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[1] Using a comprehensive data set from optical and radio instruments, we investigate a
midnight brightness wave that appeared in 630-nm airglow images over Japan on the night
of 9 September 1999. This may be the first such observation of the brightness wave with an
all-sky imager in the East-Asian longitudinal sector. The imager at Shigaraki (35.6�N,
136.1�E) tracked a north-northeastward propagation of the wave with an apparent velocity
of 500 m s�1 after midnight. Ionosonde observations at five stations in Japan showed that
rapid descent of the F2 layer propagated northward beyond 35�N with decreasing
amplitude. Incoherent scatter observations with the MU radar at Shigaraki also revealed
that the F2 peak altitude decreased from 360 to 280 km during the event. During the F2

layer descent the altitude profile of the electron density became sharp, enhancing the
F2 peak electron density. After the F2 layer altitude reached 280 km, electron density in the
F2 layer rapidly decreased because of increased neutral density at low altitude. A Fabry-
Perot interferometer (FPI) at Shigaraki observed northward neutral winds of 10–70 m s�1

during the event. A model calculation demonstrates that the meridional winds estimated
from the MU radar electron density profiles are fairly consistent with those observed with
the FPI. From these results we conclude that the observed northward wind enhancements,
probably caused by the midnight temperature maximum, pushed down the plasma in the
F2 layer to lower altitudes along the geomagnetic field to cause the 630-nm airglow
intensity enhancement. INDEX TERMS: 2427 Ionosphere: Ionosphere/atmosphere interactions (0335);

2437 Ionosphere: Ionospheric dynamics; 0310 Atmospheric Composition and Structure: Airglow and aurora;

2443 Ionosphere: Midlatitude ionosphere; 2415 Ionosphere: Equatorial ionosphere; KEYWORDS: midnight

temperature maximum, 630-nm airglow, radar
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1. Introduction

[2] Enhancements in 630-nm airglow at around midnight
were observed for the first time by Greenspan [1966] and
Nelson and Cogger [1971] in the American longitudinal
sector. The recent observations conducted at Arequipa, Peru,
and Arecibo, Puerto Rico, using all-sky CCD imagers
revealed that the airglow enhancements propagated across
the all-sky field of view [Colerico et al., 1996; Mendillo et
al., 1997a]. These phenomena are called brightness waves by
Colerico et al. [1996]. They showed seasonal occurrence of

the brightness waves over Arequipa. They used a Fabry-
Perot interferometer (FPI) and a digital ionosonde to show
enhancements in thermospheric temperature, poleward
reversals of meridional neutral winds, and local minima in
the zonal neutral winds during passage of the brightness
waves. Radar studies by Behnke and Harper [1973] and
Harper [1973] also revealed reversing winds from equator-
ward to poleward and sudden descents of the F2 layer
followed by a rapid decrease of the electron density, the so-
called midnight collapse or midnight descent. The poleward
winds shift the F2 region plasma downward to the region of
heavy chemical loss to produce enhancements in the oxygen
630-nm airglow emission [Herrero and Meriwether, 1980].
[3] The enhancement of poleward thermospheric wind is

driven by a pressure bulge in the equatorial thermosphere.
The bulge is induced by a local maximum in the diurnal
variation of thermospheric temperature at around midnight
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at low latitudes, the so-called Midnight Temperature Max-
imum (MTM). Herrero and Spencer [1982] analyzed the
thermospheric temperature data from the AE-E satellite in
1971. They created temperature maps between ±20� geo-
graphic latitudes for each season to display the seasonal
variation of MTM. Theoretical work on MTM was con-
ducted by Mayr et al. [1979], Herrero et al. [1983], and
Fesen et al. [1986]. They reported that MTM results from
the interaction among atmospheric tides. Fesen [1996] used
the Thermosphere/Ionosphere/Electrodynamic General Cir-
culation Model (TIEGCM) of the National Center for
Atmospheric Research and suggested that the seasonal
variation of MTM may be caused by the interaction of the
upward propagating semidiurnal tides with different modes.
[4] In this paper, using a comprehensive data set

from multiple instruments, we report a brightness wave in
630-nm airglow over Japan and its related ionospheric
phenomena on the night of 9 September 1999. This may
be the first such observation of the brightness wave with an
all-sky imager in the East-Asian longitudinal sector. We also
use data taken from an FPI, the middle and upper atmo-
sphere (MU) radar, and five ionosondes. Model calculations
are conducted for the first time to investigate the observed
phenomena quantitatively.

2. Observations

[5] The locations of the observation sites are displayed in
Figure 1. The star shows the location of the MU radar,

Shigaraki (34.9�N, 136.1�E; magnetic latitude (M-Lat):
25.6�), where an ionosonde is also operated. Four solid
circles represent the locations of other ionosondes: Wakka-
nai (45.4�N, 141.7�E, M-Lat: 36.5�N), Kokubunji (35.7�N,
139.5�E, M-Lat: 26.5�N), Yamagawa (31.2�N, 130.6�E, M-
Lat: 21.4�N), and Okinawa (26.3�N, 127.8�E, M-Lat:
16.3�N). At Shigaraki, an all-sky imager and a Fabry-Perot
Interferometer (FPI) have been installed as parts of the
Optical Mesosphere Thermosphere Imagers (OMTI) since
1998 [Shiokawa et al., 1999]. The field of view of the
imager observing 630-nm airglow is also shown in the
figure. Two-dimensional patterns of 630-nm airglow are
taken with a time resolution of 5.5 min. The FPI system and
data processing schemes for calculating neutral wind veloc-
ity have been described by Shiokawa et al. [2001]. The FPI
measures the fringe image of 630-nm airglow produced by
optical interference with an etalon. The fringe image is
divided into 16 azimuthal sectors. For each sector, line-of-
sight wind velocity is calculated from the Doppler shift of
the peak location of the fringe. Horizontal neutral wind
velocity is derived with a time resolution of 20 min from 16
line-of-sight velocities with the Velocity-Azimuth Display
(VAD) method, assuming that the wind velocity has no
vertical component.
[6] The MU radar at Shigaraki [Fukao et al., 1985a,

1985b] was operated in an incoherent scatter mode. The
received power profile was normalized by using the F2 peak
density, NmF2, obtained from the Shigaraki ionosonde to
produce the electron density profile at an altitude of 200 to
600 km. This NmF2 obtained from the ionosonde is also
used in this study.

3. Results

3.1. All-Sky Airglow Observations

[7] Figure 2a shows a 2-hour sequence of the 630-nm
airglow all-sky images measured at Shigaraki on the night
of 9 September 1999. The center of each image corre-
sponds to the location of Shigaraki. We can see a strong
enhancement of the 630-nm intensity similar to brightness
wave events reported by Colerico et al. [1996] and
Mendillo et al. [1997a]. The 630-nm intensity starts to
increase at the southwestern edge at 0248 LT, reaches a
maximum at 0318 LT, and then decreases. The magnetic
activity on 9–10 September 1999 was moderately quiet
(Kp = 1 � 4).
[8] To show the motion of the 630-nm airglow enhance-

ment, Figures 2b and 2c displays temporal variations of
the 630-nm intensity between 2300 and 0500 LT along the
north-south (latitudinal) and west-east (longitudinal) direc-
tions over Shigaraki. Using the method described by
Shiokawa et al. [2000], the emission intensity is converted
to absolute intensity in units of Rayleighs (R). The center
of the vertical axis in each figure corresponds to the
location of Shigaraki. The airglow intensity at the zenith
reaches 130 R at around 0310 LT. The straight lines in
Figures 2b and 2c represent the best fits to the intensity
peaks. The apparent velocity of the airglow enhancement,
which is derived from the slope of the lines, is 540 m s�1

toward the north and 1380 m s�1 toward the east. From
the two apparent velocity components, it is found that the
airglow enhancement propagates at 500 m s�1 in the

Figure 1. Locations of observation sites in geographic
coordinates. The star represents the MU radar at Shigaraki,
where the all-sky imager, FPI, and ionosonde are also
located. Solid circles show other ionosonde stations. The
field of view of the all-sky imager (60� off-zenith) is
illustrated by the large, open circle, assuming an emission
altitude of 250 km.
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Figure 2. (a) Time sequence of the all-sky image at 630 nm measured at Shigaraki on the night of 9
September 1999. North is upward, and east is to the left. (b and c) Temporal variations of 630-nm airglow
intensity in units of Rayleighs along north-south and west-east lines crossing the location of Shigaraki
between 2300 and 0500 LT. The airglow emission layer is assumed to exist at an altitude of 250 km. The
solid line in each figure connects points of peak airglow intensity. To obtain each solid line, a linear fit to
the peak airglow intensity pattern was performed between ±3� in latitude (Figure 2b) and longitude
(Figure 2c) centered at the location of Shigaraki. See color version of this figure at back of this issue.
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north-northeast direction with an azimuth of 20� from the
north.

3.2. MU Radar Incoherent Scatter Observations

[9] MU radar incoherent scatter observations provide
electron density profiles over Shigaraki at an interval of
15 min. The altitude-time contour of the electron density
between 2300 LT on 9 September 1999 and 0500 LT on the
subsequent day is shown in the upper panel of Figure 3. Since
the incoherent scatter echoes were weak, they suffered from
large statistical fluctuations. To reduce these fluctuations, the
electron density profiles were averaged with a moving
window of 23 km in altitude and 45 min in time. The solid
curve represents the F2 peak altitude, and the two dashed
curves represent the altitudes where the electron density is
60% of the F2 peak density. The peak and topside altitudes of
the F2 layer start to descend at about 0000 LT, and the rate of
descent become large after 0200 LT. The bottomside of the F2

layer is rather stationary between 2300 and 0130 LT, and it
descends after 0130 LT. The peak altitude reaches a mini-
mum of 280 km at 0330 LT. Neutral particle density increases
exponentially with decreasing altitude. Therefore when the
F2 layer moves downward, recombination of ions is accel-
erated and hence airglow intensity increases. This process is
responsible for the airglow intensity enhancement between
0200 and 0400 LT (Figure 2). Following the descent of the F2

layer, the electron density at lower altitudes decreases,
largely because of rapid chemical loss.
[10] The F2 layer descent occurred over the altitudes that

included the topside and bottomside F2 layer. The rate of
descent depends on altitude. The F2 layer descends more
rapidly at higher altitude, which makes the altitude profile
of the F2 layer sharp and accumulates the F2 layer plasma at

around the F2 peak altitude. The lower panel of Figure 3
shows the temporal variation of the F2 layer width, which is
defined as the altitude difference between the two dashed
curves in the upper panel. The width decreases from 160 km
at 2300 LT to 130 km at 0245 LT. The sharpening of the F2

layer contributes to the enhancement of the F2 peak density
at around 0200 LT.

3.3. Ionosonde Network Observations

[11] To investigate the spatial structure and extent of the
F2 layer descent and electron density decrease observed
with the MU radar, the virtual height (h0F) of 3 MHz and F2

peak density (NmF2) obtained every 15 min at five iono-
sonde stations are shown in Figure 4. The virtual height
starts to descend rapidly in the order of Okinawa (0045 LT),
Yamagawa (0100 LT), Shigaraki (0130 LT), and Kokubunji
(0145 LT). The descent is larger at lower latitudes. On the
other hand, the virtual height at Wakkanai descends gradu-
ally between 2315 and 0330 LT. These results indicate that
the F2 layer descent propagates from south to north with
decreasing amplitude and subsides between Kokubunji
(36�N) and Wakkanai (45�N).
[12] NmF2 observed at Okinawa, Yamagawa, Shigaraki,

and Kokubunji starts to decrease at 0245–0315 LT. The
NmF2 decrease is caused by the F2 layer descent to lower
altitudes, where the recombination rate of the plasma is
larger. The amount of the NmF2 decrease is larger at lower
latitudes. It is noteworthy that NmF2 slightly increases at
around 0230–0300 LT, just before the rapid decrease. A
similar increase of the F2 peak density was observed with

Figure 3. (top panel) Altitude-time contour of ionospheric
electron density observed with the MU radar between 2300
and 0500 LT on the night of 9 September 1999. The solid
curve shows the F2 peak altitude. Dashed curves show
altitudes where the electron density is reduced to 60% of the
F2 peak density at both the topside and bottomside of the F2

layer. (bottom panel) Temporal variation of the F2 layer
width defined as a distance between the two dashed curves
in the top panel. See color version of this figure at back of
this issue.

Figure 4. Temporal variations of F2 peak density (NmF2)
and virtual height (h0F) of 3 MHz observed with the
ionosonde network in Japan between 2300 and 0500 LT on
the night of 9 September 1999.
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the MU radar (Figure 3). NmF2 at Wakkanai is almost
stationary during the whole night.

3.4. Fabry-Perot Interferometer Observations

[13] Figure 5 shows temporal variations in the southward
neutral wind velocity observed with the Fabry-Perot inter-
ferometer (FPI) at Shigaraki on the night of 9 September
1999. Error bars represent the possible errors of neutral
wind velocity estimation, which is determined as residuals
of the sinusoidal fitting procedure with the Velocity-Azi-
muth Display (VAD) method. The accuracy is worse until
0100 LT because the sky was slightly cloudy in the northern
parts of the images. The dashed curve shows the mean
neutral wind velocity in the autumn (9 August to 6 No-
vember) of 1999 [Shiokawa et al., 2003]. This mean wind
velocity shows an equatorward peak at around the postmid-
night hours, becomes gradually weaker with time, and
changes to the poleward direction before 0300 LT. On the
night of 9 September, however, wind direction reversed at
about 0130 LT and the poleward wind reached 70 m s�1 at
0330 LT. The difference between the mean and observed
winds is 40–70 m s�1 for 0130–0400 LT. This poleward
enhancement of the neutral wind probably caused the
descent of the F2 layer along the geomagnetic field to lower
altitudes, as shown in Figure 3.
[14] Figure 6 shows temporal variations in the neutral

temperature observed with the Fabry-Perot interferometer
(FPI) at Shigaraki on the night of 9 September 1999. The
neutral temperature increased from 700 to 1000 K and
reached a maximum at 0250 LT. The temperature enhance-
ment is called Midnight Temperature Maximum (MTM).
Colerico et al. [1996] and Mendillo et al. [1997a] have
defined the midnight brightness wave as a poleward propa-
gating 630-nm airglow enhancement specifically correlated

with increases in neutral temperature. Therefore the 630-nm
airglow enhancement observed at Shigaraki (Figure 2) is
regarded as a midnight brightness wave.

4. Comparison With Model Calculations

4.1. Airglow Intensity

[15] As shown above, strong enhancement of 630-nm
airglow intensity was observed over Shigaraki. The MU
radar simultaneously observed the decrease of the F2 layer
altitude by 80 km, resulting in an increase in the electron
density at the 630-nm emission altitude of around 250 km.
To examine whether this downward motion of the F2 layer
to lower altitudes where molecular oxygen is rich is
sufficient to produce the observed 630-nm enhancement
(�110 R), we conducted a model calculation using the
electron density profiles obtained from the MU radar.
Neutral density and temperature are taken from the Mass
Spectrometer and Incoherent Scatter (MSIS) model [Hedin,
1987]. Briefly, the 630-nm emission results from dissocia-
tive recombination of O2

+, which is produced by charge
exchange between O+ and O2 (O

+ + O2 ! O + O2
+ ; O2

+ +
e� ! O + O + hn(630nm)). Since the dissociative recom-
bination is rapid, the 630-nm volume emission rate is
controlled by the charge exchange reaction, and is thus
proportional to the product of the O+ and O2 densities. To
calculate the volume emission rate, we adopted an equation
given by Sobral et al. [1993]. Ogawa et al. [2002] have also
used this method to quantitatively compare variations in the
630-nm airglow and total electron content produced by
traveling ionospheric disturbances.
[16] Figure 7 shows a contour plot of the calculated

volume emission rate of 630-nm airglow as a function of
altitude and time on the night of 9 September 1999. The
solid curve shows the altitude of the peak volume emission
rate. During 0030–0130 LT the peak altitude is around 290
km and the airglow layer expands between 250 and 350 km
altitudes. The peak altitude decreases gradually after 0130
LT and reaches a minimum of 240 km at 0320 LT. The F2

peak altitude is also shown by the dashed curve in the
figure. From comparison between two curves, the altitude

Figure 5. Temporal variation of meridional neutral wind
velocity (positive northward) observed with a Fabry-Perot
interferometer at Shigaraki between 2300 and 0500 LT on
the night of 9 September 1999. An error bar indicates the
estimation error of neutral wind velocity, which is
determined as residuals of the sinusoidal fitting procedure
with the Velocity-Azimuth Display (VAD) method. The
dashed line shows the mean neutral wind velocity in
autumn, which is obtained by averaging neutral wind data
during the period from 9 August to 6 November 1999.

Figure 6. Temporal variation of neutral temperature ob-
served with a Fabry-Perot interferometer at Shigaraki be-
tween 2300 and 0500 LT on the night of 9 September 1999.
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variation of the emission layer is found to follow that of the
F2 layer with offsets of 50–70 km between the peak
altitudes of the F2 layer and the emission layer. The F2

peak altitude decreased by 80 km during the night. This
altitude variation was more than twice the scale height of
molecular oxygen, O2, which is approximately 30 km. Since
the O+ density is nearly equal to the electron density in the F
region and the airglow emission rate is proportional to the
product of the O2 and O+ densities, the volume emission
rate increases about seven times (e2 = 7.4) as the F2 layer
descends by two scale heights.
[17] Integrating the volume emission rate over altitude

gives the total emission intensity to be observed on the
ground. Figure 8 displays a comparison between the calcu-
lated total emission and the observed airglow intensity at the
zenith of Shigaraki. The general features of the temporal
variation of the observed airglow intensity are well repro-
duced in the model calculation, although the modeled inten-
sity is 0–30 R higher than the observed one during the whole
observation period. Both the observed and modeled airglow
intensities start to increase at 0140 LT, reach their maxima
around 0310 LT, and decrease until sunrise. Agreement
between the temporal variations of the observed and modeled
airglow intensity implies that the airglow enhancement of
110 R observed with the all-sky imager is caused by the
electron density variation at the bottomside of the F2 layer
which results from the descent of the F2 layer by 80 km.
[18] The offset of 0–30 R might be due to calibration

uncertainty of the all-sky imager. Absorption of the airglow
due to O3, CO2, H2O, and so on also contributes to
decreasing the observed airglow intensity. Here, we assume
that the offset is constant and equal to 30 R. This value is
determined to adjust the modeled intensity to the observed
intensity during the period of 0000–0130 LT when both
intensities are almost stationary. The thin curve in Figure 8
represents modified intensity obtained by subtracting the
constant intensity (30 R) from the modeled intensity. The
modified intensity agrees fairly well with the observed

intensity until the modified intensity reaches the peak at
0300 LT, and subsequently, the observed intensity becomes
larger than the modified intensity. It is noted that the
discrepancy between the observed and modified intensities
starts when electron density rapidly decreases (Figure 3).
[19] This can be related to the red line hysteresis effect.

Cogger et al. [1980] explained this effect as follows. After the
descent of the F2 layer, the electron density is rapidly
reduced, especially at the bottomside of the F2 layer because
of high neutral density. The lifetime of O2

+ becomes long in a
region where electron density is low, and the ion density
distribution is influenced by transport due to ambipolar dif-
fusion. O2

+, which is produced by charge exchange between
O+ and O2, diffuses to the region of lower O2

+ density. They
are not in chemical equilibrium. Therefore the model calcu-
lation used in this paper, in which the chemical equilibrium is
assumed, may underestimate the airglow intensity.

4.2. Meridional Neutral Winds

[20] Meridional neutral wind velocity is computed by
using a one-dimensional numerical model developed by
Zhang and Huang [1995] and Zhang et al. [1999]. The
model solves the O+ diffusion equation derived from
corresponding continuity and momentum equations. It takes
account of the main photochemical processes for O+, NO+,
O2
+ and N2

+ between 100 and 500 km of altitude. The neutral
density and temperature are given by MSIS86 [Hedin, 1987]
and solar fluxes by the EUVAC model [Richards et al.,
1994]. Plasma temperatures are given by average values
obtained fromMU radar measurements [Otsuka et al., 1998].
F2 peak altitudes observed with the MU radar (shown in
Figure 3) are used as input to the model calculation to obtain
the meridional neutral wind velocity average over 220–450
km. Electric fields are not included in this calculation.
[21] Figure 9 shows a comparison between the northward

neutral winds obtained from the FPI observations (Figure 5)

Figure 7. Time-altitude cross section of the volume
emission rate of 630-nm airglow. The volume emission
rate is calculated from electron density measured with the
MU radar and neutral density taken from the MSIS model.
The solid curve shows the altitude of the peak volume
emission rate. The dashed curve shows the F2 peak altitude.

Figure 8. Comparison of 630-nm airglow intensity
between (thick curve) observation of the all-sky imager
and (dashed curve) the model calculation. The thin curve
shows modified intensity, which is obtained by subtracting
30 R from the modeled intensity.
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and the model calculation. The measured wind is repro-
duced well by the model calculation. This result indicates
that the height variations of the F2 layer are caused by the
poleward neutral winds and that effect of electric fields is
negligible.

5. Discussion

[22] The midnight brightness wave is caused by poleward
winds generated by the midnight temperature maximum
(MTM) at low latitudes [Herrero and Meriwether, 1980;
Colerico et al., 1996; Mendillo et al., 1997a, 1997b].
Colerico et al. [1996] analyzed all-sky images of 630-nm
airglow obtained at Arequipa, Peru (16.2�S, 71.4�W) during
two periods, 8–22 October 1993 and 23 September to
9 October 1994.
[23] They reported that the propagation direction of

premidnight and midnight brightness waves showed signifi-
cant local time dependence: equatorward and poleward,
respectively. The average apparent meridional velocity of
the premidnight brightness wave was 356 ± 179 m s�1 and
248 ± 31 m s�1 (October 1993) and 368 ± 70 m s�1

(October 1994) for the midnight brightness wave.
[24] Mendillo et al. [1997b] reported similar features of

brightness waves over Arecibo, Puerto Rico (18.3�N,
66.75�W). The brightness wave that we observed at Shigar-
aki appeared at 0200–0400 LT and propagated poleward
(azimuth of 20� from the north) with an apparent meridional
velocity of 540 m s�1. These propagation characteristics are
consistent with those at the American longitudinal sector,
although the apparent meridional velocity is slightly larger.
[25] While AE-E satellite observations [Spencer et al.,

1979] and TIEGCM calculations [Fesen, 1996] show that
the longitudinal variation of MTM is not discernible, our
result suggests possibility of the longitudinal variation
existing. Colerico and Mendillo [2002] have suggested
possible longitude dependencies in the MTM characteristics

by comparing ground based observations of the MTM in the
American sector and the Indian sector.
[26] The all-sky imager at Shigaraki has been operated

since October 1998. We analyzed two-dimensional patterns
on 630-nm airglow intensity images obtained from October
1998 to December 2000 and found three events of bright-
ness waves that propagated poleward across the all-sky field
of view. Thus these events seem to be rare over Japan. At
Arecibo, Mendillo et al. [1997b] have conducted all-sky
imager observations during 19–28 January 1993 and 21
February to 22 August 1995. In these 6-month campaign
periods, these potential brightness waves were observed on
four nights. The higher occurrence rate of brightness waves
at Arecibo is probably due to its low geographic latitude
(18�N). The result presented in this paper shows that winds
probably generated from the MTM pressure bulge may
propagate up to 40�N in the Japanese sector.
[27] Generally, neutral winds in the nighttime thermo-

sphere flow equatorward because of the pressure gradient
force caused by solar EUV heating of the daytime thermo-
sphere. The equatorward wind pushes up the plasma in the F2

layer along the geomagnetic field. Altitudes of the F2 layer
are determined from the balance between upward motion due
to the equatorward winds and downward motion due to
gravitationally induced ion diffusion. Although the electric
field also contributes upward or downward motions of the
plasma, this effect is relatively small at midlatitudes [e.g.,
Balan et al., 1998]. If the equatorward wind is weakened, it
lowers the F2 layer to a new balanced height. At the lower
altitudes, the ion collision frequency increases to decrease the
gravity diffusion. However, when the neutral wind is re-
versed to poleward, nothing is balanced with the diffusion,
which is always downward, resulting in significant down-
welling of the F2 layer. The gravity diffusion velocity
increases with altitude because of the decrease in the neutral
density. This is the reason that the F2 layer above its peak
altitude descends more rapidly than the bottomside of the F2

layer on the night of 9 September 1999 (upper panel of Figure
3). The altitude-dependent downward velocity decreases the
F2 layer width (lower panel of Figure 3). The F2 layer plasma
is accumulated around the F2 peak altitude, and thus the F2

peak density is enhanced around 0240 LT. The enhancement
of the F2 peak density before the rapid descent of the F2 layer
was also observed with four ionosondes at Okinawa, Yama-
gawa, Shigaraki, and Kokubunji (Figure 4).
[28] Shiokawa et al. [2002] also have observed similar

variations in NmF2, F2 layer height, and 630-nm airglow
during the passage of a large-scale traveling ionospheric
disturbance propagating equatorward during a magnetic
storm. They compared the observations with the Sheffield
University Plasmasphere Ionosphere Model [e.g., Bailey et
al., 1997], and concluded that the observed features of
NmF2, F2 layer height and 630-nm airglow were caused
by an enhancement of poleward neutral wind. These obser-
vations suggest that the northward wind enhancement
produces the F2 peak electron density enhancement before
the descent of the F2 layer.

6. Conclusions

[29] We observed a midnight brightness wave related to
the midnight temperature maximum with an all-sky imager

Figure 9. Comparison between (solid line) observed and
(dashed line) modeled neutral wind velocities (positive
northward). The solid line and error bars are same as those
in Figure 5. The dashed line shows the modeled wind
calculated using the electron density profiles obtained from
the MU radar on the night of 9 September 1999 (Figure 3).
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at Shigaraki, Japan. This may be the first such observation
in the East-Asian longitudinal sector. The 630-nm airglow
enhancement propagated toward the north-northeast (azi-
muth of 20� from the north) with an apparent velocity of
500 m s�1. The propagation direction of the airglow
enhancement is consistent with brightness waves observed
in the American longitudinal sector, although the apparent
meridional velocity is slightly larger.
[30] Incoherent scatter observations with the MU radar

revealed that the F2 peak altitude decreased from 360 to 280
km between 0100 and 0330 LT. The F2 layer descent was
more rapid at higher altitudes, making the altitude profile of
the F2 layer sharp enhancing the F2 peak electron density.
After the F2 peak altitude reached 280 km, the electron
density in the F2 layer rapidly decreased because of in-
creased neutral density at lower altitudes.
[31] Ionosonde observations at five locations showed that

the brightness wave and its related phenomena moved from
south to north with decreasing amplitude and subsided
somewhere between Kokubunji (36�N) and Wakkanai
(45�N). An FPI at Shigaraki observed northward neutral
winds of 10–70 m s�1 at 0110–0400 LT. Model calcula-
tions confirmed quantitatively that the northward winds
pushed down the F2 layer along the geomagnetic field to
lower altitudes, causing enhancement of the 630-nm airglow
intensity.
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Figure 2. (a) Time sequence of the all-sky image at 630 nm measured at Shigaraki on the night of
9 September 1999. North is upward, and east is to the left. (b and c) Temporal variations of 630-nm
airglow intensity in units of Rayleighs along north-south and west-east lines crossing the location of
Shigaraki between 2300 and 0500 LT. The airglow emission layer is assumed to exist at an altitude of 250
km. The solid line in each figure connects points of peak airglow intensity. To obtain each solid line, a
linear fit to the peak airglow intensity pattern was performed between ±3� in latitude (Figure 2b) and
longitude (Figure 2c) centered at the location of Shigaraki.

OTSUKA ET AL.: 630-NM AIRGLOW ENHANCEMENT OVER JAPAN

SIA 6 - 3



Figure 3. (top panel) Altitude-time contour of ionospheric electron density observed with the MU radar
between 2300 and 0500 LT on the night of 9 September 1999. The solid curve shows the F2 peak altitude.
Dashed curves show altitudes where the electron density is reduced to 60% of the F2 peak density at both
the topside and bottomside of the F2 layer. (bottom panel) Temporal variation of the F2 layer width
defined as a distance between the two dashed curves in the top panel.
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