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Abstract. Distinctive wave forms in the distributions of vertical velocity and temperature of
both neutral particles and jons are frequently observed from Dynamics Explorer 2 at altitudes
above 250 km over the polar caps. These are interpreted as being due to internal gravity waves
propagating in the neutral atmosphere. The disturbances are characterized by vertical velocity
perturbations of the order of 100 m/s and horizontal wave lengths along the satellite path of about
500 km. They often extend across the entire polar cap. The associated temperature perturbations
indicate that the horizontal phase progression is from the nightside to the dayside. Vertical
displacements are inferred to be of the order of 10 km and the periods to be of the order of 10° s.
The waves must propagate in the neutral atmosphere, but they usually are most clearly
recognizable in the observations of ion vertical velocity and ion temperature. By combining the
neutral pressure calculated from the observed neutral concentration and temperatnre with the
vertical component of the neutral velocity, an upward energy flux of the order of 0.04 erg/cm?s at
250 km has been calculated, which is about equal to the maximum total solar ultraviolet heat
input above that altitude. Upward energy fluxes calculated from observations on orbital passes at
altitudes from 250 to 560 km indicate relatively little attenuation with altitude.

Introduction

The purpose of this paper is to describe some wave motions
observed over the polar caps at altitudes in excess of 250 km
using Dynamics Explorer 2 (DE 2) data from the ion drift meter
(IDM) [Heelis et al., 1981], the retarding potential analyzer
(RPA) [Hanson er al., 1981}, the wind and lemperature mass
specuometer (WATS) [Spencer et al., 1981], and the neutral
aumosphere composition spectrometer (NACS) [Carignan et
al., 1981]. The waveforms are interpreted as being due to
internal gravity waves propagating in the neutral atmosphere.
The motions are scen as well-formed, quasi-sinusoidal patterns
of vertical velocity (both ion and neutral) with associated
temperature and composition perturbations that permit
evaluation of some properties of the waves; these patterns
indicate that the horizontal phase progression of the waves is
from the nightside to the dayside and that the waves transport
significant amounts of epergy upwards, even at altitudes as
high as the base of the exosphere. Waves of this sort have
been observed over much of the Earth by Potter et al. [1976]),
who described their distribution with latitude and possible
causes. Gross and Huang [1985) have observed waves of
similar wavelength at low to middle latitudes and altitudes near
250 km.
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The observation of intemnal gravity waves at altitudes as
high as the exobase was unexpected because of anticipated
strong aneauation above 120 km due to viscosity and thermal
conduction. The expectation of strong absorption is based on
the work of Pitteway and Hines (1963}, Midgley and Liemohn
[1966], and Hodges [1969].

Wave forms are illustrated in Figure 1 for propagating and
standing waves; it will be useful 1o keep these patterns in mind
in the subsequent discussion of the observations. The
displacements from equilibrivm positions and the velocities
associated with the changing displacements are portrayed. In
the present context the displacements and velocities are the
components in the vertical direction. From satellites, peither
the displacements nor the time variations at fixed points in
space can be observed directly because of the motion of the
satellite. The satellite observations constitute nearly a
snapshot at a fixed time because the satellite velocity is so
high compared 1o the wave propagation velocity; that is, the
observations are essentially of spatial variations. The
vertical displacement perturbations can be inferred from the
temperature permrbations or from composition changes. The
displacements and velocity perturbations are in phase
quadrarure in time for both propagating and standing waves.
For propagating waves the perturbations are also in phase
quadrature in space, and the displacement profiles lead or lag
the velocity profiles depending upon whether the coordinate
axis is in the direction of wave propagation or opposed to it.
In the case of standing waves the spatial profiles are in pbase
half the tme and out of phase half the time, and no
perturbations occur at the nodes, as illustrated in Figure 1.
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Figure 1. The spatial disuibution of displacements and velocities for propagating waves and for standing
waves at five selected time intervals. At selected instants in time the velocities and displacements for standing
waves are either in phase (e.g., for /2 <t <) or in antiphase (e.g., for 0 <1 < m/2) with one another.
Observations a component in the direction of satellite motion or opposed 10

Figure 2 shows the wave perturbauons seen in the verucal
ion drifis observed by the IDM on 22 orbiial passes over a
polar cap. Seven-thousand-kilometer (15-min) orbital
segments are shown, the arbitrarily selected start times being
indicated in each panel, the time intervals have been chosen
so that the segments are located over a polar cap. (In three
cases the initial portion of the segment is missing.) The K,
magnetic indices are shown in each panel; there is no obvious
relationship between occurrence of these waves and the X,
index. However, the interplanetary field was direcied
southward during 33 out of 40 passes on which waves were
observed and interplanciary ficld daia were available. The
vertical velocily pertuibation amplitudes vary from about 100
to 300 m/s; other records show smaller amplitudes. Although
not shown in Figure 2, velocity-correlated ion temperature
perturbations were present in each case, and these could be
used 1o determine whether the horizontal wave progression had

it

Figure 3 shows [DM data for ion velocity components and
RPA data for ion temperatures and concentrations from orbit
8303 on February 1, 1983; the spacecraft alutude was about
253 km. The oscillations in question extend virtually across
the entire polar cap. The satellite entered the polar cap pear
Jocal magpetic noon, at 1613:35 UT, and exited near 0300
MLT, at 1621:09 UT. The waves are seen most clearly in
terms of the vertcal ion velocites, vy Because the magnetic
field is almost vertical, ion motions in the horizontal are
severely constrained and it is no surprise that no evidence of
wave motions can be seen in the horizontal ion velocity
components ¥, along the orbit or v, across the orbit. lon
temperarure measurements are shown in the 1op panel and the
oscillations are clearly evident as perturbations of the ion
temperature. lon concentrations are shown in the second
panel, but they show litde or no evidence of the oscillations,
and this is usually the case in other records.
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Figure 2. A selection of records from the jon drift meter on DE 2 showing periodic vertical velocity
perturbations at altimdes of 250 km and above. The orbit pumber, date, UT at the beginning of the record,
ahtitude at the beginning of the record, and K index are all shown. The ordinate scale is vertical ion velocity

in meters per second.

Figure 4 shows the same jon vertical velocity and ion
temperature records shown in Figure 3, bat for the time
interval 1614:34 to 1621:14 UT, along with the cross
correlation between them. The record coasists of 400
observations: the abscissa scale for the middle panel is the
serial number of the individual observations. The scale for the
top panel is the displacement to the right of the ion velocity
data relative to the ion temperature data in units of the interval
between observations. (Positive values are referred to as
*lead®) To makeé the cross-corrclation computation, the

observations were first converied to perturbation values by
taking differences from the straight, dotted detrend lines
shown running through the observations.

The comelation is greatest for a lag of 11.5 intervals.
Taking the shifts for the adjoining peaks in the correlation
function (-65 and +40) as indicative of twice the wavelength,
the average wavelength along the satellite path is 53.5
intervals (that is, 53.5 seconds or 414 km). Thus the effective
phase shift between ion velocity and temperature is
(11.5/53.5)360° = 79°, or nearly 90°. Simply overlaying the
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Figure 3. lon temperatures, conceatrations, and velocity components observed from DE 2 oo orbit 8303 on
February 1, 1983. The abscissa labels apply to the tic marks at the lefi-hand ends of the labels. The x axis is
along the direction of motion of the satellite, the y axis is upwards, and the z axis is perpéndicular to the orbit
plane. Observations are plotted at 1-s (7.74-km) intervals.

records in the two Jower panels also demonstrates clearly that
the phase difference is about 90°. The exact value of the phase
shift is not used in the analysis of the vertical component of
energy flow described below; the phase difference is used only
to determine whether the horizontal phase progression of the
waves has a component in the direction of satellite motion or
opposed 10 it

" Because of the predominance of necutrals over fons, the
waves must propagate in the ncutral atmosphere and the
motions of the ions are driven by the neutral motions. We
assume that the temperature pertusbations bave their maximum
positive values at points of maximum downward displacement
aod thus maximum adiabatic heating. The jon temperature
perturbations are simply a reflection of the neutral wemperature
perturbations to which they are closely coupled at the altitude
of observatjon. Near the points of maximum downward
displacement, the upward vertical velocites must be near zero

and increasing with time. The phasing in Figure 4, the upward
vertical velocity profile lagging the temperature perturbation
profile, indicates that the horizontal phase progression has a
component in the direction opposite to that of the satellite
motion. As the satellite motion in this case was from the
dayside 1o the nightside, the direction of horizontal wave
propagation is from the nightside to the dayside.

Figure 5 shows the cross correlation between ncutral
vertical velocity and ncutral temperature perturbations. In this
case the observatiod interval was 8 s, so only 50 observations
are available during the 400-s period of observation. The
perturbation values were evaluated in terms of the differcaces
from the best-fit dotted detrend lines shown in the figure. The
cross correlction is very similar to that for the ion
temperatures and vertical velocities shown in Figure 4; the
average phase shift in this case is 95°.

At the satellite alitude of about 250 km the jon and peutral
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Figure 4. Part of the data presenwed in Figure 1 for 400 measurements of the ion vertical velocity and ion
temperature over the polar cap, and the cross comrelation between them.: The dotted lines are the backgrounds
from which perturbations were evaluated. The phase shift of nearly 90° is charactegistic of propagating waves,
and the fact that the velocity perturbation lags the temperature perturbation indicates that the horizontal wave
progression is opposite to the direction of satellite motion; that is, propagation is from the nightside to the

dayside.

vertical velocities are closely coupled, and there is striking
observational evidence that this is so. As the magnetic field
is nearly ' vertical, the ‘observed jon vertical velocity
components are essentially the field-aligned compounents of
the “neutral --velocity. ' The correlation -(i.e., the.cross

GooAnniry e Jr 1

correlation at zero shift) between the ion and neutral velocity
perturbations shown in Figures 4 and S is 0.93.

There is good evidence for the presence of horizontal:
neutral velocity perturbations associated with the waves, the
horizontal -pertutbation: velocities being about one-third as
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large as the vertical (e.g., orbits 1182, 1418, 1488, 4698,
4828, 6877, 8803). However, in many cases, no related
perturbations in the horizontal neutral velocities could be
seen; this might be due to the fact that only the component of
the. borizontal motion perpendicular to the otbit plane was
observed; .the .pertarbations .may.-have been' t00. small to

recognize... Further, recognition-of pertarbations. associated - -

"with the waves_is made difficult by the presence of large

e

horizontal winds with strong horizontal gradients, associated
with anti-sunward convection over the polar cap, making it
necessary to look for small perturbations on stecp slopes.

~ The comrelation (Le., the cross correlation at zero shift)
between the jon and neutral temperature perturbations shown
in Figures 4 and S:js:0.82.; Although the ion and neutral
tempa:mepauubaﬁonsmuvaywell.theabsolntevdues
_arc often not in good agreement, probably reflecting
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instrumental errors in one or both of the two instruments 2000 P ey
involved. The vertical velocity perturbations also agreed very Dote:83032 Ori: 8303
well but the absolute values sometimes differed substantiafly; 1500 k
this was probably due to differences in the selection of the
zero levels for the two instruments, However, the absohure t
values are not needed in the calculations of energy flax 1000 "
discussed below. Problems involving error in satellire
orientation were ruled out for times comparable to the

perturbation period by making use of magnetometer 500 ]
observations. [ . () ]
The wave period can be determined from the measured 0] — et _—
values of the amplitude of the vertical velocity component 16:10 16:13 16:16 16:19 16:22 ut
V,and inferred values of the vertical displacemént amplitude -76.3 -883 -796 -675 -554 GLAT
D, by making use of the relationship for harmonic variatiogs —632533 —75;398 ‘8462 : S ’841‘ -19 1648‘ 93 CILL%C
T=2aD,/V,. The vertical displacement amplitudes were 126 117 7.2 3.2 7z MLT
inferred from the observed temperature perturbations 2576 2550 2532 2522 252« ALT

(assuming adiabatic temperature changes due to vertical
displacements) and from the observed composition changes

(assuming diffusion equilibrivm in the unpertatbed state and o 4000
changes in the composition of air parcels as a result of their

vertical displacements from their unperturbed altiudes). The

adiabatic lapse rate g/C’u satellite altinde is about 7 K/km; |
thus a temperature change of +100 K indicates a displacement

amplitude of about 14 km. Combining this with a velocity 2000}
amplitude of 100 /s, the wave period is about 850 s, which is
very close to the -Brunt-Vaisala frequency at the satellite
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close o but below the Briitt-Vaisala fréqucacy. The spparent '~ 20:54.  20:56  20:58  21:00 uT
horizontal wave length in the data is about 500 km, but this -821 Yy ;325&’ P R
may be somewhat larger than the true value because the 73.7 791 80.6 76.9 AT
satellite velocity vector is not likely o be well aligned with 2158 . 178 23.5 . 1.2 MLT
the wave propagation vector, The borizontal phase velocity- - 335.4 324.4 3129 301.3 ALT
oftbewavadm'efomisapparendquhinghssthanm
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Anothe indication of the amplitude of veriil motion can | OVL1o) A0 T IAI] for orbit 303, based on messuren

be obtained from the observed composition variations, in
particular the observed [OJ]Ar] and [N,TAr] ratics. Figure Ga
showsthesemtiosfororbhm;%.;'l'heobsuyed erturbati u
of the [OV[Ar] matio was +260 about a mean value of 1000 at  The second panel shows the pressure variations relative ©a
1618 UT, indicating an altirude pertwbation of sbout 13 kmn.  baseline or detrend curve drawn though the observed values as
The observed perturbation- of the [N,MAr] mtio was +60 indicated by the dotted line in the top panel. The positive
MammmofmmmnmmﬁmA pumrbationsmnearlyinphnscwid: the vertical velocities
of about 8 km. The coﬂ’esponding‘ﬁgmrfa-orbit-toa‘wsbowq -ﬁx:t—the‘rdligt,l_»pnnel. -thn;’~'lndicatigg’q component of
shown in Figure 6b, are 1300 +200's:d 800 + 100, indicating " energy-flow in th vertical direction, as thown in the fourth

[ ©

vertical displacement permrbations of 10 and 134m  Thus the : * panel..:Where tholvertical velocity perturbations are upwards,
composition variations ;indicate ; vertical displacement  the pressure perturbations are: positive (indicating upwards
amplitudes of sbout 10 km or a little" greater, in'‘reasonably ~ energy - transport);‘where the vertical velocity perturbations
good agreement with- the, amplitudes. dnferred . from the . are downwards, the pressure petturbations are negative ( also
temperature perturbations, -We also examined the (He)[Ar) - indicating. upwards energy transport). . The upwards energy
ratios, but these indicated displacemeats only sbout a quarter Bnnsponduelodleww«isgivenbythepmdm Avlp of the

as great as those mentioned above, However, Hodges [1970] ~ vertical velocity perturbation Av and the pressure -
has shown that helium is ot a 80od wacer for this purpose  perturbation Ap [Sommerfeld, 1964). The calculations based
because ofnonlincar - transport effects by .intemal gravity -on vertical yelocities and .pressures indicate .a_vertcal -
Wwaves; we have therefore not made any use of ratios iavolving ... componeat. of cacrgy flow averaged over the 400-s interval- .-

BINIEE

hclium,-,oox':‘cenuaﬁons. T A * . . portrayed in the figure of 0.04 erg/cm?-s, Curiously, s is
e . : - : v,aboutequallotbcmaximummeofsolarenex_gyinpunbove,
Upward'Energy Transport o IR 250 km. .

_ Lo '« Figure 8 shows the calculated upward energy flux for five.:. .
Significant pressure variations: associaned with the waves. ...more orbits with altitudes ranging from about 310 to 560 km. ¢
under.discussion occur uxﬂle.mm.mprMdr*tm last two orbits, 6876 at 550 km and 6877 at 560 h’?mm .
- in Figure.7 shows .the neutral pressures calculated from the: - very close 40.the exobase;: the upward flow: of encrgy-is.still i
composition 1and;temperature: measurements on:orbit-8303.; :»substantial, although Pethaps a factor or two,or.throe Jess than . .-
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Figure 8. Five examples of upward energy flow due 1o waves at altitudes ranging from 310 to 560 km.
Although the two highest orbits show lesser upward energy flow than those at lower altitudes, the upward
component of energy flow falls off remarkably little with increasing altitude. :

cases they extended all the way across the polar cap. In a few
" cases there was evidence that the waves extended a short
distance beyond the polar cap on the dayside.

A troubling observation is that some examples have been
found that have clear wave signatures in terms of vertical ion
velocities but without recognizable accompanying ion
temperature perturbations. It is a2 characteristic of standing
waves that the displacements be zero when the velocity

perturbations bave their maximum values, so there is some
temptation to suggest that such observations are indicative of
sianding waves. However this hypothesis seems not to be
tenable, in that we have found no cases showing clear
temperature signatures in the sbsence of clear sigoatures in
vertical velocity, something that should be observed with
equal frequency for standing waves.

Finally, it is important to note that the closeness of the
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wave frequency to the Brunt-Vaisala frequency wp, as.well as.

the dominance of the vertical component of velocity gver the
horizontal velocity in the observed wave. structures, are natural
consequences of the dispersion of gravity waves in the upper
thermosphere. Throughout much of the thermosphere the
temperature increases with increasing altitude; this causes wpg
to decrease with altitude. In the plane wave approximation,
Snell's law requires that the horizontal componeat of the wave
pumber be invariant with altitude. Lamb [1945] showed that
the cffective vertical component of the wave number decreases
with increasing temperature, reaching zero at the level where
wp = w, and evanescent beyond. Hence the decay of wp with
increasing altitude in the thermosphere imposes a low-pass
filter with decreasing cutoff frequency on the spectum of
gravity wave oscillations.

The prevalence of observable wave structures near the
Brunt-Vaisala frequency is apparently owed to the resonance
condition as wp approaches , which corresponds to a match of
the wave frequency with.the natural frequency of buoyant
oscillations of gas pmels. The width of this resonance is

made finite by viscous dissipation, and, gravity waves excited |

by impulsive natural phenomena have a broad spectrum of
frequencies. As a result, wave-induced atmospheric
perrbations over a band of wave frequencies near but below
wp arc selectively amplified by the resonance, creating a
quasi-sinusoidal structure in which the lower-frequency
components of the wave spectrum are suppressed. .

In quasi-resonant oscillauons near the Brunt-Vaisala
frequency the dominance. of vertical motion seems obvious.
An analytic explanation can be found in Figure 3 of Midgley
and Liemohn [1966], which shows how the orbits of gas
parcels in acoustic-gravity waves change with wave
parameters. What is of interest to the present discussion is
that the orbits are elliptical, with the -major--axis nearly
vertical near the condition wp=w. As wp increases with
decreasing altitude below:-about 250 km down 1w below 100

km, the major axis of t]:e Lorbit “ellipse, tilts' ‘toward~the -

horizontal. Hence the hxge amplitude os¢illations nur wp
that predominate abonZSOkmuemowdmwavesthupass
through lower attitudes with very classical characteristics, that
is, with horizontal velocities greater than the vertical. At
altitudes above about 250, above which the Brunt-Vaisala
frequency changes relatively little, the vertical velocities are
naturally greater than the lateral, in agreement with" the
velocity measurements.
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