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Abstract We report the first comparison of ground and satellite measurements of low-latitude
traveling ionospheric disturbances (TIDs). Three TID events were simultaneously observed by a 630.0-nm
airglow imager and the CHAllenging Minisatellite Payload (CHAMP) satellite at Kototabang, Indonesia
(geographic coordinates: 0.2◦ S, 100.3◦ E, geomagnetic latitude: 10.6◦ S). In 630.0-nm airglow images
of all three events, there are clear southward-moving structures. Events 1 and 2 are a single pulse with
horizontal scales of ∼500–1,000 km. Event 3 shows five wave fronts with a horizontal scale size of 500–1,000
km. All three TIDs are medium-scale TIDs. Horizontal wavelengths of both airglow intensity at an average
emission altitude of 250 km and CHAMP neutral density variations measured at 400 km are estimated by
fitting a sinusoidal function to the observed data. The estimated horizontal wavelengths for airglow and
neutral density data are 1,031 and 880 km for event 1 and 560 and 420 km for event 3, respectively. These
values between airglow and CHAMP are comparable, suggesting both instruments are observing the same
wave. For event 1, the CHAMP electron density mapped along the geomagnetic field line onto the airglow
altitude does not show wave structure similar to the airglow variation. For events 2 and 3, the plasma
density did not show wavy structures similar to the waves seen in the airglow image and CHAMP neutral
density. These results suggest that the TIDs observed in airglow images are not caused by ionospheric
plasma instability but by gravity waves in the thermosphere.

1. Introduction
Traveling ionospheric disturbances (TIDs) are wave-like features in the ionosphere. Those with a typical
scale between 100 and 1,000 km and those larger than 1,000 km are referred to as medium-scale TIDs
(MSTIDs) and large-scale TIDs (LSTIDs), respectively (Hunsucker, 1982). TIDs are widely studied by using
ground-based instruments, such as airglow imagers (e.g., Mendillo et al., 1997; Shiokawa et al., 2003),
ionosondes (e.g., Bowman, 1990), radar (e.g., Fukao et al., 1991; Waldock & Jones, 1986), and multipoint
GPS receivers (e.g., Kotake et al., 2014). However, the source of these disturbances is not yet fully under-
stood. There are two main proposals for the source of TIDs: gravity waves in the thermosphere and plasma
instabilities in the ionosphere. Hines (1960) suggested that gravity waves are the source of observed TIDs,
and many studies support that suggestion (e.g., Hunsucker, 1982). However, there are also many studies that
suggest that the ionospheric Perkins instability might be the cause of the TIDs (Kotake et al., 2014; Miller
et al., 1997; Shiokawa et al., 2003).

Imagers of 630.0-nm airglow emissions have been used to observe ionospheric variations. The altitude of the
630.0-nm airglow emission layer is considered to be 200–300 km. At that altitude, the dominant chemical
reaction for airglow emission is O+ + O2 → O+

2 + O, which means that airglow emissions are dependent on
the density variations of molecular oxygen, O2, and oxygen ions, O+.The density of O2 decreases exponen-
tially with increasing altitude where O+ is the main ion source in the ionosphere and its density follows the
Chapman distribution. If the height of the F layer (O+ layer) decreases, this leads to increased interaction
between O+ and O2, causing an increase in the 630.0-nm airglow emission as explained by many studies
(e.g., Mendillo & Baumgardner, 1982; Sobral et al., 1985; Torr & Torr, 1982).
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Figure 1. This airglow image in geographical coordinates is the deviation from 1-hr running averages at the time when
CHAllenging Minisatellite Payload was over Kototabang at ∼18:26 UT (01:26 LT) on 30 April 2006. The color scale on
the right side of the figure shows the values of the deviation in percent. The dashed line indicates the line where we
obtain the keogram shown in Figure 2b.

The Perkins instability (Perkins, 1973) in the F region of the ionosphere is one of the mechanisms that causes
ionospheric variability. Otsuka et al. (2013) showed that at midlatitudes, nighttime MSTIDs have a dominant
southwestward propagation in the northern hemisphere. They suggested that the electrodynamics of the
ionosphere is the reason behind the generation of nighttime MSTIDs. Yokoyama et al. (2009) simulated
MSTIDs using a three-dimensional numerical model and showed that the sporadic E layer, Es, contributes
to the Perkins instability and amplifies the perturbation.

Kotake et al. (2014) used total electron content data obtained by multipoint GPS receivers and showed that
midlatitude daytime MSTIDs mostly propagate in a southeastward direction in the northern hemisphere
and are likely to be generated by gravity waves. Midlatitude nighttime LSTIDs caused by gravity waves were
studied by Tsugawa et al. (2004) using GPS-total electron content (TEC) observations. They found a clear
correlation between geomagnetic activity and the occurrence rate of LSTIDs.

At equatorial latitudes, Shiokawa et al. (2006) studied nighttime MSTIDs using 2 years of data of 630.0-nm
airglow observations at Kototabang (KTB), Indonesia. They found quasiperiodic southward-moving waves
and suggested that gravity waves in the thermosphere are the source of the observed waves. Fukushima
et al. (2012) studied the 7-year statistical characteristics of nighttime MSTIDs observed in the 630.0-nm
airglow images over KTB. They examined the dependence of the occurrence rate and horizontal wavelength
of MSTIDs on solar activity. They found that the dominant propagation direction of the observed MSTIDs
over KTB was southward. They interpreted their results as showing that gravity waves caused the MSTIDs
and they suggested that deep convection in the troposphere generates the gravity waves that are the source
of their events.

From a simulation of gravity wave propagation in the thermosphere, Vadas (2007) suggested that propaga-
tion to higher altitudes in the thermosphere is not possible for gravity waves with horizontal wavelengths
smaller than 400 km due to the dissipation of the gravity waves in the thermosphere. She also pointed out
that gravity waves with a phase speed greater than the speed of sound cannot exist in the lower atmosphere
(less than 300-km altitude), thus the thermosphere may be the source of the secondary waves generated at
higher altitudes from the dissipation of primary waves originating at lower altitudes. Recent studies sup-
port the idea that gravity waves created in the lower atmosphere can propagate to the upper atmosphere
and become the source of TIDs (e.g., Oberheide et al., 2015). Fukushima et al. (2012) compared the horizon-
tal propagation directions of MSTIDs and the locations of tropospheric convection, identified by equivalent
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Figure 2. Meridional keograms of the 630.0-nm airglow images observed on 30 April 2006 from 16:30 to 19:30 UT.
(a) Keogram contaminated by the artificial light in deviations from 1-hr running averages along the trajectory of the
CHAllenging Minisatellite Payload satellite (∼ longitude 98.5◦ E). (b) Keogram in deviations from 1-hr running
averages along the longitude of 102.86◦ shown by a vertical dashed line in Figure 1. (c) Keogram with absolute
intensities in Rayleigh along the same baseline as that of Figure 2b. LT = local time.

black body temperature, and suggested that 81% of the MSTIDs at KTB are generated from deep convection
in the troposphere.

A statistical study of thermospheric mass density measured by the CHAllenging Minisatellite Payload
(CHAMP) satellite by Liu et al. (2005) during both quiet and disturbed conditions at low and midlatitudes
showed that mass density increases with increased geomagnetic activity but the main structure stays similar.
Low-latitude thermospheric density and its local time (LT) and seasonal variations were studied by Müller
et al. (2009). They examined 4 years of data from the CHAMP satellite and found that density peaks occurred
during equinoxes and the lowest density occurred around the June solstice. Park et al. (2014) studied mid-
latitude and low-latitude thermospheric gravity waves by using CHAMP mass density measurements taken
during daytime hours (09–18 hr LT). They found that gravity wave activity is stronger during a solar min-
imum, which is consistent with stratospheric gravity wave characteristics. They concluded that the main
source of the gravity waves observed by CHAMP is in the troposphere or stratosphere. Previous research
mentioned above uses only CHAMP observation data; the novelty of our research is that we use 2-D air-
glow images and combine them with in situ CHAMP measurements to obtain a better understanding of
the nature of the gravity waves and their propagation in the upper atmosphere. In this study, we compared
simultaneous observations of three equatorial TID events made by a ground-based 630.0-nm airglow imager
and the CHAMP satellite to determine the sources of the equatorial TIDs. We compared airglow variations
during those waves with the neutral and electron densities measured by the CHAMP satellite.

2. Observations
The TIDs reported in this paper were observed by an airglow imager installed at the KTB station, Indonesia
(geographic coordinates: 0.2◦ S, 100.3◦ E, geomagnetic latitude: 10.6◦ S, LT: universal time [UT] + 7 hr). Air-
glow images at a 630.0-nm wavelength (OI), with an assumed emission altitude between 200 and 300 km,
are taken every 4.5 min with an exposure time of 105 s. Background emissions at a wavelength of 572.5 nm
are obtained every 30 min. TIDs in these airglow images have been recorded for a 7-year period from
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Figure 3. Neutral and electron densities and their deviations observed by the CHAllenging Minisatellite Payload
satellite during event 1: (a) neutral density, (b) neutral density deviation, (c) electron density, and (d) electron density
deviation. Deviations are obtained by subtracting 2-min running averages from the original data, corresponding to the
horizontal distance of 1,000 km covered by the satellite's motion. The time interval between the two vertical red lines
indicates the time when the satellite was in the field-of-view of Kototabang.

October 2002 to October 2009 (Fukushima et al., 2012). We selected TID events for which the CHAMP satel-
lite trajectory was within 500 km of KTB where 500 km is taken because it is the half of the distance of the
field-of-view of airglow observations. As a result, only three potential simultaneous ground-satellite mea-
surement events were obtained from the 7-year data set. The dates of these events were 30 April 2006 (event
1), 28 September 2006 (event 2), and 12 April 2004 (event 3). The tropical weather conditions of Indonesia
where the probability of clear sky is less than 10% for most of the year, as reported by Shiokawa et al. (2006),
is the main reason why we have only a few suitable dates in 7 years of data.

The CHAMP satellite was launched in July 2000 and reentered the atmosphere in September 2010. Initially,
the altitude of the satellite was 450 km (for our events, the average altitude of the CHAMP satellite was
around 400 km) and decayed over the years. CHAMP had a near-circular orbit (Reigber et al., 2002). In this
study, we used neutral and electron density observations of the CHAMP satellite. Instruments on the satellite
are described in the paper by Lühr et al. (2012). Electron density and electron temperature are measured
by the planar Langmuir probe on the satellite. An accelerometer is located at the center of gravity of the
satellite to sense only the nongravitational force on the satellite. Thermospheric mass density and wind are
deduced from the air drag experienced by the satellite.

TIDs are not easy to distinguish in raw airglow images. To identify the wave structures clearly, we converted
raw all-sky airglow images to geographical coordinates with the assumption that the airglow layer is located
at an altitude of 250 km. The raw and converted images consists of 512 × 512 pixels. After the coordinate
conversion, we subtracted 1-hr (±30 min from every image) running averages Ia from the center image I of
that 1-hr period. Then, we divided the subtracted image by the 1-hr average to obtain the percentage value Id,
which is called the percentage deviation image (Id = 100 × (I − Ia)∕Ia). After constructing the percentage
deviation images, we defined the criteria to identify TIDs as moving perturbances in consecutive images
even if it is only a one pulse.

In this paper, we examine in detail the three simultaneous ground-satellite measurement TID events.

2.1. Event 1: 30 April 2006
Event 1 was observed on 30 April 2006. Figure 1 shows an airglow image in geographical coordinates as a
deviation from 1-hr running averages at the time when CHAMP was over KTB at 18:26 UT (01:26 LT). Black
dots with corresponding time stamps are indicators of the CHAMP satellite trajectory.
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Figure 4. Airglow intensity variations and the CHAllenging Minisatellite Payload satellite neutral and electron-density
deviations: (a) absolute intensity in Rayleigh and (b) percentage deviation of airglow intensity observed by the
630.0-nm airglow imager, along the black solid line in Figures 2c and 2b; (c) neutral-density deviation and (d) electron
density deviation measured by CHAllenging Minisatellite Payload from 18:23 to 18:28 UT. Red lines in (b) and (c) show
the results of sinusoidal fitting to the data range between the dashed black lines of that panel, and the red line in (d) is
the electron density deviation shifted along the geomagnetic field line from the satellite altitude to the assumed airglow
altitude of 250 km by using the IGRF geomagnetic field model. The altitude, geographic latitude, and longitude of the
satellite are shown at the bottom of the figure.

The circle at the center of the figure shows the location of the KTB station. CHAMP is moving from the
northern to southern hemisphere during this event. The intense emission in the left side of the image is
contamination from an artificial light near the observatory hut. An east-west aligned enhancement in the
airglow emission due to the wave can be observed at latitudes between ±3◦.

Movie S1 in the supporting information shows the sequential airglow images from 16:30 to 19:30 UT in the
same format as that of Figure 1. A clear southward movement (as the KTB station is geomagnetically in the
southern hemisphere, southward movement means poleward movement) of the TID can be seen from 17:31
to 19:15 UT in this movie.

In order to estimate horizontal wavelengths and phase velocities of the observed TIDs, we made meridional
keograms. We took a meridional pixel strip (11× 512 pixels) of percentage deviation image shown in Figure 1
along the CHAMP satellite trajectory and took longitudinal 11 pixels (0.21◦ in longitude) averages for every
image and stacked them together in one plot in the order of their time stamps.

Figure 2 shows the meridional keograms of the event from 16:30 to 19:30 UT. A keogram is a figure of
multiple airglow images stacked in one figure over constant latitude or longitude. Due to the contamination
of an artificial light source in the west side of the airglow images along the CHAMP trajectory in Figure 1,
three keograms are prepared for this event. Figure 2a shows the keogram along the exact trajectory of the
satellite, which is completely in the contaminated part of the airglow image. We observe a wave passage with
an east-west alignment in the Figure 1 and Movie S1, so Figure 2b shows a keogram along the longitude
of 102.86◦ (shown by the vertical dashed line in Figure 1) to avoid the effects of the light contamination
observed along the CHAMP longitude.

Figures 2a and 2b are keograms showing the deviation in percent from 1-hr running averages. Figure 2c
is a meridional keogram with the absolute intensities in Rayleigh along the same baseline as Figure 2b.
Black lines in the figure mark the time (∼18:26 UT) when the CHAMP satellite crossed over KTB. Figure 2a
is highly contaminated by the flickering artificial light. On the other hand, Figure 2b shows a clear wave
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Figure 5. Airglow image in geographical coordinates showing deviations from 1-hr running averages when
CHAllenging Minisatellite Payload was over Kototabang at 16:33 UT (23:33 LT) on 28 September 2006. The color scale
on the right side of the figure shows the values of the deviation in percent.

front with a north-south scale of approximately 700 km from 17:30 to 18:45 UT, where the intensification
of airglow is greater than 250 R at 18:20 UT in Figure 2c. From this keogram, we estimated the southward
velocity of the wave to be approximately 112 m/s by fitting a straight line on the keogram. The ambiguities
of the velocity would be less than ±20 m/s for this case.

Neutral and electron densities and their deviations observed by the CHAMP satellite during event 1 are
shown in Figure 3. Red lines in the figure indicate the CHAMP satellite location and time within a 500-km
radius from KTB. Time, altitude, latitude, and longitude values are shown below the figure. Both neutral den-
sity and electron density values are decreasing near KTB, as shown in Figures 3a and 3c. The electron-density
deviation in Figure 3d shows variations for the whole passage. However, the intensity of those variations
increases near KTB, while the neutral-density deviation in Figure 3b is fluctuating throughout the plotted
satellite pass with amplitudes of a few percent.

Figure 4 compares airglow image variations and the CHAMP satellite neutral and electron-density devia-
tions. We fitted a sinusoidal function to obtain frequencies and the phase difference between airglow and
neutral density variations. We used the sinusoidal function A sin(kx + 𝜙), where A, k, and 𝜙 represent the
amplitude, wave number, and phase for the data set. The red lines in Figure 4b and 4c are the fitted lines
for the data range indicated by the two black dashed lines, which are selected visually by choosing the
data from the enhancement observed in the airglow images, in the graphs of airglow intensity and neutral
density deviations. We extended the plot of the fitted sinusoidal function to the whole passage to see the
wave components clearly. The red line in the Figure 4d is the electron density deviation shifted along the
geomagnetic field line from the satellite altitude, ∼380 km for this event, to the assumed airglow altitude,
250 km, by using the International Geomagnetic Reference Field (IGRF) model. Figures 4a and 4b show a
clear enhancement of the airglow intensity with a peak at a geographic latitude of −1◦, corresponding to the
southward-moving wave (which can be clearly seen in Figure 2). Both neutral density deviation in Figure 4c
and electron density deviation in Figure 4d (blue line) shows similar wave features throughout the plotted
interval. The amplitude of neutral density variations, shown in Figure 4c, are 1–2%. Electron density devi-
ations, shown as blue line in Figure 4d, follows the airglow enhancement observed in Figure 4b. However,
electron density variations mapped on the airglow layer along the magnetic fields, red line on Figure 4d,
do not show wave structure similar to the airglow enhancement. In the Figure 4d, the electron density has
more than 20% variation. For event 1, the frequency components calculated by the sinusoidal fitting are
0.00609 and 0.00714 rad/km for airglow intensity deviation and neutral-density deviation, corresponding
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Figure 6. Meridional keograms of the 630.0-nm airglow images observed on 28 September 2006 from 16:03 to
18:33 UT. (a) Keogram of deviations from 1-hr running averages along the trajectory of the CHAllenging Minisatellite
Payload satellite (longitude 96.5◦ E). (b) Keogram with the absolute intensities in Rayleigh. Black lines mark the time
(16:33 UT) when the CHAllenging Minisatellite Payload satellite crossed over Kototabang. LT = local time.

Figure 7. Neutral and electron densities and their deviations observed by the CHAllenging Minisatellite Payload
satellite during event 2: (a) neutral density, (b) neutral density deviation, (c) electron density, and (d) electron-density
deviation. Deviations are obtained by subtracting 2-min running averages from the original data, corresponding to the
horizontal distance of 1,000 km covered by the satellite's motion. The time interval shown by two vertical red lines
indicates when the satellite was in the field-of-view of Kototabang.
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Figure 8. Airglow intensity variations and the CHAllenging Minisatellite Payload satellite neutral and electron-density
deviations: (a) absolute intensity in Rayleigh and (b) percentage deviation of airglow intensity, observed by 630.0-nm
airglow imager; (c) neutral-density deviation and (d) electron density deviation measured by the CHAllenging
Minisatellite Payload from 16:32 to 16:37 UT. The red line in (d) is the electron density deviation shifted along the
geomagnetic field line from the satellite altitude to the assumed airglow altitude of 250 km by using the IGRF
geomagnetic field model. The altitude, geographic latitude, and longitude of the satellite are shown at the bottom of the
figure.

to horizontal wavelength of approximately 1,031 and 880 km, respectively. The calculated phase difference
between airglow data and neutral density is 63◦. We consider that these two wavelengths are comparable,
indicating that both the airglow imager and CHAMP are observing the same wave in the thermosphere.

2.2. Event 2: 28 September 2006
Figure 5 shows the 630.0-nm airglow image when the CHAMP satellite passed over KTB at 16:33 UT
(23:33 LT) on 28 September 2006 in the same format as in Figure 1. The CHAMP satellite trajectory is
shown by black dots, and the time stamp of the passage is shown next to the dots. On the bottom left part
of the figure, between −2 and −3 geographic latitude and 96–97 geographic longitude degrees, a small light
contamination by a bright star can be seen. This contamination is not affecting the wave passage. Same con-
tamination can be seen in bottom left part of Figures 6a and 6b. The satellite was moving from the southern
to the northern hemisphere for this event. A TID causes the enhancement of airglow at the northward edge
above ∼3◦N in the figure. Movie S2 shows the sequential airglow images from 16:03 to 18:33 UT. The south-
ward movement of a TID can be seen at 16:16–17:23 UT, though the structure did not reach the zenith of
the image.

Meridional keograms of event 2 are shown in Figure 6 in the same layout as Figure 2. Figures 6a and 6b
show the keogram along the CHAMP satellite trajectory (∼longitude 96.5◦ E) for percentage deviations and
absolute intensity, respectively. A wave front with a scale of approximately 500 km moving southward with
a velocity of 124 m/s can be observed from 16:15 to 17:30 UT at latitudes higher than 1◦ N in Figure 6a.
As with event 1, this event is only a single pulse of 630.0-nm airglow intensification moving southward
(geomagnetically poleward) at 24 LT.

Figure 7 shows the neutral and electron densities and their deviations measured by the CHAMP satel-
lite in the same format as Figure 3. The neutral density in Figure 7a is first decreasing then increasing
when the CHAMP satellite passes close to KTB (the times between the red lines), while the electron
density in Figure 7c is increasing, probably toward the equatorial anomaly. Both the neutral density
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Figure 9. Airglow image in geographical coordinates of deviations from 1-hr running averages when CHAllenging
Minisatellite Payload was over Kototabang at 14:49 UT (21:49 LT) on 12 April 2004. The color scale on the right side of
the figure shows the values of the deviation in percent.

Figure 10. Meridional keograms of the 630.0-nm airglow images observed on 12 April 2004 from 13:30 to 17:30 UT.
(a) Keogram of deviations from 1-hr running averages along the trajectory of the CHAllenging Minisatellite Payload
satellite (longitude 104.5◦ E). (b) Keogram with the absolute intensities in Rayleigh. Black lines mark the time (14:51
UT) when the CHAllenging Minisatellite Payload satellite crossed over Kototabang. Observed wave fronts are marked
with numbers 1 to 5 in (a). LT = local time.
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Figure 11. Neutral and electron densities and their deviations observed by the CHAllenging Minisatellite Payload
satellite during Event 3: (a) neutral density, (b) neutral-density deviation, (c) electron density, and (d) electron density
deviation. Deviations are obtained by subtracting 2-min running averages from the original data, corresponding to the
horizontal distance of 1,000 km covered by the satellite's motion. The time interval shown by two vertical red lines
indicates when the satellite was in the field-of-view of Kototabang.

and electron-density deviations in Figures 7b and 7d show some fluctuations throughout the pass with
amplitudes less than 1% and about 20%, respectively.

Figure 8 shows the comparison of airglow image variations and the CHAMP satellite neutral and
electron-density deviations. A small contamination of the airglow images creates the dip at −3.14◦N in
Figures 8a and 8b. CHAMP satellite passed KTB before the southward-moving MSTID appeared over
KTB, so that MSTID signature is seen only at the northern edge of the airglow data. At the northern end
(right side), the airglow intensity increases with latitude (Figure 8b). From the airglow intensity variations
shown in Figure 8b, horizontal wavelength cannot be determined. Figures 8c and 8d are the neutral and
electron-density deviations measured by CHAMP from 16:32 to 16:37 UT. The neutral-density deviation in
Figure 8c does not shows oscillation which could be caused by gravity waves but increases with latitudes in
the same way as the airglow intensity variation at geographic latitudes of 1–4◦N with an amplitude less than
1%. The relationship of airglow variation with electron density deviations is unclear for this case.

2.3. Event 3: 12 April 2004
The third event was observed on 12 April 2004. Figure 9 (layout same as Figure 1) shows the 630.0-nm air-
glow image at the conjunction time of 14:49 UT (21:49 LT) when the CHAMP satellite passed over KTB.
The satellite is moving from the northern to the southern hemisphere for this event. An MSTID struc-
ture can be seen between +1◦ and −2◦ latitudes with an east-west aligned front. Movie S3 was made to
show the sequence of the whole event from 13:30 to 17:30 as deviations from 1-hr running averages. Clear
southward-moving structures can be repeatedly seen in this movie during the period 14:30–17:30 UT. It
should be noted that we did not examine the westward-moving structures that can be seen before the event
time (before 14:30 UT) in Movie S3.

Figure 10 shows the meridional keograms for this event in the same format as that of Figure 2. Five clear
wave fronts (numbered (1) to (5)) moving southward can be seen in Figure 10a in the period 14:30–17:30
UT, unlike events 1 and 2, which were single pulses. Horizontal wavelengths between the consecutive wave
fronts are 500, 700, 1,000, and 900 km. These wave fronts are moving southward with a velocity of approx-
imately 280 ± 20 m/s. In Figure 10b, there is an intensification in the absolute intensity with a northward
movement, which could be due to the equatorial ionization anomaly. The intensification of airglow is greater
than 250 R at 14:40 UT in Figure 10b.
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Figure 12. Airglow intensity variations and the CHAllenging Minisatellite Payload satellite neutral and
electron-density deviations: (a) absolute intensity in Rayleigh and (b) percentage deviation of airglow intensity,
observed by 630.0-nm airglow imager; (c) neutral-density deviation and (d) electron-density deviation measured by
CHAMP from 14:47 to 14:52 UT. Red lines in (b) and (c) show the results of sinusoidal fitting to the data range between
the dashed black lines of that panel, and the red line in (d) is the electron density deviation shifted along the
geomagnetic field line from the satellite altitude to the assumed airglow altitude of 250 km by using the IGRF
geomagnetic field model. The altitude, geographic latitude, and longitude of the satellite are shown in the bottom of
the figure.

Neutral and electron densities and their deviations are shown in Figure 11 in the same format as in Figure 3.
The neutral density shown in Figure 11a is decreasing during the event. In Figure 11c, KTB is located on
the equatorward edge of the electron density enhancement which probably corresponds to the equatorial
anomaly. Both the neutral-density deviations in Figure 11b and electron-density deviations in Figure 11d are
fluctuating throughout the passage of the satellite over KTB with amplitudes of 0.5–1% and 10%, respectively.

Figure 12 shows a comparison of the airglow intensity and the CHAMP satellite density deviations in
the same format as that in Figure 4. The enhancement caused by the wave front in the airglow keogram
can be seen at the southern edge (right side) of Figures 12a and 12b. The neutral-density deviation in
Figure 12c shows quasiperiodic wave-like oscillations throughout the event with an amplitude of 1%.
This neutral-density deviation has an out-of-phase relationship with the airglow wave enhancement in
Figures 12a and 12b. However, the electron density deviations in Figure 12d do not show clear a correspon-
dence to the waves in the airglow and neutral-density deviations. We applied the sinusoidal fitting for event
3, in the same way as for event 1, for the ranges shown by vertical dashed lines in Figures 12b and 12c. Due
to different spatial resolution differences of CHAMP satellite and airglow image data, we could not use the
same fitting range for Figures 12b and 12c. From the fitting, we obtained similar frequency components of
0.01123 and 0.01504 rad/km, corresponding to horizontal wavelengths of approximately 560 and 420 km,
for the airglow intensity and neutral-density deviations, respectively. The estimated horizontal wavelength
of the observed MSTID from the Figure 10a is ≈500 km, which is consistent with the estimated horizon-
tal wavelength of the fitting. This shows us that the selected fitting range for the airglow is valid for this
event. This fitting gives us a phase difference of 190◦ between the airglow intensity and the neutral density
deviation.

3. Discussion
We have presented three ground-satellite conjugate measurements of TIDs at an equatorial station, KTB. All
three events were southward-moving structures in 630.0-nm airglow images. We applied the nonlinear least
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squares method to fit a sinusoidal function to both airglow intensity deviation and neutral-density deviation
to show wave numbers. Calculated results are highly sensitive to the data range given as an input to the
fitting. We marked the input data for the fitting with dashed lines in Figures 4b and 4c (event 1) and 12 (event
3). We looked the horizontal wavelengths obtained from the fittings to understand if both measurements
are of the same wave or not. For events 1 and 3, we calculated the wave lengths of airglow intensity and
neutral-density variations as 1,031 and 880 km and 560 and 420 km, respectively. Horizontal wavelengths
of the airglow and neutral density deviations are comparable. In the case of gravity waves, perturbations we
observe from the airglow emission should show similar wave features with the neutral density perturbations
observed by the CHAMP. Thus, we think that gravity waves in the neutral atmosphere are likely to be the
source of the observed TIDs in events 1 and 3. In event 2, although southward-propagating MSTIDs were
observed in the 630.0-nm airglow images, the corresponding neutral density deviations were not observed
by the CHAMP in situ measurement.

From the comparison between the electron density and airglow intensity in the same geomagnetic field line,
corresponding wave structure is not clear for all of the events. This lack of correspondence indicates that the
observed TIDs are not generated as a result of plasma instability in the ionosphere in the following reason.
If TIDs are caused by a plasma instability, polarization electric fields generated by the plasma instability
are transmitted along the geomagnetic fields without attenuation and move the plasma by ExB drifts in the
direction perpendicular to the magnetic fields causing the plasma density modulation at the altitude of the
CHAMP satellite. However, such plasma density modulations were not observed in the electron density data
obtained by the CHAMP satellite.

Both neutral and electron densities observed with the CHAMP satellite in situ measurements show similar
wave features and horizontal wavelengths for event 1; however, similar features are not observed in events
2 and 3. This could be because of the difference of amplitudes of the neutral wind variation. For event 1,
peak-to-peak amplitude was approximately 4%, and for events 2 and 3, amplitudes were less than 1% . Gravity
waves with small amplitude of neutral wind variations in events 2 and 3 could not cause discernible plasma
density variations.

It is generally expected to observe similar wave structures between electron density and the airglow varia-
tions caused by atmospheric gravity waves. Wave fluctuations in both neutral density and wind can cause
plasma fluctuations in the same frequency. According to Hooke (1968), the phase relationship between
plasma density and neutral density variations depends on wave parameters. Because plasma can move only
along the magnetic field lines, when poleward (equatorward) neutral wind forces neutrals and plasma to
move, plasma can only move downward (upward) along the magnetic field line. Since the CHAMP satel-
lite is located at altitudes higher than the peak of the F region, a poleward neutral wind (pushing plasma
down) causes a decrease of the electron density. Gravity waves also cause convergence and divergence of
the plasma along the magnetic field line. Phase relationship between plasma density and neutral density
variations depends on balance of these two effects.

Gravity waves in the neutral atmosphere cause density and wind velocity oscillations at the same frequency
and same spatial scale. If gravity waves are the source of the observed TIDs, then the following linear
dispersion relationship must be satisfied by the observed TIDs (Hines, 1960):

m2 = N2

(u − c)2 − k2 − 1
4H2 , (1)

where the vertical and horizontal wave numbers are represented as m ( = 2𝜋∕𝜆z) and k ( = 2𝜋∕𝜆h) and
N,u, c, and H are the Brunt-Vaisala frequency, background neutral wind, horizontal phase velocity of the
waves, and density scale height, respectively. The vertical wavelength, 𝜆z, can be obtained from the vertical
wave number, m. Brunt-Vaisala frequency, N, is taken as 0.00872 rad/s (=2𝜋/12 min), and scale height,
H, is taken as 45 km. The horizontal wavelength 𝜆h and horizontal phase velocity c can be obtained from
the airglow measurements. Because there are no measurements of the meridional wind by the CHAMP
satellite, the background neutral wind, u, is given as a range from −200 to +200 m/s to cover all the possible
background wind velocities. The vertical wavelength of gravity wave could be longer than those calculated
by using equation (1) at higher altitudes (above the F2 peak) in the thermosphere because dissipation due
to viscosity and thermal conductance is not negligible for the dispersion relation of gravity waves, which is
the limitation of our assumption.
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Figure 13. Estimated vertical wavelengths, 𝜆z, for given northward neutral wind velocities: (a) event 1, (b) event 2, and
(c) event 3. Red lines on the figure indicate the range of neutral wind velocities obtained from the HMW07 model
during the CHAllenging Minisatellite Payload overpass in the field-of-view of Kototabang.

Figure 13 shows the estimated vertical wavelengths derived from the dispersion relation,𝜆z, for the described
conditions for all three events. The red lines on Figures 13a–13c indicate the range of background neutral
wind velocities obtained from the HWM07 model (Hedin et al., 1988) that are used in the dispersion relation
to calculate winds for events 1–3, respectively. A range is given due to different model wind velocities occur-
ring during a CHAMP overpass of the airglow image. For events 1–3, the estimated vertical wavelengths
are 60–90, 80–130, and 230–270 km, respectively. According to equation (1), at the altitude of u = c, 𝜆z
becomes zero (the critical level) where the gravity wave dissipates. However, the results for all three events
do not contain the critical level situation in the model wind data. The altitude of the 630.0-nm airglow emis-
sion is considered to be between 200 and 300 km, which makes a thickness of the layer as 100 km. If the
vertical wavelength of the wave is much smaller than this thickness of the airglow emission layer, several
wave peaks should appear in the layer and compensate each other if we observe it from the ground. The esti-
mated vertical wavelength of gravity waves from the dispersion relationship are comparable or larger than
the thickness of the airglow layer. This result is consistent with our conclusion that the observed TIDs in all
three cases are caused by gravity waves in the neutral atmosphere.

4. Conclusions
In this study, we have reported the first comparison of ground and satellite measurements of TIDs made
by using a 630.0-nm airglow imager and the CHAMP satellite at the equatorial KTB station. During the
7-year period from October 2002 to October 2009, we found only three simultaneous events on 30 April 2006
(event 1), 28 September 2006 (event 2), and 12 April 2004 (event 3). We summarize our observations and
conclusions as follows.

1. In all of three events, MSTIDs propagating southward were observed in 630.0-nm airglow images. Hor-
izontal wavelengths of the MSTIDs in the events 1, 2 and 3 were 1,000, 500, and 560 km, respectively.
Apparent horizontal velocities of MSTIDs were 112, 124, and 280 m/s for events 1, 2, and 3, respectively.
For events 1 and 3, sinusoidal variations of the neutral density were observed at an altitude of 350–400 km
with the CHAMP in situ measurements. Horizontal wavelengths of the neutral density variations were
880 and 420 km in the events 1 and 3, respectively. These horizontal wavelengths were consistent with

MORAL ET AL. 2210



Journal of Geophysical Research: Space Physics 10.1029/2018JA025634

those observed in the 630.0-nm airglow images. This result indicates that MSTIDs observed in the airglow
images were generated by atmospheric gravity waves and that the gravity waves reached at an altitude of
350 and 400 km where the CHAMP satellite flied. On the other hand, in event 2, neutral density varia-
tions associated with MSTIDs were not observed at an altitude of 360 km, indicating that gravity waves
do not always reach an altitude of 350–400 km.

2. For event 1, both neutral and electron densities observed with the CHAMP satellite show similar wave
features. By the CHAMP in situ measurements, plasma density variations associated with MSTIDs were
observed only in event 1 and not observed in events 2 and 3. This could be because amplitude of the neutral
wind variation is approximately 2% in event 1 and less than 1% in events 2 and 3. Gravity waves with
small amplitude of neutral wind variations in events 2 and 3 could not cause discernible plasma density
variations.

3. Vertical wavelengths estimated from the phase velocities and periods of the observed MSTIDs according
to dispersion relation for atmospheric gravity wave in the three events are 60–270 km. This result is con-
sistent with an idea that gravity waves can exist in the thermosphere and cause the airglow variations
observed with the ground-based airglow imager.

Based on these results, we suggest that the observed TIDs of events 1 and 3 are caused by gravity waves in the
neutral atmosphere rather than by ionospheric plasma instability. The present result indicates that simul-
taneous ground and satellite observations are a powerful tool for understanding TIDs in the thermosphere
and ionosphere.

References

Bowman, G. G. (1990). A review of some recent work on midlatitude spread-F occurrence as detected by ionosondes. Journal of
Geomagnetism and Geoelectricity, 42(2), 109–138.

Fukao, S., Kelley, M. C., Shirakawa, T., Takami, T., Yamamoto, M., Tsuda, T., & Kato, S. (1991). Turbulent upwelling of the mid-latitude iono-
sphere: 1. Observational results by the MU radar. Journal of Geophysical Research, 96(A3), 3725–3746. https://doi.org/10.1029/90JA02253

Fukushima, D., Shiokawa, K., Otsuka, Y., & Ogawa, T. (2012). Observation of equatorial nighttime medium-scale traveling ionospheric dis-
turbances in 630-nm airglow images over 7 years. Journal of Geophysical Research, 117, A10324. https://doi.org/10.1029/2012JA017758

Hedin, A. E., Spencer, N. W., & Killeen, T. L. (1988). Empirical global model of upper thermosphere winds based on atmosphere and
dynamics explorer satellite data. Journal of Geophysical Research, 93, 9959–9978.

Hines, C. O. (1960). Internal atmospheric gravity waves at ionospheric heights. Canadian Journal of Physics, 38, 1441–1481.
Hooke, W. H. (1968). Ionospheric irregularities produced by internal atmospheric gravity waves. Journal of Atmospheric and Terrestrial

Physics, 30, 795–823.
Hunsucker, R. D. (1982). Atmospheric gravity waves generated in the high-latitude ionosphere: A review. Reviews of Geophysics and Space

Physics, 20, 293–315.
Kotake, N., Otsuka, Y., Ogawa, T., Tsugawa, T., & Saito, A. (2014). Statistical study of medium-scale traveling ionospheric disturbances

observed with the GPS networks in southern california. Earth, Planets and Space, 59, 95–102.
Liu, H., Lühr, H., Henize, V., & Kohler, W. (2005). Global distribution of the thermospheric total mass density derived from CHAMP.

Journal of Geophysical Research, 110, A04301. https://doi.org/10.1029/2004JA010741
Lühr, H., Park, J., Ritter, P., & Liu, H. (2012). In-situ CHAMP observation of ionosphere-thermosphere coupling. Space Science Reviews,

168, 237–260. https://doi.org/10.1007/s11214-011-9798-4
Mendillo, M., & Baumgardner, J. (1982). Airglow characteristics of equatorial plasma depletions. Journal of Geophysical Research, 87,

7641–7652.
Mendillo, M., Baumgardner, J., Nottingham, D., Aarons, J., Reinisch, B., Scali, J., & Kelley, M. (1997). Investigations of thermospheri-

cionospheric dynamics with 6300-Å images from the Arecibo Observatory. Journal of Geophysical Research, 102(A4), 7331–7343.
https://doi.org/10.1029/96JA02786

Miller, C. A., Swartz, W. E., Kelley, M. C., Mendillo, M., Nothingham, D., Scali, J., & Reinisch, B. (1997). Electrodynamics of midlati-
tude spread F: 1. Observations of unstable, gravity wave-induced ionospheric electric fields at tropical latitudes. Journal of Geophysical
Research, 102(A6), 11,521–11,532. https://doi.org/10.1029/96JA03839

Müller, S., Luhr, H., & Rentz, S. (2009). Solar and magnetospheric forcing of the low latitude thermospheric mass density as observed by
CHAMP. Annals of Geophysics, 27, 2087–2099.

Oberheide, J., Shiokawa, K., Gurubaran, S., Ward, W. E., Fujiwara, H., Kosch, M. J., et al. (2015). The geospace response to variable inputs
from the lower atmosphere: A review of the progress made by task group 4 of CAWSES-II. Progress in Earth and Planetary Science, 2, 2.
https://doi.org/10.1186/s40645-014-0031-4

Otsuka, Y., Suzuki, K., Nakagawa, S., Nishioka, M., Shiokawa, K., & Tsugawa, T. (2013). GPS observations Of medium-scale traveling
ionospheric disturbances over europe. Annales de Geophysique, 31, 163–172. https://doi.org/10.5194/angeo-31-163-2013

Park, J., Luhr, H., Lee, C., Kim, Y. H., Jee, G., & Kim, J.-H. (2014). A climatology of medium-scale gravity wave activity in the
midlatitude/low-latitude daytime upper thermosphere as observed by CHAMP. Journal of Geophysical Research: Space Physics, 119,
2187–2196. https://doi.org/10.1002/2013JA019705

Perkins, F. (1973). Spread F and ionospheric currents. Journal of Geophysical Research, 78(1), 218–226. https://doi.org/10.1029/
JA078i001p00218

Reigber, C., Balmino, G., Schwintzer, P., Biancale, R., Bode, A., Lemoine, J.-M., et al. (2002). A high-quality global gravity field model
from CHAMP GPS tracking data and accelerometry (EIGEN-1S). Geophysical Research Letters, 29(14), 1692. https://doi.org/10.1029/
2002GL015064

Acknowledgments
We thank Y. Katoh, M. Satoh, Y.
Yamamoto, and Y. Hamaguchi of
the Institute for Space-Earth
Environmental Research Laboratory
(ISEE), Nagoya University, for their
helpful support at the all-sky imager at
Kototabang. The ISEE, the Research
Institute for Sustainable
Humanosphere, Kyoto University,
Japan, and the National Institute of
Aeronautical and Space Science,
Indonesia, carried out airglow
observations at Kototabang. We want
to thank to Space Agency of the
German Aerospace Center (DLR) and
the project director H. Lühr for the
CHAMP mission. This work was
supported by Grants-in-Aid for
Scientific Research (13573006,
20244080, 16H06286, and 15H05815),
a Grant-in-Aid for Scientific Research
in Priority Areas (764), and the JSPS
Core-to-Core Program B, Asia-Africa
Science Platforms. Huixin Liu is
supported by JSPS KAKEN HI grants
18H01270, 18H04446, and 17KK0095.
Aysegul Ceren Moral is supported by a
research scholarship from the Ministry
of Education, Culture, Sports, Science
and Technology, Japan. Data set can be
downloaded from Zenodo website
(http://doi.org/10.5281/zenodo.1243819).

MORAL ET AL. 2211

https://doi.org/10.1029/90JA02253
https://doi.org/10.1029/2012JA017758
https://doi.org/10.1029/2004JA010741
https://doi.org/10.1007/s11214-011-9798-4
https://doi.org/10.1029/96JA02786
https://doi.org/10.1029/96JA03839
https://doi.org/10.1186/s40645-014-0031-4
https://doi.org/10.5194/angeo-31-163-2013
https://doi.org/10.1002/2013JA019705
https://doi.org/10.1029/JA078i001p00218
https://doi.org/10.1029/JA078i001p00218
https://doi.org/10.1029/2002GL015064
https://doi.org/10.1029/2002GL015064
http://doi.org/10.5281/zenodo.1243819


Journal of Geophysical Research: Space Physics 10.1029/2018JA025634

Shiokawa, K., Otsuka, Y., Ihara, C., Ogawa, T., & Rich, F. J. (2003). Ground and satellite observations of nighttime medium-scale travelling
ionospheric disturbance at midlatitude. Journal of Geophysical Research, 108(A4), 1145. https://doi.org/10.1029/2002JA009639

Shiokawa, K., Otsuka, Y., & Ogawa, T. (2006). Quasiperiodic southward moving waves in 630-nm airglow images in the equtorial
thermosphere. Journal of Geophysical Research, 111, A06301. https://doi.org/10.1029/2005JA011406

Sobral, J. H. A., Abdu, M. A., & Sahai, Y. (1985). Equatorial plasma bubble eastward velocity characteristics from scanning airglow
photometer measurements over Cachoeira Paulista. Journal of Atmospheric and Terrestrial Physics, 47, 895–900.

Torr, M. R., & Torr, D. G. (1982). The role of metastable species in the thermosphere. Reviews of Geophysics, 20, 91–144.
Tsugawa, T., Saito, A., & Otsuka, Y. (2004). A statistical study of large-scale traveling ionospheric disturbances using the GPS network in

Japan. Journal of Geophysical Research, 109, A06302. https://doi.org/10.1029/2003JA010302
Vadas, S. L. (2007). Horizontal and vertical propagation and dissipation of gravity waves in the thermosphere from lower atmospheric and

thermospheric sources. Journal of Geophysical Research, 112, A06305. https://doi.org/10.1029/2006JA011845
Waldock, J. A., & Jones, T. B. (1986). HF doppler observations of medium-scale traveling ionospheric disturbances at mid-latitudes. Journal

of Atmospheric and Terrestrial Physics, 48(3), 245–260. https://doi.org/10.1016/0021-9169(86)90099-1
Yokoyama, T., Hysell, D. L., Otsuka, Y., & Yamamoto, M. (2009). Three-dimensional simulation of the coupled Perkins and Es-layer insta-

bilities in the nighttime midlatitude ionosphere. Journal of Geophysical Research, 114, A03308. https://doi.org/10.1029/2008JA013789

MORAL ET AL. 2212

https://doi.org/10.1029/2002JA009639
https://doi.org/10.1029/2005JA011406
https://doi.org/10.1029/2003JA010302
https://doi.org/10.1029/2006JA011845
https://doi.org/10.1016/0021-9169(86)90099-1
https://doi.org/10.1029/2008JA013789

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


