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Abstract. From nocturnal variations of the airglow O2 (0-
1) and OH Meinel (6-2) band emission intensity and the
rotational temperature, gravity waves and the damping ef-
fect in the MLT region were investigated. The data set
was obtained from photometer measurements at Rikubetsu
(43.5◦ N, 143.8◦ E), Japan, from March 2004 to August
2005. The ratio of the amplitude of oscillation and their
phase difference between the two emissions were calculated
when simultaneous periodic variations were observed. The
ratio showed a linear correlation with the phase difference.
The vertical wavelength and damping rate were estimated by
using a model calculation carried out by previous works. The
results show that the wave damping is significant when the
vertical wavelength is shorter than 30–40 km. Krassovsky’s
parameterη, which represents a ratio between the emission
intensity and temperature oscillations, was also calculated.
The results show that theη also depends on the damping ef-
fect.

Keywords. Atmospheric composition and structure (Air-
glow and aurora)

1 Introduction

Atmospheric tidal and gravity wave propagations in the up-
per mesosphere and lower thermosphere (MLT) region are
highly variable. In this region, many of the waves start to
break because of exponential growth of the wave amplitude
and also due to background wind systems. The gravity wave
saturation spectrum has been studied by, i.e., Fritts (1984),
Dewan and Good (1986) and Smith et al. (1987) and ob-
served by MST radar (i.e., Tsuda et al., 1989). The momen-
tum of saturated waves is transferred into the background
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wind, depositing the wave energy into the atmosphere (Gar-
cia and Solomon, 1985; Fritts and Alexander, 2003). The
measurement of gravity waves in the MLT region requires
observation of the sky in a two-dimensional form and rela-
tively high temporal resolution (in a few minutes). Among
several techniques, radio frequency and optical measure-
ments, airglow observations using a photometer and all-sky
imagers have been effectively used. (Hecht et al., 1987; Tay-
lor et al., 1991, 2009; Takahashi et al., 1992; Taori and Tay-
lor, 2006).

Airglow OH and O2 emissions provide useful information
on the variation of the hydrogen-oxygen chemistry and the
temperature field. Since the OH emission layer is normally
located at around 87 km (Baker and Stair, 1988) and O2 (0-1)
band emission layer at 94 km (Murtagh et al., 1990), simul-
taneous measurement of the two emissions leads us to inves-
tigate the vertical wave propagation feature of gravity and
tidal waves. For this purpose, Krassovsky’s parameter “η”, a
ratio of the amplitude of temporal variation of the emission
rate and the associated rotational temperature, has been used
(Krassovsky, 1972; Taori and Taylor, 2006). The parame-
ter “η” has been termed as a complex quantity, defined as
η = |η|e−i8, where|η| indicates the ratio of the amplitudes
of variation between the emission intensity and temperature
and8 is a phase difference between them. It depends on
the wave period and horizontal wavelength (e.g., Schubert
et al., 1991). Therefore, it has been used to retrieve wave
parameters. Many works on the gravity wave and tides us-
ing theη values have been written (Walterscheid et al., 1987;
Hickey, 1988a, b; Reisin and Scheer, 1996; Taori and Taylor,
2006). However,η includes various other unknown param-
eters, such as the variation of local oxygen photochemistry
(Hickey et al., 1993), and height variation of the emission
layer which affects emission rates and temperature directly
(Liu and Swenson, 2003; Vargas et al., 2007).

The gravity wave dissipating process in the MLT region
will be another important factor to be considered in studying
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the variability ofη. Schubert et al. (1991) demonstrated the
importance of eddy diffusion inη in their model calculation.
Taori et al. (2007) pointed out the effects of wave growth and
dissipation in the O2 and OH emissions. Liu and Swenson
(2003) pointed out thatη depends on the vertical wavelength
and also the wave damping effect. From their model calcula-
tion, they further suggested that the vertical wavelength and
damping rate of gravity waves can be derived from the si-
multaneous measurements of the O2 and OH emission rates.
Vargas et al. (2007) extended the model calculation of grav-
ity wave effects on the airglow emission rates, including the
OI 557.7 nm emission in addition to the O2 and OH emis-
sions.

In the present study, we investigate temporal variations of
the O2 and OH emission rates, the phase difference and vari-
ability of amplitude of oscillation. From the relation between
the amplitude of oscillation and vertical wavelength obtained
by Vargas et al. (2007), we also estimated the vertical wave-
length of the observed short period (2–10 h) oscillations and
the wave damping effect. The discussion will be focused on
the wave damping rate in the MLT region. Krassovsky pa-
rameters have also been calculated and studied in their de-
pendence on the damping effect.

2 Observations

The atmospheric O2b (0-1) band, hereafter O2, and hy-
droxyl OH Meinel (6-2) band, hereafter OH, airglow spectral
measurements have been conducted at Rikubetsu (43.5◦ N,
143.8◦ E), Japan, since March 2004 using a new airglow
spectral imaging photometer (No. 3 in series) with a cooled-
CCD detector, developed by Solar-Terrestrial Environment
Laboratory (STEL), Nagoya University. The photometer
characteristics, data processing, and the rotational temper-
ature calibration procedure have been reported by Shiokawa
et al. (2007). The rotational line spectrum of the O2 and OH
bands formed by a narrow band interference filter and lens
system is focused on a cooled CCD camera. The line intensi-
ties can be obtained by integrating the ring pattern spectrum.
The rotational temperatures extracted from the line spectrum
of OH and O2 spectra were compared with Na lidar temper-
ature at Platteville, Colorado (40.2◦ N, 255.3◦ E), in Septem-
ber 2003. A good linear correlation between the two tem-
peratures was found, but with a bias. Hence, the rotational
temperatures were corrected using the Na lidar temperature
by Shiokawa et al. (2007).

For the present study, the data obtained from March 2004
to August 2005 (18 months), a total of 146 clear-sky nights
of data for O2 and 155 nights for OH, were used. The sky
condition was checked using sky images obtained by a collo-
cated all-sky imager. Nocturnal variation time series longer
than 4 h were selected for the present analysis. The time se-
ries with a lack of data within 5 min were interpolated for
spectral analysis.

Nocturnal variations of the intensity and temperature were
submitted to Lomb Scargle spectral analysis in order to find
periodic oscillations in the time series. The spectral analy-
sis frequently revealed two or more frequencies in the time
series. In order to calculate amplitude and phase of the first
oscillation mode, which normally has a period of longer than
6 h, a least mean square fitting with a second order poly-
nomial was adapted. Once calculated, the amplitude and
phase of the second order polynomial was subtracted from
the original data, so that a higher order frequency oscillation
appeared. For this residual oscillation, a sinusoidal func-
tion was applied to find out the amplitude and phase for
the second order oscillation. This way, we found 47 nights
of observation with periodic oscillation in the O2 emission
and 75 nights for OH emission. However, among them we
found only 19 nights of observation when the two emissions
showed the same period of oscillation within an error range
of less than 20%.

The Krassovsky parameterη and the phase shift8 of the
O2 and OH oscillations were calculated when both the in-
tensity and temperature oscillations had the same oscillation
period (within an error range of± 15%). Moreover, the cor-
relation coefficient between the adjusted curve and the data
series should be better than 0.5. The steps used for the cal-
culation ofη and8 are similar to those reported in the early
works (Taori and Taylor, 2006).

3 Results

The wave characteristics (period and phase) and Krassovsky
parameterη for O2 and OH were calculated for an individual
night. In practice, it was difficult to retrieve more than two
harmonic oscillations. Only the oscillation found in both the
intensity and temperature variations was used in the present
study. In Figs. 1, 2 and 3 nocturnal variations and the poly-
nomial curve fitting of the O2 and OH emission intensity and
the rotational temperature were plotted as examples. The
long period components (longer than 24 h) have been sub-
tracted. Figure 1 depicts an example of a short period os-
cillation (2.8± 0.2 h). Only the amplitudes of oscillation,
I ′/I0 and T ′/T0, whereI ′ and T ′ indicate the amplitude
of oscillation andI0 and T0 indicate averaged values dur-
ing the period, are plotted. Sinusoidal oscillations can be
seen in both the O2 and OH emission intensity and temper-
ature variations. Both O2 and OH show phase differences
between the intensity and temperature, the temperature lead-
ing intensity by 0.5–0.7 h. In addition to it, O2 leads OH
by ∼0.8 h, suggesting that a gravity wave is propagating up-
ward (phase propagating downward) passing in the emission
layers. Krassovsky’sη value was obtained from a ratio of
the amplitudes of oscillation of the emission intensity and
temperature, (I ′/I0)/(T ′/T0), and the phase difference be-
tween them (8). In this case,|η| for O2 and OH is 5.1 and
14.0, respectively. It is interesting to note that the amplitude
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Table 1. O2b(0-1) and OH(6-2) intensity oscillation period, relative
amplitude and phase difference between OH and O2 for 20 wave
events observed at Rikubetsu, Japan, in 2004–2005.

Day Period O2 int. OH int. Phase diff.
2004–2005 (h) Ampl. Ampl. (deg.)

18 Mar 2.3 0.124 0.065 131
20 May 3.1 0.117 0.052 35
18 Aug 3.5 0.279 0.360 83
22 Aug 2.8 0.098 0.121 103
23 Aug 4.7 0.156 0.196 107
25 Aug 5.8 0.286 0.216 37
16 Sep 4.1 0.075 0.086 124
17 Sep 10.6 0.350 0.200 20.6
8 Oct 2.8 0.041 0.076 190
17 Oct 10.6 0.251 0.297 95
13 Nov 6.1 0.142 0.135 90
15 Nov 7.8 0.370 0.128 0
18 Nov 8.4 0.777 0.591 59
7 Dec 6.9 0.473 0.174 21
9 Dec 9.9 0.324 0.409 39.6
14 Dec 10.9 0.423 0.236 93
9 Jan 8.4 0.268 0.130 42
9 Jan 4.5 0.061 0.061 40
2 Feb 6.7 0.130 0.142 91

13 Mar 3.0 0.020 0.072 156

of oscillation of O2 is 0.098, which is less than that of OH
(0.121). If this oscillation was generated by a gravity wave
and no dissipation of wave energy happened, the amplitude
of oscillation of O2 might be expected to be larger than that of
OH, because of that the emission height of O2 is higher than
OH by about 6–7 km, almost one scale height and the gravity
wave amplitude should increase with height. Less amplitude
of the oscillation of O2 indicates that the wave amplitude was
reduced from 87 km to 94 km of altitude.

An example of a long period (∼10 h) oscillation can be
seen in Fig. 2. The long period oscillation (10.8 h) suggests
that this could be a signature of semidiurnal tide. The phase
lag of OH against O2 is large, around 2.5 h. The amplitude
of oscillation of O2 (0.423) is larger than that of OH (0.236),
what suggests that the wave amplitude increased with height.
Figure 3 presents a case in which the phase difference be-
tween the O2 and OH is null. In the case of the OH emis-
sion intensity and temperature, there is no phase lag between
them. In the case of the O2 emission intensity and its tem-
perature, however, a phase lag of about 1.0 h can be seen. No
phase difference between the two emissions indicates that the
wave must be in an evanescent form. The amplitude of oscil-
lation of O2 (0.370) is larger than OH (0.128) with a factor
of 2.9. This is close to what we expect in the case of no dis-
sipation of the wave amplitude from the OH to O2 emission
heights, as mentioned in the next section.

FIG_1 

 

 

 

Fig. 1. Normalized nocturnal variations of O2b emission inten-
sity (a) and the rotational temperature(b), the OH(6-2) emission
intensity(c) and the temperature(d) in the night of 22 August 2004.
The dashed lines are least mean square fitting using harmonic anal-
ysis. “r” and “σ ” indicate respectively correlation coefficient and
STD deviation between the observed and fitting. “η” and “8” repre-
sent, respectively, Krassovsky coefficient and the phase difference
between the intensity and temperature variations. The local mid-
night is 15:00 UT.

The observed period, phase and amplitudes of the emis-
sion intensity and temperature for the 19 nights when both
emissions showed the same oscillation mode are summa-
rized in Table 1. Although the number of night of obser-
vation with periodic oscillations in O2 and OH is large, the
number of case with both emissions demonstrate the same
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FIG_2 

 

 

 

Fig. 2. As same as Fig. 1, but for 14 December 2004.

periodic oscillation is limited by only 20 cases in the present
work. The relation betweenη and period has been studied
by Onohara et al. (2010). In the present work, we focus our
discussion in the amplitude of oscillation of the O2 and OH
emission rates which reflects the gravity wave growth and/or
dissipation effect in the MLT region. In order to investigate
it, we plot, in Fig. 4, ratios of the oscillation amplitude of the
O2 and OH emission intensities as a function of the phase
difference between the two emissions. The ratio varied from
0.27 to 2.9. The negative trend indicates that when the phase
difference is small, normally for a longer period of oscilla-
tion, the ratio is high, i.e., larger amplitude of variation in O2
than that of OH.

FIG_3 

 

 

 

 

Fig. 3. As same as Fig. 1, but for 15 November 2004.

According to the model calculations of Liu and Swenson
(2003) and Vargas et al. (2007), the phase difference between
the two emissions is a function of vertical wavelength. It is
not sensitive to the period of variation (Vargas et al., 2007).
Using relationship between the phase difference and the ver-
tical wavelength presented by Vargas et al. (2007), Fig. 4 can
be re-plotted as a function of vertical wavelength, which is
presented in Fig. 5. It can be noticed that the estimated wave-
lengths are in a range of 15 to 100 km. The linear relation
indicates that the ratio is small for the short vertical wave-
length and large for the longer wavelength. A higher ratio
means that the O2 oscillation amplitude is larger than that of
OH, increasing with the longer vertical wavelength. For the
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FIG_4 

 

 

 Fig. 4. Ratio of amplitude of oscillation between the O2 and OH
emission intensities against the phase difference between the two
emissions. The straight line is a linear regression curve and “r”
represents the correlation coefficient.

shorter vertical wavelength, less than 20 km, the ratio is less
than 1 which indicates that the wave amplitude was signif-
icantly reduced in the O2 emission height. The fact of the
ratio being dependent on the vertical wavelength is worth-
while to be further investigated.

4 Discussion

4.1 Wave damping effect in the O2 and OH emission
intensity variations

The variability of the ratio between the O2 and OH emis-
sion intensity variation amplitude suggests a damping ef-
fect in the height region from the OH layer (∼87 km) to O2
layer (∼94 km). Gravity wave breaking effects in the MLT
region (80–100 km) have been extensively studied (Fritts
et al., 2006). From the O2 and OH airglow observation,
gravity wave growth and dissipation were first studied by
Noxon (1978), and later by Reisin and Scheer (1996). Re-
cently Taori et al. (2007) demonstrated the variability of
wave growth rate from the OH and O2 emission intensity
temporal variations. Liu and Swenson (2003) and Vargas et
al. (2007) first tried to estimate the damping rate by using
O2 and OH emission intensity variations in their atmospheric
models. The wave damping rateβ can be defined in a term
of wave amplitude:

A(z) = A0exp((1−β)z/2H),

whereA is amplitude of oscillation,z is altitude (the height
difference of the OH and O2 emission layers) andH is a

FIG_5 

 

 

 Fig. 5. Relation between the ratios of the O2 and OH emission in-
tensity variations and the vertical wavelengths. The straight line is a
linear regression curve and “r” indicates the correlation coefficient.

scale height. Ifβ is 0, the wave has no dissipation and freely
propagating vertically. If the height differencez is 7 km and
the scale height is around 6.0 km in this region, the wave am-
plitude growth rate is around 3.0. Whenβ is one, the wave is
saturated and the amplitude does not increase with height. If
β is larger than one, then the wave amplitude decreases with
altitude. According to their model estimation, wave damping
is related to the ratio and vertical wavelength. Based on the
relation calculated by Vargas et al. (2007), the damping rates
of the present work have been obtained and plotted in Fig. 6.
The damping rates varied from around 0 (no damping) to 4
(strongly damped). A major part of cases, when the vertical
wavelength was between 20 and 50 km, the damping rates
were within 1 (no growth of amplitude) and 2.5. It indicates
that most of the waves, in our present case, were saturated
or damped. It suggests that the gravity waves of the vertical
wavelength shorter than 50 km mostly dissipate and deposit
the momentum in the background wind field in the height
region above the OH emission layer.

4.2 Krassovsky parameter and damping rate

The Karssovsky valueη depends on the wave period and hor-
izontal wavelength.η for OH has been calculated by Schu-
bert et al. (1991) and for O2 by Hickey et al. (1993). Since
then, many works have focused their investigations on the
variability of η and the phase difference (8) between the in-
tensity and temperature variations against the gravity wave
parameters. Onohara et al. (2010) plottedη and8 as a func-
tion of period. They found, however, no strong dependency
of η on the oscillation period, rather they found it showing
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FIG_6 

 

 

 

 

Fig. 6. Wave damping rate as a function of the vertical wavelength
for each wave event observed, based on the Fig. 6a by Vargas et
al. (2007). The fitted line is polynomial fitting and “r” indicates the
correlation coefficient.

FIG_7 

 

 

 

Fig. 7. Relation between the Krassovsky parameters (η) and damp-
ing rates (β) of the O2 emission. The straight line is a linear regres-
sion curve and “r” indicates the correlation coefficient.

a much scattered form. Some other factors should be taken
in account to explain it. In the present study, therefore, we
plottedη as a function ofβ, which is shown in Fig. 7 for
the case of the O2 emission.η shows a tendency of decrease
with an increasing damping rate. Theη is around 6 to 7 when
the damping rate is 0 (no dissipation), and decreases to 2 to
3 with larger damping. This means thatη is partly a function
of β. This might be a reason why theη values are scattered
against the wave period in the previous works.

5 Conclusions

From the amplitude of periodic oscillations of the O2b (0-
1) and OH (6-2) emission rates, we calculated the amplitude
ratio and phase difference between them. When the phase
difference increased (for shorter vertical wavelength), we no-
ticed that the ratio decreased, i.e., the amplitude of oscillation
of O2 decreased more than that of OH. The damping rate, es-
timated using the Vargas et al. (2007) model, varied from 0
(no dissipation) to>3 (strongly dissipated), depending on the
vertical wavelength. The present results demonstrate that the
gravity waves with the vertical wavelength shorter than 20–
30 km significantly reduce the wave amplitude, due to the
dissipation process in the MLT region. The Krassovsky pa-
rameter (η) partly depends on the wave damping rate (β).
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