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Abstract

Coordinated mesospheric night-airglow measurements have been carried out from two stations, Gadanki (13.5� N, 79.2� E) and
Allahabad (25.5� N, 81.9� E), India during April 2009 to study the common gravity wave features. With two nights of coordinated mea-
surements we find some of the wave periodicities to be similar at the two locations. Simultaneous OH and O2 intensity measurements
over Gadanki reveal these features to be upward propagating gravity waves while the coordinated OH intensity measurements of similar
waves from Allahabad show the large spatial extent of these waves.
� 2011 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Mesosphere; Gravity wave; Propagation; Dissipation
1. Introduction

Atmospheric gravity waves play an important role in
transferring energy and momentum from one atmospheric
region to other which, in-turn affects mesosphere and lower
thermosphere (MLT) region processes (e.g., Fritts and
Alexander, 2003). It is our growing understanding that
these waves have their source regions located at tropo-
spheric altitudes and any sudden change brought into the
tropospheric altitudes has the potential to generate a spec-
trum of gravity wave. For example, the passage of wind
over topographic structures, weather fronts, convective
activity, and wind shears are plausible sources of gravity
waves (e.g., Fritts and Alexander, 2003 and references cited
therein). It is also understood that these gravity waves
deposit their energy in the environment through linear
and non-linear processes such as, wave breaking and insta-
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(e.g., Lindzen, 1981; Li et al., 2005) wave–wave and wave–
mean flow interactions (Yeh and Liu, 1981; Fritts, 1985).
These dissipation processes define the vertical and horizon-
tal propagation limits of the wave.

Depending on the horizontal and vertical scales, these
gravity waves propagate in oblique direction from their
source regions. The distances traveled by these waves
depend on the background conditions and wavelengths
associated with the waves. Some of the recent observations
of waves coming from far regions concern spectacular wave
events known as mesospheric bores (Taylor et al., 1995)
together with another strong mesospheric wave event
(Smith et al., 2006 and references cited therein). They sug-
gest that Doppler (or thermal) ducting may extend the spa-
tial scales of these waves to several thousands of
kilometers. However, Shiokawa et al. (2000) suggest the
possibility of such waves propagating from the lower atmo-
sphere to greater heights with increasing spatial scales
which may be observed and noted as plane wave fronts
at mesospheric altitudes. It is therefore suggested that with
the help of single or close by co-located measurements it is
difficult to understand if an upward propagating wave can
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Fig. 1. Mesospheric airglow measurements from Gadanki (13.5� N, 79.2�
E) (top panel) and Allahabad (25.5� N, 81.9� E) (bottom panel) on 21–22
April 2009. One may note signatures of small period waves together with a
large period nocturnal trend in both the data.
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ve such large spatial coverage. Therefore, it is important to
carry out measurements from distant locations. Further,
because such waves have planer wave fronts at mesospheric
altitudes and hence may trigger the generation of associ-
ated polarization electric fields at low latitude E-region alti-
tudes and in-turn have important repercussions for the
thermosphere–ionosphere system (e.g., Fritts et al., 2008;
Tsunoda, 2010).

In this study we present the first such measurements
from Gadanki (13.5� N, 79.2� E) and Allahabad (25.5�
N, 81.9� E) stations in India. Though, there is a latitudinal
difference of about 12� (radial distance �1200 km), investi-
gation show commonality in the observed wave features.

2. Instrument and observations

In this report we utilize (a) intensity measurements at
OH (6-2) and O2 (0-1) wavelengths over Gadanki (13.5�
N, 79.2� E), made with the help of a Mesosphere Lower
Thermosphere Photometer (MLTP) and (b) OH intensity
measurements made with the aid of an All Sky Imager at
Allahabad (25.5� N, 81.9� E).

2.1. Mesosphere lower thermosphere photometer (MLTP)

The MLTP is a photomultiplier based narrow field (full
field of view 4�) photometer with F/2 optics. The MLTP
measures OH, O2, O(1D) and background (at 858 nm)
emissions near simultaneously with a time resolution of
�3 min. The interference filters have full width at half max-
ima (FWHM) of �0.4 nm. For the present study we utilize
the calculated band intensities for OH (6-1) and O2 (0-1)
band emissions. The details of the instrument and analysis
procedure are discussed elsewhere (e.g., Guharay et al.,
2009; Taori et al., under review). The standard errors in
the intensity estimates arising mainly from the dark counts
and read-out noise of the photomultiplier tube are less than
0.05%, while the precision of measurement is �15–20 pho-
ton counts which assure high quality night airglow emis-
sion intensity measurements.

2.2. All sky imager (ASI)

The nightglow observations at Allahabad were carried
out using a CCD based all sky imager (manufactured by
Keo Scientific Ltd., Canada). The details of the imaging
system are presented elsewhere (e.g., Mukherjee et al.,
2010) while the adopted image processing is similar to
Taylor et al. (1991). The image processing involved (a)
flat-field corrections to account for the intensities varia-
tions due to lens curvature, (b) to approximately remove
artifacts due to the van Rhijn effect and atmospheric
extinction, (c) the non-uniform pixel-to-pixel sensitivity of
the CCD detector, and (d) scaling to 5–95% of the intensity
range. Later, assuming the OH emission peak to be at
87 km, the images were then transformed to a geographic
coordinate system. Though, in general, this six-filter all
sky imager takes observations at OH, O (1S) and back-
ground (at 530 nm), during April 21–24, 2009 it was oper-
ated only at OH wavelengths. For OH measurements, a
190 nm broadband optical filter (720–910 nm) with 87%
transparency was used, with a notch at 868 nm to exclude
the contribution from the O2 (0, 1) Atmospheric band
emission. The signal to noise ratio of the imager is �200
for a time integration of 2 min that translates into a negli-
gible (<0.05%) error in the intensity estimates. The expo-
sure time used in this study is �2 min. In this study we
utilize the average intensity of a 16 pixel � 16 pixel area
corresponding to a square field of view of �3� at zenith
(for the purpose of a fair comparison with MLTP
observations).

2.3. Observations

The top panel in Fig. 1 plots the intensity variability of
mesospheric OH and O2 emissions over Gadanki while the
bottom panel shows the OH intensity variability observed
over Allahabad on 21–22 April 2009. The x-axis in each
plot shows the Indian standard time IST) in hours in each
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plot. One may note a post evening decrease in the emission
intensity for Gadanki as well as for the Allahabad data. It
is also observed that Gadanki as well as Allahabad data are
dominated by a long period wave embedded with other
shorter period oscillatory features. Also, the long period
nocturnal trend shows peak-to-peak intensity variability
in OH and O2 emissions over Gadanki to be �10% and
18%, respectively, while over Allahabad the peak-to-peak
intensity variability is �20% for the OH emissions.

The observed intensity variations on 23–24 April 2009
are summarized in Fig. 2. On this night, Gadanki data
(top panel) do not reveal a post evening decay while
Allahabad data (bottom panel) does. It can be noted that
intensity levels of OH emissions are almost half of those
observed on 21–22 April 2009 at both the locations. Fur-
ther, there are remarkable differences in the pattern of noc-
turnal variability observed over Gadanki and Allahabad.
The Gadanki data shows sudden jumps and sharp variabil-
ity in both, the OH and O2 intensity data whereas these are
not evident in Allahabad OH intensity data.

3. Results

As noted in Figs. 1 and 2, the nocturnal intensity vari-
ability over Gadanki and Allahabad exhibit somewhat dis-
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Fig. 2. Same as Fig. 1 but for 23–24 April 2009.
tinct behavior. Further, it is obvious that the nocturnal var-
iation of nighttime mesospheric airglow intensity (in gen-
eral) on both the nights is a combination of a variety of
waves which have short as well as long periodicities. There-
fore, in order to investigate the common waves, we sepa-
rate out the long period and short period waves from the
observed variability as explained below.

To estimate the long period feature, we fit the data with
a simple sinusoidal model. Because only OH emission
intensities are observed at the two locations simulta-
neously, we carry out a detailed analysis only for OH data.
The results of this best-fit model are shown in Fig. 3 for the
OH data of both the locations. The top panels in the figure
plot the mean intensity deviations together with the best-fit
results for Gadanki, while the bottom panels show mean
intensity deviations and the resultant best-fit curves for
Allahabad data on both the nights accordingly (i.e. 21–22
and 23–24 April 2009). On 21–22 April 2009, the best-fit
analysis reveals the presence of �12 h wave periodicity as
the long period wave at both the locations, which empha-
sizes the presence of a semi-diurnal type wave at Gadanki
as well as Allahabad. On the contrary, the 23–24 April
2009 data yield a poor fit for the long period waves which
suggests the dominance of shorter period waves at both the
locations. In fact, on this night, data exhibit a shorter per-
iod wave (�3 h) dominating the nocturnal pattern of vari-
ability at both the locations. Overall, the 23–24 April 2009
variability was characterized by the dominance of short
period gravity waves while the 21–22 April 2009 variability
exhibits the dominance of a semi-diurnal type wave.

Further, because our aim is to investigate the short per-
iod gravity wave features in the nocturnal data, to enhance
the shorter period wave a 3 h running average has been de-
trended from the intensity data. Later, to explain and
quantify the observed residual intensity variability of
shorter period waves, a parametric best fit model which
uses three sinusoidal components has been utilized. The
selections of the sinusoidal components are based on the
Lomb–Scargle periodogram method where only the three
most dominant periods are selected for the best-fit model-
ing. The descriptions of the wave characteristics observed
on both the nights are as follows.

3.1. 21–22 April 2009

Fig. 4 show the results of the parametric best-fit sinusoi-
dal estimation for 21–22 April 2009. From top to bottom,
we plot the results of residual intensity of Gadanki-O2,
Gadanki-OH and Allahabad-OH data, respectively. The
top panels of each plot show the residual intensity data
(filled circles and connecting lines) together with the best-
fit results (solid lines) and the 90% confidence band of
the model prediction. The bottom panels of each plot show
the amplitude variability of the best-fit sinusoidal wave
components. One may note the presence of some common
wave features at both altitudes in the Gadanki data. The
OH data over Gadanki is characterized by �2, 1.3 and
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Fig. 3. The mean intensity deviations for the OH airglow emission for Gadanki and Allahabad data (open circles with connecting lines). Top panels show
the Gadanki data while the bottom panel shows the data corresponding to Allahabad. The solid red lines in each plot are the best-fit curves depicting the
long period nocturnal waves. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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0.8 h waves whereas the O2 data is dominated by waves
with periodicities �2 and 1.2 h together with an unresolved
long period wave with periodicity �10 h. The absence of
the 0.8 h wave at higher altitudes signifies the possible dis-
sipation of this wave before it could reach the O2 altitudes.
Further, the cross correlation analysis reveals the maxi-
mum correlation coefficient of �0.84 with about 0.7 h time
shift for O2 data. This, indeed is a clear signature of
upward wave propagation in OH and O2 data. Assuming
the separation between the OH and O2 layers remains
�9 km, the vertical group velocity is estimated to be
�10 km/h. The Allahabad intensity data (bottom panel)
also show that somewhat similar waves dominate the OH
data. The periodicity of waves over Allahabad is found
to be �6.7, 1.4 and 0.8 h. Among them, important to note
is the presence of �1.3 and 0.8 h waves at both the loca-
tions (note that Gadanki data show that the 0.8 h wave
did not propagate to higher altitudes). It should be men-
tioned here that in this study, small differences in observed
wave periods are treated as insignificant because of the
instrument limitation and complex behavior of the atmo-
sphere. We assume the vertical group velocity represents
an average vertical velocity of the wave packet of
�0.6 km/h. Under this assumption and taking the natural
oscillation period to be �6 min, we calculate the vertical
and horizontal wavelengths of the observed common wave
using the linear dispersion relation for propagating gravity
waves (Hines, 1960) [i.e., cos h = TBVperiod/Twave-period and
tan h = kx/kz, where h is the angle of propagation]. The
estimated vertical and horizontal wavelengths of the 1.2 h
wave (which is common at Gadanki and Allahabad) are
�14 and 168 km which results in a propagation angle of
�85�. Further, the Allahabad imager data show these
waves to travel to the North-East direction. These observed
wave parameters are summarized in Table 1.

3.2. 23–24 April 2009

Results of best-fit sinusoidal parametric estimation for
the residual intensity data corresponding to 23–24 April
2009 are plotted in Fig. 5 for Gadanki O2, OH and Allaha-
bad OH data (top to bottom, respectively). Evident in the
data are the short period wave features at both the loca-
tions. Over Gadanki, O2 data exhibits �2.8, 1.4 and 0.9 h
waves to be the most dominant (top panel of Fig. 4) while



Fig. 4. Parametric best-fit model results for the mesospheric airglow observations of 21–22 April 2009. The top and middle panels show the results for O2

and OH residuals of Gadanki observations, while bottom panel is shows the results for residuals of Allahabad OH data. In each panel plotted at the
bottom is the variability of individual sinusoidal components while the resultants are plotted at the top with representative residual data.
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the OH data show significant amplitudes for the �3, 1.3
and 0.9 h waves. The upward propagation of waves is
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with a time delay of �0.5 h (where cross correlation maxi-



Table 1
The estimated wave properties for Gadanki and Allahabad observations. Similar wave quantities are indicated by similar fonts.

Date Gadanki Allahabad Wavelengths of common wave periods (km)

Wave periodicity (h) Phase difference (h) OH wave periodicity (h) Vertical Horizontal

OH O2

21–22 April 2009 �2, 1.3, 0.8 �2, 1.2 �0.6 �6.7, 1.4, 0.8 �12 �168

23–24 April 2009 �3, 1.3, 0.9 �2.8, 1.4, 0.9 �0.5 �1.5, 0.8, 0.6 �12, �22 �170, �176
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mizes at �0.91), which results in vertical group velocity
�18 km/h. The Allahabad data on the other hand exhib-
ited dominant periodicity of �1.5, 0.8 and 0.6 h. The com-
monality of two waves out of three dominant periodicities
at both the places is an important aspect with regard to the
spatial extent over which these short period gravity waves
may propagate. As said earlier, assuming the vertical group
velocity to represent the velocity of individual waves, the
vertical wavelengths of �1.4 and 0.9 h waves are estimated
to be �12 and 22 km, respectively. Therefore, the estimated
horizontal wavelengths of these waves are �170 and
176 km. This again shows the waves to propagate close
to horizontal with angles of �86� and 82� from their source
regions. The Allahabad images show these waves to travel
to the North-West.

4. Discussion

Our results clearly indicate the following characteristics
in the mesospheric airglow emissions.

(a) On 21–22 April a wave with periodicity �1.2 h was
common to the Gadanki and Allahabad locations.
The vertical and horizontal wavelengths of these
waves were �14 and 168 km, respectively. Also, the
Gadanki data show that the 0.8 h wave was dissi-
pated at �94 km altitudes, but this wave was noted
in the OH data at Allahabad.

(b) The 23–24 April data show 0.9 and 1.4 h waves to
exist at both Gadanki and Allahabad locations with
vertical wavelengths �22 and 12 km and horizontal
wavelengths of �176 and 170 km, respectively.

To support the presence of above discussed wave signa-
tures at both the locations; in Fig. 6, we plot version 1.07
temperature data averaged for the latitude and longitude
range of 10–28� N and 75–85� E, obtained from the
SABER instrument onboard the TIMED satellite (Rems-
berg et al., 2008). One may note the presence of a dominant
wave with vertical wavelength of �15 km on 21–22 April
2009 (Fig. 6a) while somewhat shorter vertical wavelengths
(�12 km) were visible on 23–24 April 2009 (Fig. 6b), more-
or-less similar to the observations made with the help of
MLTP over Gadanki. Further, as noted in the ground
based measurements and subsequent estimates, the appar-
ent horizontal phase velocity of the waves on 21–22 April
was �40 m/s for �1.2 h wave. Similarly the horizontal
phase velocity of the 0.9 and 1.4 h waves is �33 m/s and
54 m/s for 23–24 April 2009 data. These values are signifi-
cantly higher than the typical background mesospheric
wind amplitudes which vary from 10–30 m/s (as noticed
in TIDI, onboard the TIMED satellite wind profiles for
nearby nights, http://tidi.engin.umich.edu/) during April
2009. Therefore, it can be conjectured that these waves
have overcome the mean wind filtering and reached long
distances, noted as the common wave features at Gadanki
and Allahabad. It is unfortunate that the TIDI winds were
not available for the above mentioned nights to study the
effects of winds on wave propagation. The dissipation of
the 0.8 h wave at OH and O2 altitudes is another interesting
aspect. However, as this wave was observed in OH data
from Allahabad, we feel that it may be ducted between
OH and O2 altitudes. To ascertain this, with horizontal
wind model profiles and observed SABER temperature
profiles over Gadanki we calculate the m2 values (Fig. 7).
Evident in the m2 profile is a distinct region around 90–
93 km altitudes where m2 is negative. This region is defined
as evanescent for the 0.8 h wave, i.e., the region where this
wave can not propagate vertically (Chimonas and Hines,
1986). Surrounding this evanescent region there exist
regions where m2 is positive. The negative m2 values may
indicate a duct region where gravity waves can propagate
to long distances at OH emission altitudes (�85–85 km)
but were not observed at O2 emission altitudes (�95 km).
Though, we can not say whether it was Doppler duct or
a thermal duct as the winds utilized are model only; a
strong variation in the SABER temperature profile sug-
gests a thermal duct.

Noteworthy is the presence of strong inversion layers in
SABER temperature profiles on both the nights which
again indicate the possibility of some of the waves getting
trapped by a thermal duct, as suggested above. The
unavailability of wind data limits our discussion of the dis-
sipation of this wave within the 85–94 km altitude region
and an estimate of mesospheric wind effects on the com-
mon waves observed at stations, horizontally separated
by �1200 km on both the nights of simultaneous observa-
tions. However, as noted in the OH and O2 data of
Gadanki, these waves were propagating upwards which
shows them not to be ducted waves (except for the 0.8 h
wave). It should be mentioned here that more statistics is
required for a better understanding of the horizontal extent

http://tidi.engin.umich.edu/


Fig. 5. Same as Fig. 4 but for the observations of 23–24 April 2009.
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of waves and therefore the present case study is only indic-
ative in nature.

There have been several reports suggesting that waves
traveling to such large distances are signatures of ducted
waves (e.g., Isler et al., 1997; Walterscheid et al., 2001;
Snively and Pasko, 2008) while some reports also suggests
that they may be upward propagating gravity waves and
while propagating to greater heights, they may expand to
larger spatial scales (Shiokawa et al., 2000). Our measure-
ments show these waves to be upward propagating with a
propagation angle very close to horizontal. Therefore,



Fig. 6. Representative SABER temperature profiles over Gadanki for 21–
22 and 23–24 April 2009. One may note wave signatures with vertical
wavelengths from 10 to 25 km.
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our results suggests that there exists a possibility for the
observed plane wave fronts (as observed in some non-linear
wave phenomena (Scheer and Reisin, 2010)) to be associ-
ated with upward propagating waves. However, these
issues can not be resolved without multi-instrument,
multi-station studies. To the best of our knowledge, there
exist no reports from India with simultaneous bi-station
mesospheric measurements. Therefore, our results are
unique, nevertheless we report an interesting aspect of
gravity wave propagation and effects, and multi-station
studies, together with suitable wind information expected
to become available via the upcoming NARL-SAFAR
and NDMC programs, should shed more light on this
subject.
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