitative
comparison of the intensity and contrast of the patterns can no: be made. However, the
marked improvement in contrast manifested itself as an apparent increase in wave
activity as detected by the OH all-sky camera. Figure 2'plots the number of hours wave
structure was detected somewhere within the all-sky field (~500 km circuiar) for both new
moon periods. Due to the good seeing conditions observations were possible on most
nights. Wave structure was detected on nearly every occasion but many more high
contrast displays were observed afier the spring equinox.

As well as this temporal increase, the all-sky data indicate wave forms over a larger
spatial area. This eifect may be directly related to the higher contrast of the structures
or it may indicate an increase in the number of potential sources in the vicinity of the

‘Hawaiian islands. For: tropospheric wave sources an alternative possibility is that the

background winds in the stratosphere and lower mesosphere changed significantly in the
interval between the two observing periods. The COSPAR atmospheric model for 20°N
indicates a mean zonal wind component .n March around 40 ms? at ~60 km height.
Depending on the direction of propagation, waves with phase speeds lower than this peak
value will be strongly attenuated in the lower mesosphere. However, in April this wind
drops to less than 20 ms’! and waves of lower phase speed (similar 10 those regularly
seen in the nightglow emissions) may propagate freely into the upper atmosphere. The
fact that wave structure was detected frequently in both the OH and the OI (557.7 nm)
emissions during the post equinox period supports the argument for freely propagating
wave motions possibly of meteorological origin. However, during ALOHA-90 there is

also good evidence for the in situ generation of short period waves [Taylor and Edwards,
1991].

Summary

Short period (<20 min) mesospheric wave structure frequently exists at low-latitudes
over the Hawaiian islands (at least around the spring equinox). Many of the wave
patterns imaged were highly coherent and exhibited similar morphology and dynamics to
the nightglow displays seen at mid and high latitudes.

The search for mountain waves induced by the.interaction of surface winds with the
local island topography is continuing. However, the evidence obtained so far suggests
(but is by no means conclusive) that gravity waves generated by this mechanism may not

be an important source of the short period wave motions seen in.the upper atmosphere. .

For waves of meteorological origin wind filtering in the intervening atmosphere may play
a critical role in governing the visibility of wave patterns of low phase speed.
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List of Figures

Fig. 1. Four examples of wave structure in the near infrared OH nightglow emsission
imaged by the CCD camera during the ALOHA-90 campaign. Each image has been fiat
fielded to enhance the visibility of the faint displays. Note the similar morphology of the
wave patterns except in picture (d) which shows a small scale ripple event. Each image
was obtained using an integration time of 20s.

Fig. 2. Histogram plots the number of hours NIR wave structure was detected
somewhere within the all-sky field for (a) the ALOHA-90 campaign and (b) the
subsequent new moon period. The solid areas indicate when structure was detected over
the whole sky while the shaded areas signify the presence of some structure within the
camera field but not the amount. (Note CCD data were obtained for longer periods of
time than indicate.l in (a) due to the higher sensmvnty of the camera.)

TABLE 1. Measurements of the average horizontal wave parameters for the four wave
patterns shown in Figure 1 (assuming an emission altitude of 87 km).

. Picture Date A,(km) vx(ms") 7(min)
(a) 21 March 25 47 9
(b) 24 March 21 29 12
(c) 30 March 23 30 13
(d) 20 March 14.5 46 53

174

[ __1:‘:') ”,

‘
o

PRI .
Pubesaovh ey,

o
e

! 1y
L L% L

BRI S
. .

Dermdingg”

et ™




Figure 1 - Four oxamples of wave structure it tiae near infrared OH nightglow
emission imaged by the CCD camera during th. ALOKA=90 campaign.. Eachk image
hos been flat ficlded to enhance the visitility of the faint displavs. Note
the similar morphology of the wave patteins except ip piature (d) .which shows .
a small scale ripple event. EGach image was obtained using an inteqgration i
time of 2Us, ' e
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Figure 2 - Hiztogram plots the number of hours NIR wave «structure
was detected somewheore within the all-sky ficld for (a) the
ALOHA-90 campaign and (b) the subsequent ncw moon period. The
solid areas indicate when structure was detected over the whole
sky while the shaded arecas signify the prescnce of some structure .
within the camera field but not the amount. (Note CCD data were
obtained for longer perizde of time than indicated in (a) due to
the higher seasitivity of the camera.)
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Appendix 2

'OBSERVATIONS OF SHORT PERIOD MESOSPHERIC WAVE PATTERNS:
IN SITU OR TROPOSPHERIC WAVE GENERATION?

M.J. Taylor, and R. Edwards |

Physncs Department, University of Sc..champton,.
' Southampton, SO9 SNH, UK.

Abstract. Near infrared images showing wave structure in the hydroxyl (OH) nightglow

- emission have beer obtained from Maui, Hawaii during the ALOHA-90 campaign.

Analysis of two nighis during this campaign (25 and 31 March) indicate extensive, highly
coherent, linear wave patterns of very short apparent period (-5 and 10 min
respectively). Both displays exhibited several features characteristic of the in situ
breakdown of a large scale, long period, upper atmospheric wave disturbance. Data in
support of this mechanism was found by other ALOHA instruments which detected
concurrent long period (1-2 hour) mesospheric wave disturbances on beth occasions.
However, a tropospheric source for these waves cannot be ruled out. At least on 25
March a weather front occurred at ~1400 km range with a favourable orientation and

© location.  Although its range was relatively large, back-ground winds may have:

substantially increased the path length of the waves through the intervening atmosphere.
Introduction

- The presence of coherent wave structure in the mid-latitude mesosphesic nightglow
emissions is well established {Moreels and Herse, 1977, Armstrong, 1986; Taylor et al.,
1987). Detailed observations have shown that these patterns often exhibit propcmes
associated with short period (10-20 min) gravity waves. During the ALOHA-90 campaign
similar morphology wave forms were detected at low latitudes over an ocean site [Taylor
and Hill, 1991}

Many sources for these waves have been suggested. They include tropospheric
disturbances such as jet streams, storms, weather fronts and the interaction of strong
winds with large mountains (generating lee-type gravity waves). Several upper
atmosphcnc sources have also been postulated; they include the auroral electrojet, stiong
particle precipitation and the in situ breakdown of large- -scale, long period atmospheric
waves such as tides. It isoften difficult to identify individual wave sources from the

_wealth of potential disturbances. For troposphcnc sources this problem is further

complicated by the effects of background winds in the mtervcmnb atmosphere, which can

sngmt:camly modify the wave propacation. Images of structure in the nightglow emissions .
give unique 2-dimensional informa* .ii on the horizontal wavelength and apparent phase .

velocity of the gravity wave pe- urbation. These data together with the location, shape,
orientation and time of o~ .urrence of the display have proved valuable for finding

possiblc wave sources [T wylor and Hapgood. 1938). By imaging structure in the nightglow .

emissions from the Hawaiian islands the sources of short period gramy waves over a low.
latitude oceanic site can be investigated.
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Observations and Results

Observations were made from the Department of Energy (DOE) building, Haleakala
Crater, Maui (20.8°N, 156.2°W, 2970m). The high altitude and favourable weather during
the campaign (18 March-4 April) provided exczlient conditions for imaging structure in

“ the nightglow emissions. The measurements reported here were made with a medium
field (55°) CCD camera filiered to observe the near infra-red (NIR) OH nightglow
emission (wavelength range 780~-1000 nm). Further details of the instrumentation are
given in the ALOHA-90 overview paper [Gardner, 1991]. Wave patterns were imaged
on several occasions curing the campaign [Tayior and Hill, 1991]. In this report the
properties of two faint wave displays imaged on 25 March and 37 March are examined
and compared with simultaneous airborne and ground based measurements.

25 March Display

Observations were made from 06:00 UT until dawn twilight at 15:40 UT. A well
formed set of sieeply inclined wavzs-like structures was detected at low elevation to the
northeast. Figure 1 shows a CCD image of the NIR display at 07:10 UT. Several faint
forms emanating from the northeastern horizon are evident. The structures are clearest
on the right of the image but the data shows that similarly orientated wave crests exist
across the whole field. The uniformity of the wave patiern is quite remarkable. The
display was clearest around 06:30-08:00 UT, but was still evident at 11: :00 UT nearly §
hours later.

A similarly shaped but fainter wave pattern was also detected to the southwest of the
site. Figure 2 shows a composite ground map of the nightglow display imaged to the
northeast at 07:10 UT (Figure 1) and an hour later to the southwest. The flight path of
the aircraft during this night is also marked on the figure. Each image was calibrated
using known stars as reference points [Hapgood and Taylor, 1982] and mapped onto the
ground' assuming an emission altitude of 87 km. The geographical location and
orientation of the two wave sets indicates an extensive, spatially and temporally coherent
display. containing many wave crests > 800 km in length. To the south, in the direction
of the airborne measurements, there was no obvious wave structure, but this direction
was affected by light from the Milky Way. The average scparation of the wave crests,
determined from several images, gave a horizontal wavelength (a,) of 15.2 = 0.6 km.
The displacement of the wave crests (measured over an interval of 90 ‘min) yielded a
mean velocity (v,) of 51 = 5 ms™) towards the southeast, mdxcatmg an unusually short
upparent wave period (1) of 5.0 = (.5 minutes.

31 Meurch Display

During this night wave structure was detected at most azimuths but was clearest 1o the
west and north. To the west the wave pattern consisted of several steeply inclined crests
of similar morphology to those observed on 25 March (Figure 1). To the north the wave
crests appeared near hornizoatal.  Figure 3 shows a composite ground map of the
structures at 09:36 UT (10 the west) und 18 minutes later to the north. The cohérence
- of the structures 'is not as marked as those imaged on 25 March (Figure 2).
Nevertheless, the map clearly shows two sections of an extensive wave display viewed at
orthogonal azimuths. A series of images obtained at elevation angles ranging from 17°
to 90° confirmed the existence of coherent wave crests éxtending {rom the northern and
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western horizon through the local zenith. The. pattern was present all night indicating
a duration of over 6 hours. Mecasurements of the herizontal parameters of the wave
pattern during the interval 06:30-08:00 UT gave A, = 19.8 = 0.8 km, v, = 32 = 4 ms’)
towards the north signifying an apparent wave penod r=103=* 14 mm

Discussion

Both wave patterns were extensive (>250,000 kmz), remarkably coherent, and lasted
for several hours. Their horizontal wavelengths and linear morphology were also
comparable, indicating similar sources for the disturbances. However, the apparent (i.e.
observed) wave periods were significantly different at 5.0 and 10.3 min on 25 and 31
March respectively. 'In the presence of a background wind the intrinsic period of the
gravity wave is Doppler shifted with respect to its apparent period:

1, =1/ (w-0)] | )

where @ is the horizontal background wind component in the direction of motion of the
wave, 7 is the apparent period as measured by an observer on the ground and r; is the

intrinsic (or true) period of the wave measured in a frame of reference moving thh the -

background wind. The intrinsic pcnod of the wave motion may therefore be significantly
different from the apparent period of the wave pattern.

The motion of the gravity wave through the atmosphere depends on ns intrinsic period
(Hines, 1960] which is usually indeterminate. However, as the apparent horizontal
velocity of the wave will be independent of the background wind regardless of height
[Hines, 1968], measurements of &, and v, of the nightglow wave patterns (and hence r)
are very useful for studies of the wave sources. On the other hand, if the waves are
generated by a disturbance that is moving with respect to the observer, the apparent
period of the wave pattern will vary with G at the height of the source.

Tropaspheric Source

The extensive nature and linear form of both OH displays would suggest either a point-
like source such as a thunderstorm [Taylor and Hapgood 1988] but at a range of at least

1000 km from the observing site, or an extended "line type” source such as a weather

front or a jet stream close to the observing site [Hines, 1968]. Without a measurement
of the background wind in the intervening atmosphere it is difficult to estimate the range
over which the wave energy can propagate. However, gravity waves generated nearby

by strong winds blowing over local island peaks (such as Haleakala Crater) can be:

effectively ruled out on both occasions because of the large lateral extent of the displays
and their close proximity and relative motion with respect to the Hawaiian islands
(Figures 2,3).

Surface weather charts for 24 and 25 March indicate an cxxensrvc hxgh pressure area
to the northeast of Hawaii with a well developed low to the northwest both at a large
range (>2000 km). An extended cold front, associated with these pressure centres,
moved steadily towards the southeast, and came to a halt between 00:00 and 12:00 UT
on 25 March at a distance of ~1400 km from the observing site. Both the orientation
and location of the front agree well with thc obscrved wave motion (Figure 2) but its
range was rclauvcly large.
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In the absence of background winds wave energy from a tropospheric source of -

apparent period ~ 5 min would reach the OH layer at a quite short ground range of
<100 km (assuming the vertical extent of the source region was no greater than the
atmospheric scale height) [Hines, 1967]. If the background winds in the intervening
atmosphere substantially increased the intrinsic period of the waves on this occasion they
could travel very large horizonial distanc~s. This situation would arise if & « v, (~ 50
ms’1} over an extended height interval between the source and the region of obscrvanon
(equatlon 1).

On 30 and 31 Maich surface weather charts show a cold front associated with a
developing low and a high pressure region to the north of Hawaii at a range of -~1500
km. Although aligned in a direction similar to that of the OH wave pattern its location
is not consistent with the northward wave motion observed in the nightglow data. To the
south of Hawaii there were no obvious weaiher sources within 30° of lztitude.

In Situ Source

If the short period waves were generated in the upper atmosphere in the vicinity of the
OH layer then they would most probably have been vertically evanescent. The long
lifetimes and the large geographic extent of the wave patterns also suggests that the
source regions were extensive and long lasting. One possible mechanism that could
account for the observations has:been postulated by Tuan et al. [1979]. Under cerain
conditions long period waves propagating through the upper atmospherz may partially
break, generating coherent, small-scale waves of intrinsic pcriod close to the local Brunt-
Viiisdld period. On both 25 and 31 March r,, was found to be about 4.6 min (using
spectrometer data of Turnbull and Lowe, [1991]). If both wave patterns were generated
wiih an intrinsic'period of this vaiue then the difference in the apparent wave periods
may have been the result of differing local wind conditions at the source height on each
night. The apparent period on 25 March was very close to r,, indicating a background
wind component @ ~ 3 ms’! in the direction of motion of the wave (equation 1).
However, on. 31 March a neutral wind & ~ 38 ms’! would have been needed to account
for an apparent period of ~10 min. Neutral winds of this magnitude and variability are
frequently observed at nightglow altitudes but unfortunately therc were no coincident
measurements over Maui with which to compare these observaticns.

If the: short period waves were generated in situ by this mechanism then their

occurrence, speed and direction of motion should be associated with the presence of a

large scale wave disturbance on cach occasion. Evidence for the presence of long period
wave dnsturbances on bath occasions was found in the measuremems of the other
ALOHA-90 instruments. On 25 March the airborne observations were made 10 the
south of Maui (Figure 2). Sodium lidar measurements were obtained from ¢8:50 to 15:00

- UT (mainly outside the limits of the camera field of view). Hewever, close to the

equator a strong disturbance of horizontal wavelength 400-550 km was measured [C.S.
Gardner, personal communication, I99l] Zenith spectrometer measurements from
Haleakala show u near lincar decrease in OH (3,1) band inténsity during most of the
night with a small wave-like disturbance of quasi-period ~1.2 hour [Turnbull and Lowe,

1991].  Coincident observations by the Asrospace group -using a zenith pointing CCD -

imager show similar period, low amplitude variations in the OH (6,2) band emission and
the Oa (0.1) Atmouspheric ‘bund.  The disturbance moved towards the southeast at a

speed “of 50-100 ms™Y, in a dircction comparable wnh that of the short period wave
pattern [Hccht and Walterschcld 1991]
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On 31 March the OH emission was brighter and the spectrometer measured large
amplitude wave-like disturbance with dominant periods 2.2 and 1.2 hours in both intensity
and te mperature. Thc Aerospace images showed that the disturbance was moving at a
vclocxty of 30-50 ms’ snmnldr in magnitude to that of the short period wave pattern but
in a general eastward direction. The aircraft flew almost due west (Figure 3) and
measurements over the period 08:00-15:30 UT show peaks in the horizontal spectra with
wavelengths of 170 and 340 km again indicating a large scale wave motion. However, as
the aircraft flight path was almost parallel to the OH wave pattern the true horizontal
wavelength may have been much shorter.

Summary

Observations of extensive (>250,000 kmz) linear wave patterns with short apparent
periods (<10 min) and long lifetimes (several hours) are most unusual. Whether these
displays are peculiar to low latitude or oceanic sites remains unknown. On 25 March
there was a favourably orientated weather front where linearly extensive short period
(<10 min) gravity waves may have been generated. However, if the waves originated in
this region then background winds in the intervening atmosphere must have played an
important role in considerably increasing their horizontal range. No obvious source was
found for the 31 March display.

It appears more likely that the waves reported here were gcncraxcd in the uppcr
atmosphere in the vicinity of the OH layer. Both patterns exhibited many of the
properties characteristic of the sustained breakdown of a large scale upper atmospheric
wave disturbance (possibly ot tidal origin). Supporting evidence showing concurrent long
period (1-2 hour) mesospheric wave disturbances was found on both occasions. Several
other short period (<10 min) displays were also imaged duting the ALOHA-90 campaign
but it is not yet known if they were associated with long period upper atmosphere wave
disturbances. Measurements of gravity waves at low latitudes are few and these data may -
offer new evidence for the in situ generation of short period waves in the upper
atmosphere. However, the possibiiity that the waves were generated by other weather
disturbances such as jet streams [see Hines, 1968] or distant thunderstorms [Taylor and
Hapgood, 1988] has yet to be investigated.
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List of Figures

Fig.1 CCD image showing NIR wave structure imaged to the NE on 25 March at 07:10

UT. The cainera was aimed at an elevation of 20° and had a field of view cf 55° by 30°.

Fig.2 Composite map showing the scale size and geographic location of the OH wave
forms imaged to the NE and SW of Maui on 25 March, assuming an emission altitude
of 87 km (only the brightest wave forms have been plotted). The x marks the aircrait
location at 09:10 UT on the outward leg and 15:30 UT on the return leg.

Fig3 Composite map showing the OH wave display of 31 March. For comparison the
data are plotted on the same scale as Figure 2. The aircraft flew due west almost
parallel to the wave structures.
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Figure 1 - CCD imagce showing NIR wave structure imaged to the NE on 25 March

at

07:10 UT.

The camera was aimed at an elevation of 20°

vicw of 55° by 30°,
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Appendix 3

COINCIDENT IMAGING AND SPECTROMETRIC OBSERVATIONS
OF ZENITH OH NIGHTGLOW STRUCTURE

M.J). Taylor

Physics Department, University of Southampton,
Southampton, SO9 5NH, U.K.

D.N. Turnbuil, and R.P Lowe

Institute for Space and Terrestrial Science and,
Physics Department, The University of Western Ontario,
London, Ontario, Canada

Abstract. During the ALOHA-90 campaign a novel comparative study was made
between near infrared wave structure imaged in the zenith using a CCD camera and that
detected at infrared wavelengths by a Fourier Transform Spectrometer. Coincident
measurements were made briefly on several occasicns and for an extended period on 31
March. The temporal variations imaged in the near infrared structure during this night
almost completely matched those detected in the OH (3,1) band spectrometer data when
similar viewing fields were compared. However, the image data also displayed small
scale wave forms that were not resolved by the larger field instrument. These structures
exhibited significant changes in brightness and position on.a time scale much shorter than
‘the local Brunt-Vaisild period indicating that very high recolution measurements are
necessary to investigate short period (<20 min) upper atmospheric wave motions.

Introduction

For many years spsctrometric measurements of the night sky have been made to
ascertain the nature and origin of the upper atmospheric nightglow emissions. More

recent investigations have been into quasn-penodlc variations which often exhibit’
characteristics of freely propagating internal gravity waves [Noxon, 1978; Viereck and’

Deehr, 1989; Swenson et al., 1990]. Observations of the bright infrared OH Meinel band
emissions, which originaté from a well defined layer centred at ~87 km, have proved most
useful in these studies. As the lower rotaticnal levels of the OH emission are usually in
thcrmodynamxc equilibrium with the local atmosphere, measurements of both the
emission intensity and its rotational temperature can be used as a tracer of the wave
motion. Furthermore, long exposure photographic and low light video images of the near

- infrared (NIR) OH emission can be used to mvesngate the 2-dimensional horizontal

properties of the wave disturbance [Moreels and Herse, 1977, Armstmng, 1986; Taylor
et al., 1987].

In general spectral observations suffer fiom difficulties in dxstmgmshmg betwzen the
induced tempcral and spatiai variations. Recently Taylor et al. {1991] have reported the

results of a simultaneous imaging -and interferometric study of short period (~14 min)
wave structure in the OH nightglow emission. The measurements were made at low
elevations, -15° (to aid the video observations), and show i) detail the relationship
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between a coherent gravity wave pattern and the induced intensity and temperature
perturbations. During ALOHA-90 a similar comparison wa: made. Here we report novel
observations of a small scale wave pattern imaged in the zen th and compare the intensity
records with those detected by the spectrometer.

Observations '

The instrume<..ts used were a CCD camera {University of Southampton) and a Fourier
transform spe “cometer (The University of Western Ontario), both of which were located
on Haieakala Crater, Maui (20.8°N, 156.2°W, 2970m). A short description of the
instruments and their eperational characieristics is gwen by Gardner [1991]. The CCD
camera imaged structure in the submicron nightgiow emissions (half bandwidth 780~1000
nm) while the spectrometer measured the zenitk: intensity of several OH Meinel bands
in the wavele ngth range 1000-1650 nm.

Most of the time the camera was used to investigate the low elevation sy in the
direction of the aircraft flight path [Gardner, 1991]). However, on several occasions a
search for structure in the zenith sky was made. Table 1 lists the dates and times of

' these measurements. Structure was imaged on every occasion that zenith measurcments

were atteinpted (total of six nights) but the observations were usually brief enough to
determine only the scale size and orientation of the wave forms. However, on 31 March
a series of images were recorded for detailed comparison with the spectrometer
measurements. '

31 March Display

A summary of the nightglow display imaged at low elevations during this night is given
bv Taylor and Edwards, [1991]. To the west and nerth of the site a uniform wave pattern
of horizontal wavelength ~20 km was detected over a period of several hours (see their
Figure 3). Images of wave structure in the zenith were obtained around 10:00 UT and
again over three hours later. Figure 1 is a collection of six CCD images showing

_examples of the zenith nightglow structure recorded at 4 minute intervals from 13:14 UT.

The pictures are quite exceptional and show considerable evolution and wovement of the
structures. Each image has been flat fielded (to remove the effecis of lens vignetting etc

that are present in the original records), and color enhanced to highlight the spatial-

features of the structures which exhibited low contrast (s5%). After 13:18 UT several
wave-like forms are evident; the east-west orientation and scparation of these structures
Is similar to those obscrved in the low elevation pattcm, confirming its large gecgraphic
extent (>250,000 km‘) A total of 32 images of the zenith sky were recorded over the
periad 13:00-14:51 UT. The field of view of the camera (55° by 30°) was larger than the
spectrometer sample area (3U°cxrcular) but smaller than the Aerospace Corporanon

‘caraera (60° by 40°). The variation in responsivity of the spectrometer over its viewing

field has not been measured.
Results and Discussion:

Images showing nightglow wave structure at high elevations and in the zenith are rare

' [Peterson and Adams, 1983]. To date most of the video and photographic measurements
reported in the literature have been made at low slevation angles to benefit from the 2-3 -

fold increase in emission intensity which occurs due to line cf sight integration through
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the nightglow layer. The obzervations reported here vverc rade using a new bread band
nightglow imager and clearly demaastrate the exis:enc of NIR structure in the zenith
as well as at low eizvations. Although similarities in tz separanon and orientation of
the wave forms are evident in each image, the intensity distribution iz ditferent . indicating
considerable evolution of the wave fiel in a relatively smail time inte-val <4 min).
By summing the video signal in a 30° square centred on ti.c optic axis, the lateus:y of
the NIR TV data can be compaied with the OH (3,1) banc irtensity nreasvrad by the
- spectromerer. Figure 2a plots the relative intensity derivad from the snestromater dava
‘(averaged over 1 min irtervals) during the period 13:00-15:00 UT [Turnbull 2nd Lowe,
1991]. During the night both the OH relative intensity and the rotatisi:.! temperature
exhibited considerable wave-like variations. In particular a large scale perturbation of
quasi-period ~2.2 hours was detected. This wave motion is present in the data from the
~ larger field of view Aerospace camera {Hecht and Walterscheid, 1991]. However, the

spectrometer also registered much smaller scale structures which are not seen in the .

Aerospace data, possnbly due to averaging effects. These vanatnons are significant and
should be present in the image data.

Figure 2b plots the relative mtcrsxty derived from the 32 CCD images. The data were
recorded at intervals ranging from i to 4 minutes using a fixed exposure time of 30s.
Each point represents the avzrage intensity of the video signal over a 30° squaré field.
(Note, the dashed line linking the points serves only as a guide to the eye.) It is
immediately apparent that the small scale intensity variations in the spectrometer data
are also in the CCD data and with no obvious time shift. The video data were the sum
of several signal components existing within the broad pass band of the camera (half-
width 780~1000 nm) and include the OH (5,1), (6,2), (7,3), (8,4), (3,0) and (9,5) Meinel
bands, the O,(0,1) Atmospheric band near 865 nm, the nightglow continuum and
integrated starlight. However, as the temporal variations in the OH (3,1) band mtcnsnty
are almost exactly duplicated in the image data this indicates that the variations in
structure in the images were primarily due to changes in the OH emission. This is to be
expected as the OH emission dominates this region of the nightglow spectrum havmg an
integrated emission intensity of typically 12kR.

Alternatively, the intensity variations detected by both instruments could have been due
to thin meteorological cloud (although none was visible). However, as the induced
intensity and rotational temperature perturbations were highly correlated [Turnbull and
Lowe, 1991, with ro significant scatter that would result from thin cloud, there can be
little doubt that the structures were caused by changes in the OH emission. Any similar
perturbations in the NIR continuum and/or the O, (0,1) hand emissions were therefore
comparatively faint and/or were in near phase with the OH signal. The primary effect
of these emissions was to reduce the contrast of the OH structures.  The wave pattern
imaged by the TV camera shows several features of smaller dimensions than the
spcctromctcr sample area. (An indication of the limits of the circular spectrometer field
is shown in Figure 1 by the large white box which shows the 30° square video sample
area;) Thus, on this occasion the spectral signal was the spatial average of more than
one nightglow feature. (Note the spectrometer data will be of higher spatia! resolution
than indicated by this box due to the somewhat smaller area of thé 30° circuiar field.)
To investigate the temporal properties of the display in' more detail the CCD data have
been re-analyzed using a smaller sample area of 5° square (marked by the small white
box) which corresponds to a zenith "footprint” of ~8 km square. As the wavelength of
the OH pattern was -20 km individual bright ‘and dark structures of this dimension
should be resolved. '
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Figure 3 shows the relative intensity data for this sample field. For comparison the
data have been plotted using the same intensity and time scales as Figure 2h. Although
'similar features are present in both plots the short wavelength structures are now evident
and the overall contrast of the variations is increased. More critically, although a 4 -
minute sample interval (13:00-14:00 UT) is ample for tracking the large scale
perturbations present in the figure, it is too long for registering accurately the small scale
variations. After 14:15 UT the sample interval was reduced to 1 min and the variations
are clearly detected. At the time of recording the data little or no change in the images.
were observed by eye. However, Figure 3 shows that significant changes in the integrated
nightglow brightness took place on a minute-by-minute time scale.

Studies of wave structure in the upper atmosphere usually assume the local Brunt-
Viisild (buoyancy) period, r, as a natural lower limit for the temporal resolution of the
measurements. At nightglow altitudes ry, is typically 5-6 min. Wave motions with phase
velocities of a few tens ms™! can propagate significant distances (several km) during this
time. These measurements demonstrate the need for high temporal and spatial

resolution when investigating the propcmcs of short period (<20 mm) waves that
frequently occur in the nightglow emissions. ,

Summary -

The good seeing conditions at this'site permitted OH nightglow wave structure to be
imaged in the zenith. The close similarity in the relative intensity data measured by the
spectrometer and . the CCD camera indicates no observat!z difference in the wave
structure arising primarily frora high OH vibrational levels (v’ >5) compared with that
observed in the v’ =3 level of the OH (3,1) band. To date most image data on the
nightglow emissions have been obtained at low elevations, and comparative studies with
other optical devices are rare [Taylor et al,, 1991]. The extension of high resolution
imaging measurements hto the zenith has several advantages but is made at the cxpensc
of signal level.

During ALOHA-90 NIR wave patterns of horizontal wavelength << 100 ki were
observed on several occasions. Large field instruments will naturally integrate out much
of this structure which appears to be relatively common over both mountain and oceanic
sites. Coincident imaging and spectrometric measurements of the OH emission are
highly complementary: the spectrometer establishes the spectral integrity of the emission
and gives accurate intensity and temperature data while the imager records the 2-
dimensional spatial structure of thc wave penurbanon, its motion and temporal cvohmon
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List of Figures

Fig.1. Series of CCD images showing small scale wave structure in the near infrared
zenith nightglow emissions. Each image has been flat fic.ded and color enhanced to
highlight the wave features. The structures appear mainly yellow-green but brighter
features are red. The camera was aimed at an azimuth of 280° and the near eust-west
aligned waves are almost vertical in the images.

Fig2. Relative intensity of (a) the OH (3,1) band recorded by the spectrometer using
a 30° circular field of view and, (b) the broad band NIR structure:derived from the CCD
images using a 30° square sample area.

Fig3. Relative intensity of the CCD data determined using a 5° square sample area. For
comparison the data are plotted on the same scales as Figure 2.

TABLE 1. Dates and times when NIR structure was imaged in the zenith by the CCD
camera.

DAY DATE TIME (UT)
081 2213 15:30
082 2313 14:53
087 28/3 15:16
089 3073 12:22 - 12:59
090 3173 - 09:50 - 10:00

13:00 - 14:51
092 02/4 o 12:19 - 12:56
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Figure 1 ~ Series of (CD images showing small scals wave structure. in the near
infrared zenith nightglow emissions. Each image has been flat fielded and color
enhanced to highlight the wave features. The structures appear mainly yellow-green
- but brighter features are red. The camera was aimed at an azimuth of 280° and - '
the near east-west aligned waves are almost vertical in the images. , '
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Figure 2 - Relative intensity of (a) the OH (3,1} band -
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recorded by the spectrometer using a 30° circular field
of view and, (b) the broad band NIR structure derived
from the CCD images using a 30° square sample area.
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Figure 3 -'Relaﬁiv—e intensity of the CCD data
determined using a 5° square sample area. For
comparison
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MAPSTAR
The University of Weastern Ontario
London, Canada

Report on UWQ Sub-Contract with University of Cincinnati

Principal Investigator: R. P. Lowe
Period: 01 Feb 90 to 30 June 90
Project Name: Airglow Measurement Campaign, Hawaii

INTRODUCTION

This sub-contract was set-up to pay partial field costs (shipping, travel and
living) of University of Western Qntario participation in the ALOHA ‘90 campaign of
co-ordinate observations of mesopause region waves under the direction of Professor
Chet Gardner, University of lllinois.  Additional funding was provided by
MAPSTAR/Utah State (data-processing and interpretation) and the Institute for Space
and Terrestrial Sciences (salaries and additional travel and living).

SUMMARY OF FIELD ACTIVITIES

UWOMI-I, a Fourier transform interferometer was shipped to Maui for
installation at the summit of Haleakela on March 22, 1991. It was seriously damaged
in shipment and required extensive repairs before being put in operation on March 25.
It remained on the summit until April 11, 1991. The system computer was damaged
in a lightning storm on April 5, and attempts to repair it were unsuccessfu!. Eight
nights of data were obtained consisting of over 7000 individual alrglow spectra.

'D. N. Turnbull (UWO/!STS) was in charge of field operations and remained on
site throughout the period of operations. 'P. Meier (UWO/ISTS) was present for the
first week of operations to aid in initial ser-up and service the damaged instruments.
R. P. Lowe (UWOQ) acted as observing assistant for the last ten days of the operation.

RESULTS

All data has been processed and mterpr'eted Threa papers based on the resuits
obtained combined with those of other campaign participan*s will appear in 4 special
issue of Geophvsucal Research Letters vto be published in iate 1991.
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