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Gravity Wave-Driven Fluctuations in OH Nightglow 
From an Extended, Dissipative Emission Region 

G. SCHUBERT AND R. L. WALTERSCHEID 

Space Sciences Laboratory, The Aerospace Corporation, Los Angeles, California 

M.P. HICKEY • 

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

The theory of gravity wave-driven fluctuations in the OH nightglow from an extended source region 
is generalized to account for effects of eddy kinematic viscosity v and eddy thermal diffusivity K. In the 
nondiffusive case, the amplitudes and phases of vertically integrated normalized intensity (151)/(I-) and 
temperature (15T•)/(T•) perturbations and vertically integrated Krassovsky's ratio (7) as functions of 
period are influenced by the upper limit of vertical integration of the extended source, especially at 
long periods when vertical wavelengths Av are small. The effects, which include oscillations in 
(IST)/(I-•, (IST•)/(•), and (•), particularly at long periods, are due to constructive and destructive 
interference of nightglow signals from vertically separated levels of the OH emitting region that occur 
when Av is comparable to or smaller than the thickness of the main emission region. The sensitivity 
of these ratios to the upper limit of vertical integration occurs because of the relatively small rate of 
decay of the intensity of OH emission with height above the peak emission level and the exponential 
growth with altitude of nondissipative gravity waves. Because eddy diffusion increases Av, especially 
at long periods, and reduces wave growth with height compared with the case v = K = 0, inclusion of 
eddy diffusion removes the sensitivity of (•/) and the other ratios to the maximum height of vertical 
integration. It is essential to account for both eddy diffusion and emission from the entire vertically 
extended emission region to correctly predict (•t), (151)/(I-), and (15T•)/(T•) at long gravity wave 
periods. Observations of Krassovsky's ratio are consistent with theoretical predictions of (•t) for 
horizontal wavelengths larger than about 500 km, provided diffusion and emission from an extended 
region are both taken into account. 

INTRODUCTION 

It is now widely accepted that acoustic-gravity waves and 
tides modulate the intensity of the hydroxyl (OH) nightglow 
by upsetting the OH chemical equilibrium around the meso- 
pause, the approximate region of peak OH emission. The 
theoretical modeling of the chemical and dynamical pro- 
cesses involved in this modulation has been the subject of 
much study, but it is only the most recent analyses that have 
been able to account for some of the observed features of the 

measured oscillations. A principal objective of these analy- 
ses has been the calculation of the parameter •/[Krassovsky, 
1972], which relates the oscillation in the intensity (•iI) of the 
nightglow to the oscillation in the temperature (•iT) of the 
emission region by ,/ = (•iI/I)/(•ST/T), where an overbar 
refers to the undisturbed or time-averaged variable. Walter- 
scheid et al. [1987] calculated ,/using a model that incorpo- 
rates the Eulerian dynamics of linearized acoustic-gravity 
waves and the chemistry of the five minor species O, 03, H, 
OH, and HO 2 controlling the concentration of excited OH. 
The ability of the model to explain observed oscillations in 
the nightglow intensity and emission region temperature was 
subsequently demonstrated by Hecht et al. [1987] and Sivjee 
et al. [1987]. Walterscheid and Schubert [1987] generalized 
the model to deal with OH nightglow fluctuations induced by 
tides. 
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The above definition of Krassovsky's ratio and the theory 
of Walterscheid et al. [1987] and Walterscheid and Schubert 
[1987] pertain to an infinitesimally thin nightglow emission 
layer. The importance of considering the nonzero vertical 
extent of the emission region in the calculation and interpre- 
tation of Krassovsky's ratio has been demonstrated by 
Hines and Tarasick [1987] and Schubert and Walterscheid 
[1988]. Interference effects modify the intensity, the intensi- 
ty-weighted temperature, and Krassovsky's ratio for waves 
having vertical wavelengths less than or comparable to the 
main emission layer thickness and, as we show later, are 
sensitive to the assumed height of the upper boundary of the 
emission region. 

The thin-layer model of Walterscheid et al. [1987] was 
modified by Hickey [1988a, b] to include effects of eddy 
momentum and thermal diffusivities on gravity wave dynam- 
ics. These effects substantially influence the value of Krass- 
ovsky's ratio at long gravity wave periods. The observations 
of Viereck and Deehr [1989] suggest that the effects of eddy 
kinematic viscosity and eddy thermal diffusivity are discern- 
ible in the OH nightglow fluctuations. 

The purpose of the present paper is to investigate how the 
characteristics of the OH nightglow from an extended emis- 
sion region are modified by eddy momentum and eddy 
thermal diffusivities. This generalization of the theory of 
Schubert and Walterscheid [1988] is important not only for 
the purpose of completing the theory but also because the 
effects of eddy kinematic viscosity and eddy thermal diffu- 
sivity are expected to be significant for nightglow fluctua- 
tions induced by gravity waves with small vertical wave- 
lengths [Hickey, 1988a, b]; these are precisely the waves 
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whose induced nightglow fluctuations are most affected by 
interference effects associated with the finite altitude of the 

top of the emission layer. 

THEORY 

We follow closely the approach of Schubert and Walter- 
scheid [1988] but extend their model to incorporate effects of 
eddy kinematic viscosity and eddy thermal diffusivity. The 
atmosphere consists of a major gas (N2 + 02) and the minor 
species OH, H, 03, O, and HO2. The number densities n of 
the atmospheric constituents and the temperature T of the 
atmosphere are determined by contributions from a time- 
independent basic state (denoted by an overbar) and wave- 
driven fluctuations (denoted by 15). The nighttime model 
atmosphere of Winick [1983] is adopted for the basic state. 
Minor constituent chemistry and reaction rates, as well as a 
detailed description of the basic state, are given by Schubert 
and Walterscheid [1988]. 

Reactions between H and 03 and between O and HO2 
yield excited OH molecules that subsequently decay and 
produce the nightglow. Ground-based spectrophotometric 
observations of the nightglow record a vertically integrated 
intensity (I) = (I-) + (/51) (angle brackets denote integration 
over the height of the emission region). The intensity fluc- 
tuations (15I) are caused by gravity wave-driven fluctuations 
in n and T. Temperatures inferred from ground-based spec- 
trophotometric observations of the OH nightglow are inten- 
sity weighted according to 
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Fig. 1. Vertical wavelength A v = 2rdRe(kz) at the peak emis- 
sion height of about 83 km as a function of period for three different 
horizontal wavelengths A x = 100, 500, and 1000 km. The curves 
which tend to flatten at long periods include effects of eddy diffusion 
with v = 200 m 2 s -1 and Pr = 2. The other curves for which Av 
decreases with period as periods become long have no eddy diffu- 
sionv= •<=0. 

tions. A detailed description of the methodology is given by 
Walterscheid et al. [1987] and Schubert and Walterscheid 
[1988], except for the generalization of acoustic-gravity 
wave theory to include eddy momentum and eddy thermal 
diffusivities v and K, respectively. This generalization is 
carried out in the appendix. 

(T/) = f dz TI/(I) (1) 
where z is height [Schubert and Walterscheid, 1988]. Krass- 
ovsky's ratio for a vertically extended emission region is 
given by 

(n) = (2) 
(15t/)/(t/) 

[Schubert and Walterscheid, 1988]. For the basic state of 
Winick [1983], the peak in OH emission occurs at about 83 
km altitude, and the vertical thickness of the main emission 
region is about 13 km (vertical distance between levels 
whose intensities are 10% of the peak intensity) [Schubert 
and Walterscheid, 1988]. 

The formalism for computing (•/) makes use of continuity 
equations for the number density perturbations $n of the 
minor species, chemical equations for volumet•c production 
and loss rates of the minor constituents, and dynamical 
equations relating density, velocity, and temperature pe•ur- 
bations according to acoustic-gravity wave theory. It is 
assumed that the contribution of an infinitesimal volume to 

the intensity of the OH nightglow is directly propo•ional to 
the volumetric production rate of excited OH. All pe•urba- 
tion quantities are associated with a vertically propagating 
wave whose amplitude and phase are determined as func- 
tions of height by ve•ically integrating (A10) with the 
ve•ical wavenumber given by the isothermal dispersion 
relation of the appendix evaluated at local conditions. Num- 
ber density pe•urbations of minor constituents and their 
production and loss rates are also calculated with the polar- 
ization relations of the appendix evaluated at local condi- 

RESULTS 

The model atmosphere (temperature, major and minor gas 
number densities) is that of Winick [1983]. All model param- 
eters are given by Schubert and Walterscheid [1988] and 
Walterscheid et al. [1987], except for the values of the eddy 
momentum diffusivity v and the eddy thermal diffusivity K. 
For nominal values of v and g, we adopt 200 and 100 m 2 s-1, 
respectively, corresponding to an eddy Prandtl number Pr = 
v/g of 2 [Hickey, 1988a, b]. We will investigate the effects 
of varying • and g by considering • = 50 m 2 s -1 with Pr = 
2 and • = 200 m 2 s -l with Pr = 10, a large value for the 
eddy Prandtl number. Eddy diffusivities are assumed con- 
stant with altitude. 

The vertical wavelength Av = 2rdRe(kz) is the main 
property of the gravity wave (w is the circular frequency; kx 
is the horizontal wavenumber; Ax is the horizontal wave- 
length; and k z is the complex vertical wavenumber) that 
determines how OH fluctuations will be affected by eddy 
diffusivity and emission layer thickness. Wave damping is 
enhanced as Av decreases, while interference effects due to 
the maximum height of the emission region become more 
important as Av decreases and becomes comparable to and 
smaller than the main emission layer thickness. Accordingly, 
in Figure 1 we show Av at the peak emission height of about 
83 km as a function of period for the nominal values of v and 
g and for Ax = 100,500, and 1000 km. In addition, Figure 
1 shows Av versus period for cases with no diffusion; • = 
K = 0. Effects of eddy diffusion cause Av to become 
independent of period as periods tend to large values. With 
no eddy diffusion, Av decreases as periods become large. 
Eddy diffusion becomes important in limiting the decrease in 
vertical wavelength with increasing period when Av de- 
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Fig. 2. Similar to Figure 1, but for Av = • 00 km and for different values of v and Pt. The case v = 200 rn :• s- and Pr = 2 is referred 
to as the nominal case in the text. The figure illustrates the effects of 
varying diffusivity values on Av versus period. 

Fig. 4. The influence of different eddy diffusivity parameters on 
the period dependence of the vertical attenuation distance •i v at the 
peak emission height for Ax = 100 km. 

creases to about 10 km (for v = 200 m e s -], Pr = 2). The 
vertical wavelength at which effects of eddy diffusion be- 
come significant decreases from about 15 to 6 km as the 
horizontal wavelength decreases from 1000 to 100 km. 

Figure 2, for A x = 100 km, shows that the effects of eddy 
diffusion on the vertical wavelength Av at the peak emission 
height are not particularly sensitive to the assumed values of 
the eddy diffusivities, at least for the variations in v and K 
considered here. Compared with the nominal case, an in- 
crease in eddy Prandtl number or a decrease in eddy 
kinematic viscosity shifts the flattening in the curve of Av 
versus period to larger periods and smaller vertical wave- 
lengths. 

The vertical wavenumbers of gravity waves are purely real 
when v = K = 0. When eddy diffusive effects become 
important, the waves are damped, as shown by the vertical 
attenuation length &v = 1/Im (k z) at the peak emission 
height plotted in Figure 3 as a function of period for the 
nominal set of diffusivity parameters and for A x = 100,500, 
and 1000 km. The vertical attenuation length &• decreases 
with increasing period (except for a very small period 
interval near the maximum in &•) and tends toward a 
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Fig. 3. Vertical attenuation distance &• = 1/Im (kz) at the peak 
emission height versus period for Ax = 100,500, and 1000 km and 
for •, = 200 m :• s-], Pr = 2. The vertical wavenumber is purely real 
when •,= K= 0. 

constant value as the period becomes large. The asymptotic 
value of &v decreases from about 3 km for a horizontal 
wavelength of 1000 km to about 1 km for A x = 100 km. 
Figure 4, for Ax - 100 km, shows that the value of &v at the 
peak emission height is relatively insensitive to the varia- 
tions in the eddy diffusion parameters considered here, 
especially at long periods. The vertical length scale for 
damping a gravity wave by a factor of e through eddy 
diffusion tends to about 0.3A v as period increases to large 
values, independent of the values of A x and the diffusivity 
parameters considered here. 

The polarization factors f], f2, and f3, which relate the 
fluctuations in velocity divergence, vertical velocity, and 
background density, respectively, to fluctuations in temper- 
ature (see the appendix), are shown as functions of period in 
Figures 5-7 for v - K - 0 and for the nominal diffusivities 
with Ax - 100, 500, and 1000 km. The polarization factors 
in these figures are evaluated at the peak emission altitude. 
With v = K = 0, the amplitude of the velocity divergence 
factor f] decreases monotonically with period (f] --• peri- 
od -]) (Figure 5a), while the phase off] lags the temperature 
fluctuation by •r/2 (Figure 6); f] is independent of A x when v 
and K are zero. When v and K are nonzero, Ifil decreases 
with period, but it approaches a constant as period tends 
toward large values (>• 10 • s, Figure 5a, for nominal values 
of v and K). In the diffusive case, the asymptotic value of the 
amplitude of the velocity divergence factor decreases from 
about 2 x 10 -3 s -] at A x = 100 km to about 4 x 10 -4 at A x 
- 1000 km (Figure 5a). In the presence of nonzero eddy 
diffusivity, the phase off] decreases with increasing period 
(f] lags further behind the temperature fluctuation) and 
approaches a constant value at very long periods (>• 10 • s, 
Figure 5b). The phase lag between f] and the temperature 
perturbation decreases with increasing A x (Figure 5b for the 
nominal diffusivity values). 

The amplitude of the verticai velocity polarization factor 
f2 generally decreases with increasing period (Figure 6a); 
the decrease in Ifil with period is mitigated by nonzero 
diffusivity (Ifil tends toward a constant value at long peri- 
ods, >• 10 • s, which decreases with increasing A•). The phase 
off2 generally lags the phase of the temperature perturbation 
(Figure 6b). With v = K = 0, the phase of f2 generally 
becomes less negative with increasing period, tending to- 



13,872 SCHUBERT ET AL ' WAVE-DRIVEN NIGHTGLOW FROM DISSIPATIVE LAYER 

1 0 -2 

10 -3 

10 --4 
lO 2 

Amplitude ft -75 Phase ft 
........ i .... • ........... I ........ I 

- -- •- • km '•'-• ........................ 
...... ,'200 roll-', Pt-2, 7•- 100 km -'•.:: -- • •__ 

.... •: 7o(x)•m 
! 

.... ....... 
Period (sec) 

-85 

-95 

-105 _ 

-115 _ 

-125 

-135 
10 = 

",, • '\, 
v-r- O, •,- 100 km ',, • \, 

•.- •oo •, ,, 
• - 1000 km '"' 

...... v-200 ma• '•, Pt-2, •- 100 • ............... 
-- - N = 500 • 

_ 

.... •=• 

i I , , , 

10 3 10 4 10 • 

Period (sec) 

Fig. 5. (a) Amplitude and (b) phase of the velocity divergence polarization factorfl for gravity waves as a function 
of period for no eddy diffusion and for v = 200 m 2 s -] , Pr = 2 with horizontal wavelength Ax = 100,500, and 1000 
km. The polarization factor fl relates the velocity divergence fluctuation to the temperature perturbation of the gravity 
wave; f] is evaluated at the peak emission altitude and has units of s -• . 

ward -½r/2 at long periods (>• 105 s). However, nonzero eddy 
diffusivity reverses this trend; the phase of f2 lags further 
behind the phase of the temperature as period increases. 

The magnitude of the background density polarization 
factor f3 increases with increasing period toward a constant 
value that depends on the values of the diffusivity parame- 
ters and Ax (Figure 7a). The asymptotic value of If31 is 
somewhat larger for the nominal diffusivity values than it is 
for v = K = 0, and with nonzero diffusivity the asymptotic 
value of If31 increases slightly with increasing Ax. The phase 
of f3 generally increases toward ½r with increasing period 
when v = K = 0, while it becomes more negative with 
increasing period, approaching about -½r at long periods 
(>• 105 s), for the nominal diffusivity values (Figure 7b). 

Figures 8-i0 show how changes in the eddy diffusivity 
values affect the dependence of the polarization factors f], 
f2, and f3 on period for ,• = 100 km. The polarization 
factors in Figures 8-10 are evaluated at the peak emission 
altitude. The increase in Pr from 2 to 10 and the decrease in 

v from 200 to 50 m 2 s-] both decrease the magnitudes of all 
the polarization factors and make the phases of the factors 
less negative (though the phase off3 is little affected by the 
changes in v and Pr). 

The magnitude of the ratio of the height-integrated inten- 

sity perturbation to the vertically integrated intensity of the 
basic state, (lJl)/(I-), is shown in Figure 11 as a function of 
wave period for v = • = 0 and for the nominal eddy 
diffusivities with A• = 100,500, and 1000 km. Without eddy 
diffusion, the amplitude of (lJI)/(I-) generally decreases with 
increasing period, though there are oscillations due to inter- 
ference effects associated with the finite thickness of the 

emission region [Schubert and Walterscheid, 1988]. These 
interference effects are importan.t whenever the vertical 
wavelength of the wave is less than or comparable to the 
main emission layer thickness. The interference oscillations 
are different in detail from those of Schubert and Walter- 

scheid [1988], since we used a smoother representation of 
the basic state in the present paper and carried the present 
vertical integrations to a greater height. Some detailed 
characteristics of the interference oscillations in this and 

later figures are due to the finite altitude of the upper limit of 
the vertical integrations. In this paper the vertical integration 
range extends between 75 and 120 km (compared with 78-88 
km in work by Schubert and Walterscheid [ 1988]). The basic 
state altitude profiles of Winick [1983] for the number den- 
sities of H, 03, HO2, and OH were linearly extrapolated 
with altitude above heights of 110, 100, 95, and 95 km, 
respectively, in order to minimize interference effects. The 
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Fig. 7. Similar to Figure 5, but for the background gas density polarization factor f3. 

sensitivity of (&I)/(I-) (and of the ratios (&T/)/(T/) and (•) to 
be discussed later) to the altitude of the upper limit of 
vertical integration results from the relatively small rate of 
decay of the intensity of OH emission with height above the 
peak emission level [Schubert and Walterscheid, 1988] and 
from the exponential growth of nondissipative gravity waves 
with height. 

A test of the ability of the numerical integration scheme to 
account for interference effects was performed by comparing 
numerical results to analytical results for a highly idealized 
model. We used the analytical solution for Krassovsky's 
ratio obtained by Tarasick and Hines [1990] for the case 
wherein excited OH is produced only by H reacting with 03, 
perturbations in H and 03 are caused by dynamics alone, 
and the background atmosphere is isothermal. For A x = 
1000 km, we find exact agreement between the numerical 
and analytical solutions for all the periods considered (grav- 
ity wave periods up to l05 s). For Ax = 100 km, the 
solutions agree up to periods of l04 s and diverge at longer 
periods. The numerical results for intensity, temperature, 
and Krassovsky's ratio as a function of wave period shown 
in Figures l l, 13, and 15, respectively, exhibit smooth 
monotonic behavior at short gravity wave periods, followed 
by slow, fairly regular undulations at longer wave periods. 
For A• = 100 km, this behavior is followed at yet longer 

periods by irregular or anomalous behavior. The wave 
period at which this irregular behavior commences agrees 
with the period at which the numerical and analytical solu- 
tions diverge in the simple case discussed above. We con- 
clude that the irregular behavior at long periods is definitely 
an artifact of the emission layer having finite thickness but 
that the slower, smoother undulations at intermediate peri- 
ods may be real interference oscillations resulting from 
chemistry and a nonisothermal atmosphere. For periods at 
which interference effects are clearly artifacts, the amplitude 
of the intensity fluctuation is reduced by several orders of 
magnitude compared with the intensity amplitude at periods 
where interference effects are absent. 

Because eddy diffusion increases vertical wavelength 
compared with the nondiffusive case at long gravity wave 
periods and damps vertically propagating waves, inclusion 
of eddy diffusion smooths out the interference oscillations in 

that are associated with the finite vertical thickness 
of the emission layer. The tendency for Av to approach a 
constant value at large gravity wave periods when eddy 
diffusion is accounted for (Figure 1) leads to larger values of 
I(aI)/(l at these periods, compared to the v = K = 0 case, 
even though diffusion tends to reduce wave amplitudes as 
the waves propagate vertically. By mitigating against inter- 
ference effects, the inclusion of eddy diffusion also removes 
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the strong oscillatory character (with period) in the phase of 

The influence of variations in the diffusivity parameters on 
the dependence of (&I)/(• on period is shown in Figure 12 
for Ax = 100 km. For the diffusivity changes considered 
here (an increase in Pr with •, held fixed and a decrease in •, 
with Pr held fixed), [(&I)/(•[ is reduced (compared to the 
nominal diffusive case) at long periods (Figure 12a). How- 
ever, for all the diffusive cases considered, the amplitude of 
(•I)/(• exceeds that of the nondiffusive case at long periods. 
The flattening of the curve for Pr - 2, •, - 50 m 2 s -• at a 
period of about 1.5 x 104 s might be an effect of the limited 
range of the vertical integration. Figure 12b shows, for Ax - 
100 km, how the phase of (•I)/(• is strongly modified and 
smoothed by the nonzero diffusivities. For example, at 
periods less than about 104 s, nonzero diffusivity changes the 
sign of the phase, compared to the case •, - K = 0. The 
interference oscillatory character of the phase at periods 
greater than 104 s for •, = K = 0 completely disappears in the 
presence of diffusion. The phase of the normalized, height- 
integrated intensity fluctuation is influenced by the actual 
values of the eddy diffusivities, especially at periods greater 
than about 104 s. 

Figure 13 shows the amplitude of (&T/)/(T•) versus period 
for the nondissipative case and for the nominal values of •, 
and • when •x = 100, 500, and 1000 km. There is less 
oscillatory interference structure in versus pe- 

riod than there is in [(&I)l(I-) versus period in the nondiffu- 
sive case. The main effect of nonzero diffusivity is to 
maintain the level of the amplitude of the height-integrated 
normalized temperature perturbation at long periods com- 
pared to the strong decrease with period, at long periods, in 
the nondiffusive case. The shelf in the curve for •, = • = 0 at 

a period of about 6 x 103 s might be due to the limited range 
of the vertical integration. 

The effects of changes in the diffusivity parameters on the 
dependence of (&T/)/(T•) on period is shown in Figure 14 for 
Ax = 100 km. The increase in Pr and the decrease in •, from 
their nominal values lead to lower values of [(&T•)/(•)[, 
compared to the nominal diffusive case, at periods larger 
than about 104 s (Figure 14a). The flattening of the curve for 
Pr = 2, t, = 50 m 2 s -• at a period of about 104 s (Figure 
14a) may be related to the limited range of the vertical 
integration. The sensitivity of the phase of the normalized 
height-integrated temperature perturbation to the actual val- 
ues of t, and • is emphasized in Figure 14b. As was the case 
for the phase of (&I)/(I-) versus period, nonzero diffusion 
changes the sign of the phase of (&T•)/(T/) at periods less 
than about 104 s compared with the nondiffusive case and 
smooths out the interference oscillations in the phase of 
(&T•)/(•) compared with the case •, = • - 0 at periods 
greater than about 104 s. 

Figure 15 shows the amplitude of the vertically integrated 
Krassovsky's ratio (•/) as a function of period for the three 
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Fig. 11. Amplitude of the vertically integrated normalized inten- 
sity perturbation { &l)/{l--} as a function of period for Ax = 100,500, 
and 1000 km and for v = K = 0 and for v = 200 m2 s-r, Pr = 2. The 
curves for the case v = K = 0 oscillate as a function of period due to 
interference effects in emission from an extended layer. Eddy 
diffusion smooths out the interference oscillations. 

values of A x considered in the previous figures and for v = 
K = 0 and v and K equal to their nominal values. The large 
interference fluctuations that occur in the amplitude of (,/) 
versus period when • = • = 0 are removed when eddy 
diffusion is taken into account. As noted previously, the 
detailed structures of the interference oscillations in I<>l 
versus period for the nondiffusive cases are different from 
those of Schubert and Walterscheid [1988] because of the 
sensitivity of interference effects to the value of the upper 
limit of vertical integration. Even the interference oscilla- 
tions in Figure 15 are influenced by the higher extent of 
vertical integration used in this paper. While the diffusive 
cases in Figure 15 do not have the interference oscillations, 
the exact form of I<>1 versus period when • and K are 
nonzero is nevertheless affected by the upper limit of vertical 
integration. The effect is largest for A x = 100 km, which has 
the smallest vertical wavelength (Figure 1). It is seen from 
Figure 15 that I(*/)l is insensitive to diffusion for gravity wave 
periods close to the evanescent region, periods at which the 
nondiffusive I(*/)l has no interference oscillations; the verti- 
cal wavelength is large and independent of diffusion at 
periods close to the evanescent region (Figure 1). 
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Fig. ]3. Similar to Figure ] ], but for the height-integrated normal- 
ized temperature perturbation 

The way in which different values of v and n affect (r/) 
versus period is illustrated in Figure 16 for Ax = 100 km. 
The magnitude (Figure 16a) of (r/) is independent of diffu- 
sion at periods close to the evanescent region, but the phase 
of (r/) is opposite in sign for the diffusive and nondiffusive 
cases at these periods. For v = 200 m 2 s -] and Pr = 2 and 
10, (r/) is affected by Pr only at periods larger than about 104 
s. The character of (r/) versus period when •, = 50 m 2 s- ] and 
Pr = 2, though not subject to the strong interference 
oscillations of the nondiffusive case, is clearly influenced by 
the upper limit of vertical integration. The peak in I(>1 at a 
period of about 10 4 s and the flattening of I(r/)l versus period 
at larger periods in this case are consequences of the 
necessarily limited vertical integration. An eddy momentum 
diffusivity of 50 m 2 s- • is not sufficiently large to completely 
eliminate the sensitivity of results to the range of vertical 
integration. Aside from the damping of interference oscilla- 
tions, the main influence of diffusion on (r/) is the reversal in 
sign of the phase. 

SUMMARY OF RESULTS 

The major results of the present study are conveniently 
summarized in Figures 17-19, which give the dependence on 
period of (&I>/U3I, and (r/), respectively, for 
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Fig. 12. (a) Amplitude and (b) phase of (lil)/(l-) versus period for no eddy diffusion v = K = 0 and for three cases with 
eddy diffusion, including the nominal case v - 200 m 2 s -•, Pr = 2. The horizontal wavelength Ax = 100 km. 
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Fig. 14. Similar to Figure 12, but for the vertically integrated normalized temperature perturbation (•iTz)/(•z). 

Ax = 100 km and for emission from a single level and an 
extended region both with and without eddy diffusion. The 
four different approximations all do a reasonable job of 
describing the normalized height integrated fluctuations in 
intensity and temperature and the height integrated Krass- 
ovsky's ratio at short gravity wave periods close to the 
evanescent region. At longer gravity wave periods, the 
approximation of emission from a single level with no eddy 
diffusion is not adequate for representing the ratios (•5I)/(I-•, 
(•STi)/(Ti), and (•7). Taking account of emission from an 
extended layer, but with v = K = 0, gives normalized 
height-integrated intensity and temperature fluctuations that 
are subject to interference maxima and minima at longer 
gravity wave periods due to the finite range of vertical 
integration. The interference-related structures in (til)/(l-• 
and (tiTz)/(•z) make the ratio of these quantities, (•7), 
particularly subject to large interference oscillations at long 
gravity wave periods. It is essential to account for both eddy 
diffusion and emission from an extended region to correctly 
predict (•7) (and the other ratios), particularly at long gravity 
wave periods. For hx = 100 km, amplitudes of the vertically 
integrated Krassovsky's ratio are large (in excess of 5) at all 
gravity wave periods and in excess of 10 at periods greater 
than about 2 hours. The phase of (•7) is between about 0 and 
-r r/4 at short gravity wave periods, increasing to about 10 ø 
at a period of 105 s. Though not shown in this last set of 
figures, we have seen in Figure 15 that values of I<>1 less 
than 5 occur at gravity wave periods less than about 4 x 10 4 
s for large horizontal wavelengths (Ax = 1000 km). 

DISCUSSION AND CONCLUDING REMARKS 

The results presented here demonstrate the importance of 
including the effects of eddy momentum and thermal diffu- 
sivities in the gravity wave dynamics when calculating OH 
emission perturbations and related variables. Eddy diffusion 
mitigates interference effects associated with a finite range of 
vertical integration. 

A comparison of the results of the present theory with 
observations of Krassovsky's ratio reported in the literature 
[Hecht et al., 1987; Sivjee et al., 1987; Viereck and Deehr, 
1989] is presented in Figure 20. The values of (•/) included in 
Figure 20 are inferred from OH(6,2) and OH(8,3) airglow 

observations obtained at different times and locations. The 

data are simply plotted together in Figure 20 as a function of 
period, and no attempt has been made to vary model 
parameters to best fit the observations. Figure 20 is intended 
to provide only a qualitative comparison of theory and data. 
The theoretical curves in the figure are for the nominal 
diffusivity parameters adopted in this paper and include 
effects of integration over the extended emission region. 
Figure 20 shows that it is reasonable to interpret the fluctu- 
ations in OH airglow at periods in excess of about 2 hours, as 
caused by vertically propagating gravity waves. The ob- 
served magnitudes of (r/) are consistent with the theoretical 
predictions of I<>1 provided that the gravity waves have 
horizontal wavelengths of about 500-1000 km or more (Fig- 
ure 20a). These wavelengths are consistent with the most 
energetic fluctuations in the horizontal wavenumber spectra 
derived from observations and theoretical considerations 

[see Lilly, 1983, and references therein]. 
The trend in the values of I<>1 inferred by Viereck and 

Deehr [1989] is for [(r/) I to increase with period for periods 
greater than about 2 hours. Theory predicts a similar in- 
crease of I<>1 with period at periods between about 2 or 3 

3O 

20 

15 

10 

5 _ 

o 
10 2 

Amplitude ( •7 ) 

v = 200 m: 

X.= $00km 
X.= 1• km 

•' •"• / ,"' ........ •t':l ['U' 

- - - •- • km •........,,,,,,,,' ///- /•/• 
•••--•''-- I I 

I I , 

10 • 10 4 

Period (sec) 

Fig. 15. Similar to Figure 11, but for the vertically integrated 
Krassovsky's ratio 



SCHUBERT ET AL.' WAVE-DRIVEN NIGHTGLOW FROM DISSIPATIVE LAYER 13,877 

30 Amplitude (•) 18o Phase ( 

25 • = 200 m 2 s -•, Pr = 2 
v=200 m2s -•, Pt= 10 , 90 

• 0 

/ •' ..... • '" -- ' • -•5 
10 ;•/ • -90 

5 
-135 

0 • • -180 • 102 10 • 10 • 10 • 102 1 • 10 • 10 • 
Period (sec) Period (sec) 

Fig. 16. Similar to Figure 12, but for the height-integrated Krassovsky's ratio 

hours and a day, depending on horizontal wavelength. 
Observations of the phase of (•/) give values that are gener- 
ally within _ 45 ø of 0 ø in the period range of several hours to 
a day (Figure 20b). The theoretical curves of the phase of 
versus period for Ax = $00 and 1000 km give values in 
qualitative agreement with the observations. The slight 
undulations in the amplitude and phase of •/between periods 
of---1 and 3 x 104 s arise from very subtle differences 
between the rates of change of (15I)/(I--} and (15T/)/(•/) (see, 
for example, Figures 11 and 13), and they may not be a 
robust result. 

Previous attempts to compare theory and observations of 
(r/) have used a variety of simplifications of the present 
theory, at times assuming emission from a single level or 
neglect of eddy diffusion. The results of the more complete 
theory presented in this paper and the comparison with 
observations stress the importance of applying the theory in 
its general form to interpret measurements of OH airglow 
fluctuations. Values of (r/) are strongly dependent on the 
background state of the atmosphere, the period and horizon- 
tal wavelength of the perturbing gravity wave, the inclusion 
of eddy thermal and momentum diffusion and the specific 
values of the diffusivities, and integration over the vertical 
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Fig. 17. Magnitude of the ve•ically-integrated normalized in- 
tensity fluctuation (•I)/(I• as a function of period for emission from 
a single level and from an extended region, both without eddy 
diEusion • = K = 0 and with eddy diEusion given by the nominal 
diEusivity values • = 200 m 2 s -], Pr : 2. The horizontal 
wavelength is 100 kin. 

extent of the emission region. If future observations of 
fluctuations in the OH nightglow can identify the horizontal 
wavelengths of the gravity waves driving the fluctuations, 
then comparison of observed and predicted values of 
over a range of periods may allow the inference of the eddy 
diffusivities in the emission region of the mesopause. 

We have carried out calculations similar to those reported 
here for the acoustic wave regime. In general, the effects of 
eddy diffusion on acoustic wave properties (e.g., Av and the 
polarization factors (f•, f2, f3) and the ratios 
(IiT/)/(T•), and (r/) at acoustic wave periods are small, at 
least for the horizontal wavelengths and eddy diffusion 
values considered here. The phase of (r/) is sensitive to the 
inclusion of eddy diffusion at acoustic wave periods; the 
effect of nonzero v and •c is to reverse the sign of the phase 
of (r/), compared to the v = •c = 0 case, at acoustic periods. 

There is evidence that the perhydroxyl reaction may be 
unimportant in the production of excited OH (OH*) [e.g., 
Kaye, 1988], or that it may be involved as a sink for OH* 
above v = 6 rather than as a source of OH* below v = 6 

[McDade and Llewellyn, 1987]. Also, Lopez-Moreno et al. 
[1987] have reported that there is a different altitude distri- 
bution for each of the different vibrational levels of OH*. 

These considerations, and the inclusion of quenching effects, 
lie beyond the scope of this paper, but it is noted that future 
models may need to include them to properly describe the 
OH* emission characteristics. 
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APPENDIX: DISPERSION AND POLARIZATION 

RELATIONS FOR PLANE ACOUSTIC-GRAVITY 

WAVES WITH EDDY DIFFUSION 

Walterscheid et al. [ 1987] and Schubert and Walterscheid 
[ 1988] used the acoustic-gravity wave theory of Hines [1960] 
for an inviscid, nonthermally conducting atmosphere. 
Hickey [ 1988a, b] used the acoustic-gravity wave formulas 
of Hickey and Cole [1987] to study the effects of viscosity 
and thermal diffusivity on OH emission from a thin layer. 
The theory of Hickey and Cole [1987] models the effects of 
eddy kinematic viscosity and eddy thermal diffusivity as 
analogous to that of molecular kinematic viscosity and 
molecular thermal diffusivity. Here, we derive a theory for 
acoustic-gravity wave propagation in an atmosphere with 
eddy momentum and eddy thermal diffusivities. In particu- 
lar, eddy thermal diffusion acts on potential temperature 0, a 
quantity which is conserved in the absence of diffusion. 

The basic equations of continuity, momentum, energy, 
and state are 

Op 
--+ V. (pu) = 0 (A1) 
ot 

On 

• = -Vp + pg + V. (pvVu) (A2) 

DO 1 
•: - V. (p•:V0) (A3) 
Dt p 

p = pRT (A4) 

/5P = Psb' exp (-z/2H) exp [i(tot- kxx- kzz)] (A9) 

/ST= •" exp (z/2B) exp [i(tot- kxx- kzz) ] (A10) 

/50 = 0-st• ' exp (zR/I7cp) exp [i(tot- kxx- kzz) ] (All) 
where it has been assumed that all perturbation quantities 
are vertically propagating plane waves with complex height- 
dependent amplitudes, wave propagation occurs in the x-z 
plane, and the y component of perturbation velocity is zero. 
The surface value of the basic state potential temperature Os 
is T (1000 mbar/ps) R/c,. The plane wave has circular fre- 
quency to, horizontal wavenumber kx, and complex vertical 
wavenumber k z . 

The linearized equations for the perturbation quantities 
are 

k' = h' + •v'(/5 - ia) (A12) 

/3h'=/5'- 13XMh'(i/5a - /52_ 1) (A13) 

13•v' = P'(/5 - ia) + iab' - 13XM•v'(i/5a - /52_ 1) 

Ra •v' &'XH 1 ia /5 + + 
iCp ½p 

15'RaXH {a + i/5 Cp 

(A14) 

, (A15) 
Cp 

(A16) 

where p is density, u is velocity, p is pressure,T is temper- 
ature, g is the acceleration of gravity, v is eddy momentum 
diffusivity, K is eddy thermal diffusivity, R is the gas con- 
stant, t is time, D/Dt is the total derivative D/Dt = (O/Ot) q- 
u ß V. A perfect gas equation of state has been assumed and 
potential temperature is given by 

0= T(100; -mbar) •/c,, (A5) 
where C p is specific heat at constant pressure. The variables 
are written as the sum of basic state and perturbation 
quantities; e.g., p = • + /Sp; T = T + /ST; p = • + /Sp; 0 
= 0 + /50; and the equations for the perturbations are 
linearized. It is assumed that T = const and fi = 0, so that 
• = Ps exp (-z/H) and • = ps exp (-z/H), where Ps and 
P s are basic state surface (z = 0) density and pressure, 
respectively, z is altitude, and H is the basic state scale 
height, H = RT/g. 

Potential temperature in the basic state is 

(1000_ _mbart R/c• (zR) • = T P s / exp c'-• (A6) 
Perturbation quantities are written as 

(/su, /sv, /sw)= h', 0, 

ß exp (z/2H) exp [i(tot- kxx- kzz) ] (A7) 

/SP = PsP', exp (-z/2•) exp [i(tot- kxx- kzz)] (A8) 

R 

b'=---p'+ •" (A17) 
Cp 

where 

1 k z 

"= xI7' = + -- 8) 2 

13 = to 2/kx2 gI7 (A19) 

Xn = ikx 2K/to, XM = ikx 2v/to (A20) 
Equations (A12)-(A17) are homogeneous, linear algebraic 

equations for the complex amplitudes of the perturbation 
variables. The dispersion relation for the waves follows from 
setting the determinant of the coefficient matrix to zero and 

solvi,•g for the roots of the resulting polynomial equation in 
/5. It is straightforward to first eli•3nate b' and b' from this 
system and reduce the equations to a set of four equations 
for the four unknowns p', •", h', and •v'. The 4 x 4 
determinant that provides the dispersion relation has the 
following elements 

First row 

(-1, 1, 1, /5- ia) 

Second row 

{1, O, /3[-1 + XM(1 -- iot/5 + a2)], O) 
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Third row 

--, 1, 0, [-1 + XM(1 - ia8 + 82)]} 
Fourth row 

-•+ 1-a + 8+ -2ia 8+ , 
Cp Cp Cp Cp 

1--XH 1--ia8 + 8+ 
Cp 

8+ ,0, . 
Cp Cp / 

The dispersion relation is a sixth-order polynomial equation 
for & 

The theory for the fluctuations in OH nightglow intensity 
requires the polarization relations 

( kz l ) fl •' (A21) -ia' + •' -i kx + 2kx• • 

½' =f2 -- (A22) 

h' =f3P' (A23) 

It can be shown from (A12) through (A17) that 

k•f2/to = {(a + i/i)[1 -/3 + fiXM(1 + ti 2-- iaS)] 

-- i8}/{i15(15 -- ia) --[--i• + i•XM(1 + •2_ ia$) 

+iS(8-ia)][1-• +•XM(1-- 82_ia•)]) (A24) 

k•2 1 + [(k•2/w)($ - ia)] 
i.)- 

w 1-fi + fiXM(1 + 8 2-- iaS) 

(A25) 

fl = (f2//•) -- itof3 (A26) 
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