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Wavelength Dependence of Eddy Dissipation and Coriolis Force
in the Dynamics of Gravity Wave Driven Fluctuations
in the OH Nightglow

M. P. HickEY

Upniversities Space Research Association, NASA Marshall Space Flight Center, Huntsville, Alabama

The theory of Walterscheid et al. (1987) to explain internal gravity wave induced oscillations in the
emission intensity I and rotational temperature T of the OH nightglow was modified by Hickey (1988) to
include the effects of eddy dissipation and Coriolis force. In the theory of Walterscheid et al. (1987) the
ratio n = (81/1,)(8T/T,) (6 refers to a perturbation quantity, and a zero subscript refers to an average)
was found to be independent of horizontal wavelength at long periods, while in the extended theory of
Hickey (1988) some such dependence was inferred. In the present paper the horizontal wavelength
dependence of n is examined. It is found that values of # will be dependent on both wave period and
horizontal wavelength, meaning that in order to compare measurement with theory, horizontal wave-
lengths will need to be measured in conjunction with the OH nightglow measurements. At long periods
the modifications to n by the inclusion of eddy dissipation are much larger for the shorter horizontal
wavelength waves, although such modifications may be more observable for some of the longer horizon-
tal wavelength waves. The Coriolis force is important only for waves of very large horizontal wavelength.

INTRODUCTION

In order to describe wave-driven fluctuations in the OH
nightglow, Walterscheid et al. [1987] have devised a compre-
hensive model which incorporates a five-reaction photo-
chemical scheme and the Eulerian dynamics of linearized
acoustic-gravity waves in an isothermal, motionless, and dissi-
pationless atmosphere. They found that Krassovsky’s [1972]
ratio n (=(61/1,)/0T/T,), where I is the nightglow intensity, T
is the rotational temperature, a zero subscript refers to an
undisturbed quantity, and a é refers to the wave-associated
quantity) is a complex quantity which depends sensitively on
the altitude of the OH emission layer (zy,) as well as on the
wave period and the atomic oxygen scale height (H(O)). At
gravity wave periods of hours, n was found to be virtually
independent of horizontal wavelength (4,), although some
such dependence was found for the waves close to their re-
gions of evanescence (i.e., lor the waves having high horizontal
phase-trace speeds). This model was then used by Hecht et al.
[1987] and Sivjee et al. [1987] in order to compare observa-
tions made of the OH nightglow at a single observing site with
theory. The plausibility of the association of the observations
with theory was established, and it was found that in order to
obtain best agreement between the two it was sometimes nec-
essary to experiment with the values of zg,; and H(O) used in
the model.

Hickey [1988] modified this model by including both eddy
viscosity and eddy thermal conduction as well as (by em-
ploying the “shallow atmosphere” approximation) the Coriolis
force in the gravity wave dynamics (the acoustic waves were
not treated in that study). For the same nominal case as stud-
ied by Walterscheid et al. [1987] (i.e., A, = 100 km, z,, = 83
km, H(O) = —2.8 km), it was found that the Coriolis force
was unimportant at any wave period, and when included by
itself, so too was the eddy viscosity. However, the effect of the
eddy thermal conduction on n was very pronounced for wave
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periods of a couple of hours or more, while this effect was
reduced (though not to any level of insignificance) with the
further inclusion of the eddy viscosity. For wave periods of a
couple of hours or more the effect of the inclusion of eddy
dissipation was to increase (dramatically so for the longest of
wave periods) the magnitude of # and to decrease the phase of
n.

However, Hickey [1988] demonstrated that the longer-
period waves were experiencing a dissipation severe enough to
be causing their wave amplitudes to be decreasing with in-
creasing altitude and that they would have therefore presum-
ably reached their maximum amplitude at lower altitudes.
Thus these waves would have had diminished amplitudes and,
like their associated values of 5, would not have been as easily
observable as they may otherwise have been in the absence of
any dissipation. The short-period waves were found to be ex-
periencing little dissipation, so that their wave amplitudes
would still have been increasing with increasing altitude, and,
not yet having achieved their maximum amplitudes, they
would not have been as observable as they may otherwise
have been. At intermediate periods the waves were found to be
experiencing a zero (or close to zero) amplitude growth as a
consequence of the dissipation just offsetting the natural am-
plitude growth which would normally occur with increasing
altitude in the absence of any dissipation. Thus it was con-
cluded that these waves would be achieving their maximum
amplitudes and hence, source generation and nonlinear or
saturation effects aside, would be more observable than either
the short-period or the long-period waves. In view of the de-
pendence of # on wave period it was also concluded that while
very large modifications to the values of # would rarely be
observed, at times a close agreement between observation and
theory would require the inclusion of dissipation in the mod-
eling of the gravity wave dynamics.

It was also indicated by Hickey [1988] that n would depend
sensitively on A, since the thermal conduction parameter ap-
pearing in the dynamical factors is proportional to 1, ™2 This
is in contrast to the results of the calculations of Walterscheid
et al. [1987] which did not include dissipation, where it was
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found that # was virtually independent of A, at gravity wave
periods of hours. Hence it was concluded that one could not a
priori preclude the effects of dissipation without first having
some estimate of the horizontal wavelength, which in turn
questioned some of the comparisons which have been made
between observations made at a single observing site with the
dissipationless theory.

In the present paper, results obtained from the model of
Walterscheid et al. [1987] are compared with those obtained
using the modifications to this model as described by Hickey
[19881]. The results are divided into two parts. In the first part
the effects of Coriolis force are not included, and results are
presented for horizontal wavelengths of 10, 100, 1000, and
10,000 km so that the dependence of n on horizontal wave-
length can be examined. In the second part the Coriolis force
is included both with and without the inclusion of eddy dissi-
pation and for horizontal wavelengths of 1000 and 10,000 km.

THEORY

The basic theory and underlying assumptions used in the
model have been described in detail by Walterscheid et al.
[1987], while the extension of the theory to include the effects
of eddy viscosity, eddy thermal conduction, and Coriolis force
in the gravity wave dynamics has been described by Hickey
[1988]. Because of this, only a general description of the
model will be provided here, and the reader is referred to these
previous papers for a more detailed description. However, the
appendix contains some of the gravity wave equations used in
the present paper, while the approximations used in deriving
such equations are discussed in detail by Hickey and Cole
[1987].

Basically, the model incorporates a five-reaction photo-
chemical scheme (involving the minor species OH, O,, H, O,
and HO,) in order to describe the production and loss of OH.
Molecular oxygen and nitrogen compose the background
major gas, and the molecular oxygen is assimed to have a
constant mixing ratio with respect to the major gas. For each
of the minor species a linearized continuity equation is written
involving chemical production and loss terms which them-
selves involve wave-imparted density fluctuations of the major
gas, an advection term due to the wave-imparted vertical ve-
locity, and a compressional term due to the wave-imparted
velocity divergence. All species have the same temperature T
and velocity v as the background major gas. The velocity
divergence, the vertical velocity, and the major gas density
perturbation are each related to the temperature perturbation
through dynamical factors designated f,, f,, and f5, respec-
tively. These three dynamical factors were calculated by Wal-
terscheid et al. [1987] employing the most basic gravity wave
theory as given by Hines [1960]. However, Hickey [1988]
modified these dynamical factors to include the effects of eddy
viscosity, eddy thermal conduction, and the Coriolis force, and
these are provided in the appendix following the notation of
Hickey and Cole [1987]. With this done, the system of five
continuity equations describing the density perturbations for
each of the five minor species is written in terms of the relative
temperature perturbation from which, given a relative temper-
ature perturbation, solutions are obtained using standard
matrix inversion techniques. Results are normalized with re-
spect to the relative temperature perturbation and, using the
nightside model atmosphere of Winick [1983], the density per-
turbations of the minor species are calculated. From this, so
too is Krassovsky's ratio », using equation (14) of Walter-
scheid et al. [1987].
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RESULTS

Dependence on Horizontal Wavelength

In this section of results the dependence of # on horizontal
wavelength is examined without the inclusion of the Coriolis
force. Results are displayed for horizontal wavelengths of 10,
100, 1000, and 10,000 km and for a broad range of wave
periods corresponding to internal gravity waves. For each par-
ticular wavelength the results will cover a different period
range because the region of evanescence extends to greater
periods for the longer-wavelength waves because the horizon-
tal phase trace speed of internal gravity waves is necessarily
less than about 0.9 times the local sound speed. Dissipation is
due to both eddy viscosity and eddy thermal conduction, the
values of the eddy coefficients being taken from Hickey
[1988]. Results will be displayed only for the imaginary parts
of the vertical wave numbers and for the magnitudes and
phases of 5 and the dynamical factors f,, f,, and f;. Amplitudes
and phases of the fluctuations of the various minor species will
not be shown here but will appear in a NASA contract report
which is currently in preparation.

Figure 1 shows the imaginary part of the vertical wave
number (Im (k,)) for each of the horizontal wavelengths as a
function of wave period. Also shown is the value of 1/2H,
where H is the pressure scale height. For each of the Im (k,)
curves in this figure an intersection with the 1/2H line corre-
sponds to those waves which are experiencing a zero ampli-
tude growth because the amplitudes of gravity waves have an
altitude (z) dependence of the form exp [1/2H + Im (k,)]z. In
the absence of any dissipation, Im (k,) = 0 and the wave am-
plitudes grow with increasing altitude as exp [z/2H]. To the
left of such points of intersection (i.c., at shorter periods) the
waves are experiencing less dissipation and are thus still grow-
ing with increasing altitude (1/2H + Im (k,) > 0) and will con-
tinue to do so until, at higher altitudes where the dissipation
rates have presumably increased sufficiently, they reach their
maximum amplitudes. To the right of these points of intersec-
tion (at longer periods) the waves are experiencing severe dis-
sipation, the wave amplitudes are decreasing with increasing
altitude (1/2H + Im (k,) < 0), and these waves must therefore
have already reached their maximum amplitudes at lower alti-
tudes where the dissipation rates are (presumably) smaller.
The results from this figure are very important as far as the
results for the rest of this section are concerned because they
indicate how observable some of the effects considered here
may be. Usually, one would expect to observe (source gener-
ation and nonlinear or saturation effects aside) those waves
achieving, or close to achieving, their maximum amplitudes,
which in this figure occurs where an Im (k,) line intersects the
1/2H line. Therefore, on most of the following figures, arrows
will be used to show at what periods, for each of the horizon-
tal wavelengths, maximum amplitudes (or zero amplitude
growths) occur. One notices from this figure that the point of
zero amplitude growth occurs at longer wave periods for the
longer-wavelength waves and that at a given wave period the
longer-wavelength waves are experiencing less dissipation
than the shorter-wavelength waves.

The magnitude of the dynamical factor f, is shown in
Figure 2a. In the absence of dissipation, | f;| is independent of
horizontal wavelength and, though not shown, would be rep-
resented as a straight line connecting the points labeled A and
B. With dissipation included, |f}| is wavelength dependent,
which is especially noticeable at the longer wave periods. As
the horizontal wavelength is in« >ased, | f;| follows more close-
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Fig. 1.

Imaginary part of the vertical wave number (k,) versus period calculated with eddy dissipation and without

Coriolis force for horizontal wavelengths of 10 km (solid curve), 100 km (short-dashed curve), 1000 km (long-dashed
curve), and 10,000 km (short-and-long-dashed curve). Without dissipation, Im (k,) = 0. The solid horizontal line shows the

value of 1/2H.

ly its dissipationless value. This is most noticeable for the
10,000-km wavelength wave, which, experiencing little dissi-
pation, has | f;| decreasing linearly with increasing period. For
each value of horizontal wavelength the dependence of | f,| on
period departs from an inverse linear one (i.e., from the non-
dissipative dependence) at periods close to where the waves
are reaching their maximum amplitudes, as indicated by the
arrows. For the shorter-wavelength waves, |f;] becomes
almost constant and independent of period at long periods
and is significantly larger than its nondissipative value.

The phase of f; is shown in Figure 2b. In the absence of any
dissipation, f; is purely imaginary and equal to —iw/(y — 1) (@
is the wave angular frequency, and y is the usual ratio of
specific heats), so that its phase is a constant equal to —90°.
With the inclusion of dissipation the phase of f; is no longer
constant, although it approaches a constant value (very close
to —120°) at long periods for the short horizontal wavelength
waves. One notices that at periods where the waves are
achieving their maximum amplitudes the phases of f; depart
from their dissipationless values by an increasing amount as
the horizontal wavelengths increase, as indicated by the
arrows.

The magnitude of f, is shown in Figure 3a. Apart from the
10-km wavelength wave, | f,| displays a nonlinear dependence
on wave period for periods close to the regions of evanescence
(i.e., at the extreme left-hand parts of the individual curves),
which is the same result obtained in the absence of dissipation.
At slightly greater periods, | f,| decreases linearly with increas-
ing period both with and without the inclusion of dissipation.
In the absence of dissipation, |f,| would remain independent
of horizontal wavelength and would continue to decrease lin-
early with increasing period. However, with dissipation includ-
ed, | /,| approaches a wavelength-dependent constant value at
the long wave periods for the shorter horizontal wavelengths,
which is significantly greater than its dissipationless value and
which is larger for the shorter-wavelength waves. The value of
| 5l for the 10,000-km wavelength wave is virtually unchanged

by the inclusion of dissipation as a consequence of the low
dissipation rates associated with this value of wavelength.

The phase of f, is shown in Figure 3b both with and with-
out the inclusion of dissipation. At the shortest of wave
periods for each particular wavelength the phase of f, calcu-
lated with dissipation is equal to that calculated without dissi-
pation, but as the period is increased, this is no longer true. At
the periods where the maximum amplitudes are occurring the
two are noticeably different, with the biggest differences oc-
curring for the longer-wavelength waves. With the inclusion of
dissipation the phase of f, approaches a constant value of
about —120° at long periods for the shorter-wavelength
waves, but without it this value is closer to —90°.

The magnitude of f; calculated with the inclusion of dissi-
pation is shown in Figure 4a. For both the 10- and the
100-km wavelength waves |f;| is unaffected by the inclusion of
dissipation at short periods, but whereas without the inclusion
of dissipation it approaches a value of unity at long periods,
with its inclusion it approaches a value slightly greater than
unity. With the inclusion of dissipation, |f;] never deviates by
more than 10% from its dissipationless value for the 1000-
and 10,000-km wavelength waves. It is apparent that the effect
of dissipation on | f;] is not as pronounced as it is upon both
Ifil and | f,].

The phase of f; is shown in Figure 4b. Again, dissipation is
not as severe here as it is for the phases of f; and f,. The effect
of the inclusion of dissipation is to slightly decrease the mag-
nitude of the phase of f, at long periods, the effect being
greater for the shorter-wavelength waves.

The magnitudes of 7 for the four values of horizontal wave-
length and with dissipation included are shown in Figure 5a.
Also shown is the value of |g| calculated without dissipation
for the 10-km wavelength wave. The value of [y] is virtually
unaffected by the inclusion of dissipation at any period for the
10,000-km wavelength wave. For the 10-, 100-, and 1000-km
wavelength waves, |g| is unaffected by the inclusion of dissi-
pation at short wave periods close to each of the respective
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Fig. 2.

(@) Magnitude and (b) phase of the dynamical factor f; versus period calculated with eddy dissipation and

without Coriolis force. Curve styles correspond to the same wavelengths as in Figure 1, while the arrows show at what
period for each particular wavelength the maximum amplitudes occur, as described in the text. Without dissipation both
|fi| and the phase of f; would be independent of wavelength, with |f|| being represented as a straight line connecting the
points labeled A and B in Figure 2a and with the phase of f, being equal to —90°.

regions of evanescence. Without dissipation included the
values of |g| for the 100- and 1000-km waves would be equal
to || for the 10-km wavelength wave at longer periods (i.e., the
dashed and dashed-dotted curves would follow the solid curve
at longer periods). The inclusion of dissipation, however,
causes a departure from this situation at long periods, and the
values of |y| calculated with the inclusion of dissipation are
significantly greater than their dissipationless counterparts, es-
pecially so for the shorter-wavelength waves. Once again, the
arrows in this figure show the regions where the waves have
reached their maximum amplitudes, as determined from
Figure 1. One notices that for the 10- and 100-km wavelength
waves the values of || begin to depart significantly from their
dissipationless values at periods where the wave amplitudes

are beginning to decrease with increasing altitude (ie., at
periods to the right of the arrows), meaning that such modi-
fied values of || are associated with waves which have
achieved their maximum amplitudes at lower altitudes. How-
ever, a noticeable departure between the dissipationless value
of || and that calculated with the inclusion of dissipation has
already occurred for the 1000-km wavelength wave at periods
where maximum amplitudes are being achieved. This means
that, all other assumptions aside, one should find it easier to
observe values of || which have been modified by dissipation
for the longer-wavelength waves than for the shorter-
wavelength waves.

The phase of 5 is shown in Figure 5b. For each value of
horizontal wavelength it is shown both with and without the
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Fig. 3. As in Figure 2 but for the dynamical factor f;. In the absence of any dissipation, |f,| would be independent of
wavelength at long periods (see text for details). The upper and lower sets of curves in Figure 3b are those calculated
without and with the inclusion of the eddy dissipation, respectively.

inclusion of dissipation. One notices that at long periods the
phase of 5 calculated with the inclusion of dissipation is
smaller than that calculated without dissipation, and that this
effect is more pronounced for the shorter-wavelength waves.
One also notices, in contrast to the results of |n|, that a depar-
ture between the dissipation and dissipationless phases of 5
begins before the waves have achieved a maximum amplitude
for all wavelengths. This is especially so for the 10,000-km
wavelength wave, which, though it never reaches a maximum
amplitude for the periods considered nor has its values of |y]
modified very noticeably by the inclusion of dissipation, has
its associated phase of n modified very noticeably by the in-
clusion of dissipation. For the other three wavelengths the
differences between the phases of n calculated with the in-
clusion of dissipation and those calculated without it at
periods where the waves are achieving maximum amplitudes

are much larger for the longer-wavelength waves. Thus the
phase of n appears to be more sensitive to the inclusion of
dissipation than is ||, while large modifications to the phase
of n are more likely to be observed for the longer-wavelength
waves which are achieving their maximum amplitudes.

Effect of Coriolis Force

In this section of results the effect of the Coriolis force is
included in the gravity wave dynamics both with and without
the effects of eddy dissipation included. Waves with horizontal
wavelengths A, of 1000 and 10,000 km are studied. In order
that the waves studied were internal gravity waves and not
Rossby waves, the latitude used in all of the calculations was
equal to 25°, giving an inertial period of slightly greater than
10° s. The results for this section are displayed only for the



4094

Hickey: GrRavITY WAVE DyNamics IN OH NIGHTGLOW FLUCTUATIONS

12— ———r—rrrr — —r—rr
i A==
N7
1k p———— poor— e —— ]
I,’
’I
_ /
S L {
/ -
]
'
!
]
{
0.8 -
|
1
i
i
R i
! -
i
1
]
i
08 s E— e
102 108 104 108
PERIOD (SEC)
0 —— T ——rrr ———rrT
B
|
|‘ |
\ \.
a} \ \ | -
\ \ \
\ \
i \ \
\
5} ) \ \
e \ \ \
g \ \ \
w -100f \
2 \ \ \
t \ \ \
\ \ \
N \ N
N \.
\\ \
150 N~ E
~
\ \\\~
T=mooo___ ==
——— T P
ol s e,

PERIOD (SEC)

Fig. 4. As in Figure 3 but for the dynamical factor f;. In the absence of any dissipation, {f;| approaches a wavelength-
independent value of unity at long periods.

real and imaginary parts of the vertical wave numbers and for
the magnitudes and phases of 7.

Figure 6a shows the real part of the vertical wave number
(Re (k,)) as a function of wave period for 4, = 1000 km. It can
be seen that at the shorter wave periods the effects of eddy
dissipation and Coriolis force on Re (k,) are minimal. At the
longer periods the effect of the Coriolis force is to increase the
magnitude of Re(k,) (ie., decrease the vertical wavelength),
while the effect of the eddy dissipation is to decrease the mag-
nitude of Re (k,) (i.e., increase the vertical wavelength). When
the Coriolis force and the eddy dissipation are included to-
gether, the results at all wave periods are virtually the same as
those resulting from the inclusion of the eddy dissipation
alone, demonstrating the dominance of the eddy dissipation
over the Coriolis force in the gravity wave dynamics for this

particular value of horizontal wavelength.

The imaginary part of the vertical wave number (Im (k,)) is
shown in Figure 6b, along with the value of 1/2H. Although
by itself the Coriolis force is not responsible for any wave
dissipation (so that Im (k,) = 0), the value of Im (k,) arising
due to the eddy dissipation is, however, slightly modified by
its further inclusion. The reasons for this will be explaihed
shortly. Maximum wave amplitudes occur for periods close to
about 23,000 s (6.4 hours).

The magnitude of # is shown in Figure 7a. By including
only the Coriolis force, |y| is increased by up to two orders of
magnitude at long periods, but the further inclusion of the
eddy dissipation reduces this quite markedly. The value of |#|
obtained with the inclusion of eddy dissipation alone is only

slightly modified by the further inclusion of the Coriolis force,
again demonstrating the dominance of the eddy dissipation
over the Coriolis force for this particular value of horizontal
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(@) Magnitude and (b) phase of the ratio 5 of nightglow intensity fluctuations to temperature fluctuations versus

period with eddy dissipation and without Coriolis force. In Figure 5a, horizontal wavelengths are 10 km (short-dashed
curve), 100 km (long-dashed curve), 1000 km (dashed-dotted curve), and 10,000 km (short-and-long-dashed curve). The
solid curve 1n Figure 5a is for a horizontal wavelength of 10 km but without eddy dissipation or Corilois force. In the
absence of any dissipation all of the curves would follow the solid curve at long periods. In Figure 5b, horizontal
wavelengths are 10 km (solid curves), 100 km (short-dashed curves), 1000 km (long-dashed curves), and 10,000 km
(dashed-dotted curves). The lower and upper curves in Figure 5b are those calculated with and without the inclusion of the

eddy dissipation, respectively.

wavelength. Hence the overall results obtained here for |5
with both eddy dissipation and Coriolis force included are
similar to those described in the previous results section.

The phase of # is shown in Figure 7b. Once again, although
by itself the Coriolis force can cause significant modifications
to the phase of 5 at long periods, it does not significantly
modify the results obtained when it is included in conjunction
with the eddy dissipation. As described in the previous results
section, the phase of n is significantly modified at long periods
by the inclusion of the eddy dissipation.

The real part of the vertical wave number (Re (k,)) for 4, =

10,000 km is shown in Figure 8a4. One notices that Re (k) is
modified only very slightly at long periods (and not at all at
the shorter periods) by the inclusion of the eddy dissipation
alone, while it is modified significantly at all periods, and more
so at the longer periods, with the inclusion of the Coriolis
force alone. With both eddy dissipation and Coriolis force
included simultaneously, the modification to Re (k,) at long
periods is not as large as it is with the inclusion of the Coriolis
force alone. The magnitude of Re (k) is increased (i.e., the
vertical wavelength is decreased) at all periods by the simulta-
neous inclusion of the Coriolis force and the eddy dissipation,
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Fig. 6.

{(a) Real and (b) imaginary parts of the vertical wave number (k,) versus period for a horizontal wavelength of

1000 km. The curves in Figure 6a are with no eddy dissipation or Coriolis force (solid curve), only Coriolis force (dashed
curve), only eddy dissipation (dashed-dotted curve), or with both eddy dissipation and Coriolis force (dashed-dotted curve
also). The curves in Figure 6b are with only eddy dissipation (solid curve) or with both eddy dissipation and Coriolis force
(dashed curve). With only Coriolis force included, Im (k,) = 0. The solid horizontal line shows the value of 1/2H.

indicating the dominance of the Coriolis force over the eddy
dissipation in the gravity wave dynamics for this particular
value of horizontal wavelength.

The imaginary part of the vertical wave number (Im (k,)) is
shown in Figure 8b, along with the value of 1/2H. With only
eddy dissipation included, |[Im(k,)] is much smaller than 1/2H,
demonstrating that there is very little wave dissipation at any
wave period and that a maximum wave amplitude is never
achieved. However, the further inclusion of the Coriolis force
leads to an increased dissipation, and maximum wave ampli-
tudes occur for periods close to 90,000 s (25 hours). The
reason for this is that the effect of the further inclusion of the

Coriolis force is to decrease the vertical wavelengths. Hence
vertical velocity shears and vertical temperature gradients as-
sociated with the waves are increased, and so too are the
viscous and thermal conduction dissipation rates.

The magnitude of #n is shown in Figure 9a. The effect of
including the Coriolis force alone is to increase |y several-fold
at long periods, though the magnitude of this effect is substan-
tially reduced by the further inclusion of the eddy dissipation.
At the shorter wave periods the Coriolis force leads to a re-
duction in |y| of several percent. While the eddy dissipation
has little influence on || at the shorter periods, at the longer
periods its inclusion leads to an increase in |n| of several per-
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(a) Magnitude and (b) phase of n versus period for a horizontal wavelength of 1000 km. The curves in Figure 7a

are with no eddy dissipation or Coriolis force (solid curve) or with only Coriolis force (dashed curve). The remaining two
curves in Figure 7a, which are difficult to distinguish, are with only eddy dissipation (small dashed, lower curve) or with
both eddy dissipation and Coriolis force (dashed-dotted, upper curve). The curves in Figure 7b have similar meanings to
those in Figure 7a, except that the long-and-short dashed curve represents results obtained with both eddy dissipation and

Coriolis force.

cent. With the eddy dissipation and the Coriolis force included
simultaneously, |n| is decreased by several percent at the short-
er periods and increased by some 25% at the longer periods.

The phase of n is shown in Figure 9b. By including the
Coriolis force alone the phase of n is decreased by several
degrees at the shorter periods, while at the longest of periods
the amount of decrease is close to 80°. As in the case of ||,
however, the further inclusion of the eddy dissipation reduces
the effect of the Coriolis force so that at the long periods the
phase of 1 is decreased by only some 10° or so.

DISCUSSION

The results presented here have been performed assuming a
Prandtl number of 2, but results to be presented elsewhere
(NASA contract report, in preparation) have investigated the
consequences of increasing the Prandtl number. As summa-
rized in the discussion of Hickey [1988], while not affecting
any of the main conclusions of that paper, the observability of
some of the effects discussed there (and also here) may be
diminished when the Prandtl number is increased. Fritts and
Dunkerton [1985] have shown that turbulent Prandtl numbers
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Fig. 8. (a) Real and (b) imaginary parts of the vertical wave number (k) versus period for a horizontal wavelength of
10,000 km. The curves in Figure 8a are with no eddy dissipation or Coriolis force (solid curve), only Coriolis force
(long-dashed curve), only eddy dissipation (short-dashed curve), or with both eddy dissipation and Coriolis force (long-
and-short-dashed curve). The curves in Figure 8b are with only eddy dissipation (solid curve) or with both eddy dissi-
pation and Coriolis force (dashed curve). With only Coriolis force included, Im (k) = 0. The solid horizontal line shows

the value of 1/2H.

associated with convectively unstable gravity waves may
achieve large values over limited regions of altitude within the
mesosphere, suggesting that under such conditions it may be
more difficult to measure values of # which have been notice-
ably modified by eddy dissipation.

In this study the maximum wave periods considered were
10% s (~27.8 hours), which is excessively high as far as realistic
values of internal gravity wave periods are concerned. None-
theless, in order that the waves studied not belong in the
Rossby wave category, the latitude was taken to be 25° when-
ever the Coriolis force was included, giving an inertial period

of some 28.3 hours. At higher latitudes the effect of the Co-
riolis force on n will be greater than that found here, though
the maximum permissible internal gravity wave periods will
be reduced. Even so, the results presented here demonstrate
that the eddy dissipation dominates over the Coriolis force in
the gravity wave dynamics for almost all of the wavelengths
considered (the exception being the 10,000-km wavelength), so
that the overall results and conclusions of this paper would
not be substantially altered by changing the latitude.

For the 10,000-km wavelength the Coriolis force was found
to be dominant in the gravity wave dynamics at the shorter
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.Fig. 9. (a) Magnitude and (b) phase of n versus period for a horizontal wavelength of 10,000 km with no eddy
dissipation or Coriolis force (solid curves), only Coriolis force (long-dashed curves), only eddy dissipation (short-dashed
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wave periods, as revealed by the modifications to n there,
while it was found that at the longer periods the Coriolis force
and eddy dissipation assumed equal importance. By itself the
Coriolis force was found to cause large modifications to n at
long wave periods, though this effect was reduced substan-
tially by the further inclusion of the eddy dissipation. Al-
though a full analysis is beyond the scope of the present work,
these results suggest that some of the diurnal tidally driven
fluctuations in the OH nightglow may be modified by eddy
dissipation.

Also, all of the foregoing theory assumes the emission to
occur at a single level in the atmosphere, whereas the emission
layer is several kilometers thick. Thus interference between
emissions from different levels will become important when-

ever the vertical wavelength is less than or comparable to the
thickness of the emitting layer [ Hines and Tarasick, 1987; G.
Schubert and R. L. Walterscheid, Wave-driven fluctuations in
OH nightglow from an extended source region, paper submit-
ted to Journal of Geophysical Research, 1987]. This will intro-
duce a further horizontal wavelength dependence on # which
is not considered in the present analysis and which will be
important for the shorter horizontal wavelength waves.

At the long wave periods, tidal contamination may modify
some of the results presented here. Such contamination has
been reported in the work by Walterscheid et al. [1986], in
which a pseudotide was generated by gravity wave momentum
fluxes modulated by the semidiurnal tide. The inclusion of
such effects is beyond the scope of the present work.
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CONCLUSION

The inclusion by Hickey [1988] of eddy dissipation and the
Coriolis force in the gravity wave dynamics has placed a
strong horizontal wavelength dependence on 5 which does not
exist in the theory of Walterscheid et al. [1987]. Values of n
have been found to depend on wave period and horizontal
wavelength, so that internal gravity wave horizontal wave-
lengths will need to be measured in conjunction with the OH
nightglow measurements if comparisons are to be made be-
tween observations and theory.

The eddy dissipation was found to dominate over the Co-
riolis force in the gravity wave dynamics and also in the as-
sociated values of 1 for the waves with horizontal wavelengths
of 10, 100, and 1000 km, so that in these instances the Coriolis
force can be neglected. The Coriolis force cannot be neglected
for waves with horizontal wavelengths of 10,000 km or more,
although the eddy dissipation, not as dominant as it is for the
shorter wavelength waves, should also not be neglected.

At long periods the modifications to # by the inclusion of
eddy dissipation are much larger for the shorter horizontal
wavelength waves. Nonetheless, some of the longer horizontal
wavelength waves may have associated with them values of
which have been more modified by its inclusion at periods
where maximum amplitudes are being achieved. Thus, because
there is an observational bias toward those waves achieving
their maximum amplitudes, some of the more obvious modifi-
cations to # by the inclusion of eddy dissipation may be more
observable for some of the longer horizontal wavelength
waves.

The effect of eddy dissipation is to bring the OH intensity
fluctuations more into phase with the temperature fluctuations
(i.e., decrease the phase of 5) and to increase the magnitude of
the intensity fluctuation relative to the temperature fluctuation
(i.e., increase |y|). The phase of # is more sensitive to the in-
clusion of eddy dissipation than is |y| at periods where the
eddy dissipation just begins to become important. When the
Coriolis force becomes nonnegligible and is included with the
eddy dissipation in the gravity wave dynamics, |n| is decreased
at the shorter wave periods and increased at long periods,
while the phase of # is decreased at all periods.

APPENDIX

Assuming that the internal gravity waves are plane waves
propagating in the x-z plane (x is horizontal coordinate; z is
vertical coordinate), then one can write

E_P, T ocexp i (wt — kx — k z — iz/2H)

LV

(A1)

where n and p are the number and mass densities, respectively,
a zero-subscripted variable refers to the undisturbed basic
state, a circumflex denotes a wave variable, v is velocity, T is
temperature, w is the real wave angular frequency, k, is the
real horizontal wave number, k, is the complex vertical wave
number, and H is the scale height. The wave variables V - ¥, w
(the vertical perturbation velocity), and j/p, are related to
T/T, by the dynamical factors as [ollows:

Voi=f, /T, (A2)
w=f, T/T, (A3)
blpo =15 T/TE) (A4)
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where
1
fi= i(u{vR — P 1)} (AS)
1 = @/k){x; + x;[vR — (y = 1)7']} (A6)
fy= {iaxl + x?[VR —(y— 1)_1]} (A7)
(iox; — x5)
and

X, = (i — k)b — c2p™ ) + 3iay’
x, = —n' (x— Jioa)c + i)+ ['(4R — )—Bd—c*d~ ' +1)

x3 =Kkl — c*¢ ") — 2ior’ (A8)
Also, following the notation of Hickey and Cole [1987],
¢=3yR—§ R=x?>—iax +1
i
k 4+ —
_ =t 2H 1
Tk Y
P w? , _iop A9
T " T *)
iATyk 2 Jfo
= — Cc =
wp, gHk 2
f=2Qsin 0

Here, p, is the unperturbed pressure, g is the acceleration
due to gravity, u is the coefficient of (eddy) viscosity, 4 is the
coefficient of (eddy) thermal conduction, f is the Coriolis pa-
rameter, @ is the latitude, and Q(= 7.29 x 1073 s71) is the
Earth’s angular frequency.

With viscosity, thermal conduction, and Coriolis force in-
cluded, the vertical wave number is obtained from the quartic
dispersion equation of Hickey and Cole [1987]. With only the
Coriolis lorce included, the following dispersion equation is
used:

2 ki@t —oh) @2 — o)
* T T oy | C2

(A10)

where w, is the Brunt-Viisild frequency (=(y — 1)%g/C, =
226 x 1072 5s7'), @, is the acoustic cutoff frequency (=C,/
2H=250x10"% s7'), and C, is the sound speed (=(ygH)/?
= 2748 ms™ ).
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