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Abstract. Near-simultaneous measurements of OI 557.7 nm,
O2 (0, 1) Atmospheric Band and OH (6, 2) Meinel Band
nightglow were carried out at Kolhapur (17◦ N), India during
February–March 2007. Atmospheric temperatures around 87
and 94 km were derived from the knowledge of intensity
measurements of spectral features OH (6, 2) Meinel Band
and O2 Atmospheric Band, respectively. An account of the
behaviour of derived temperatures has been presented. The
nocturnal behaviour of OH and O2 temperatures is governed
by the waves of tidal origin, whereas the signatures of plane-
tary wave-like oscillations is noted in the night-to-night vari-
ation of two temperatures. This is probably the first report
of planetary waves observed in nightglow temperatures from
the Indian subcontinent.

Keywords. Atmospheric composition and structure (air-
glow and aurora) – Meteorology and atmospheric dynamics
(middle atmosphere dynamics: waves and tides)

1 Introduction

The mesosphere–lower thermosphere (MLT) is an important
atmospheric region between 80 and 105 km characterized by
unique thermal structure (negative temperature gradient in
mesosphere, a pronounced minimum at mesopause and pos-
itive temperature gradient in thermosphere), complex chem-
istry, radiative cooling, dynamics and transport processes.
Due to the photodissociative action of the incoming solar
ultraviolet radiation (on O2, O3, H2, H2O and CH4) in the

MLT region and the associated transport processes, this re-
gion hosts several active chemical species primarily grouped
into two families, viz. the Ox and HOx families (Smith,
2004; Brasseur and Solomon, 2005). The species of these
two chemical families participate in numerous exothermic re-
actions that strongly depend upon the local density of atomic
oxygen. Some among them result in the formation of the
excited products that cause the airglow phenomena. Conse-
quently, nightglow is the characteristic feature of the MLT
region.

The OH Meinel Band system, O2 Atmospheric Band sys-
tem and OI 557.7 nm emission are the prime atomic oxygen
dependent emissions originating from the altitude of 87 km,
94 km and 97 km, respectively within the MLT region (Greer
et al., 1986; Baker and Stair, 1988). The following reactions
(known ashydrogen-ozone reactionand Barth’s excitation
mechanism) are the source of the excited OH molecules, O
(1S) atoms and O2 (b16+

g ) molecules, respectively (see e.g.
Bates and Nicolet, 1950; Bates, 1992, and references cited
therein):

O3 + H → O2 + OH∗ (1)

O+ O+ M(O2 or N2) → O∗

2 + M (2a)

O∗

2 + O → O2 + O(1S) (2b)
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O∗

2 + O2 → O2(b
16+

g ) + O2 (2c)

Clearly, the excitation mechanisms involved suggest that the
intensity of these emissions depends primarily on the lo-
cal density of atomic oxygen which in turn is influenced by
the perturbations due to gravity waves, tides and planetary
waves. The propagation of gravity waves and atmospheric
tides induces a change in the density of reacting species and
the ambient temperature. The alterations produced in den-
sity as well as temperature in turn affect the rate of the air-
glow producing photochemical reaction, and these changes
are reflected as variations in airglow intensity (Takahashi et
al., 1979, 1998; Ward, 1998).

The ground-based observations of the nightglow phe-
nomenon constitute one of the most widely usedremote sens-
ing techniques to explore the mesopause region, and recently,
much attention is being paid to the aeronomy of the upper
middle atmosphere using simultaneous measurements of the
different nightglow emissions depending upon atomic oxy-
gen (mainly OH Meinel Band, O2 Atmospheric Band and the
OI 557.7 nm emission as mentioned). Such studies provide
valuable information regarding the chemistry and transport
processes, dynamics and thermal structure of the MLT re-
gion. The advantage of using OH and O2 Atmospheric Band
airglow to study the MLT region is that the emission inten-
sity and the atmospheric temperature around the emission
peak can be measured simultaneously, and together with the
measurement of the OI 557.7 nm emission such studies have
great potential to understand the aeronomy of the MLT re-
gion. Previously, Hecht et al. (2004) deduced the atomic oxy-
gen density from such simultaneous measurements, Taka-
hashi et al. (1996) retrieved the night-time atomic hydro-
gen and ozone concentrations, Broadfoot and Gardner (2001)
investigated the vertical transport of the mesospheric con-
stituents, Molina et al. (1985) and Fagundes et al. (1995)
studied the short-period quasi-coherent temporal variations
(i.e. gravity wave phenomenology), Takahashi et al. (1998)
investigated the influence of semidiurnal and diurnal tides on
OH (9, 4) band, O2 (0, 1) band and the OI 557.7 nm emission,
and Buriti et al. (2005) studied the occurrence of planetary
waves in the MLT region. Yee et al. (1997) made a quantita-
tive comparison of near-simultaneous photometric observa-
tions of several OH Meinel Bands, O2 (0, 1) Atmospheric
Band and the OI 557.7 nm emission brightness and near-
global measurements by the HRDI instrument onboard the
UARS satellite, and also incorporated the mesospheric night-
glow photochemistry into the 3-dimensional NCAR TIME-
GCM model.

Motivated by these precedents, the simultaneous ground-
based nightglow observations of the near-infrared OH (6, 2)
Meinel Band, the O2 (0, 1) Atmospheric Band and the OI
557.7 nm emission were carried out at a low-latitude sta-
tion, Kolhapur (17◦ N), located in Peninsular India, during
February–March 2007. The intensity of the spectral features

of OH (6, 2) Meinel Band and O2 (0, 1) Atmospheric Band
nightglow has been utilized to derive the atmospheric tem-
peratures near the corresponding emission peaks, viz. 87
and 94 km, respectively (Greer et al., 1986; Baker and Stair,
1988). Herein, an account of temperature measurements and
dynamical features present in the data has been presented.
Previously, Taori et al. (2012a, b, c) have reported the ob-
servations of OH and O2 temperatures using mesosphere–
lower thermosphere photometer (MLTP) measurements over
Gadanki (13.5◦ N, 79.2◦ E), India. Using MLTP observations
during April and July 2009, Taori et al. (2012a, c) pre-
sented the observations of gravity wave activity in OH and
O2 temperatures over Gadanki, whereas Taori et al. (2012b)
found semiannual oscillations in two temperatures during
April 2009–March 2011. The nocturnal behaviour of the in-
tensity of OI 557.7 nm emission, noted in the present study,
is quite similar to that reported earlier from the current obser-
vation site by Parihar et al. (2011), and hence, a brief report
of observations of OI 557.7 nm emission during February–
March 2007 has been presented here.

2 Derivation of OH and O2 rotational temperatures

It is well known that OH/O2 vibrational temperatures are
very high, but rotational temperatures are thermalized and
therefore correspond to the kinetic temperature of the lo-
cal gas (see e.g. Sivjee and Hamwey, 1987, and references
cited therin; Clemesha et al., 1990; Scheer and Reisin, 1990).
Hence, OH and O2 rotational temperatures can be assumed
to represent the temperature around the mesopause heights
of 87 (±4) and 94 (±3) km, respectively. The initial popu-
lations of the excited products (formed from the Eqs. 1 and
2c) are significantly non-thermal. However, due to the com-
bined effect of the large radiative lifetime (∼50 ms for OH
and ∼100 s for O2) and the collision frequency prevailing
at mesopause heights (∼104 s−1, see e.g. US Standard At-
mosphere, 1976), the excited OH and O2 rotational popu-
lation distribution quickly attains thermal equilibrium after
being newly formed. For such a thermalized distribution, the
photon intensity of a particular rotational line depends expo-
nentially on the kinetic temperature (Mies, 1974). Thus, the
intensity information of the thermalized distribution of the
excited OH and O2 molecules can be used to retrieve their
kinetic temperature, and these spectroscopically determined
temperatures are good proxy of atmospheric temperatures
around 87 and 94 km altitude, respectively (see e.g. She and
Lowe, 1998). Herein, the OH temperatures have been derived
from the ratio of emission intensity of the P1 (2) to P1 (4) line
of the OH (6, 2) Meinel Band (Parihar and Mukherjee, 2008),
whereas the O2 temperature was derived from the slope of the
P branch spectrum integrated intensities (the P branch peak
at 866 nm and the P branch at 868 nm) (Scheer, 1987). The
estimated uncertainty in the derived OH and O2 temperatures
is 5 K and 6 K, respectively.
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3 Instrumentation, results and discussion

Ground-based nightglow measurements of OH (6, 2) Meinel
Band at 834.2 nm, O2 (0, 1) Atmospheric Band at 864.5 nm
and OI 557.7 nm were carried out at Kolhapur (16.8◦ N,
74.1◦ E), India. An all-sky scanning photometer (having a
filter wheel assembly hosting six optical filters and a field
of view of 7.25◦) was deployed for simultaneous monitor-
ing of different emission features on clear sky conditions
and moonless nights centred on the new moon period dur-
ing February–March 2007. For simplicity, this photometer
was operated for observations in the zenith only. An RCA
31034A (GaAs photocathode) photomultiplier (thermoelec-
trically cooled at−25◦C) was utilized for photon detection.
The P1 (2) −839.9 nm and P1 (4) −846.6 nm lines of OH
(6, 2) Meinel Band, O2 (0, 1) Atmospheric Band P branch
spectrum (one at 866 nm and another at 868 nm) and the
OI 557.7 nm emission were monitored using filters of half-
power bandwidth∼0.80 nm. The background emission at
857 nm filter (1λ ∼ 1.20 nm) was also measured. All op-
tical filters were maintained at 25◦C. Each emission fea-
ture was observed for 120 s with a delay of 30 s (i.e. the
integration and delay time for each filter were so adjusted
to have a scan interval of 15 min). The corrections for the
transparency of filters, photomultiplier dark current and sen-
sitivity of the photomultiplier tube with respect to a partic-
ular wavelength were carried out. Hopefully, the intensity
measurements will be presented in absolute Rayleigh units
in near future. Due to good weather conditions prevailing
during February–March 2007, the continuous night-to-night
monitoring of nightglow features for more than 9 days during
each month was possible. In this paper, the useful data of 21
nights (11 nights of February and 10 nights of March) having
observation periods of more than 6 h have been presented. On
most of the nights, the duration of continuous monitoring of
the nightglow features was∼8.5 h.

3.1 Observed OH and O2 temperatures

Figure 1 summarizes the nocturnal mean values of the de-
rived O2 and OH temperatures during February–March 2007.
The O2 and OH temperatures are represented by the solid
and open circles, respectively. Also shown in the plot is the
standard error of the mean (represented by error bars) of the
two temperatures during the night. To avoid overlap of er-
ror bars, OH measurements have been shown slightly dis-
placed along the x-axis with respect to O2. The nightly mean
O2 temperature varies from 187 K to 198 K, whereas the
OH ones lies between 190 K and 204 K. It can be seen that
the nightly mean temperatures vary in a narrow temperature
band of 17 K, and the deviation of either temperature is 7 K or
less for most of the nights. Also, the OH temperatures were
warmer (on an average by 5 K) than the O2 ones. Scheer and
Reisin (1990), Takahashi et al. (1986) and Gavrilyeva and
Ammosov (2004) have reported similar observations. Dur-

Fig. 1. Nocturnal mean values of OH and O2 temperatures at Kol-
hapur during February–March 2007.

ing February, the nocturnal mean O2 temperatures mostly lay
in a band of 2 K centred on 193 K, whereas the variation of
OH ones were larger. And it suggests that the O2 layer was
more stable than the OH layer with respect to temperature
perturbations. Scheer and Reisin (1990) have also reported
similar observations and described it as the appearance of a
“quiet layer” in the neighbourhood of strong oscillations. On
13–14 March 2007, the mean OH temperature was about 1 K
greater than the O2 temperature. An account of the noctur-
nal variation of the two temperatures on this particular night
is presented below. The average O2 and OH temperature ob-
served during the entire campaign period was 192.2± 5.3 K
and 197.4±6.3 K, respectively. On most nights, the standard
error of mean for O2 and OH temperatures was 0.8 K and
1.0 K, respectively, and overall the standard error was less
than 1.3 K. Similar mean values have been reported previ-
ously for low-latitude sites in India; see Table 1. At Pune
(18◦ N, 73◦ E), India, Agashe et al. (1989) found the OH tem-
peratures of 195± 10 K. Sridharan et al. (1999) reported the
measurements of daytime OH temperatures (∼185 K) over
Tirunelveli (8.7◦ N, 77.8◦ E), India. Parihar and Mukherjee
(2008) observed the mean OH temperature of 195 K during
November 2002–May 2005 from the present site. A com-
parison with the MSISE-90 model indicates that the model
predictions are 5–7 K lower than the observed temperatures.
Figure 2 depicts the frequency of occurrence of the O2 and
OH temperatures (shown by solid and open circles, respec-
tively) at intervals of 5 K. The total number of observations
for the entire database of the individual temperatures was
749. The solid curves in the plots represent the respective
Gaussian fit to the observed frequency. A good correspon-
dence between the applied fit and the observed frequency
can clearly be seen in both plots. It indicates that the normal
temperature at 87 K and 94 km is 196 K and 191 K, respec-
tively, and these values are very close to the mean OH and

www.ann-geophys.net/31/197/2013/ Ann. Geophys., 31, 197–208, 2013
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Table 1.Mean temperatures observed in India using the ground-based measurements of OH Meinel Band airglow.

Observing site in India Mean temperature Reference

Pune (18◦ N, 73◦ E) 195± 10 K Agashe et al. (1989)
Tirunelveli (8.7◦ N, 77.8◦ E) ∼185 K Sridharan et al. (1999)
Kolhapur (16.8◦ N, 74.1◦ E) 195 K Parihar and Mukherjee (2008)

Fig. 2.Frequency of occurrence to O2 and OH temperatures at Kol-
hapur during February–March 2007.

O2 temperatures, viz. 197.4 K and 192.2 K, respectively. It is
worth mentioning that the standard error of mean tempera-
ture is∼1 K. About 66 % of O2 temperature measurements
lie in the range of 186–196 K, whereas for OH measurements
55 % of points are subsumed between 191 K and 201 K.

As the temperature information of two different altitudes
was available, an attempt to infer the temperature gradi-
ent persistent in the MLT region was made. Such a gradi-
ent should provide an important insight of the mesospheric
thermal structures. Assuming that the altitude of the emis-
sion peak of OH Meinel Band and O2 Atmospheric Band
is located at 87 km and 94 km, respectively (Greer et al.,
1986; Baker and Stair, 1988) and remained unchanged dur-
ing the course of the night, the temperature gradient near
the mesopause region was calculated from the two temper-
ature datasets and an average negative temperature gradient
of 0.8 K per km was found, which suggests a mesopause
height close to or higher than the O2 emission height. Using
the temperature profiles measurements by the SABER instru-
ment on-board TIMED satellite, Xu et al. (2007) found the
altitude of mesopause to be around 98 km during February–
March for near Kolhapur locations. Figure 3 shows the
SABER/TIMED temperature profiles for 12◦–22◦ N latitude
and 69◦–79◦ E longitude range on coincidental nights dur-
ing February–March 2007. The continuous curves depict the
temperature profiles measured by the SABER instrument,
while the averaged temperature profile for entire observation

Fig. 3. Temperature profiles of SABER/TIMED overpasses
for 12◦–22◦ N latitude and 69◦–79◦ E longitude range during
February–March 2007.

period is shown by the dashed curve. Although the SABER
profiles are highly perturbed, it is quite clear that mesopause
is located above 90 km (the temperatures are comparatively
higher near the assumed OH emission peak of 87 km than the
O2 one at 94 km). An average negative temperature gradient
of 1.6 K per km was also noted between 87 km and 94 km in
the SABER measurements.

Ann. Geophys., 31, 197–208, 2013 www.ann-geophys.net/31/197/2013/
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Fig. 4.Nocturnal variation of OH (open circles) and O2 (solid circles) temperatures during some nights.

3.2 Nocturnal behaviour of OH and O2 temperatures
and observations of tide-like long-period oscillations

Figure 4 presents some typical examples of the nocturnal
variations of the derived rotational temperature OH (open cir-
cles) and O2 (solid circles) temperatures. Each nightly tem-
perature dataset on average consisted of 35 measurements.
In order to bring out the long-period oscillation present in
the temperature datasets, the five-point running means have
been presented in the plot with the same temperature and
time scales to facilitate direct comparison. It can be seen that
both temperatures decrease from late dusk hours to midnight
hours, and this was the general situation for all 21 nights. On
most occasions a post-midnight increase in the two temper-
ature series was observed, and the lowest temperatures oc-
curred generally around 00:15–02:15 IST. The plots for 14–
15, 17–18, 20–21 February, and 15–16 March 2007 repre-
sent examples of this observed variation. Such a feature of
the pre-midnight decrease, a minimum around local midnight
and a post-midnight increase has been attributed to the tem-
perature and density variation produced by tides in the course
of their propagation through the emission layer (Petitdidier
and Teitelbaum, 1977; Takahashi et al., 1998; Zhang and

Shepherd, 1999). Atmospheric tides are global scale oscilla-
tions created in the lower and middle atmosphere due to ab-
sorption of solar infrared and ultraviolet radiation by the tro-
pospheric water vapour and stratospheric ozone, respectively,
and have frequencies that are an integral fraction of the diur-
nal oscillation. A similarity in the shape of variation of two
temperature series can be seen, and such similarity suggests
that the response of the two emission layers is same with
respect to the longer period dynamical perturbation. How-
ever, a discrepancy exists in the two temperature series with
respect to the short-period oscillations – the oscillatory fea-
tures present in the OH temperature series were not present in
the O2 temperature series. Most likely, the waves observed in
OH temperature series (probably due to gravity wave activ-
ity) dissipated below O2 emission peak on the course of their
propagation. The plot for 21–22 March 2007 in Fig. 4 de-
picts an example of such a feature – the variation of O2 tem-
perature is fairly steady, whereas the one of OH is marked
by oscillations having periodicity of∼2 h. From an analy-
sis for the short period variations in the OH temperature se-
ries, the oscillations having periodicities in the range of 1–2 h
dominate the spectrum of gravity wave activity near the OH

www.ann-geophys.net/31/197/2013/ Ann. Geophys., 31, 197–208, 2013
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Fig. 5. Nocturnal variations of the emission intensities and derived
temperature observed on 13–14 March 2007.

emission peak. Parihar et al. (2011) had similar observations
for concurrent database of OH temperature and OI 557.7 nm
emission intensity (i.e. the short-period oscillations observed
in OH temperature series were not seen in OI 557.7 nm in-
tensity data) on most occasions. On rest of the nights, the
temperature variation was marked by a monotonous decrease
from beginning of the night to dawn hours. In Fig. 4, the vari-
ations observed on 22–23 February 2007 portray an example
of such a monotonic decrease.

Also, the trends of the intensity and corresponding tem-
perature variation closely resemble each other for both OH
and O2 measurements (i.e. the characteristic shape of the
two intensity series were complimented often by a concur-
rent feature in the variations of corresponding temperatures).
Figure 5 presents an example of such correlated variation of
the different observed quantities. The bottom panel shows
the observed variation of OH (open circle) and O2 (solid cir-
cles) emission intensities along with the OI 557.7 nm emis-
sion (crosses), and the top panel depicts the variation of the
derived OH (open circle) and O2 (solid circles) temperatures.
For simplicity, the normalized values of intensities have been
presented. On the whole, OH and O2 temperature variations
co-vary during the nights. A cross-correlation analysis of dif-

ferent quantities for entire database indicates that in general,
OI 557.7 nm intensity variations lead that of O2 measure-
ments by 15–30 min, whereas O2 intensity and temperature
measurements lead the OH ones by 45–60 min. Such corre-
lated behaviour of OI 557.7 nm, O2 Atmospheric Band and
OH Meinel Band nightglow has been attributed to the de-
pendence of their excitation mechanism on the local density
of atomic oxygen that in turn is controlled by the transport
and recombination processes prevailing in the MLT region
(Brasseur and Solomon, 2005).

On one particular night, 13–14 March 2007 (shown in
Fig. 5), the mean temperature at OH altitude (∼87 km) was
greater than the O2 temperature. The SABER/TIMED tem-
perature profile for this particular night (shown by red curve
in Fig. 3) indicates a strong temperature inversion of about
∼23 K at around 93–94 km. At 87 km and 94 km, the tem-
peratures were∼180 K and 213 K, respectively. In post-
midnight hours, the O2 intensity, OI 557.7 nm intensity and
O2 temperature increase at a higher rate compared to those
of OH measurements. It can be interpreted as a direct conse-
quence of strong temperature inversion around 94 km. Taori
et al. (2012c) have reported such variability of OH and O2
temperature over Gadanki (13.5◦ N, 79.2◦ E), India due to
convective activity during April 2009.

Together, Figs. 4 and 5 indicate that the long-period
tide-like oscillations dominate the temperature variations.
On such nights, the minima of intensity generally occurred
around midnight (between 00:00 and 02:00 IST). As the
length of time series discussed herein was limited to∼8.5 h,
the exact determination of periodicity of the long-period
waves apparent in data was not possible. However, an attempt
to identify the tidal feature present in dataset has been made
using the sinusoidal least square fitting method. In such anal-
ysis, a sinusoidal least square fit of form[ASin(2πt/T +ϕ)+

c] was forced on the time series of observed features (viz.
OI 557.7 nm intensity, O2 intensity and temperature, OH in-
tensity and temperature) with the wave period,T , as 8 h, 12 h
and 24 h for a particular night and then root mean square er-
ror was estimated for each value ofT (here,A is the ampli-
tude of wave,T is the wave period,ϕ represents the phase of
the wave, andc is the constant term). Such analysis indicates
that a 12-h wave fitting explains the nocturnal behaviour of
observed features in a better way in comparison to the 8-h
and 24-h fits in most cases.

Alternatively, the Lomb–Scargle periodogram analysis of
the dataset of individual features was performed. Results of
this analysis are tabulated in Table 2 (the values in braces
represent the individual contribution). It can clearly be noted
that the 12-h component is the primary one and appears to
be a consistent tidal feature (with a contribution of about
41 %) during each month. During February, the semidiur-
nal contribution was fairly stronger than that of the diurnal
component at 97 km altitude; however, around 87 km, the
contributions from the two harmonics were quite compara-
ble. Hence, it is assumed that the long-period oscillations

Ann. Geophys., 31, 197–208, 2013 www.ann-geophys.net/31/197/2013/
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Fig. 6. Averaged nocturnal variation of OH and O2 temperature for February and March 2007 along with the forced tidal fit based on
Lomb–Scargle analysis.

in the observed quantities are driven by (i) a semidiurnal
tide during February and (ii) an equivalent mixture of di-
urnal and semidiurnal tides during March. Now, the issue
was to have an estimate of the amplitude and phase of the
tidal waves observed in the temperature dataset. For this,
(i) the nocturnal mean value was subtracted from the time
series of temperature for a night, (ii) the averaging of tem-
perature at each timestamp for a particular month was car-
ried out, and (iii) the sinusoidal least square fit was applied
to the averaged time series with periods of 12 h and 24 h
(based on Lomb–Scargle analysis for an individual month).
It is worth mentioning here that the night-to-night variation
of phase of forced fit (either 12-h or 24-h fit) of individual
nights was less than an hour, and following this, it is as-
sumed that the tidal information was retained in the aver-
aging process. Figure 6 presents the monthly mean noctur-
nal variation of OH and O2 temperature (along with the re-
spective standard error of means as error bars) for February
and March 2007 (left and right panel, respectively). The solid
curves represent the semidiurnal fit to the data, whereas the
diurnal fits are shown as broken curves. A close correspon-
dence between the observed variations and forced harmonic
fit can clearly be seen at all altitudes. Clearly (as expected
from Table 2), the temperature variations during February
are governed by a semidiurnal tide. In February, the quality

of semidiurnal fit appears comparatively better at O2 heights
than OH ones. During March, the quality of semidiurnal and
diurnal fits appears similar at OH heights, but at O2 altitude,
diurnal fit looks a bit better. We compute the phase veloc-
ity of wave and vertical wavelength using the phase infor-
mation of the forced tidal feature at different altitudes. Ta-
ble 3 summarizes the characteristics of semidiurnal and diur-
nal waves observed in the temperature dataset obtained from
such analysis. During February–March, the inferred semid-
iurnal tidal amplitudes and phases lay in the range of 6–
8 K and 4.5–5.5 h, respectively, and the vertical phase veloc-
ity was ∼9.6 km per h. For the diurnal tide observed dur-
ing March, (i) the amplitude and phase at 87 km was 11.7 K
and 10 h, respectively; (ii) at 94 km, the amplitude and phase
was 16.9 K and 8.4 h, respectively, and (iii) the vertical phase
velocity was 4.4 km per h. The vertical wavelengths of the
observed tidal features were∼110 km (significantly higher
than typical value of∼40–50 km per h). Similar tidal am-
plitudes have been reported in the literature. Using WINDII
instrument (on board UARS satellite) and K-lidar tempera-
ture data, Shepherd and Fricke-Begemann (2004) found the
semidiurnal tidal amplitudes at 89 km to lie in the range
2.2–8.8 K at 28◦ N and 55◦ N during November, Decem-
ber, January and February. The temperature measurements
by the SABER instrument on board the TIMED satellite

www.ann-geophys.net/31/197/2013/ Ann. Geophys., 31, 197–208, 2013
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Fig. 7.Night-to-night variability of the averaged temperature between 22:00 h and 01:00 h at OH and O2 altitudes during February and March
2007 along with the forced planetary wave fit based on Lomb–Scargle periodogram analysis.

have provided a unique global understanding of atmospheric
tides. Zhang et al. (2006) noted migrating semidiurnal am-
plitudes of order of 4–6 K at 90 km for a latitude band of
0◦–20◦ during February and March. In±50◦ latitude range,
Forbes et al. (2008) found the typical amplitudes of semid-
iurnal and diurnal tides in the range of 6–14 K and 8–18 K,
respectively, in the MLT region during 2002–2006. Pancheva
et al. (2009a) indicate the strongest migrating semidiur-
nal feature with amplitudes reaching∼6 K around±20–
30◦ tropical latitudes at 90 km heights during 2002–2007.
Around 90 km and in 15–18◦ latitude range, the Global
Scale Wave Model (GSWM-00,http://www.hao.ucar.edu/
modeling/gswm/gswm.html) estimates (i) semidiurnal tidal
amplitudes in 0.7–1.9 K range and phase to vary from 6–
16 h during February–March, and (ii) diurnal tidal ampli-
tudes∼5 K and phases∼19 h.

3.3 Signatures of planetary wave-like oscillations in OH
and O2 temperatures

As continuous night-to-night dataset for more than 9 days
during each month was available and the night-to-night tidal
variability was not strong, an attempt to study the signatures
of planetary wave activity has been made. In order to sup-
press the tidal contamination in planetary wave analysis, the
average value of temperatures between 22:00 and 01:00 IST
has been considered. It was observed during the tidal anal-

ysis that (i) the variation of tidal amplitude and phase from
night-to-night was less than 1.2 K and 0.9 h, respectively dur-
ing individual months, and (ii) the crest and trough of the
tidal oscillations appear around 21:00 and 02:00 IST. Hence,
the time interval of 22:00–01:00 IST was preferred. Figure 7
presents the night-to-night variability of this averaged tem-
perature at OH and O2 altitudes (bottom and top row, re-
spectively) for each month. Herein, the error bar represents
the standard error of the mean temperature during 22:00–
01:00 IST. Lomb–Scargle analysis shows the same principal
spectral component to be present at both OH and O2 alti-
tudes, viz. a 4-day wave during February and a 9-day wave
during March. Similar analysis carried out using the dif-
ference of nightly mean temperature and its monthly mean
value indicates a 3–4.5 and 9 day wave during February and
March, respectively. Using periods obtained from Lomb–
Scargle analysis, the sinusoidal least square fit was applied
to the averaged temperature dataset and is shown by solid
curves in Fig. 7. A good correspondence between the mean
values and forced fit can clearly be seen at both altitudes,
especially during February. The amplitude of observed 4-
day and 9-day waves was 2 K and 5.3 K, respectively. Peri-
ods like those found at Kolhapur during February have been
reported earlier at other low-latitude sites. Using MF radar
wind measurements, Sridharan et al. (2002) reported obser-
vations of 3.5-day ultra fast Kelvin wave in the MLT re-
gion over Tirunelveli (8.7◦ N, 77.8◦ E), India. Takahashi et
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al. (2002) observed 3.5-day planetary waves in OH, O2 and
OI 557.7 nm emissions over São Jõao do Cariri (7◦ S, 37◦ W),
Brazil. Over the same site, Buriti et al. (2005) observed an
oscillation of 3–4 days in OI 557.7 nm, O2 and OH emis-
sion intensities and OH temperature. Using the meteor radar
wind measurements, Pancheva et al. (2004) reported strong
3–4 day oscillation in the zonal wind at Ascension Island
(7.9◦ S, 14.4◦ W). Analyzing the SABER/TIMED tempera-
ture database in the latitudinal range 50◦ N–50◦ S, Pancheva
et al. (2009b) found the dominance of four planetary wave
features in the MLT region, viz. 24, 15–17, 10–12 and 5–
6 days. Taori and Taylor (2010) reported the observations
of quasi-5-day wave (having amplitude∼8.5 K) in O2 tem-
peratures of the Mesospheric Temperature Mapper (MTM)
database over Maui, Hawaii (20.8◦ N, 156.2◦ W). The 9-day
wave observed during March is an interesting feature and
has been reported in literature often. Mukhtarov et al. (2010)
found prominent 9-day oscillation in the SABER/TIMED
temperatures during 2005–2006 over the Arctic and associ-
ated it with the coronal hole feature of sun. Probably, this is
the first report of planetary wave signatures in the nightglow
temperature from the Indian subcontinent.

3.4 Observations of OI 557.7 nm emission

Figure 8 presents the nocturnal variation of intensity of
OI 557.7 nm emission on some nights. As the intensities were
not calibrated (due to unavailability of standard source of
light), the variation of intensity normalized with respect to
the mean value has been presented. A monotonous decrease
of intensity from the beginning of night to midnight hours
can be seen on most of the nights. Often, this decrease of
intensity continued up to dawn hours and the variations ob-
served on 22–23 February 2007 and 18–19 March 2007 are
examples of such monotonic decrease. Such nocturnal be-
haviour of intensity of the atomic oxygen dependent night-
glows from the MLT region has been attributed to the de-
pletion of local density of atomic oxygen in absence of pho-
tolysis during the night. Sometimes the intensity remained
reasonably steady after midnight hours (e.g. 21–22 Febru-
ary 2007). In most cases, an increase in intensity after mid-
night hours was seen, and often it continued beyond dawn
hours. Most of the plots shown in Fig. 8 depict such be-
haviour of OI 557.7 nm emission at Kolhapur. On such
nights, the minimum of intensity occurred between 00:00 h
and 02:00 h. Such an observed feature has been explained
in terms of an increase in atomic oxygen density induced
by tidal oscillations in post-midnight hours (Takahashi et al.,
1998). Ward (1998) modelled the local time variations of O
(1S) airglow induced by diurnal tides and found the changes
in the atomic oxygen mixing ratio (due to vertical motions
associated with tides) as the cause of such observed airglow
variations. The visual inspection of plots shown in Fig. 8 does
indicate the presence of tide-like oscillations. Lomb–Scargle
analysis (presented in Table 2) suggests that the nocturnal
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Table 3.Characteristics of semidiurnal and diurnal tidal features inferred using the sinusoidal least square fitting method.

Month 2007 Tidal feature observed
Amplitude

Vertical phase velocity Vertical wavelength
At 87 km At 94 km

February Semidiurnal 7.9 K 6.1 K 9.3 km h−1 112 km

March
Semidiurnal 7.5 K 7.7 K 10 km h−1 120 km

Diurnal 11.7 K 16.9 K 4.4 km h−1 105 km

Fig. 8.Nocturnal variation of OI 557.7 nm emission intensity on some nights during February–March 2007 at Kolhapur.

behaviour of OI 557.7 nm emission intensity was governed
by a semidiurnal tide during February–March. As done for
the two temperatures, the sinusoidal least square fit analy-
sis was performed, and the phase of semidiurnal tide came
out to be 4.4 h and 4.8 h during February and March, respec-
tively. Using the phase information of OI 557.7 nm emission
and OH (6, 2) Meinel Band intensity measurements, the ver-
tical phase velocity of 8.4 km per h and 9.1 km per h was
estimated for semidiurnal tide during February and March,
respectively. These values are close to those inferred from
the temperature measurements. Unlike OH and O2 temper-
ature measurements, terdiurnal wave period was the second
spectral component in OI 557.7 nm measurements.

4 Conclusions

Simultaneous observations of three different nightglow fea-
tures from the MLT region∼OH (6, 2) Meinel Band, O2

(0, 1) Atmospheric Band and OI 557.7 nm emission have
been carried out at Kolhapur, a low-latitude station in In-
dia, to study the dynamical features having timescales of half
a day or more. Nightglow temperatures were inferred from
OH and O2 intensities (a proxy of atmospheric temperatures
around 87 km and 94 km, respectively). The average OH and
O2 temperature was 197 K and 192 K, respectively. Also, the
individual nocturnal mean temperatures were nearly always
smaller for O2 measurements than for OH, which suggests
the mesopause to be located above or near O2 emission al-
titude. The SABER/TIMED temperature profiles during the
campaign period show similar feature. Nocturnal behaviour
of two temperatures is governed by a semidiurnal tide dur-
ing February, whereas a mixture of diurnal and semidiur-
nal tide explains the observed temperature variations dur-
ing March. The night-to-night variability of two temperatures
shows the presence of planetary wave features. The Lomb–
Scargle analysis of temperature dataset suggests a 3–4.5- and
9-day wave during February and March, respectively. The
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N. Parihar et al.: Simultaneous measurement of Atmospheric Band and Meinel Band nightglow 207

observed periods during February have been reported ear-
lier by Sridharan et al. (2002) and Pancheva et al. (2009b).
The nocturnal behaviour of OI 557.7 nm emission intensity is
generally marked by a decrease from beginning of the night
to midnight hours, followed by a minimum around 00:00–
02:00 IST and an increase in post-midnight hours till dawn
hours. Lomb–Scargle analysis suggests a semidiurnal tide to
govern the variations of OI 557.7 nm emission intensity.

At present, Nainital (29.40◦ N, 79.50◦ E) and Gadanki
(13.50◦ N, 79.20◦ E) are the two measurement sites from
India forming part of the Network for the Detection of
Mesopause Change (NDMC,http://wdc.dlr.de/ndmc/index.
php). The efforts are on to carry out nightglow observations
regularly (centred on new moon period) from another sta-
tion at 23◦ N to continue airglow-based temperature studies
in North India. In future, an extensive temperature database
along with the complementary wind data will be taken up
for a comprehensive study of tides and planetary waves, and
the validation of observed rotational temperatures with the
SABER/TIMED measurements will be done.
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