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Abstract.  We have made a comprehensive measurement of mesospheric
bore phenomenon at the equator at Kototabang, Indonesia (0.2°S, 100.3°E),
using an airglow imager, an airglow temperature photometer, a meteor radar,
and the SABER instrument on board the TIMED satellite. The bore was
detected in airglow images of both OH-band (peak emission altitude: 87 km)
and 557.7-nm (96 km) emissions, as east-west front-like structure propagat-
ing northward with a velocity of 52-58 m/s. Wave trains with a horizontal
wavelength of 30-70 km are observed behind the bore front. The airglow in-
tensity decreases for all the mesospheric emissions of OI (557.7 nm), OH-band,
Oy-band (altitude: 94 km), and Na (589.3 nm) (90 km) after the bore pas-
sage. The rotational temperatures of both OH-band and Os-band also de-
crease ~10 K after the bore passage. An intense shear in northward wind
velocity of 80m/s was observed at altitudes of 84-90 km by the meteor radar.

Kinetic temperature profile at altitudes of 20-120 km was observed near Ko-
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totabang by TIMED/SABER. On the basis of these observations, we dis-

cuss generation and ducting of the observed mesospheric bore.

Japanese Abstrast:
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1. Introduction

The airglow imaging technique has been widely used since 1990s in accordance with
the development of highly sensitive cooled-CCD image detector. It visualizes gravity
waves in the mesopause region through the airglow emission. One of the most distinct
structures seen in the mesospheric airglow images are tidal bore, which often represents
front-like structure with following small-scale waves. Taylor et al. [1995] firstly reported
a spectacular front-like structure with gravity waves behind, in the mesospheric airglow
images at OI (557.7nm, (peak emission altitude: ~96 km), OH-band (near infrared, ~87
km), Na (589.3 nm, ~90 km), and Oy (near infrared, ~94 km) observed at Haleakala,
Hawai during the ALOHA-93 campaign. Dewan and Picard [1998] explained this front-like
structure by internal mesospheric undular bore with a simple two-layer model constructed
by analogy with the theory of bores in river channels. Dewan and Picard [2001] further
discuss the origin of the bores in the mesosphere in the channel of already-existing inversion
layer in the mesosphere. Smith et al. [2003] reported such temperature inversion layer
from a sodium lidar measurement during a distinct (visible in naked eye) bore event
in the southwestern United States. She et al. [2004] further reported a comprehensive
measurement of an undular bore event in Colorado, using an OH airglow imager and a
sodium temperature/wind lidar. They confirmed existence of a collocated temperature
inversion layer to serve as the ducting region for bore propagation. Fechine et al. [2005]
reported 64 mesospheric bore events based on two years of airglow imaging observations
at Cariri, Brazil, (7.5°S, 36.5°W), indicating that the mesospheric bore is not a rare

phenomenon.

DRAFT October 16, 2005, 11:33am DRAFT



SHIOKAWA ET AL.: MESOSPHERIC BORE IN THE EQUATOR X-5

Despite these previous measurements, it is still very rate to have comprehensive mea-
surement of mesospheric bore using multi instruments. In this paper, we report a clear
bore event observed at geographic equator using an airglow imager, an airglow temper-
ature photometer, a meteor radar, and a satellite radiometer. It seems that the ducting
channel of the bore by temperature inversion layer is not well developed for the present
case. We suggest that vertical wind shear in the mesopause region may play an important

role for generation of the undular bore.

2. Observation

2.1. Overview of airglow observations

An airglow imager and an airglow temperature photometer were installed at Kotota-
bang, Indonesia (0.2°S, 100.3°E, dipole geomagnetic latitude (MLAT): —10.4°), on Octo-
ber 26, 2002, and February 28, 2004, respectively, as components for the CPEA (Coupling
Processes in the Equatorial Atmosphere) project. They are part of the Optical Mesosphere
Thermosphere Imagers (OMTIs) [Shiokawa et al., 1999; 2000]. Both instruments use a
thinned and back-illuminated cooled charge-coupled device (CCD) with 512 x 512 pixels.
Airglow images at a wavelength of 557.7 nm (OI) and near-infrared OH-bands were ob-
tained every 4.5 min with an exposure time of 105 s and 15 s, respectively. The airglow
temperature photometer measures zenith airglow intensities and rotational temperatures
of OH(6,2) P branch and Osb (0,1) bands together with the airglow intensities at wave-
lengths of 557.7 nm (OI), 630.0 nm (OI), 777.4 nm (OI), 589.3 nm (Na) with a time
resolution of 5.5 min at a zenith angle less than 14.7°. Figure 1 shows the occurrence rate
of clear sky during the 2.6 years of the automated measurements by the airglow imager,

from October 26, 2002, to June 12, 2005. Because of the tropical climate and surrounding
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mountains of Sumatra Island, the sky at Kototabang tends to be cloudy. Chance of clear
sky has a peak in May and June. For other months, the occurrence rate of clear sky is
mostly less than 10%. However, because of long-term automated measurements, we have
tens of hours of clear sky intervals for each month, as shown in the bottom of the panel.
Several events of mesospheric bore were observed by the airglow imager in these clear-sky
intervals. The event presented here is a distinct one during which other datasets from the

photometer, radar, and satellite were also available.

2.2. Airglow imager

Figure 2 shows all-sky airglow images at OH-band (top) and OI (557.7nm) (bottom)
at 1258-1402 UT (1958-2102 LT) on August 5, 2004, at Kototabang, Indonesia. The
bright band from northeast to south in the bottom half of the images is the Milky Way
(Galaxy). A front-like east-west structure moving northward can be recognized in both
emissions. The airglow intensity decreases after the front-like structure passed. A gravity
wave train with east-west phase front follows the front-like structure. These features are
fairly consistent to the features of mesospheric undular bores reported in the previous
papers [e.g., Taylor et al., 1995; Smith et al., 2003; She et al., 2004; Fechine et al., 2005].

To see the bore structure more clearly, we converted the all-sky images to geographic
coordinates of (latitude, longitude) and calculated deviations in % from a 1.5 hour average
image of 1244-1414 UT. The result is shown in Figure 3. The bore structure becomes
more distinct. The gravity waves behind the bore has wavelengths of ~30 km at (—1.2°-
—1.7°N, 100.3°-101.1°E) in the OH-band image at 1332 UT, and ~70 km at (—0.7°—
—1.7°N, 100.3°-101.1°E) in the 557.7-nm image at 1358 UT. The front-like structure of

the bore itself also has a north-south scale size of 30-70 km.
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Figure 4 shows north-south cross sections (keograms) of the geographic airglow images
of Figure 3. The cross sections are taken at longitudes of Kototabang (100.3°E). The
northward-moving bore can be seen in both keograms. The northward velocities of the
bore in the OH-band and 557.7-nm keograms are estimated to be 52 m/s and 58 m/s,
respectively. The intensity of 557.7-nm emission drastically increases at ~1310 UT. This
increase is probably because of 557.7-nm emission from the thermosphere, as described

below.

2.3. Airglow temperature photometer

During this event, the airglow temperature photometer measured intensities and rota-
tional temperatures of several airglow lines at Kototabang, as shown in Figure 5. The
photometer measured OH and O, rotational temperatures using each two filters with iden-
tical specifications. However, data from one OH filter has a problem of spectral fitting,
and thus, data from only one filter is shown for the OH rotational temperature. As shown
in Figures 2-4, the mesospheric bore crossed the zenith of Kototabang at ~1330 UT. The
rotational temperatures of OH and Oy decreases ~10 K after the passage of the bore at
1325-1350 UT. They seem to increase ~5 K with approaching the bore front at 1300-1325
UT. The airglow intensities of OH, O2, Na also increase and then decreases at the bore
passage with amplitudes of 5-20 R.

The 557.7-nm emission increases at 1240-1330 UT, almost flat at 1330-1420 UT, and
decreases after 1420 UT. These variations are quite similar to that of 630.0-nm emission.
These variations in 630.0-nm emission correspond to the equatorial ionospheric anomaly,
which is the enhanced 630-nm airglow band, moving to the geomagnetic equator (~10°

north of Kototabang) as the time goes from evening to midnight [e.g., Shiokawa et al.,
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X-8 SHIOKAWA ET AL.: MESOSPHERIC BORE IN THE EQUATOR

2005]. Because the 557.7-nm emission near the equator has a contribution from the
thermosphere with ~10-20 % of the 630.0-nm intensity, the variations in 557.7-nm emission
are strongly affected by this anomaly motion. Nevertheless, a slight decrease of ~10 R

was observed at 1325-1340 UT, when the bore passed zenith of Kototabang.

2.4. Meteor radar

In order to see the background wind pattern during the bore event, we plotted meso-
spheric wind data obtained by a meteor radar collocated at Kototabang. The radar
measures wind velocities at altitudes of ~80-100 km through the Doppler shift of meteor
echoes with a time resolution of 1 hour. Figure 6 indicates three-day variations in eastward
and northward wind measured by the meteor radar on August 5-7, 2004. There are clear
tidal variations with downward phase progression in both eastward and northward wind.
It seems that a two-day variation is embedded on the tidal activity. For example, the
northward winds at 12002400 UT on August 5 and 7 are stronger than that on August
6. As a result of these longer-time scale activities, the meridional wind is most intense and
is larger than the zonal wind around the time of the bore event indicated by the arrows.

Figure 7 shows the eastward and northward wind profiles in the mesosphere at three
time intervals (1130-1229UT, 1230-1329UT, and 1330-1429UT) around the bore event of
August 5, 2004. The bore was around the zenith of Kototabang at ~1330 UT. The wind
profiles at 1230-1329 UT and 1330-1429 UT are mostly similar, and show intense north-
ward wind of 48 m/s at 90 km and southward wind of >30 m/s below 84 km. An intense
wind shear of 80 m/s/6km occurs in the northward wind between these altitudes. The
northward wind velocity of 48 m/s at 90 km is comparable to the northward propagation

velocity of the bore (52-58 m/s).
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2.5. Satellite temperature profile

The other important parameter that determines propagation of gravity wave is the
temperature. During the bore event, the Thermosphere lonosphere Mesosphere Energetics
and Dynamics (TIMED) satellite passed very close to Kototabang (101°E at 1348 UT at an
altitude of 622 km) from southern to northern hemispheres. It measured height profile of
kinetic temperature through the infrared emission from carbon dioxide in the Earth’s limb,
using the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
instrument [Mertens et al. 2001].

Figure 8 shows the height profile of the kinetic temperature measured by SABER on
board the TIMED satellite at 1348 UT on August 5, 2004, at (3°S, 123°E) (~2500 km
east of Kototabang). The temperature has a maximum at 55 km and a minimum at 92
km. There is a temperature inversion layer at 74-81km, just below the airglow emission

altitudes. The temperature simply increases above 92 km toward the thermosphere.

3. Discussion

We have made a comprehensive measurement of a mesospheric undular bore using
ground-based and satellite instruments. The horizontal wavelength of the bore and waves
behind were 30-70 km. The bore propagated northward with a velocity of 52-58 m/s,
which was comparable to the background wind velocity (48 m/s) measured by the meteor
radar at an altitude of 90 km. An intense wind shear from northward to southward was
observed below this altitude. The temperature profile was simultaneously obtained by the
TIMED/SABER instrument.

According to the model of mesospheric tidal bore by Dewan and Picard [1998; 2001],

temperature inversion layer in the mesosphere acts as a guiding channel of the bore. In
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Figure 8, such an inversion layer was observed at altitudes of 67-82 km, which was at lower
altitudes than the airglow layers (82-100 km). The mesopause temperature minimum at
92 km may act as an another temperature inversion layer in connection with the lower
thermosphere above 92 km.

Figure 9 shows height profile of the square of the Brunt-Viisila frequency N2, which
is calculated from the temperature profile in Figure 8 and the MSIS90 model density
profile. The values of N? has two peaks at 73 km and 92 km, corresponding to the two
temperature inversion layers. However, these peaks in N? is much smaller than that
modeled by Dewan and Picard [1998; 2001] and observed by Smith et al. [2003] and She
et al [2004].

According to the bore model by Dewan and Picard [1998], the parameters that deter-

mines charactersitics of the bore are expressed as,

B = (h1 — ho)/ho (1)
[gha(hy + o)
=N T g (2)
27Th1 2h0
M=\ — kg ®)
. 1 hi(hi = ho) (4)

V3 ho

where (3, ug, Ap, a are the normalized bore strength [Lighthill, 1978], fluid speed relative to
the bore before the bore passage, horizontal wavelength, and amplitude, respectively. hg
and h; are the depth of the duct channel before and after the bore passage, respectively.
¢’ is the acceleration of gravity corrected for buoyancy, given as ¢’ = gA¢ /¢, where A¢ is
the change in potential temperature from hg to hy. Schematic pictures of these parameters

are given in Figure 7 of Dewan and Picard [1998] and Figure 1 of Smith et al. [2003].
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If we take the peak of N? at 92 km in Figure 9 as a possible bore channel, the vertical
scale of the channel (2hg) may be considered as ~20 km, which is very large compared to
that of the previous bores in literatures. Then, equation (3) gives hy = 13 km for A\;, = 70
km, while there is no reasonable solution of equation (3) for A, = 30 km. By taking
potential temperatures at 92410 km (6.5 x10% K at 82 km and 1.5 x10* K at 102 km),
the value of ¢’ was estimated as ¢’ = 9.5 x (1.5 x 10— 6.5 x 10%) /((1.5 x 10* +6.5 x 10?) /2)
= 7.5 m/s?. Using hy=10 km, hy=13 km, and ¢’ = 7.5 m/s?, equations (1), (2), and (4)
gives 0=0.3, up=11 m/s, and a=2.3 km.

For § < 0.3, the waves after the bore is stable, while for 3 > 0.3, the waves will break
to generate turbulence (a foaming bore). The value of §=0.3 estimated for the present
event is just at the boundary of these two conditions, and is comparable to those reported
in previous references (8 =0.1-0.3, see Table 1 of She et al. [2004] for parameters of four
previous bore events). The amplitude a is very large compared to the previous bores
(0.19-0.68 km).

Despite of the above estimation of bore parameters, it is still questionable whether
the N? peak at 92 km associated with the mesopause temperature decrease can act as
a ducting channel for the bore formation. To see the ducting situation, we estimated
condition of gravity wave propagation using the linear dispersion relation of the gravity
waves, which is given as:

N? 1

mQZW—kQ—@ (5)

where m (= 27/).), u, ¢, k (= 2w/A), and H are the vertical wavenumber, background
wind velocity, observed wave phase velocity, horizontal wavenumber, and scale height,

respectively. We estimate m? and the vertical wavelength )\, of the observed waves for
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the case of A\, = 30 and 70 km. The background meridional wind u measured by the
meteor radar at 1230-1329 UT (Figure 7) was used, while it was assumed to be zero
below 80 km and above 96 km. Temperature profile of Figure 8 and the MSIS90 model
was used to estimate N2 and H.

The bore was observed both in the 557.7-nm and OH images, which have emission
altitudes of 96 km and 87 km with thicknesses of 6-10 km [e.g., Zhang and Shepherd,
1999]. Thus, the bore should exist at these altitudes. At 90 km, the northward wind
velocity (u) is 48 m/s, which is comparable to the phase velocity (c¢) of the bore and the
following waves. As a result, the vertical wavelengths of these structures are estimated
to be very small (less than a few kilometers), indicating that the bore and the following
waves are near the critical level condition.

Below 84 km, the background wind is southward of less than —30 m/s, as shown in
Figure 7. Considering the horizontal wavelengths A, of 30 km and 70 km, the vertical
wavelength of the waves become 92 km and 31 km at an altitude of 82 km, respectively.
This suggests that the observed gravity waves with )\, smaller than 30 km are nearly to be
reflected by this opposite wind below the airglow layer, favorable to the ducting condition.
However, the larger scale waves of ~70 km can pass through this opposite wind layer.

Above 92 km the temperature increases toward the thermosphere. This temperature
increase may set another reflection condition above the airglow layer, as suggested by
the decrease in Brunt-Vaisild frequency N? in Figure 9. However, the estimated vertical
wavelengths at 100-120 km are only 15-27 km for both A, =30 km and 70 km, indicating
that waves with these horizontal scale can pass through the region of 92-120 km as freely

propagating wave. From these considerations, the ducting condition proposed by Dewan
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and Picard [1998] and observed by Smith et al. [2003] and She et al. [2004] seems to be
not satisfied for the present bore event.

There are two points that should be considered for the above situation. One is that
the temperature measurement by TIMED/SABER was done about 2500 km east of the
observation point and may not represent the actual temperature profile above Kototabang.
The temperature inversion layer at 65-80 km in Figure 8 is probably because of some
large-scale waves, such as tides/planetary waves. If these waves have a horizontal scale of
the order of 2500 km, the inversion layer may be at higher altitudes at Kototabang and
contribute to the ducting of waves for the bore formation.

The other point is that intense shear of the meridional wind was observed at altitudes
where the bore exists, as shown in Figure 8. Such shear was also reported during the
bore event of Smith et al. [2003]. The direction of the shear is perpendicular to the bore
front, and the propagation velocity of the bore is almost identical to the background wind
velocity above the shear. This shear may contribute to the bore formation through K-H

type instability, though theoretical approach would be needed to investigate such an idea.

4. Conclusion

A distinct bore was observed in the mesospheric airglow images at the equator at Ko-
totabang, Indonesia (0.2°S, 100.3°E) at 1245-1415 UT (1945-2115 LT) on August 5, 2004.
The observed features of the bore are summarized as:

1. The bore was observed in both OH-band (altitude: 87 km) and 557.7-nm (96 km)
images. It propagates northward with velocities of 52 m/s in OH and 58 m/s in 557.7-nm

images. Wave trains following the bore has horizontal wavelength of 30-70 km.
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2. A zenith-looking photometer at Kototabang observed a slight increase and then a
significant decrease in airglow intensities (at 557.7-nm, OH, O,, and Na emissions) and
rotational temperatures (OH and Os, ~10K) at the passage of the bore.

3. Northward wind measured by a meteor radar at Kototabang at 1230-1429 UT was
48 m/s at an altitude of 90 km, which is comparable to the northward velocity of the bore
propagation. The wind was less than —30 m/s (southward) below 84 km, indicating an
intense wind shear of 80 m/s/6km between 90 km and 84 km.

4. Mesospheric temperature profile measured by the TIMED/SABER instrument at
~2500 km east of Kototabang at 1348 UT shows an temperature inversion layer at 74—
81km, which is below the airglow emission altitudes. The mesopause was at 92 km.

On the basis of these observations, we estimated parameters of the tidal bore according
to the model developed by Dewan and Picard [1998]. If we assume that the depth of
the bore channel (hg) to be 10 km by taking the mesopause at 92 km and a temperature
increase above it as a temperature inversion layer, the model gives somewhat reasonable
values of bore parameters (h1=13 km, ($=0.3, up=11 m/s, and a=2.3 km). However,
considerations of gravity wave dispersion relation indicate that the observed mesopause
structure was not sufficient to act as a ducting channel for the present bore. We sug-
gest that the intense wind shear at 84-90 km may play an additional role for the bore

generation.
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L00 Sky Condition at Kototabang  Oct.26, 2002 - June 12, 2005
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Figure 1. Occurrence of clear sky without clouds at Kototabang, Indonesia, for the period
from October 26, 2002 to June 12, 2005. The hourly sky condition is categorized into four classes,
i.e., 1. clear with no clouds, 2. clear with a few minor clouds, 3. many clouds with some clear
no-cloud parts/intervals, and 4. cloudy. The numbers of hours of clear sky (CLR, 1 and 2) and

of observation (OBS) are shown at the bottom of the panel.
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Figure 2. All-sky airglow images of mesospheric bore seen at OH-band (top) and OI (557.7nm)
(bottom) at 1258-1402 UT (1958-2102 LT) on August 5, 2004, at Kototabang, Indonesia. The
bore can be recognized as east-west dark band moving northward. The bright band from north-

east to south in the bottom half of the images is the Milky Way (Galaxy).
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Kototabang (August 5, 2004)
13:02UT 13:32UT 14:02UT

Latitude
S o
[\®] (O8]
(]
Percent
OH-band

1

e

~
L

1 1

_— =

~N N
| L

r_’w'lf r T T - T ;
98.8 99.6 100.3101.1 98.8 99.6 100.3101.1 98.8 99.6 100.3 101.1 101.8
12:58UT | 13:28UT | 13:|58U:f

13 -
ST O

e <
W

Percent

Latitude
o
557.7nm

=

98.8 99.6 100.3101.1 98

I I I
8 99.6 100.3 101.1 98.8 99.6 100.3 101.1 101.8
Longitude

Figure 3. Airglow images of mesospheric bore in geographic coordinates at OH-band (top) and
OI (557.7nm) (bottom) on August 5, 2004 at Kototabang, Indonesia. The images are deviations

in % from 1.5 hour averages of 1244-1414 UT.
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Kototabang (August 5, 2004)
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Figure 4. North-south cross sections (keograms) of airglow images in geographic coordinates
at OH-band (top) and OI (557.7nm) (bottom) on August 5, 2004 at Kototabang, Indonesia. The
data are deviations in % from 1.5 hour averages of 1244-1414 UT. The northward motion of the

bore can be seen in both panels.
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Kototabang August 5, 2004
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Figure 5. Variations in zenith airglow intensities and rotational temperatures observed by an
airglow temperature photometer at Kototabang, Indonesia on August 5, 2004. The mesospheric
bore crossed the zenith of Kototabang at ~1330 UT, when the temperatures and intensities

significantly decrease.
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Figure 6. Three-day variations in mesospheric wind measured by a meteor radar at Kotota-

bang, Indonesia, on August 5-7, 2004. The bore was observed in airglow images at 1300-1400

UT, as indicated by the arrows.
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1004 Meteor Wind (August 5, 2004)
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Figure 7. FEastward and northward wind profiles in the mesosphere at three time intervals

|
-50 -30 -10

(1130-1229UT, 1230-1329UT, and 1330-1429UT) measured by a meteor radar at Kototabang,

Indonesia, on August 5, 2004.
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Figure 8. Height profiles of the kinetic temperature measured by the SABER instrument on
board the TIMED satellite at 1348 UT on August 5, 2004, at (3°S, 123°E) (~2500 km east of

Kototabang).
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Brunt-Vaisala
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Figure 9. Height profile of the square of the Brunt-Vaisild frequency N? calculated from the
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temperature profile in Figure 8 and the MSIS90 model density profile.
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