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Abstract. Ground-based nightglow observations of the
atomic oxygen green line at 557.7 nm have been carried
out at a low latitude station Kolhapur (17◦ N), India, dur-
ing November 2003–April 2004 and December 2004–May
2005. The nocturnal behaviour of OI 557.7 nm intensity and
a comparative study with simultaneous OH Meinel band tem-
perature measurements has been presented. OI 557.7 nm in-
tensity and OH temperature variations covary on many occa-
sions. It was found that an 8 h tide characterizes the variation
of intensity and temperature on most nights, and especially
during the month of January. This is the first report of pro-
longed measurements of OI 557.7 nm emission from India.

Keywords. Atmospheric composition and structure (Air-
glow and aurora) – Meteorology and atmospheric dynamics
(Middle atmosphere dynamics; Waves and tides)

1 Introduction

In the lower thermosphere, the absorption of solar ultraviolet
radiation in Schumann-Runge bands, Herzberg continuum
(at wavelengths 140–200 nm) and Lymanα line (121.5 nm)
by molecular oxygen (O2) results in its photodissociation,
leading to the formation of atomic oxygen (O). A consider-
able amount of the atomic oxygen so produced then reaches
the region in and around the upper mesosphere through
downward transport. In the upper mesosphere, the photol-
ysis of ozone (O3) due to the solar radiation in the Hartley
band (200–300 nm) acts as a complementary source of the
atomic oxygen (O). The presence of atomic oxygen (O) in the
mesosphere-lower thermosphere (MLT) region triggers a se-
ries of chemical reactions, and some among them are respon-
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sible for the nightglow phenomena (Brasseur and Solomon,
1984; Meriwether, 1989; Smith, 2004).

Nightglow emission due to the forbidden transition of
atomic oxygen OI (1D2−

1S0) at 557.7 nm is one of the char-
acteristic features of the spectrum of the terrestrial night sky,
especially that originating in the MLT region. Several night-
glow studies (McDade and Llewellyn, 1986; Bates, 1988,
1992, and references cited therein) indicate that at MLT
heights, this emission is excited by the following two step
energy transfer process (also called “Barth’s excitation mech-
anism”):

O+O+M → O∗

2+M (a)

O∗

2+O → O2+O(1S) (b)

O(1S) → O(1D)+hν(557.7 nm)

Here, O∗

2 is an excited state of O2, with the total excitation
energy higher than the O (1S) excitation energy. Recent ad-
vances in this area indicate that the excited statec16¯

u of
the molecular oxygen is the precursor for the emission of
O (1D) 557.7 nm line (see also Bates, 1992; and references
cited therein). So far as the emission altitude is concerned,
numerous in situ rocket-borne measurements as well as satel-
lite observations (Yee and Abreu, 1987; Murtagh et al., 1990;
Gobbi et al., 1992; Yee et al., 1997; Zhang and Shepherd,
1999) indicate the emission peak of this nightglow feature to
be around 97 km.

Since the early observations of the spectrum of night
sky by Rayleigh in 1922 (Rayleigh, 1924; Rayleigh and
Jones, 1935), this emission has been extensively studied us-
ing ground-based nightglow photometry, in situ rocket ex-
periments and space-borne spectroscopic observations with
the objective of understanding the behaviour of the MLT re-
gion (especially its response to dynamics and transport pro-
cesses). At the MLT heights, the dynamical forcings from the
lower atmosphere (mainly gravity waves and tides) signifi-
cantly control the atomic oxygen density; and OI 557.7 nm
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emission intensity, being directly dependent on atomic oxy-
gen, is expected to reflect the dynamical influence in the
form of temporal variations. Since the 1980s, Takahashi
et al. (1977, 1985, 1989, 1998), Petitdidier and Teitelbaum
(1977, 1979), Misawa and Takeuchi (1982), Yee and Abreu
(1987), Oznovich et al. (1995), Shepherd and McLandress
(1995), Zhang et al. (1998), Wiens et al. (1999), and Bu-
riti et al. (2001) have reported the nocturnal behaviour of the
oxygen green line emission. Fukuyama (1976), Petitdidier
and Teitelbaum (1977), and Das and Sinha (2008) studied
the effect of tidal dynamics on the intensity. Of late, Liu and
Shepherd (2006) have reported the satellite measurements
(WINDII instrument onboard UARS) of this nightglow fea-
ture. These authors found the multiple peaks in the emission
profiles and attributed such features as a combined effect of
gravity waves and tides. Most recently, Liu et al. (2008a,
b) investigated the variations of this emission feature using
the ground-based photometric data from Arecibo Observa-
tory (Puerto Rico – 18◦ N, 67◦ W) and the satellite data from
WINDII (on-board UARS).

Herein, the ground-based observations of OI 557.7 nm
nightglow carried out at Kolhapur (17◦ N), India, are pre-
sented. Earlier, Chiplonkar and Tillu (1970), Rao and Kulka-
rni (1974), and Taori et al. (2003) have reported the observa-
tions of this emission feature from the Indian subcontinent,
emphasizing the F-region contribution to the total intensity
of the green line airglow. Kulkarni (1976) reported the noc-
turnal behaviour for a few nights using both rocket-borne in-
strumentation and ground-based photometric measurements
near Thumba (8◦33′ N), India. Mukherjee (2003) studied the
small-scale gravity wave phenomenology (their horizontal
phase speed, wavelength, and period) using an all-sky imager
for a couple of nights at Panhala (17◦ N), India. However, the
behaviour of this nightglow feature spanning a few months
has not been reported till now from the Indian subcontinent.
In this paper, the nocturnal behaviour of the green line of
atomic oxygen during November 2003–April 2004 and De-
cember 2004–May 2005 is reported. Simultaneous obser-
vations of the OH spectroscopic temperature were available
during the same period, and a comparative study of the two
measurements has also been made. It is worthy to men-
tion here that the observation epoch from November 2003 to
April 2004 and December 2004 to May 2005 corresponded
to the local winter and spring season; herein, a change in pe-
riod of tide-like feature from December to March/April was
noted.

2 Experimental set up, observation, and results

The nightglow observations of the green line of atomic oxy-
gen at 557.7 nm (along with OH Meinel band emissions)
have been carried out at Kolhapur (16.8◦ N, 74.2◦ E), India,
on clear sky and moonless nights, centred on the new moon
period using all-sky scanning photometers during Novem-

ber 2003 to April 2004 and December 2004 to May 2005.
All-Sky Scanning photometers had a field of view of 7.25◦

and each of them utilized Burle C31034A GaAs photomul-
tiplier tube (thermoelectrically cooled at−25◦C) for pho-
ton detection. During November 2003 to April 2004, a five-
filter scanning photometer was operated along east-west di-
rection from−30◦ to +30◦ zenith angle at equal angular
spacing of 15◦; and for the period between December 2004
and May 2005, a six-filter scanning photometer was oper-
ated along north-south direction from−30◦ to +30◦ zenith
angle at equal angular spacing of 15◦. The exposure time
and delay time for each filter were so adjusted as to have a
scan interval of∼15 min. During each campaign, one filter
was deployed for OI 557.7 nm observations and two filters
were used for OH Meinel band measurements. During the
November 2003 to April 2004 epoch, the P1 (3) line and
integrated R-branch of OH (7, 2) Meinel band was moni-
tored; whereas the intensity measurement of the P1 (2) and
P1 (4) line of OH (6, 2) Meinel band was made during De-
cember 2004 to May 2005 epoch. Also, the corresponding
background emission was measured separately. The details
of the optical filters used in the present study are presented
in Table 1. The corrections due to the photomultiplier dark
current, the response of photomultiplier towards a particular
wavelength, and the transparency of filters were incorporated
in the collected nightglow data. On most of the occasions, the
signal-to-noise ratio was better than 70. In intensity data, the
maximum uncertainty in OI 557.7 nm and OH (6, 2) Meinel
band intensity measurements was 9 %, whereas OH (7, 2)
Meinel band intensity values were uncertain by 16 % or less.
The authors understand that the calibration is very important;
however, due to non-availability of a standard source of light,
the observed intensities were not calibrated in Rayleigh. Ef-
forts are underway to procure a secondary source (utilizing
MgO coated screen illuminated by a standard tungsten rib-
bon lamp of known spectral output) for calibration, and in
future the measurements will be presented on an absolute
Rayleigh scale. The spectroscopic OH rotational tempera-
tures (a proxy of atmospheric temperatures near 87 km) were
retrieved from the OH Meinel band intensities (see Parihar
and Mukherjee, 2008, for details of the method of OH tem-
perature retrieval from the knowledge of intensity). Some
results of the OH nightglow measurements have been pub-
lished by Parihar and Mukherjee (2008). In this report, the
results of OI 557.7 nm nightglow observations and compari-
son of OI 557.7 nm and OH temperatures are presented. The
nightglow data of nights for which the observations were
made for 6 h or more have been considered for the present
study, and those nights contaminated with the high level of
moonlight and the presence of clouds were ignored. Com-
plying with these criteria, forty-nine nights of useful obser-
vations were available for meaningful study. For the entire
period of observation, the geomagnetic activity index (Ap)
varied between 2 and 87, whereas the solar F10.7 cm flux
lay in the range 82–178. Although the observations involved
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off-zenith measurements as well, the results of only zenith
measurements are presented here for simplicity.

2.1 Nocturnal behaviour of OI 557.7 nm emission

Some typical examples of the nocturnal variation (in IST) of
OI 557.7 nm emission intensity are shown in Fig. 1. The in-
tensity values of an individual dataset were divided by the
nighttime mean value to obtain a normalized time series, and
the normalized intensity variations are presented in the plots.
The topmost-left panel represents the nocturnal variation of
the intensity averaged over the entire observation epoch. On
most of the nights shown in Fig. 1, the intensity is observed
to maximize between 20:00 h and 22:00 h as compared with
the rest of the night, and a decrease of intensity from the
evening hours to midnight can clearly be seen. Often, the in-
tensity was found to increase after midnight: the variations
observed on 29–30 November 2003, 22–23 December 2003,
23–24, 25–26 January 2004, 19–20 February 2004, and 9–10
February 2005 represent a few good examples of such post-
midnight increases. Such variations were sometimes marked
by the occurrence of the midnight minimum of intensity be-
tween 00:00 h and 02:00 h (e.g. 18–19 April 2004). This noc-
turnal feature is presented in detail in succeeding paragraphs.
On many occasions, the monotonous decrease of intensity
continued throughout the night, and the nocturnal variation
of 10–11 March 2005 represents a typical example of such
trend. On such nights, the variation of OH Meinel band in-
tensity also showed similar tendency (Parihar and Mukher-
jee, 2008). This type of nocturnal variation is a widely ob-
served feature, and has been explained in terms of the loss
of atomic oxygen and absence of photolysis during the night
(Takahashi et al., 1977). Sometimes such monotonous de-
creasing tendency was superseded by an increase in intensity
during the dawn hours. On the night of 14–15 February 2004,
18–19 February 2004, and 17–18 April 2004, a decrease of
intensity from evening followed by an increase of intensity
during dawn hours can be observed. Such an increase of in-
tensity during morning hours has also been reported by Taka-
hashi et al. (1989). Moreover, the intensity remained fairly
constant after midnight on few occasions (e.g. 10–11 April
2005). Such behaviour is also noticeable in the average trend
of the nighttime variation of intensity. On the night of 5–
6 April 2005, the oscillatory features superimposed over a
constant trend were seen. A glance at Fig. 1 also reveals that
the intensity variations were sometimes smooth (e.g.∼29–
30 November 2003, 18–19 February 2004, 19–20 February
2004, 18–19 April 2004, 9–10 February 2005 and 10–11
April 2005) as well as were highly perturbed (e.g.∼18–19
December 2003, 14–15 February 2004, and 5–6 April 2005).
Such perturbed variations in intensity have been attributed
to the changes in the temperature and local concentration
of the reacting species caused by gravity waves (Takahashi
et al., 1979). Often, short period oscillations superimposed
over the nighttime trend were observed, and the variations

observed on 29–30 November 2003, 22–23 December 2003,
18–19, and 19–20 February 2004 represent a few examples
of this trait. In summary, two types of nocturnal trends were
more frequent: firstly, a decrease of intensity from evening
to dawn hours; and secondly, the decrease of intensity from
pre-midnight to midnight hours, thereby attaining a minima
around 01:00 h followed by the post-midnight increase. Al-
though it is not very convincing, the latter feature can also
be observed as a shallow dip in the plot of averaged noctur-
nal variation in Fig. 1 (topmost left). The occurrence fre-
quency of monotonous decrease of intensity was about 45 %,
whereas the midnight minimum of intensity was observed
on approximately 43 % of nights. On the rest of nights, a
constant trend with superimposed small wave-like variations
was observed. The OH intensity measurements carried out
during the same period show a similar nocturnal behaviour.
In OH intensity measurements, the steady decrease of inten-
sity from evening to dawn hours was present on nearly 51 %
of nights, whereas approximately 31 % of the nights were no-
ticed to have the midnight minimum of intensity (Parihar and
Mukherjee, 2008).

Some examples of the nocturnal behaviour of OI 557.7 nm
emission featuring the midnight minimum of intensity are
presented in Fig. 2 (top row). An investigation of the entire
OI 557.7 nm database characterized by such feature indicates
that the intensity was comparatively more between 20:00 h
and 22:00 h, and the minimum occurred between 00:00 h and
02:00 h. This is clearly noticeable from the plots shown in
Fig. 2, as well as from a few plots of Fig. 1 (viz. 29–30
November 2003, 22–23 December 2003, 23–24, 25–26 Jan-
uary 2004, 19–20 February 2004 and 9–10 February 2005).
Yee and Abreu (1987) have reported very similar nocturnal
behaviour of this emission feature. Using the photometric
measurements of OI 557.7 nm emission made by Visible Air-
glow Experiment (VAE) onboard the Atmosphere Explorer
satellite, they investigated this feature and found a strong
maximum of intensity during post-sunset hours (∼21:00 h),
followed by post-midnight minimum near 02:00 h (notably in
the Northern Hemisphere). Takahashi et al. (1985) noted the
pre-midnight peak to occur around 22:30 h. Brenton and Sil-
verman (1970) analysed the diurnal variation of this emission
for 22 stations and found the diurnal variability to exhibit
a pronounced minimum during the night at a few stations.
Kulkarni (1976) presented a few nights of OI 557.7 nm emis-
sion from Thumba (8◦33′ N), India, wherein the minimum
intensity was observed between 23:00 h and 02:00 h followed
by an increase thereafter. Recently, Liu et al. (2008b) ob-
served the nocturnal behaviour of this emission feature to
exhibit minimum and maximum, and found the emission to
be larger in the early morning hours than in the early night.
Several other investigators have reported this type of noctur-
nal variation of OI 557.7 nm intensity (Takahashi et al., 1977,
1989, 1998; Petitdidier and Teitelbaum, 1979; Oznovich et
al., 1995; Shepherd and McLandress, 1995; Zhang et al.,
1998; Wiens et al., 1999; Buriti et al., 2001). Although the
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Table 1. Characteristics of the optical filters used for the nightglow observations at Kolhapur during November 2003 to April 2004 and
December 2004 to May 2005.

Observation epoch
Nightglow emission Optical filter deployed Transparency

(wavelength in nm) Central wavelength in nm Bandwidth (fwhm) in nm (%)

November 2003–April 2004

OI 557.7 nm 557.80 0.88 57
P1 (3) line of OH (7, 2) band 692.68 0.40 45
R-branch of OH (7, 2) band 683.35 2.80 66
Background continuum 530.00 1.80 58

December 2004–May 2005

OI 557.7 nm 557.80 0.88 57
P1 (2) line of OH (6, 2) band 840.10 0.80 65
P1 (4) line of OH (6, 2) band 846.70 0.90 55
Background continuum 857.00 2.00 53

Fig. 1. Nocturnal variation (in IST) of OI 557.7 nm emission intensity at Kolhapur.

earlier measurements correspond to different epochs and lo-
cations on the globe, it is interesting to note that the occur-
rence of minima noticed here is in par with earlier reports,
and this speaks of the general behaviour of this emission fea-
ture globally during night. It is now well known that such ob-
served variations of intensity are mainly due to the changes

in the local density of atomic oxygen. Takahashi et al. (1977,
1998), Petitdidier and Teitelbaum (1979), and Yee and Abreu
(1987) have accounted for such an observed feature to an in-
crease in atomic oxygen density in the post-midnight period,
explaining that such a phenomenon would happen either as
a consequence of an increase of mixing ratio or a change in
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Fig. 2. Examples of the nocturnal trend of OI 557.7 nm emission featuring the midnight minimum of intensity (top row). The nocturnal
variation of the OH temperature on the corresponding night is shown in the bottom row.

Fig. 3. Simultaneous observations nocturnal variations of OI 557.7 nm emission, OH Meinel band and the derived OH temperatures (the
variation of OH temperature on the night of 15–16 February 2004 has already been reported by Parihar and Mukherjee, 2008).

atmospheric density and temperature around 97 km by the at-
mospheric tidal motions.

On such nights, the nocturnal variation of OH rotational
temperature showed a similar trend. The bottom row of
Fig. 2 depicts the variation of OH temperature on the cor-
responding night. A close resemblance in the nocturnal vari-
ation between the two measurements with a phase difference
(∼1 h) can clearly be seen. Some examples of OI 557.7 nm
and OH intensity variations, and OH temperature variations
are shown in Fig. 3. Herein, OH emission intensity repre-

sents the sum of intensities of OH nightglow features that
were observed (i.e. P1 (3) line and the integrated R-branch
for OH (7, 2) Meinel band measurements, and P1 (2) and P1
(4) lines for OH (6, 2) Meinel band observations). On the
night of 15–16 February 2004, a decrease of intensities and
temperature until local midnight and then a slight increase
afterwards can be observed. A long period tide-like signa-
ture can clearly be seen in temperature variation (in addition
to the short period fluctuations induced by gravity waves);
however, the same effect is less pronounced in the intensity
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Fig. 4. Examples of gravity wave induced variations in OI 557.7 nm intensity (top row) and the OH temperature (bottom row).

variations. A correlation analysis indicates that the variation
of OI 557.7 nm leads that of the OH (7, 2) band by about
1 h. Sometimes a correlated decrease of two intensities as
well as OH temperature was observed from the beginning
of the night to dawn hours (for example∼ the variations ob-
served on 25–26 March 2004), and this covariation improved
on longer time scales. On most occasions, OH temperature
variations were highly correlated with the OH intensity vari-
ations (Parihar and Mukherjee, 2008). A detailed discussion
of the observed dynamical features in OI 557.7 nm intensity
and OH temperature data is presented in the succeeding sec-
tion.

2.2 Dynamical signatures observed in OI 557.7 nm in-
tensity and OH temperature data

Gravity waves and tides strongly influence the temperature
field of the MLT region and the nocturnal behaviour of the
emissions from this region – in time-scales ranging from few
minutes to a day. According to Takahashi et al. (1979), the
mechanisms that contribute to the nocturnal variations of any
emission feature from the upper mesosphere-lower thermo-
sphere region are: firstly, a change in photochemical equi-
librium, resulting in a change of mixing ratios of the atomic
constituent involved; secondly, a variation in turbulence, re-
sulting in enhancement of the eddy diffusion which in turn
is responsible for the transport of minor species specially
atomic oxygen; and thirdly, a change in the density of react-
ing species and the ambient temperature induced by the prop-
agation of gravity waves and atmospheric tides. The alter-
ations that are produced in turn affect the rate of the airglow
producing photochemical reaction, and the changes sharply
appear as variations in airglow intensity. Nocturnal variabil-
ity observed in the plots of Figs. 1, 2, and 3 clearly reveal
the presence of short-term (∼1–3 h) as well as long period

(8 h or more) oscillations. In order to identify the oscilla-
tions present in the intensity and temperature data, Correla-
tion (autocorrelation as well as cross-correlation) and Lomb-
Scargle Analysis of the intensity and temperature series were
performed and the results are presented below. Assuming
that the OH and OI 557.7 nm emission peak is located at
87 km and 97 km, respectively, and remain unchanged dur-
ing the night, the phase speed and vertical wavelength of the
wave that was observed at both layers have been estimated
(Takahashi et al., 1985, 1998). As the dataset for individ-
ual months was sparse and broken in nature, no attempt was
made to study the planetary wave signatures.

2.2.1 Gravity wave induced short period oscillations

Herein, the wave events of less than 6 h have been consid-
ered. Some examples of these gravity wave induced vari-
ations in OI 557.7 nm intensity (top row) and OH temper-
ature (bottom row) are shown in Fig. 4. On a few nights,
OI 557.7 nm emission layer appeared to be steady in context
to the short-period oscillations; however, the same was not
observed in the OH layer on those nights. Often the waves
that were observed in the OH emission layer were not present
at OI 557.7 heights, and most likely these waves dissipated
below OI 557.7 emission peak during the course of their
propagation. Plots in panel (a) of Fig. 4 represent a typical
example of such an event on the night of 17–18 January 2004.
Simultaneous measurements of OI 557.7 nm nightglow and
OH temperature have been reported by Cogger et al. (1988),
wherein the authors noticed this feature (i.e. the presence of
short-period oscillations in the temperature series and not
in OI 557.7 nm data series) on a few occasions. On the
whole, the OH temperature variations (∼19 %) were larger
than those of OI 557.7 nm intensity (viz.∼11 %). However,
there were nights wherein similar waves were noted in OH
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temperature and OI 557.7 nm intensity dataset. For exam-
ple, on 25–26 March 2004 (shown in right panel of Fig. 3),
a 2.1 h wave (having phase speed of 10 km h−1 and vertical
wavelength of 21 km) was noted in both the datasets. On 14–
15 December 2004 (shown in panel (b) of Fig. 4), a wave
of periodicity of 2.2 h, phase speed of 13.3 km h−1 and ver-
tical wavelength of 29.3 km was common at both the layers.
Sometimes several similar waves were observed at both lay-
ers on a single night. For example, on 12–13 March 2005
(panel (c) of Fig. 4), the waves having period of 2 and 3 h
were observed in both the layers. Plots in the panel (d) of
Fig. 4 represent an event in which a 2.7 h wave (having phase
speed of 24 km h−1 and vertical wavelength of 64 km) was
noted in both the layers. Lomb-Scargle analysis of the en-
tire database suggests the dominance of a wave of period
2.5 h and 2.6 h in OH temperature and OI 557.7 nm inten-
sity dataset, respectively. Similar observations have been re-
ported by Cogger et al. (1988). The authors found in most
cases similar wave structures in green line intensity and OH
temperature.

It is well known that the rate of most of the chemical reac-
tions (especially those involving members of Ox and HOx
families) depend upon the temperature of the surrounding
atmosphere; hence, a significantly correlated behaviour of
OI 557.7 nm intensity and OH temperature is expected (Taka-
hashi et al., 1979). Clemesha et al. (1991) analyzed a large
database of the upper mesospheric nightglow features (OH
band, O2 atmospheric band, and OI 557.7 nm emission, and
the derived spectroscopic temperatures). The authors found
the nightly mean intensities to be highly correlated with the
nightly mean OH temperatures, and attributed this to the cor-
related temperature and density changes in the upper atmo-
sphere. In order to investigate the temperature dependence
of OI 557.7 nm intensity, the 3 h averaging of the entire in-
tensity and temperature dataset was performed. A window
of 3 h was preferred because the periodicity of most of the
short period waves observed was less than 3 h. The corre-
lation and regression analysis of this averaged intensity and
temperature database was performed. Though the correla-
tion analysis suggests a weak dependence of the intensity on
the temperature, the regression analysis does not indicate any
relationship of the two quantities.

2.2.2 Tide-like long period oscillations

In the plots of Figs. 1, 2, and 3, the clear signatures of long
period oscillation can be seen with the well defined minima
of intensity and temperature. For example, on the night of
22–23 December 2003, 23–24 January 2004, 24–25 March
2005, two distinct peaks can clearly be seen – one around
21:45 h and another one around 03:45 h. A well defined crest
and trough is evident in the majority of nocturnal variations.
It is now well known that solar tides dominantly control the
long term variations observed in the MLT region nightglow
emissions through the downward transport of atomic oxygen

from the lower thermosphere. These atmospheric oscillations
arise due to the absorption of solar radiation by tropospheric
water vapour, and the stratospheric and mesospheric ozone,
and have periodicities of a solar day and its sub-harmonics
(i.e. 24, 12, 8, 6, 4.8, 4 h, etc.). Specifically with reference
to OI 557.7 nm emission, for example, Fukuyama (1976) re-
ported the presence of the semidiurnal variation in its inten-
sity at mid-latitude and interpreted it as an influence of solar
semidiurnal tide. The Lomb-Scargle analysis of the dataset
of individual months indicates the presence of diurnal, semi-
diurnal, as well as terdiurnal tidal components. Table 2 tabu-
lates the results of this analysis for each month. In the table,
the first dominant component is inscribed in bold-underlined,
and the second one by bold letters only. A glance at the table
clearly indicates that the results of two datasets greatly com-
plement each other. A transition of observed harmonics from
December to March can be noted from Table 2:∼ firstly, the
semidiurnal tide governs the observed variations during De-
cember; secondly, the terdiurnal feature explicitly dominates
during January; and thirdly, the variations during February
are mainly controlled by semidiurnal tide (with minor con-
tribution from diurnal and terdiurnal components), whereas
a mixture of semidiurnal and terdiurnal tides characterize the
variation during March. In the Indian subcontinent, January
marks the peak winter month. Herein, firstly a migration of
dominant feature from semidiurnal to terdiurnal tide takes
place during December and January, and then a migration of
dominant feature from terdiurnal to semidiurnal component
can be seen during January and February. During March–
May, both the semidiurnal and diurnal features were equally
present. Some examples of these observed features are pre-
sented in Fig. 5 (with OI 557.7 nm intensity variations in the
left column and OH temperatures in the right column). Based
on Lomb-Scargle analysis, a sinusoidal least square fit (con-
fidence level of 95 %) of the formAsin[(2π/T )(t −φ)] was
applied to the data, and is represented by the solid curve in
the plots of Fig. 5. A high-quality correspondence between
the observed variations of quantities, viz. OI 557.7 nm emis-
sion intensity and temperature and the forced tidal harmonic
fit can clearly be seen. This indicates that the variations are
probably driven by the corresponding tidal wave – an impor-
tant dynamical feature of the MLT region.

Statistically, the 8 h feature was the most occurring long-
period oscillation, and was observed during the spring
months well apart from the peak winter month of January.
Apart from the Lomb-Scargle analysis and correlation analy-
sis, a careful visual inspection of the individual intensity and
temperature plots of the entire database also indicates the fre-
quent occurrence of the 8 h feature. Generally, a crest and a
trough in the intensity variation appear around∼21:00 h and
∼01:00 h, respectively, thereby suggesting a wave of peri-
odicity ∼8 h. On such nights, OI 557.7 nm intensity vari-
ation leads OH temperature variation by about 1 h. As the
month of January was distinctly characterized by the 8 h fea-
ture, an averaging of the normalized nocturnal variations was
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Fig. 5. Examples of tidal oscillations observed in OI 557.7 nm emission and OH temperature. The solid curves represent the sinusoidal least
square fit (confidence level of 95 %) of the formAsin[(2π/T )(t −φ)].

performed, and the averaged intensity and temperature is
shown in Fig. 6 (the error bars indicate the range of varia-
tions observed at a particular time of the averaged dataset).
Takahashi et al. (1998) and Buriti et al. (2001) believe that
such an averaging removes the random short-period oscil-
lations due to gravity waves and retains the coherent long
period oscillations. Herein, it was noticed that the night-
to-night variation of the phase of this 8 h feature was less
than 0.6 h, and hence it can be safely assumed that the tidal

feature was retained in the averaging process. A very clear
tidal feature with a crest and trough is apparent in the aver-
aged intensity and temperature variations during the month
of January. A Lomb-Scargle analysis of this averaged inten-
sity and temperature series was performed. It indicated that
an 8.2 h and 8 h wave governs the averaged variation during
January 2004 and January 2005, respectively; they are shown
by the solid curves (least square fit based) in Fig. 6. Identi-
cal with earlier observation for the individual nights, a good
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Table 2. Results of Lomb-Scargle analysis for tide-like oscillations∼ monthly characterization.

Month
Campaign I (November 2003–April 2004) Campaign II (December 2004–May 2005)

Harmonics observed in Harmonics observed in Harmonics observed in Harmonics observed in
OH temperature dataset OI 557.7 nm dataset OH temperature dataset OI 557.7 nm dataset

December 12.2 h, 9.6 h 24.2 h,12 h, 9.8 h 24.3 h,12 h, 9 h 24.3 h,12 h, 8.8 h
January 12 h,8 h 12 h,8 h 23.2 h,7.9 h 23.5 h,8 h
February 24 h, 12.2 h, 8.2 h 24 h, 12 h, 8 h 11.7 h, 7.6 h 24.2 h, 12.1 h, 8 h
March 23.5 h, 11.9 h 24 h, 12 h 24 h, 12 h, 8.4 h 12.2 h, 8.1 h
April 23.4 h, 12 h, 8.1 h 24 h, 12 h – –
May – – 24.2 h, 12 h, 8.2 h 24.2 h, 12.1 h, 8.1 h

Fig. 6. Averaged variation of OI 557.7 intensity and OH temperature during January 2004 and January 2005. The error bars represent
the standard deviation of the averaged values at a particular time, and the solid curves represent the sinusoidal least square terdiurnal fit
(confidence level of 95 %) of the formAsin[(2π/T )(t −φ)].

correspondence (well within the error bars) between the av-
eraged variations and the forced terdiurnal harmonic fit can
be observed. Based on this harmonic fitting, the characteris-
tics of the assumed terdiurnal wave were estimated, and the
results are presented in Table 3. A close agreement between
the measurements (in terms of dominant harmonic, ampli-
tude, vertical wavelength, and phase speed) during the two
epochs can be seen, and this furthermore supports the infer-
ences made on the terdiurnal tide during January. It is found
that the terdiurnal tidal amplitudes are less than or compa-
rable to that of diurnal and semidiurnal tides, a fact that can
also be visualized in Fig. 5. This is the first report of terdi-
urnal tides observed in the nightglow measurements over the
Indian subcontinent.

Many previous works have reported the observations of
8 h tide in the MLT region (for example, Glass and Fellons,
1975; Teitelbaum et al., 1989; Oznovich et al., 1995, 1997;

Thayaparan, 1997; Taylor et al., 1999; Smith, 2000; Younger
et al., 2002; Taori et al., 2005; Wu et al., 2005; Beldon et
al., 2006; Jiang et al., 2009; Rao et al., 2011). Glass and
Fellons (1975) and Teitelbaum et al. (1989) suggested that
this wave can be interpreted both as the solar driven terdi-
urnal tide and as the result of nonlinear interaction between
diurnal and semi-diurnal tides. Oznovich et al. (1995, 1997)
observed the prominent terdiurnal oscillations in OH inten-
sity and temperature over Eureka, Nunavut (80◦ N), Canada.
Thayaparan (1997) reported the observations of 8 h tides in
the MLT region using 2 MHz radar near London (43◦ N,
81◦ W), Canada. Taylor et al. (1999) combined the observa-
tions of Na Lidar and a CCD based OH temperature mapper
to study the 8 h tides. Smith (2000) reported the latitudinal
structure and seasonal variation of the terdiurnal tides using
the wind observations of HRDI instrument on-board UARS.
Younger et al. (2002) investigated the 8 h tidal phenomena
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Table 3. Characteristics of the terdiurnal oscillation observed during January 2004 and January 2005.

Month Periodicity (h) Amplitude (K) Vertical wavelength (km) Phase speed (m s−1)

January 2004 8.2 4.3 116 3.97
January 2005 8.0 4.7 100 3.47

over Esrange (68◦ N, 21◦ E), Sweden, using an all-sky VHF
meteor radar. The authors found this 8 h tide to be a persistent
feature of the Arctic mesosphere-lower thermosphere and in-
terpreted it as a result of the nonlinear interaction between the
12- and 24-h tides. Later on, using a VHF meteor radar data
collected between 1988 and 2004 over Castle Eaton (52.6◦ N,
2.2◦ W), Beldon et al. (2006) reported the constant presence
of the 8 h tide at an altitude of 90–95 km. Taori et al. (2005)
observed a persistent 8 h oscillation in the OH (6, 2) and O2
(0, 1) nocturnal rotational temperatures – a proxy of atmo-
spheric temperatures at altitudes of 87 and 94 km, respec-
tively. The authors also noted an 8 h periodicity in simulta-
neously measured meteor radar wind data. Wu et al. (2005)
noted the occurrence of 8 h oscillation in OH brightness
and temperature, which they simultaneously measured us-
ing Fabry-Perot interferometer at Resolute (75◦ N). Jiang et
al. (2009) studied the characteristics of 8 h tides in the MLT
region using wind data from the meteor radar at a low latitude
station in Maui (20.75◦ N). The authors found the 8 h tides to
be a regular and distinct dynamical feature of the MLT region
over Maui. Most recently, Rao et al. (2011) have reported the
occurrence and variability of terdiurnal tides in the MLT re-
gion over Tiruneveli (8.7◦ N, 77.8◦ E), Koto Tabang (0.2◦ S,
100.3◦ E), and Pameungpeuk (7.4◦ S, 107.4◦ E) using meteor
wind radar measurements. It is worthy to mention here that
Tirunelveli is an equatorial station located within a distance
of 9◦ from Kolhapur – the site of current study. As a mat-
ter of coincidence, these authors used the wind data between
January 2003 and December 2007, which are included in the
measurement epoch of current study (viz. November 2003
to April 2004 and December 2004 to May 2005). The au-
thors subjected the hourly zonal and meridional wind data
to a fast Fourier transform, and found a distinct terdiurnal
peak (apart from diurnal and semidiurnal peaks) well above
the gravity wave continuum. In their study, firstly the terdi-
urnal tidal amplitudes were less than the diurnal and semid-
iurnal ones, with the monthly mean value in the range of 1–
10 m s−1; and secondly the terdiurnal amplitude and phase
was around 4 m s−1 and 4–5 h, respectively, at 90 km over
Tirunelveli during January. These authors concluded from
their comprehensive study that the terdiurnal tide is a perma-
nent feature of the equatorial MLT region, attributing their
presence to firstly, the nonlinear interaction between diurnal
and semidiurnal tides, and secondly, the interaction between
gravity waves and diurnal tide.

3 Conclusions

Nightglow measurements of the atomic oxygen green line
at 557.7 nm have been carried out at a low latitude sta-
tion, Kolhapur (17◦ N), India, during November 2003 to
April 2004 and December 2004 to May 2005. This report
is the first to present the nocturnal behaviour of this emis-
sion feature over a prolonged period of time, spanning win-
ter and spring during 2003–2005. Nocturnal behaviour of
OI 557.7 nm intensity is marked by two types of equally oc-
curring trends: firstly, the monotonic decreasing trend from
beginning of the night to the dawn hours; and secondly, the
decrease of intensity from pre-midnight to midnight hours,
thereby attaining a minima around 01:00 h followed by the
post-midnight increase. The observed nocturnal behaviour
is in good agreement with the earlier reports. An analy-
sis of the entire OI 557.7 nm intensity and OH temperature
database indicates that the long period temporal variations
are probably driven by a terdiurnal tide on most occasions,
and OI 557.7 nm intensity variation leads that of OH temper-
ature variation by less than an hour. These observations of
terdiurnal tides from Kolhapur (16.8◦ N) are consistent with
the recent report of terdiurnal tides in the meteor wind data
from Tirunelveli (8.7◦ N) by Rao et al. (2011). On a few
occasions, similar waves (having periodicity in the range of
2–3 h) were noted in OI 557.7 nm intensity and OH temper-
ature series.
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