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[1] The nighttime medium-scale traveling ionospheric disturbances (MSTIDs) are
detected by the network GPS receivers in Taiwan for the first time. The two-dimensional
mapping technique (a spatial resolution of 0.05� � 0.05� in latitude and longitude
with 5 � 5 pixels smoothing) is applied on the data of TEC perturbations (TECp) and GPS
phase fluctuations (DTEC/min). The results show that the MSTIDs move southwestward
to latitude of 20.5�N with a horizontal velocity between 100 and 160 m/s and a
wavelength of about 500 km. The wavefronts of the MSTIDs are aligned along the
northwest-southeast direction. Furthermore, the greater jDTEC/minj values are
corresponding to the wave peak and trough of TECp. This coincidence indicates that
the MSTIDs play an important role for the generation of F region irregularities in the
low-latitude ionosphere.
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1. Introduction

[2] Medium-scale traveling ionospheric disturbances
(MSTIDs), the mesoscale wave-like perturbation of the
ionospheric plasma, are often observed in the ionospheric
F region at midlatitudes. They have horizontal wavelength
of several hundred kilometers, period of 15–60 min, and
horizontal velocity of 100–250 m/s (see Hunsucker [1982]
for a review). According to the previous studies [Shiokawa
et al., 2003a; Hernández-Pajares et al., 2006; Kotake et al.,
2006, 2007], the daytimeMSTIDs occur frequently in winter;
while the nighttime MSTID most active near June solstice
at the Japanese and Australian longitudinal sector and near
December solstice in the European longitudinal sector.
[3] Since mid-1990s, the two-dimensional mapping tech-

nique using network GPS receivers has been used to reveal
the characteristics of MSTIDs. First, Saito et al. [1998] used
the high-resolution mapping of total electron content per-
turbations (TECp) observed by the GEONET (GPS Earth
Observation Network) in Japan to show a spatial structure
of the nighttime MSTIDs. Then, the two-dimensional TECp
maps of the nighttime MSTIDs in Japan are compared with

the two-dimensional 630-nm airglow maps by Saito et al.
[2001] and Ogawa et al. [2002], in which they found that
these two maps are coincident with each other. In addition to
the results in Japan, this mapping technique is recently
applied on the features of the daytime and nighttime
MSTIDs in North America [Kotake et al., 2007; Tsugawa
et al., 2007]. Moreover, Saito et al. [2001] reported that the
coherent echoes from the 3-m scale F region field-aligned
irregularities (FAIs) were observed by the MU radar in the
nights when the MSTIDs activity was high. Further, the
horizontal distribution of the 3-m scale F region FAIs and
TECp were examined by Saito et al. [2002], in which they
found that both the TECp (MSTIDs) and F region FAIs
propagated southwestward in the same velocity, and the
regionswhere the echoes from theF region FAIswere detected
correspond to the peak and the northeastern slope of TECp.
[4] Although the MSTIDs characteristics in the midlatitude

ionosphere have been studied bymany works, the low-latitude
MSTIDs using the two-dimensional TECpmapping technique
is not done yet. This study produces the two-dimensional
TECp maps to investigate the nighttime MSTIDs in the low-
latitude ionosphere for the first time. It is also the first attempt
to apply the two-dimensional map technique on the data of
GPS phase fluctuations [Aarons et al., 1997; Mendillo et al.,
2000] to examine the horizontal distribution of F region
irregularities. The TEC data are obtained from the network
GPS receivers of National Land Surveying and Mapping
Center (NSLC), the Ministry of the Interior, Taiwan.

2. Data Analysis

[5] In this study, the nighttime MSTIDs on 26 May 2006
are analyzed. For this day, the TEC data of 51 NSLC GPS
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receivers with a 30-s time resolution are used to produce the
two-dimensional TECp map. The locations of the 51 GPS
receivers are displayed in Figure 1. It is noted that the
total number of NSLC GPS receivers is more than 85 in
December 2007. All NSLC stations are equipped with dual-
frequency GPS receivers, which provide the data of carrier
phase and pseudo-range measurements at two frequencies
( f1 = 1575.42 MHz, f2 = 1227.60 MHz).
[6] The slant TEC, Is, which is the total number of

electrons along the entire line-of-sight (LOS) between
receiver and satellite, can be estimated using the following
equation [Mannucci et al., 1999]:

Is ¼
1

40:3

f 21 f
2
2

f 21 � f 22
L1 � L2ð Þ � l1n1 � l2n2ð Þ þ br þ bs½ 	;

where L1 and L2 are the carrier phases of the signal
(converted to distance units), l1n1 and l2n2 are the integer
cycle ambiguities, and br and bs are the instrumental biases
of receiver and satellite. The TECp, formed by MSTIDs, are
obtained by subtracting one-hour running average of Is from
Is for each LOS (see Saito et al. [1998, 2001] for details).
The GPS phase fluctuations (DTEC/min), caused by the
F region irregularities of about 6 or longer kilometers scale
size, are derived from the rate of change of TEC per minute
(see Aarons et al. [1997] and Mendillo et al. [2000] for
details). To eliminate changes in TEC which occur on
timescale longer than 25 min, the 51-point high-pass filter
is employed in the DTEC/min analysis. It is noted that
the jDTEC/minj is used to calculate two indices of GPS
phase fluctuations (see Mendillo et al. [2000] for details).
Then, the TECp data are averaged with its nearly 24 grids
(5 � 5 pixels smoothing) to make a two-dimensional TECp
map. The size of each pixel is 0.05� � 0.05� in latitude and
longitude. The value for each pixel is an average of TECp

for all LOS which cross the pixel at 350 km altitude in 5 min.
The 350 km altitude is the approximate F-peak height at
1400 UT on 26 May 2006, predicted by the IRI-2001 model
[Bilitza, 2001]. The two-dimensional jDTEC/minj map is
also produced in a spatial resolution of 0.05� � 0.05� in
latitude and longitude with 5 � 5 pixels smoothing. Because
this study focuses on the TECp and jDTEC/minj, the integer
cycle ambiguities and instrumental biases would not affect
the results of two-dimensionalmaps of TECp and jDTEC/minj.
Moreover, in order to prevent the uncertainties and cycle
slips, the data from elevation angles lower than 60� are not
included in this study.

3. Results and Discussion

[7] Figure 2 shows the time sequence of two-dimensional
TECp maps during 1440–1530 UT (2240–2330 LT) on 26
May 2006, with a 10-min interval. The Kp index during this
day ranges between 0+ and 1+, indicating that the geomagnetic
activity is quiet. The plots are made using TEC data from
two GPS satellites: PRN03 and PRN19. In Figure 2, it
is found that the TECp structures derived with different
satellites and elevation angles are consistent with each other.
This demonstrates the altitude of 350 km used in data anal-
ysis is reasonable. At 1440 UT (Figure 2a), the wave-like
structures appear in 119–122�E and 21–26�N. Then, this
wave-like structures move southwestward over Taiwan with
a horizontal velocity of 100–160 m/s and a wavelength
of about 500 km. The wavefronts of these structures are
aligned along the northwest–southeast direction. Based
on the horizontal velocity and wavelength, these wave-like
structures are categorized as MSTIDs [Hunsucker, 1982].
Further, these characteristics are similar to the results pre-
viously observed in Japan [Saito et al., 1998, 2001] and
America [Kotake et al., 2007; Tsugawa et al., 2007].
Although at low latitudes, Ding et al. [2007] have observed
the TIDs during a storm using GPS data, the TIDs that
they found is the large-scale TIDs, which have a horizontal
wavelength of more than 1000 km and periods of 30–
180 min [Hunsucker, 1982]. Therefore, this MSTIDs event
in the low-latitude ionosphere is detected by the GPS net-
work for the first time.
[8] The nighttimeMSTIDs are also recorded by the all-sky

airglows imager in Yonaguni Island, Japan (24.5�N, 123�E)
[Ogawa et al., 2008]. Figure 3 displays the two-dimensional
map of 630-nm airglow intensity perturbation observed by
the Yonaguni imager at 1457 UT on 26 May 2006. The
airglow structures show a significant coincidence with those
of TECp at 1500 UT (Figure 2c). This coincidence reveals
that the data processes (a spatial resolution of 0.05� �
0.05�in latitude and longitude with 5 � 5 pixels smoothing)
in this study are suitable for detecting the MSTIDs features.
According to Kubota et al. [2000] and Ogawa et al. [2002],
the emission rate of 630-nm airglow reaches a maximum
value at 250–260 km, where is below the F-peak height.
Therefore, this coincidence demonstrates that these night-
timeMSTIDs occur mainly in the bottomside of the F region.
In Figure 2c, the peak-to-peak amplitude of the TECp
variations is about 3 TECU (1 TECU = 1016 ele/m2). At
1400 UT and 1600 UT on 26 May 2006, the background
values of TEC at 120�E and 25�N are, respectively, 15 and
13 TECU, obtained from Global Ionosphere Maps (GIM) of

Figure 1. Distribution of GPS receivers operated by NSLC
on 26 May 2006. Filled squares represent the locations of
the GPS receivers.
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CODE (Center for Orbit Determination in Europe). The ratio
of TECp to the background TEC is about 10%, which is
smaller than the amplitudes of airglow variations of about
20% (as shown in Figure 3). This result again indicates that
the perturbations of ionospheric electron density take place
mainly in the bottomside of F region [e.g., Saito et al., 2001].
[9] In the previous studies, the polarization electric fields

have been found inside the structure of nighttime MSTIDs
[Saito et al., 2002; Shiokawa et al., 2003b]. Those results
indicate that the Perkins instability could be the major
mechanism in the generation of nighttime MSTIDs [Perkins,
1973; Garcia et al., 2000]. Recently, Yokoyama et al. [2008]
used a three-dimensional model of Perkins instability to
simulate the northwest–southeast alignment of density per-
turbation. Nevertheless, the Perkins instability cannot explain
the generation of nighttime MSTIDs well [e.g., Shiokawa
et al., 2003b]. According to the earlier studies, the atmo-
spheric gravity wave [e.g., Hunsucker, 1982], as well as
electrodynamic coupling between F- and E regions [e.g.,
Otsuka et al., 2007] and between two hemispheres [e.g.,
Otsuka et al., 2004; Shiokawa et al., 2005] could be the
seeds of the instability, too.
[10] Based on Ogawa et al. [2008], it is known that

the nighttime MSTIDs in this study propagated southwest-
ward from somewhere at latitudes higher than 46�N (the
northernmost latitude of Japan) to 20.5�N. This result
differs from the observed results on 4 and 6 August 1999
of Shiokawa et al. [2002]. Shiokawa et al. [2002] analyzed
the 630 nm airglows of Okinawa (26.9�N, 128.3�E) CCD
imager during 4–15 August 1999, and suggested that the
southern limit of the southwestward propagation of MSTID

from themainland Japanwas possible around latitude of 28�N.
The southern limit could be caused by the higher electron
density that might prevent the atmospheric gravity wave, a
seed of the wave-like structure of MSTIDs, propagation
through the ion-drag effect [Shiokawa et al., 2002, 2005].
Here, we examine the time constant (t) for ion-drag given
by t = n/(Nnin), where n, N, and nin are the neutral and ion
densities, and the ion-neutral collision frequency. Based on

Figure 2. Time sequence of two-dimensional TECp maps during 1440–1530 UT (2240–2330 LT) on 26
May 2006, with a 10-min interval. The TEC data are obtained from two GPS satellites: PRN03 and PRN19.

Figure 3. Two-dimensional maps of 630-nm airglow in-
tensity perturbation at 1457 UTon 26May 2006, observed by
the Yonaguni CCD imager.
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Liu and Yeh [1969] and Hines [1972], the atmospheric
gravity wave would be damped by the ion-drag effect, when
the value of 2pt is comparable to the period of gravity
wave. Further, we calculate the value of t at 1300 UT on 6
August 1999 and 26 May 2006. At 1300 UT on 6 August
1999, the value of N is 1.19 � 1012 m�3 at 350 km at 121�E
and 25�N modeled by IRI-2001. The corresponding n value
obtained from MSISE-90 model [Hedin, 1991] is 3.31 �
1014 m�3. The nin is 2.62 � 10�1 sec�1 estimated by the
equation of nin = 2.4 � 10�11T0.5n [Strobel and McElroy,
1970], where T, obtained from MSISE-90 model, is the
atmospheric temperature in Kelvin. Then, the t value at
1300 UT on 6 August 1999 is 1062 s (about 18 min). At
1300 UT on 26 May 2006, the t value is 3973 s (about
66 min) calculated from n of 9.01 � 1013 m�3, N of 3.76 �
1011 m�3, and nin of 6.03 � 10�2 sec�1. The value of t
at 1300 UT on 26 May 2006 is greater than that on 6 August
1999. It is noted that the different values of n, N, and nin
between these two sampling days account for the difference
of t. Moreover, because the 2pt of 111 min is comparable
to the observed period (20–40 min) of the nighttime
MSTIDs on 6 August 1999, the MSTIDs could not propa-
gate to the latitude of 25�N [Shiokawa et al., 2002]. In
contrast, the 2pt of 416 min is not comparable to MSTIDs
period in the night of 26 May 2006. This indicates that the
ion-drag effect would not prevent the nighttime MSTIDs
propagation in this day. It is noted that there would be
possible uncertainties in the estimated values of t, when the
modeled data is adopted. However, some previous studies
have used the modeled data of IRI-2001 and MSISE-90 to

compare the observed data, and have a good agreement
[e.g., Chuo and Lee, 2008; Ding et al., 2003; Tsugawa et al.,
2006]. Therefore, it would be acceptable to apply the data of
these two models in this study.
[11] Figure 4 displays the time sequence of two-dimensional

jDTEC/minj maps during 1440–1530 UT (2240–2330 LT)
on 26 May 2006, with a 10-min interval. In Figure 4a, there
are two band-like structures of the greater jDTEC/minj
values (>0.2 TECU/min) which are located at about 121�E
and 24�N, and at 119�E and 21.5�N. It is noted that the
jDTEC/minj values greater than 0.2 TECU/min can signify
that the irregularities of about 6 or longer kilometers scale
present in the F region [Aarons et al., 1997; Mendillo et al.,
2000]. For example, the relative vertical TEC (VTEC) and
DTEC/min for the satellite PRN 19 pass observed by the
CHYI (23.45�N, 120.14�N) GPS station during 1414–
1708 UT are showed in Figure 5. In Figures 5b and 5c,
it is found that the VTEC depletions and jDTEC/minj >
0.2 TECU/min appear concurrently during about 1440–
1600 UT. These results demonstrate that there are irregular-
ities existing in the F region, and in turn causing the
significant jDTEC/minj values during this period. More-
over, the 5 � 5 pixels smoothing method producing the two-
dimensional map might reduce the value of jDTEC/minj
enhancements, or cause uncertainty at one pixel. Therefore,
we estimate the value of standard deviation for each pixel to
examine the uncertainty. The values of standard deviation
for all pixel in the two-dimensional jDTEC/minj maps are
almost smaller than 0.08 TECU/min. Therefore, the uncer-
tainty for each pixel would be acceptable.

Figure 4. Time sequence of two-dimensional jDTEC/minjmaps during 1440–1530UT (2240–2330 LT)
on 26 May 2006, with a 10-min interval. The TEC data are obtained from two GPS satellites: PRN03
and PRN19.
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[12] From 1440 to 1530 UT on 26 May 2006, these band-
like greater jDTEC/minj structures move southwestward.
Comparing with Figure 2, it is found that the band-like
jDTEC/minj and wave-like TECp structures show a good
agreement. Furthermore, that the F region irregularities of
about 6 or longer kilometers scale are corresponding to the
wave peak and trough of TECp. This result partially differs
from that of Saito et al. [2002], in which the regions where
the echoes from the 3-m scale F region irregularities were
detected correspond to the peak and the northeastern slope
of TECp. One possible explanation is that the scale size of
F region irregularities observed by the GPS phase fluctua-
tions (jDTEC/minj) is different from that observed by the
MU radar. The other might be the effect of the altitudinal
distribution of F region irregularities. For GPS phase fluc-
tuations, the magnitudes of DTEC/min are caused by all
the F region irregularities along the GPS signal path.
Accordingly, the altitudinal range of F region irregularities
distribution is positively correlated with the magnitude of
jDTEC/minj [Chen et al., 2006]. Further, it is found that the
coincidence between the TECp and jDTEC/minj structures
indicates that both the MSTIDs and F region irregularities
propagated southwestward at the same velocity, which is

similar to the results of Saito et al. [2002]. Furthermore, this
coincidence demonstrates that the nighttime MSTIDs play
an important role to generate F region irregularities in the
low-latitude ionosphere on 26 May 2006.

4. Summary

[13] This study is the first attempt to study the nighttime
MSTIDs occurring in the low-latitude ionosphere using
the data of network GPS receivers in Taiwan, operated by
NLSC. The two-dimensional mapping technique is applied
on the TEC perturbations (TECp) to detect the MSTIDs
features. Further, the same technique is applied on the GPS
phase fluctuations (jDTEC/minj) to examine the horizontal
distribution of F region irregularities.
[14] On 26 May 2006, the nighttime MSTIDs moving

southwestward with a horizontal velocity of 100–160 m/s
and a wavelength of about 500 km are detected by the
two-dimensional TECp maps. The wavefronts of MSTIDs
structures are aligned along the northwest–southeast di-
rection. Furthermore, the horizontal structures of MSTIDs
observed by GPS network is similar to those observed by
the Yonaguni airglows imager. These results demonstrate

Figure 5. (a) The pass of GPS satellite PRN 19, as recorded by the CHYI station during 1414–1708 UT
on 26 May 2006. The (b) relative vertical TEC and the (c) corresponding DTEC/min are plotted as a
function of universal time.
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that not only the nighttime MSTIDs can propagate to
latitude of 20.5�N, but the two-dimensional TECp map is
able to observe the MSTIDs in the low-latitude ionosphere.
[15] For theGPSphase fluctuations, the greater jDTEC/minj

values in the two-dimensional jDTEC/minj map are
corresponding to the wave peak and trough of TECp. Since
the greater jDTEC/minj values represent that the plasma
irregularities exist in the F region, this coincidence reveals
that the MSTIDs play an important role for the generation
of F region irregularities. This further indicates that the two-
dimensional jDTEC/minj map can be utilized to monitor the
horizontal distribution of F region irregularities.
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