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[1] A prominent front separating bright and dark regions of all-sky airglow images was
recorded on the night of 22/23 March 2007, at the low-latitude Indian station Tirunelveli
(8.7�N, 77.8�E) and is attributed to a mesospheric bore. With the help of complementary
wind information from the colocated MF radar and temperature and density data from
the SABER instrument onboard TIMED mission, the parameters of the bore are calculated
and discussed. Because the observed wind at the emission altitude was orthogonal to the
direction of bore propagation, Doppler ducting was not likely to support the bore. The
analysis that makes use of the square of buoyancy frequency profiles reveals a thermal
duct that would provide favorable conditions for the propagation of the bore. This is the
first report of a mesospheric bore event from the Indian sector.
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1. Introduction

[2] All-sky airglow imagers are potential tools to monitor
the dynamics modulated airglow layers, as they capture the
wide-field images of the sky with a fisheye lens and store
them digitally with the help of CCD arrays. These imagers
are most suited for the study and visualization of short-scale
disturbances that often modulate the mesospheric airglow
emissions. The imaging observations in the past have led to
the classification of dynamical events into different types
such as quasimonochromatic gravity waves [e.g., Taylor et
al., 1997; Nakamura et al., 1999], ripples [Hecht, 2004],
mesospheric walls [Swenson et al., 1998; Li et al., 2007]
and mesospheric bores [Taylor et al., 1995; Smith et al.,
2003; She et al., 2004], based on their morphology and
propagation characteristics.
[3] During ALOHA-93, Taylor et al. [1995] observed a

system of wavefronts phase-locked to a leading front behind
which the lower airglow layers of hydroxyl and sodium
showed an increase in brightness, while the upper layers of
atomic and molecular oxygen showed a decrease. This
phase reversal property between lower and upper airglow
emissions is known as the ‘‘complementarity effect’’. In
addition to this behavior of airglow emission intensities, the
rotational temperatures derived from OH Meinel band
rotational line intensities showed an abrupt increase about
15 minutes before the passage of the front. In order to
explain such distinct events, two models have been pro-
posed: (1) Munasinghe et al. [1998] explained this event as
a propagation of fully ducted gravity wave with observed
wave parameters interacting with a waveguide node present

in the region between OH and OI emission altitudes;
(2) Dewan and Picard [1998] interpreted this event as a
mesospheric bore and developed a simple model based on
the work on channel bores by Rayleigh [1908], Lighthill
[1979] and others (see the references in Dewan and Picard
[1998]). According to the latter model, mesospheric bores
result from symmetric hydraulic jumps that occur in the duct
channels present in the upper mesosphere. This model
predicted various properties associated with such events
and presented an elegant explanation for the observed
complementarity effect by considering a simple duct chan-
nel that could be provided by a mesospheric inversion layer.
[4] In a subsequent work, Dewan and Picard [2001]

suggested the forcing due to gravity wave critical level
interactions as a favorable condition for the generation of
bore disturbances that could impart further energy to an
already existing inversion layer. Seyler [2005] discussed the
possibility of nonlinear development of gravity waves
trapped in an inversion layer being seen as mesospheric
bores.
[5] A variety of mesospheric bore events have been

reported in the literature [Smith et al., 2003, 2005, 2006;
Brown et al., 2004; She et al., 2004; Fechine et al., 2005;
Neilson et al., 2006; Shiokawa et al., 2006]. Most of them
were from low and mid latitude American sector. According
to our knowledge, only one bore-like event was reported
from the low latitude Indonesian region [Shiokawa et al.,
2006] and one event was reported from Antarctica [Stockwell
et al., 2006; Neilson et al., 2006]. It appears that bore
occurrences are greater in number at low and mid latitudes
than at high latitudes [Fechine et al., 2005; Neilson et al.,
2006]. However, unless observations from various longitu-
dinal sectors are made, the global distribution of bore
occurrences cannot be studied.
[6] For the first time, we herein report a bore event

observed using an all-sky airglow imager from the low
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latitude Indian site, Tirunelveli (8.7�N, 77.8�E). In this
work, with the help of wind data obtained by the colocated
medium frequency (MF) radar and temperature data from
the Sounding of the Atmosphere using Broadband Emission
Radiometry (SABER) instrument onboard Thermosphere
Ionosphere Mesosphere Energetics and Dynamics (TIMED)
satellite, we infer that the bore was supported by a thermal
duct situated at the OH emission altitudes. We explain the
observed event in the light of the Dewan and Picard [1998]
model of mesospheric bores (hereafter referred to as DP
model). This model evaluates bore parameters by taking
into account the thickness or vertical width of the duct
channel before the occurrence of the hydraulic jump
denoted by h0 and the vertical width of the duct channel
after the occurrence of the hydraulic jump denoted by h1. In
the present work, the vertical width of the duct channel is

simply referred to as duct width. We propose a hypothesis
on the possible relationship between the double peaked
hydroxyl emission features noticed in SABER observations
and the mesospheric bores, albeit further studies and results
are awaited for confirmation of this view.

2. Observations and Data Used

[7] Nightglow imaging observations were carried out
from Tirunelveli using an all-sky airglow imaging system
procured from Keo Scientific Limited, Canada, which is
based on f/4 optics with digital image acquisition system
consisting of a high efficiency CCD camera of array size
512 � 512 pixels. The instrument is capable of observing
the sky from horizon to horizon (>170�). In order to reduce
spurious vehicular light disturbance originating in the near-

Figure 1. Images showing bore propagation along the direction indicated by the arrow. Times are in
IST. The horizontal and vertical axes show distance in kilometers. Assumed height of OH airglow for
image unwrapping is 87 km.
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by road, we have physically reduced the field of view
(FOV) to �125�. The imager currently hosts the following
six filters in a filter wheel arrangement: (1) a broadband OH
filter covering the wavelength region of 705.8 to 928.2 nm
with a notch centered at 865 nm to block the O2 band
emissions, (2) a filter centered at 557.7 nm to probe the OI
green line emission, (3) a sodium filter with a peak
transmission wavelength of 589.2 nm, (4) a filter with peak
transmission at 572.3 nm to characterize the sky noise, (5) a
filter tuned to 630.0 nm and (6) a filter tuned to 777.4 nm.
The latter two filters are used to diagnose the thermospheric
OI emissions. All the filters except the broadband OH filter
have bandwidths less than 2 nm. The acquired images were
flat-fielded and the stars present in the images were
removed. Thereafter, each of the images that would result
by subtracting from it an hourly average of several images
was unwarped and projected onto a distance grid. For OH
images, the distance grid was based on an assumed centroid
height of 87 km. The grid size was approximately 320 �
320 km for 125� FOV, and wave parameters like wave-
lengths and phase velocities were measured from the
unwarped images. This image analysis was similar to that
adopted by Garcia et al. [1997].
[8] On the night of March 22/23, 2007, an intense system

of phase-locked wavefronts moving from northwest to
southeast was recorded between 00:25 and 01:30 Indian
Standard Time (IST) (IST = UT + 5.5 hours). The horizontal
extent of the wavefronts was greater than the distance
covered by the FOV of the instrument (�320 km) and they
crossed the zenith around 00:50 IST. Figure 1 shows four
images of the event obtained at different times during this
night. A detailed analysis to be presented in section 3
identifies this event to be a mesospheric bore. On this night,
only the OH and background filters were used, with 1 min

exposure time for OH images and 2.5 min exposure time for
the background images.
[9] In this work, we make use of the wind measurements

obtained from the colocated MF radar. The radar is capable
of determining wind velocities from 68 to 98 km at a height
resolution of �4 km. The probing region is oversampled at
2 km height intervals. Typical uncertainties of wind esti-
mates are �5 m/s. Further details of the radar system and
the method of wind extraction are outlined by Rajaram and
Gurubaran [1998] and references therein. Adopting a
criterion of at least 30% of useful data obtained every hour,
we found the radar probing height region of 84–94 km
suitable for analysis.
[10] Along with these ground-based data sets, the tem-

perature, density and 1.6 mm OH emission measurements
made by the SABER instrument onboard TIMED satellite
are used to calculate the parameters of the bore. During the
event, the TIMED mission made tangent point measure-
ments over locations with geographic coordinates (5.8�N,
80.4�E) at 00:55:00 IST, (9.5�N, 81.5�E) at 00:56:10 IST
and (12.7�N, 82.6�E) at 00:57:11 IST as shown in Figure 2.
The distances between the ground observation station
(8.7�N, 77.8�E) and the satellite measurement locations
over (5.8�N, 80.4�E), (9.5�N, 81.5�E) and (12.7�N,
82.6�E) are 437.9 km, 422.0 km and 697.7 km, respectively.
The measurement nearest to our ground observation site
corresponded to the location with geographic coordinates
(9.5�N, 81.5�E) and also this measurement was nearer to the
observed frontal system as depicted in Figure 2. We assume
that the parameters measured over this location did not
differ appreciably from those over our ground observation
site. Thus the values measured over (9.5�N, 81.5�E) are
considered to represent the background conditions and we
evaluate the parameters of the bore by making use of those
values. By the time of this measurement at 00:56:10 IST, the
wave system had already crossed the overhead part of the
sky at Tirunelveli. It may be noted that the horizontal extent
over which the wavefronts got aligned as seen in the images
shown in Figure 1 was greater than 320 km, and hence there
was a possibility that the bore would have extended up to
the longitudes of SABER measurements. Hence the chosen
measurement set at (9.5�N, 81.5�E) was likely to represent
the background conditions after the bore passage. Figure 2
shows the bore front observed at 00:56 IST as a straight line
within a circle representing the FOVof the instrument. Even
though the height profiles of the SABER measurements
were sampled approximately at 0.4-km intervals, their
vertical resolution was �2 km. Hence for our discussion,
we consider parameters averaged over 2 km in 1 km sliding
intervals for the altitude region of interest.

3. Results and Discussion

[11] As mentioned before, an intense wavefront entered
the imager FOV from the northwest around 00:25 IST and it
continued to travel toward the southeast at an azimuth of
140� with no appreciable rotation during the course of the
event. The region of images behind the leading front showed
enhanced emission intensity. From 00:40 ISTonward, at least
three crests were seen. The wavelength values shown in
Table 1 were deduced for times after 00:40 IST yielding an
average horizontal wavelength, l, of 13.4 km. As time passed

Figure 2. Map showing the ground site of imager
observations and the nearby sites over which tangent-point
measurements were made by TIMED mission during the
progress of the event. The circle around the observation site
represents the area covered by the FOV of the imager, and
the line inside it is the indication of the leading bore front at
00:56 IST. The parameters sampled by SABER/TIMED
over the circled point at geographic coordinates (9.5�N,
81.5�E) is considered to represent the background condition
(see text for further details).
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by, more fronts became visible, but they were relatively
fainter. The second front completely disappeared at around
01:00 IST. Table 1 also lists the computed distance between
the first and third fronts at various times. The leading front
exited the FOV of the instrument at around 01:25 IST. The
apparent phase velocity, c, does not show any significant
variation during the course of the observation and is estimated
to be 70.0 ± 5.7 m/s. The errors in the estimates correspond to
the standard deviations computed for the set of points that
contributed to the computation of the wave parameters.
[12] The background wind along the direction of propaga-

tion of the frontal system was obtained from the zonal and
meridional wind components measured by the MF radar. The
average of the 86 and 88 km altitude winds along 140�
azimuth obtained between 00:30 and 01:30 ISTwas 10.3 m/s
and is taken as the background wind, u. Thus the intrinsic
velocity of phase propagation, U (= c � u), of the frontal
system is estimated to be 59.7 m/s. The values of l and c from
the imager measurements, u fromMF radar measurement and
N2 (square of buoyancy frequency) and H (scale height)
calculated from SABER temperature profiles, are substituted
in the gravity wave dispersion relation:

m2 ¼ N2

c� uð Þ2

 !
� k2 � 1

4H2
; where k ¼ 2p=l: ð1Þ

[13] Here m and k represent the vertical and horizontal
wave numbers, respectively. From the above equation, we
get an imaginary value for m throughout the height range of
84 to 94 km as shown in Figure 3, which is an indication for

evanescence. Any interpretation of this event in terms of a
wall wave requires an evidence for the existence of a large-
amplitude vertically propagating gravity wave [Swenson et
al., 1998; Batista et al., 2002; Li et al., 2007]. In the present
work, we do not have evidence for the existence of such a
strong vertically propagating wave in the available wind
data. Further, the dispersion relation would reveal a prop-
agating feature if the observed wave system was indeed a
propagating gravity wave. Rather, the use of the above
expression (equation (1)) reveals an evanescent behavior
thus defying the identification of the observed event as a
wall wave. Furthermore, evanescent waves are not likely to
carry enough energy to bring about any increase in the
intensity of airglow emissions as witnessed in the present
case.
[14] A bore can be thought as a kind of discontinuous

flow, and the undulations (trailing wavefronts) are believed
to be the consequence of energy leakage behind the leading
front associated with a hydraulic jump [Dewan and Picard,
1998]. They are not merely ducted gravity waves that could
be treated with linear theory of gravity waves. Hence it is
not necessary for them to satisfy linear dispersion relations
of gravity waves. The undulations noted in the very first
report of mesospheric bores were indeed evanescent [Taylor
et al., 1995; Isler et al., 1997]. A recent work on a bore-like
event over Antarctica reported undulations that showed both
evanescent as well as freely propagating regions evolving in
time [Neilson et al., 2006]. However, some sort of ducting
structure is required to support the internal bores. We next
examine whether a duct was present during the time of the
observed event.
[15] The measured true wind in the vicinity of OH

emission altitudes was oriented around 225� azimuth in
the 86 to 90 km height region during the time of event as
shown in Figure 4. Since the true wind direction was nearly
perpendicular to the propagation direction of the observed
frontal system, Doppler ducting was unlikely [Jones, 1972;
Walterscheid et al., 1999]. The two hourly averaged (from
00:00 to 02:00 IST) height profiles of radar winds along the
meridional and zonal directions and also along 225� and

Table 1. Wavelengths Observed Around the Time Specifieda

Time in IST C2-C1 (km) C3-C2 (km) C4-C3 (km) C3-C1 (km)

00:45 14.9 ± 1.1 12 ± 1.1 13.3 ± 1.6 27.3 ± 1.5
01:00 13 ± 0.6 12.5 ± 1.2 13.8 ± 1 25.2 ± 1.3
01:15 – – 14.6 ± 0.9 25 ± 0.6
aC1, C2, C3, and C4 represents successive crests from the first one.

Figure 3. Profile of square of vertical wave number
calculated using colocated MF radar winds and N2 values
obtained from temperature measurements over all the three
locations.

Figure 4. True wind scatterplot for measurements in the
height region 86–90 km between 00:00 and 02:00 IST.
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140� azimuths are shown in Figures 5a–5d, wherein the
wind along 225� azimuth refers to the true wind and that
along 140� azimuth was the component in the front prop-
agation direction. The error bars in the four columns in
Figure 5 represent the standard deviations of wind measure-
ments averaged over the 2-hour period. No Doppler duct
structure is evident in the altitude region of 84–94 km in the
propagation direction of the bore front (Figure 5d). Nor any
intense vertical shear is seen either.
[16] It may be noticed from Figure 5 that the true wind

speed at 86 km was �60 m/s which was as high as the
intrinsic bore speed. The radar measurements clearly reveal
smaller wind speeds along the propagation direction of the
bore, which is in accordance with the previous reports on
mesospheric bores [Taylor et al., 1995; Smith et al., 2003;
She et al., 2004].
[17] Since Doppler ducting was not evident, the other

possibility was thermal ducting that would be caused by the
height variations in the square of buoyancy frequency (N2).
The temperatures measured with the SABER instrument are
used to calculate the square of the buoyancy frequency
given by

N2 ¼ g

T
rTz þ

g

Cp

� �
: ð2Þ

The acceleration due to gravity, g, is taken as 9.54 ms�1 in
the above equation with a specific heat Cp = 1005 J Kg�1

K�1. rTz is the vertical temperature gradient.
[18] Figure 6 shows the height profiles of N2 values

computed from the temperature measurements. A thermal
duct encompassing the OH emission altitudes is indeed seen
in the N2 profiles over the locations (9.5�N, 81.5�E) and
(12.7�N, 82.6�E) and the presence of this feature thus
supports the identification of the observed event to be a
bore event as it would favor the propagation of the bore.
The ducts are indicated by dotted lines in Figures 6b and 6c.
Noteworthy is the fact that the duct structure is not seen in
the N2 profile over the location (5.8�N, 80.4�E; Figure 6a),
which was ahead of the bore front, while the other two

locations were behind the bore front (see Figure 2). It may
be noted that there is a point of inflection at the region of
interest in Figure 6a. It is unclear whether the inflection
would have developed into a duct prior to the passage of the
bore front over that location at (5.8�N, 80.4�E) in not less
than 100 minutes if the front traversed at the intrinsic phase
speed of �60 m/s, or whether the bore front would damp
and dissipate owing to the lack of a supporting duct
channel. According to our knowledge, the DP model does
not discuss the ways of bore dissipation in detail, apart from
the fact that energy is lost by means of generation of trailing
wavefronts. However, it may be noted that we have utilized
the data from only Figure 6b to calculate the bore param-
eters, where there was a duct.
[19] As mentioned earlier, we calculate the parameters of

the bore with the help of the temperature and density
measurements made over the location (9.5�N, 81.5�E) by
considering them to represent the background condition
after the passage of the bore. The half width of the duct
highlighted in Figure 6b was 2.5 km and it represents the
width h1 (i.e. the increased duct width after the passage of
the bore). In order to calculate the parameters of the bore
from the equations of DP model, we need to have informa-
tion on the duct width (h0) prior to the passage of the bore.
[20] According to the DP model, the nature of the bore is

determined by the bore strength, b, which is defined as the
ratio of the increase in duct width to the duct width before
the occurrence of hydraulic jump:

b ¼ h1 � h0

h0
: ð3Þ

[21] For channel bores, if b < 0.3, the energy of the bore
will be dissipated by the generation of waves behind the
front, and such bores are called undular bores. If b > 0.3, the
amplitudes of the waves generated by energy dissipation
will be too large to sustain the waves, resulting in wave
breaking that leads to turbulence. Such bores are called
turbulent or foaming bores. However, for internal bores, this
transition criterion (b = 0.3) may not hold rigorously, as

Figure 5. Averaged wind profiles along (a) meridional direction and (b) zonal direction, (c) component
along 225� as representative for true wind, and (d) component along the front propagation direction (see
text for details). The error bars represent the standard deviations of wind measurements averaged for the
2-hour duration (00:00 IST–02:00 IST).

D08114 NARAYANAN ET AL.: MESOSPHERIC BORE

5 of 9

D08114



there is always a possibility of other means of energy
dissipation apart from wave generation, like energy leakage
through ducts. Indeed, with the help of laboratory experi-
ments on two-layer fluids, Rottman and Simpson [1989]
found the internal bores are undulatory up to b = 1,
undulations existed with shear instability and mixing for
1 < b < 3 and the internal bores were turbulent for b
values greater than 3.

[22] We obtain the bore strength, b, from h1 and l using
the following equation,

b ¼ 2
ffiffiffi
2

p
ph1

3l

� �2

: ð4Þ

[23] We get the value of b as 0.3, which indicates
undulatory nature of the bore as seen in the images (see
Figure 1), and no transition to turbulence is seen in our
observations.
[24] From this value of b and h1, we estimate h0 to be

1.9 km using equation (3). The amplitude of the bore is
estimated as 0.46 km from equation (5) [Dewan and Picard,
1998] given below

a ¼ h1bffiffiffi
3

p : ð5Þ

[25] The parameter, a, represents the amplitude of the
undulations in the bore, which are indeed superimposed on
the existing hydraulic jump. Since the bores recorded in the
images are already accompanied by increase or decrease in
the emission intensities owing to the hydraulic jumps,
separating the contribution of bore amplitudes to the
observed undulations is highly challenging.
[26] The phase velocity of the bore (U) according to the

DP model is given by

U ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g0h1 h1 þ h0ð Þ

2h0

s
; ð6Þ

where the parameter g0 replaces acceleration due to gravity
(g) in channel bore equations and is known as the buoyancy
corrected acceleration due to gravity that can be obtained
from the ratio of difference in potential temperature across
the bore (Df) and mean potential temperature (favg):

g0 ¼ g
Df
favg

�����
�����; where f ¼ T

P0

P

� �0:288

:

Here P is the pressure with P0 being the reference pressure
of 1000 mb. The buoyant acceleration due to gravity g0 is
calculated from the density and temperature profiles
obtained by the SABER instrument after the bore passage.
We have utilized ideal gas law (P = rRT, with R = 287.05 J
kg�1 K�1) to get the pressure from mass density. The
number density values obtained from the SABER measure-
ments are converted to mass density values before
substituting them in the ideal gas law.
[27] While developing the simplified model of meso-

spheric bores, Dewan and Picard [1998] assumed that the
evolution of the bore is symmetrical from a midplane, and
hence, they appear like mirror images of each other.
However, in reality the values of g0 may be different in
the upper and lower parts of the duct. Here we evaluate g0

and U separately for the upper and lower parts of the
thermal duct and obtain values of 0.93 m/s2 and 0.88 m/s2,
respectively. Corresponding phase velocity values for the

Figure 6. Height profiles of square of buoyancy frequency
(N2) at locations (a) 5.8�N, 80.4�E; (b) 9.5�N, 81.5�E; and
(c) 12.7�N, 82.6�E derived from SABER observations.
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upper and lower parts are 51.9 m/s and 50.5 m/s,
respectively.
[28] According to the DP model, the measure of nonlin-

earity of the bore can be inferred from the following
parameter, nc,

nc ¼ al2=h31: ð7Þ

[29] This parameter is expected to be negligibly small
when the undulations are perfectly sinusoidal, and will be
approximately around 16 for solitary undulations. For
intermediate values, the undulations are likely to be cnoidal
in nature. Cnoidal waves are a type of nonlinear waves for
which the distance between the crests will increase as time
passes and also the distances between the successive crests
behind the leading front will be in decreasing order along
with their amplitudes [Drazin and Johnson, 1989]. The
main reason for this nonlinear behavior is the dependence of
the phase velocity on the amplitude of the wave crests. For
values of nc well above 16, the bore will be turbulent [Smith
et al., 2003]. For our case, the estimated nc value is 5.32.
Because of our reduced field of view, this bore was
observed only for about one hour and no regular order in
the distances between the successive crests was found (see
Table 1). Hence our observations did not reveal any
undulations that are cnoidal in nature. For unknown rea-
sons, the amplitude of the second front decreased soon and
the front was invisible after 01:00 IST resulting in a broader
trough between the first and third crests.
[30] Dewan and Picard [1998] also derived the following

expression for the number of wave crests that would be
generated with time, based on the assumption that the
energy was dissipated only by means of trailing wavefronts

dW

dt
¼ U h1 � h0ð Þ3

2a2lh1
: ð8Þ

[31] The calculation for our case shows that 3.3 waves
can be produced in an hour. This prediction is not easy to
test in the case of mesospheric bores, as they are inferred
from the airglow emissions. This is because in the case of
channel bores newly forming crests are viewed directly in
the medium in which they are forming, whereas in meso-

spheric bores observed through airglow, a newly formed
crest will be visible only if it is strong enough to perturb the
emitting species in a coherent manner. Also, the energy of
the bore gets lessened as more crests are generated. So there
is a possibility for the existence of less energetic crests that
cannot be visualized in airglow observations. In our case,
after about one hour of observations, an addition of approx-
imately four to five crests was seen, though they were not
very clear.
[32] A sample calculation, with h1 = 3 km and h0 =

2.1 km, reveals a fair match between the observed wave-
length and phase speed parameters and those derived from
the model. For easy comparison, we have tabulated the bore
parameters, namely, b, a, lh, U, nc and dW/dt, with
available data from observations, in Table 2.
[33] From Figures 7b and 7c, one can see a double peaked

structure in the SABER measured OH emission profiles. It
is known that the usual height structure of the mesospheric
airglow emissions resembles a Gaussian. Such unusual
double peaked structures were noticed in earlier observa-
tions by WINDII/UARS satellite mission.Melo et al. [2000]
discussed such OH height structures in some detail and
concluded that thermal inversion layers or vertically prop-
agating gravity waves or mixing could account for them.
We may verify that all these three possibilities proposed for
the generation of double peaked structures on hydroxyl
nightglow can be related to the phenomenon of mesospheric
bores. Inversion layers are needed to bring about thermal
ducting that can support a bore, and the gravity wave
forcing may be responsible for the generation of a meso-
spheric bore as discussed by Dewan and Picard [2001].
Smith et al. [2005] found a convincing evidence for this
idea. Since a bore is an outcome of vertical hydraulic jumps,
vertical mixing of species is expected while atmospheric
layers experience a downward or upward body force.
Further work by Liu and Shepherd [2006] implied that the
double peaked structure in the satellite observations of
WINDII/UARS could be ascribed to horizontal wave-like
structures with wavelengths greater than 100 km. Bores are
indeed horizontal step-like functions, and we may associate
the double peaked structures in airglow emission profiles
with the mesospheric bores by considering them to arise
from the movement of the emission layer due to hydraulic
jump. Since the temperature and the airglow intensity are

Table 2. Observed and Estimated Parameters of the Bore

Parameters Observed
Model-Derived Parameters
Based on Observed Values

Parameters Obtained From
a Sample Calculation

h0 (km) – 1.9 2.1a

h1 (km) 2.5 2.5b 3.0a

b – 0.30 0.43
l (km) 13.4 13.4b 13.6
a (km) – 0.46 0.74
nc – 5.32 4.92
U = c � u (m/s)c 59.7 51.9 (upper), 50.5 (lower) 57.3
dW/dt (waves/hour) 4–5 3.3 3.6

aArbitrarily assumed values from which a sample calculation was carried out whose results are shown in the last column.
bThe values retained from observations for calculating the bore parameters.
cFor U, the calculations are made for the channels above and below the duct centroid separately and are referred to as

‘‘upper’’ and ‘‘lower’’, respectively.
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expected to increase for any downward movement in the
upper mesosphere, we may conclude that the emission layer
itself might be descending in altitude owing to the intensity

rise associated with the bore disturbance noticed in all-sky
airglow images.
[34] A bore is mainly a horizontal phase motion of a

vertical hydraulic jump and it is not expected to bring about
any significant horizontal advection or mixing. So what is
expected is the lowering (rising) of the emission layers and
the rise (fall) of kinetic temperature of that lowered (raised)
emission altitude across the bore. From this insight, we can
test one more prediction of DP model that approximates the
temperature change across the bore to be (h1 � h0) � 10 K.
From Figure 7b, assuming that the temperature cor-
responding to the upper peak of OH emission represents
the value before the bore passage and that corresponding to
the lower peak of OH emission represents the value after the
bore passage, we obtain a difference of �4.5 K, while the
expected difference given by the above formula is 6 K for a
bore jump of 0.6 km.
[35] It may be noted that there are wavelike perturbations

in the plot of SABER temperatures in Figure 7. The
approximate vertical wavelength, lz, of these waves is
5 km. In order to examine whether these perturbations were
in any way related to the imaging observations of frontal
system, we substitute m2 derived from this value in the
dispersion relation (equation (1)). Assuming the same
background conditions provided by SABER measurements,
the result yields a negative value for k2 (the square of
horizontal wave number). This implies that the wave might
not propagate in the horizontal direction, whereas imaging
observations revealed horizontal propagation. Moreover, the
wave system observed by the imager was found to be
evanescent. Above all, those waves with vertical wave-
lengths less than the thickness of the emission layers
(�10 km) would get canceled out in imaging observations.
Hence we conclude that the event observed by the imager
was not related to the wave-like disturbance noticed in the
SABER temperature profiles in Figure 7.

4. Summary

[36] In this work, the intense system of phase-locked
crests observed in all-sky airglow imaging observations
over Tirunelveli is attributed to a mesospheric bore support-
ing the model proposed by Dewan and Picard [1998, 2001]
based on the following characteristics.
[37] 1. There was a front moving with an intrinsic phase

velocity of �60 m/s separating bright and dark regions of
images.
[38] 2. There were phase-locked crests that followed the

leading front.
[39] 3. A thermal ducting structure was observed at the

altitude region of OH emission in which the bore was seen.
[40] 4. An increase in the number of fronts phase-locked

to the leading one was seen.
[41] 5. A change in temperature as expected according to

the DP model was inferred indirectly.
[42] We do not find evidence for the existence of a large-

amplitude vertically propagating gravity wave in the avail-
able radar winds to attribute the event to a mesospheric wall
wave. Further, this event does not show features of cnoidal
waves reported earlier [Smith et al., 2003, 2006]. Since,
only OH and background images were recorded on this
night, we are unable to discuss about the complementarity

Figure 7. SABER measurements of the height profiles of
OH 1.6 mm emission and temperature over the locations
(a) 5.8�N, 80.4�E; (b) 9.5�N, 81.5�E; and (c) 12.7�N,
82.6�E.
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features reported elsewhere [Taylor et al., 1995; Smith et al.,
2003; Brown et al., 2004]. The MF radar observations do
not reveal the presence of a Doppler duct required to create
a bore channel. Rather, the existence of a thermal duct
structure was inferred with the help of SABER temperature
measurements. A simultaneous double peaked structure was
observed in the SABER/TIMED 1.6 mm OH emission
measurements and we reasoned it to be an after effect of
the bore passage. This idea has not been tested and more
observations are required to establish the relationships
between double peaked altitude profiles of the airglow
emissions and mesospheric bores. However, it seems low-
ering or rising of the emission layers accompanying the
mesospheric bores has the potential to account for at least
small-scale and medium-scale double peaked emission
profiles noticed in satellite remote sensing observations.
[43] Until now several reports (including this one) iden-

tified the background wind speed along the bore propaga-
tion direction to be very less compared to the velocity of the
bore. This may be an indication for a nearly orthogonal true
wind during the passage of a mesospheric bore. In the
present case study, the true wind was indeed found to be
oriented in a nearly orthogonal direction during the bore
propagation.
[44] As mentioned earlier, we have interpreted the event

as a mesospheric bore and discussed its characteristics
according to the DP model based on a snapshot temperature
measurement made by SABER/TIMED satellite mission
over a nearby location. However, we feel the analysis might
have been more elaborate and conclusive if time series of
temperature were available. Coordinated temperature mea-
surements by a sodium lidar will be of immense use and we
are hopeful to install a sodium lidar to measure temperatures
over our ground observation site in the near future.
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