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Abstract

With the development of cooled CCD detector, it has become possible to detect the spatial and temporal variation of the
small-scale structure in airglow emission more accurately. Using tilting 6lter photometers (630 nm and OH) and a CCD-based
multi-channel all-sky imager, the night airglow observations were carried out from Kolhapur (16:8◦N; 74:2◦E) and Panhala
(17:0◦N; 74:2◦E; height above mean sea level 3200 ft), India, during the clear and moonless nights of January–February,
2001. The multi-wavelength airglow imaging enables us to study the horizontal structures of the small-scale gravity waves
at various heights in the region of emissions and to investigate propagation of those waves in detail. Hydroxyl (OH) and OI
557:7 nm images on the night of February 18, 2001 showed row-like structures moving from north to south direction spanning
over 500 km in the sky. The observed horizontal phase speed (∼50 m=s), wavelength (∼25 km), wave period (∼8 min) of
the atmospheric gravity waves have been determined from a set of sequential images of OI 557:7 nm (at 97 km) and OH (at
86 km) observed at Panhala. These are the 6rst observation of the signature of atmospheric gravity waves using an all-sky
imager in Indian region indicating perturbation in density in the mesospheric region (80–100 km). The possible sources of
the waves to the extended region have been discussed.
c© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Short-period gravity waves with wavelengths from a
few kilometers to a few hundred kilometers have been
extensively studied at low-, mid- and high-latitude regions
(Shiokawa et al., 2000 and references there in). With the
advent of charge coupled devise (CCD) based all-sky
imagers, it has been possible to measure the intensity of
emission of various airglow lines more accurately. Typical
altitudes of observation of gravity waves were con6ned to
80–100 km, the mesopause layer using the infrared OH,
the visible OI 557:7 nm and Na emission lines (Taylor
and Garcia, 1995). As the gravity waves with the origin
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in the troposphere carry energy and momentum to the region
between the mesopause and the lower thermosphere, they
are very important for studying the dynamics of the region.
When gravity waves propagate through airglow layers, the
atoms or molecules and ions, cause photochemical reactions
also, Ductuate. As a result, airglow intensity is perturbed and
layers show two-dimensional wave pattern. Through airglow
imaging temporal and spatial structure of gravity waves can
be inferred. The airglow structure can be interpreted as the
result of waves passing through the airglow layer and so we
can use this data to determine the horizontal wavelength and
phase velocity of the waves (Swenson and Mende, 1994).
Note that since the airglow emission originates from a fairly
thin layer, the image data allows us to see a horizontal slice
through the three-dimensional gravity wave pattern when
they are moving from tropopause to the mesosphere.
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Table 1
Filter details and exposure times for the all-sky imager

Emission Wavelength Diameter of the 6lters (in) Band width (nm) Transmission (%) Integration time (s)

OI 557:7 nm OI 557:7 nm 4 1.0 65 60
OH bands OH 720–910 nma 4 190 65 15

aWith a notch at 865 nm to suppress O2 (0,1) emission.

Using CCD-based all-sky imager, multi-point observa-
tions of short-period gravity waves were carried out in Japan
over an extended area (Shiokawa et al., 2000). Three all-sky
cameras were used to measure OH airglow at three sta-
tions in Japan which were separated by distances of 250
–1300 km. Similar wave structures, characterized by hori-
zontal wavelengths of 20–40 km and northward phase ve-
locity of 20–40 m=s, were observed at all three stations in-
dicating that the spatial extension of the short-period waves
was more than 1000 km. Taylor and Garcia (1995) ap-
plied two-dimensional spectral techniques and interpreted a
set of image data (OH and OI 557:7 nm) that consisted of
two intersecting quasi-monochromatic gravity wave patterns
progressing on approximately orthogonal headings. Though
there are plenty of observations of gravity waves through
the airglow images from other parts of the globe show-
ing horizontal wavelengths ranging between 5 and 100 km
(Clairemidi et al., 1985; Armstrong, 1986; Nakamura et
al., 1999; Shiokawa et al., 1999; Taylor et al., 1995, 1997,
1998; Prusa et al., 1996), the observations were not avail-
able from the Indian region due to absence of a suitable
imaging system.

In this report, we present the 6rst observation of
short-period gravity waves using an all-sky camera from
India from the top of a hill at Panhala and discuss the char-
acteristic parameters for two typical events and possible
sources of these waves.

2. Instrumentation and theory of tropical emissions

The design of a CCD-based imaging system has been
discussed, amongst others, by Baumgardner and Karand-
anis (1984), Mendillo et al. (1989) and more recently by
Mendillo et al. (1997), Mukherjee et al. (1998), Nakamura
et al. (1999) and Kubota et al. (2001). The all-sky im-
ager that we used for observation was developed in col-
laboration with Boston University, US. This has six 6l-
ters on a wheel, a 6sh-eye lens that has a 6eld of view of
180◦ and an intensi6ed cooled CCD camera with 384×256
pixels. The various emission lines originating at diHerent
ionospheric/thermospheric and mesospheric heights can be
studied almost simultaneously with the help of this system.
In this report, we present the results using two 6lters: OI
557:7 nm and OH. The details about the 6lters and the ex-
posure time used are given in Table 1.

The major portion of OI 557:7 nm emission comes from
the recombination of oxygen atoms in the mesopause re-
gion (80–100 km). There is a general agreement that the
OI 557:7 nm emission is excited by the so-called two-step
energy transfer process: O+O+M → O∗

2 +M;O∗
2 +O →

O(1S)+O2. A part of this emission also originates from the
dissociative recombination process in the F region. The later
contribution is estimated to be about 20% of the OI 630 nm
emission in the F region (Sobral et al., 1992).

The Meinel band hydroxyl emits radiation so that the
excited hydroxyl radicals (OH*) immediately transfer to the
lower stable energy level. OH* is considered to be produced
by the following reactions:

O3 + H → OH∗(v6 9) + O2;

HO2 + O → OH∗(v6 6) + O2;

O∗
2 + H → O + OH∗;

OH∗(v) → OH∗∗(v′) + h�(550 nm − 4:4 �m);

where * and ** indicate that the molecule is in the state
of excitation, and v and v′ indicate the order of states of
molecules. The peak altitudes of the OH and OI 557:7 nm
emission layers were observed to be ∼86 and ∼97 km, re-
spectively, with a layer width of ∼11 km each (Kubota
et al., 1999).

3. Image analysis and results

Fig. 1 shows the location of the observing station Pan-
hala with respect to geographic coordinates. The two cir-
cles indicate the coverage of the camera system for zenith
distances 75◦ and 90◦ for mesospheric emission height of
90 km at Panhala. The all-sky imager was operated from
Panhala hill during January and February 2001 on clear
moonless nights to detect the signature of gravity waves.
Despite the extended period of observations, we could de-
tect very few events with signatures of gravity waves in OI
and OH images. This could be due to the resolving power
of the CCD camera with 384 × 256 pixels. Therefore, we
discuss only two typical representative gravity wave events
in this short report. In an hour, 14 images were obtained for
OI 557:7 nm and OH emissions. The 6sh-eye lens image is
transformed into the image in the geographic co-ordinates,
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Fig. 1. Field of view at 75◦ and 90◦ zenith angles at mesospheric
emission height of 90 km for the all-sky camera at Panhala.

by assuming emission height of 86 km for OH and 97 km
for OI 557:7 nm emission. The mean image is obtained by
averaging together a series of 14 images (obtained in 1 h)
processed through IDL software (Kubota et al., 1999). The
mean processed image was used to Dat 6eld the image data
set. The non-uniformity of all-sky images due to van Rhijn
eHect, the atmospheric extinction, and the non-uniform sen-
sitivity of the imager are corrected roughly by this pro-
cess. Fig. 2 shows the processed images. The upper panel
in the 6gure shows that at the center of the OI 557:7 nm
image at 2138, 2142 and 2146 h IST on February 18, 2001,
the distinct wave structures aligned in east–west direction

Fig. 2. All-sky images of OI 557:7 nm and OH airglow images showing row like structures (east–west) of gravity waves obtained at Panhala
on the night of February 18, 2001. The indicated timings are in IST (IST = UT + 5:5 h).

are seen, which are considered to be modulation of airglow
layer by gravity waves. These small-scale structures were
intersecting the north–south aligned structures observed
in the images, which are due to contributions from iono-
spheric F region plasma bubbles (depletion in intensity)
moving eastward. The lower panel displays the similar
east–west aligned signature of gravity waves in hydroxyl
OH airglow at 2136, 2140 and 2144 h IST. The distur-
bances were detected both in the OI and OH layers (mean
separation ∼11 km) suggesting that wave energy was able
to propagate from the mesosphere into the lower thermo-
sphere. Using the geographical coordinates and height of
the layer of emission and geometry, diHerent characteristic
parameters (phase velocity, wavelength, direction of prop-
agation, period, etc.) of gravity waves were determined. In
order to get the parameters a portion of the image, rectan-
gular in size, is cut out from both OH and OI 557:7 nm
images. For calculation of distances from zenith in geo-
graphical coordinates, the height of the emission layer
for OH and OI 557:7 nm have been assumed to be 86
and 97 km (Kubota et al., 1999). It is evident from both
Figs. 3 and 4 that the waves propagate initially towards
southwest direction between 21:04 and 21:33 h IST and,
subsequently, thereafter the waves propagated almost in
the meridional direction to the south. The waves were only
observed for 1 h and 10 min between 21:00 and 22:10 h.
The horizontal wavelength and the direction of propaga-
tion of isophase lines are determined from the 6gures and
the horizontal phase speed have been derived from a set
of successive images of OH and OI 557:7 nm, then the
wave period was determined (Nakamura et al., 1999).
The horizontal wavelength in the meridional direction,
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Fig. 3. Set of images showing quasi-monochromatic gravity wave patterns imaged on February 18, 2001 in the OH emission in geographic
coordinates from 21:00 to 22:00 h IST.

corresponding to the band separation in their southward
movement, is estimated to be about 25 km. The phase ve-
locities of the wave fronts are estimated to be about 50 m=s.
It was inferred that the short-period (∼8 min) gravity waves
with 25 km wavelength were dominant at the sky of Pan-
hala during 2100–2210 h IST which were spread over spa-
tial scale of ∼500 km.

A tilting photometer unit (Mukherjee and Dyson,
1992) was also operational at a near by place, 20 km away
from Panhala at Kolhapur. Fig. 6 shows the zenith intensity
variation of OI 630 nm and OH (8,3) intensity obtained
at Kolhapur during the night of February 18, 2001. It is
clearly seen that the intensity of the OI 630 nm emission
increases with local time reaching its maximum value

around midnight while that of OH Meinel bands decreases
during the same period. The relative intensity variations are
much larger for OI 630 nm emission than for OH (8,3).
The 6gure also shows small Ductuations in OH airglow.

In Fig. 5, we show another typical example of the signa-
ture of gravity waves in OH images observed on the night
of January 22, 2002 at Panhala between 21:00 and 22:00 h.
These images depict the propagation direction of gravity
waves from northwest to southeast direction. The large-scale
band structure moves with a velocity 60 m=s towards south-
east direction. Assuming an emission height of 86 km in the
OH images, the average horizontal wavelength of the struc-
ture is found to be ∼40 km. The structure is clearly seen in
OH images but remains absent in OI images.
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Fig. 4. Same as Fig. 3 but for OI 557:7 nm emission images.

Fig. 5. Plot showing the band type gravity wave pattern in OH images on the night of January 22, 2001 at Panhala propagating in southeast
direction.
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Fig. 6. Plot showing the photometric intensity variation of OI
630 nm emission and OH (8,3) on the night of February 18/19,
2001 observed at Kolhapur.

4. Discussion and conclusions

Atmospheric gravity waves play an important role in
the dynamics and energetics in the mesosphere and lower
thermosphere. Wave-like structures of gravity waves were
detected in the images of OI 557:7 nm and hydroxyl OH
emissions on the night of February 18, 2001 when an all-sky
imager was operated from the top of a hill at Panhala in
India. These are the 6rst imaging observation of gravity
waves from Indian low-latitude region. The characteristic
features of the observed gravity waves are summarized
below:

Short-period gravity waves with wavelengths 25 km have
been observed at Panhala on February 18, 2001 during 2100
–2200 h, they were spread over a region of ∼500 km. They
were initially moving to southwest and then southward with
a phase velocity of 50 m=s. The average Kp index for the
day was 1 and the average decimetric solar Dux indices
(F 10:7 cm) for the day was 129 units (10−22 W=m−2). It
was geomagnetically quiet period with low solar activity.
Both the disturbances were detected in the OH and OI lay-
ers (mean separation ∼11 km) suggesting that wave energy

was able to propagate from the mesosphere into the lower
thermosphere over a very large region. This is also inferred
from the phases of the wave propagation at two altitudes
and the fading of the waves from lower to higher altitudes.
The results have implications on the sources of these waves.
The gravity waves are classi6ed broadly into two types;
bands and ripples. The ripples have wavelengths of 5–15 km
and are short lived (¡ 45 min) with restricted spatial cov-
erage. On the other hand, the bands are large and having
long-lasting wave patterns with horizontal wavelengths of
several tens of km. The band structure of the gravity waves
have been commonly studied and reported through airglow
imaging because of their long-lasting nature.

The linear dispersion relation of the gravity wave is
expressed as (Hines, 1960)

m2 = (N 2=(u− c)2)− k2 − 1=4H 2; (1)

where m; N; u; c; k and H are the vertical wave number,
Brunt–VMaisMarMa frequency, background wind velocity, ob-
served wave phase velocity, horizontal wave number and
scale height, respectively. The vertical (Vg z) and horizon-
tal (Vgx) group velocity of the waves are derived from
Vg z = @!=@m and Vgx = @!=@k (where the wave frequency,
!= ck) to give (Shiokawa et al., 2000)

Vg z =±Nmk=(m2 + k2 + 1=4H 2)3=2; (2)

Vgx = u± N (m2 + 1=4H 2)=(m2 + k2 + 1=4H 2)3=2: (3)

Eqs. (2) and (3) give the vertical and horizontal group
velocities of wave energy propagation. It is seen that the
vertical propagation of gravity waves is strongly inDuenced
by horizontal wind velocity in the background.

We do not have horizontal wind pro6le at the place
of imaging observation; therefore, we assume u = 0. The
values of c and k have been estimated from the airglow
measurement (February 18, 2001) as∼50 m=s and∼2�=25.
In the atmosphere, the vertical propagation to be possible,
!2¡N 2. The realistic value of N∼0:02 rad=s has been
assumed to compute the vertical wavelength and verti-
cal group velocities. This corresponds to relaxation time
(2�=N )∼5 min for the average atmosphere. However, u=0
and N = 0:02 are too simpli6ed background conditions and
the wave propagation from the troposphere/tropopause is
just one example of the possible case. The vertical wave-
length, Lv =2�=m, and the horizontal and vertical group ve-
locities of the observed waves are computed to be ∼20 km,
∼± 30 m=s and ∼± 22 m=s. As the waves were observed
over a very large area localized in the mesosphere, it is un-
likely that the sources of the waves were localized. There is a
possibility that if the source region is localized in the area
but the wave is ducted in the MLT region and propagated
horizontally, it is possible to have large horizontal extent.
Tropospheric disturbances, such as thunder storms, Duid
instabilities, collapse of fronts, localized shear (vortices)
can generate large-scale gravity waves. However, the back-
ground wind data from Radar can con6rm and give useful
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information about the distribution of the source region and
the propagation of the gravity waves.
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