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[1] The 15‐month climatology of medium‐scale traveling ionospheric disturbances
(MSTIDs) during a solar minimum period has been constructed from observations of a
dense GPS receiver array in Central China. In total, 793 MSTID events are identified,
with peaks in occurrence at 1500 LT and 0100 LT. The occurrence of MSTIDs decreases
following an increase in geomagnetic activity, with 46% of the MSTIDS occurring
in the daytime. Daytime MSTIDs are characterized by a major occurrence maximum
around the winter solstice and by an equatorward propagation direction. The period, phase
velocity, azimuth, and amplitude of daytime MSTIDs are 20–60 min, 100–400 m/s,
130°–270°, and 0.8–1.5%, respectively. The remaining 54% of the MSTIDs occurred at
night, and were characterized by a peak in occurrence at the summer solstice and by a
southwestward propagation direction. The period, phase velocity, azimuth, and amplitude
of nighttime MSTIDs are 20–70 min, 50–230 m/s, 170°–300°, and 2–7%, respectively.
The propagation directions and the seasonal behaviors support the view that daytime
MSTIDs are an ionospheric manifestation of atmospheric gravity waves from the lower
atmosphere, while a possible excitation mechanism of nighttime MSTIDs is the
electrodynamics process caused by plasma instability in the F layer.
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1. Introduction

[2] Medium‐scale traveling ionospheric disturbances
(MSTIDs) are wave‐like perturbations of the ionospheric
plasma with wavelengths of several hundred kilometers and
velocities of several hundred meters per second. These are
one of the most common ionospheric phenomena at mid and
low latitudes. For many years, MSTIDs were observed by
HF Doppler [Georges, 1968; Waldock and Jones, 1986;
Wan et al., 1998], ionosonde [MacDougall and Hall, 1998;
Ashkaliev et al., 2003], airglow imager [Shiokawa et al.,
2003], incoherent scatter radar [Pinger, 1979], and the
total electron content technique [Morton and Essex, 1978].
Early on, MSTIDs were generally observed using local
arrays or several stations that monitored the characteristics
of MSTIDs in local regions. The development of satellite
observations and dense distributions of stations in the late

1990s enabled scientists to observe the two‐dimensional
structure of MSTIDs over a much wider area and to inves-
tigate their excitation and propagation features at various
latitudes and local times [Saito et al., 1998; Tsugawa et al.,
2007].
[3] Previous studies proposed several candidates as the

sources of MSTIDs. Some reported that MSTIDs observed
at mid and high latitudes can be excited by auroral activity
[Richmond, 1978; Hunsucker, 1982]; however, the main
sources of MSTIDs appear to be tropospheric meteorologi-
cal processes such as the jet stream [Bertin et al., 1978; Buss
et al., 2004], thunderstorms [Pierce and Coroniti, 1966;
Baker and Davies, 1969], hurricanes [Tsutsui and Ogawa,
1973; Ibrahim et al., 2010], vortices [Wan et al., 1998],
and cold fronts [Boška and Šauli, 2001]. MSTIDs reported
by these authors could be observed both in the daytime and
at night. Atmospheric gravity waves are generated during
meteorological processes, propagating obliquely upward in
the ionosphere and manifesting themselves as traveling
ionospheric disturbances. As the disturbances propagate for
several hundred kilometers in the background wind field,
they tend to propagate in the opposite direction to that of
thermosphere winds as a result of wind‐filtering effects
[Waldock and Jones, 1984; Ding et al., 2003]. Their pre-
ferred propagation direction varies depending on the location,
wind, and the relative positions of the observation and
source regions [Cowling et al., 1971].
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[4] Another possible source of MSTIDs is electrodynamic
instability in the F layer, as proposed by Perkins [1973] and
Kelley and Miller [1997]. Since the 1990s, with the devel-
opment of networks of GPS receivers and arrays of all‐
sky airglow imagers, many nighttime MSTIDs have been
observed in various regions, including Puerto Rico [Beach
et al., 1997; Garcia et al., 2000;Martinis et al., 2010], USA
[Tsugawa et al., 2007; Kotake et al., 2007], Japan [Shiokawa
et al., 2003], Taiwan [Lee et al., 2008], and South America
[Candido et al., 2008]. These MSTIDs always propagate
southwestward in the Northern Hemisphere and northwest-
ward in the Southern Hemisphere. Further studies indicated
that nighttime MSTIDs are likely to be related to the active
development of plasma instabilities in the ionospheric
F layer [Kelley and Miller, 1997]. The instability, which is
strong in the night side, can generate local polarization
electric fields that move the plasma by E × B drift, causing
perturbations in plasma density. The excitation mechanism
of this type of MSTIDs is the subject of ongoing research
[Zhou and Mathews, 2006; Yokoyama et al., 2008].
[5] There are limited statistical studies of MSTIDs in the

region of China.Wan et al. [1998, 2000] used a 6‐year period
(1985–1990) data observed by anHFDoppler array at Central
China to study the seasonal change ofMSTIDs. He found that
MSTIDs in this area mainly propagate northeastward and
southwestward. Through a reverse ray tracing method, Wan
et al. [1998] showed that the source regions is located in
the southeastern and northeastern edges of Qinghai‐Tibet
plateau, where the tropospheric vortexes are frequently pro-
duced. Xiao et al. [2007] used HF Doppler shift data to
monitor MSTIDs in North China during the periods of
24 strong typhoons from 1987 to 1992 and found that the
excitation of MSTIDs is very effective when a typhoon is
landing on or near a mainland coast. It is pointed out by Xiao
et al. [2007] that, during the landing of a typhoon, the rapid
loss of momentum due to viscous interaction could be an
additional factor in exciting AGWs. However, these studies
didn’t include the data observed by GPS network in China.
[6] In this paper, we present the 15‐month climatology of

MSTIDs observed by a dense GPS receiver array located in
Central China. The seasonal dependence and regional

properties of nighttime and daytime MSTIDs are discussed
based on the observation data.

2. Observations and Methods

[7] Total electronic content (TEC) data measured by a
Global Positioning System (GPS) were obtained from
50 GPS stations (Figure 1) located throughout and around
China: 26 stations of the Crustal Movement Observation
Network of China and the International GNSS service
(IGS), and 24 stations established by the Wuhan Institute of
Heavy Rain, ChinaMeteorological Administration. The latter
24 stations cover Hubei province in south Central China
(29°N–33°N, 108°E–116°E) over an area of 190,000 km2

at the northern boundary of the anomaly crest region. The
observations cover a much wider area of seven provinces in
Central China. The average distance between stations in
Hubei province is ∼50 km. We used data observed between
January 2009 and March 2010.
[8] Figure 2 shows a two‐dimensional TEC perturbation

map for a case of MSTID observed by the GPS network on
29 July 2009. The deviation of TEC (DTEC) for each
satellite–receiver pair is calculated by subtracting the 1‐h
running average from each TEC time series. We divided
the area of 26°N–35°N, 106°E–118°E into pixels of size
0.5° × 0.5°. The TEC perturbation value for each pixel
during a specific time interval is the average of DTEC from
the observation of all GPS receiver–satellite pairs whose
ionospheric pierce points pass over the pixel during the
interval of interest. Figure 2 shows an MSTID propagating
southwestward with a maximum amplitude of 0.4 TECU.
The phase front, with a width of 300–900 km, moves
southwestward over a distance of ∼450 km.
[9] Because the GPS array in Hubei province was only

recently established, observed/collected data may be dis-
continuous on certain days for some stations. This compli-
cates any statistical analysis of the characteristics of MSTIDs
based on DTEC maps. As an alternative, we use the multi-
channel maximum entropy method (MMEM) to analyze the
data observed from several GPS stations (spaced at intervals
of 20–40 km) and obtain the propagation parameters in
the case of MSTIDs.
[10] Here, we introduce the method ofMMEM in obtaining

the propagation parameters of MSTIDs. First, we chose
the TEC data from 3 GPS stations around Wuhan (30°N,
114°E) for our cross‐spectral analysis. Data from these sta-
tions were chosen because they are available in most of the
time, and a distance of ∼20–40 km among them is suitable
for analyzing the phase difference of MSTIDs observed in
the TEC series by different stations.
[11] It is generally possible to simultaneously observe

2–8 slant TEC time series from a single station, with their
line of sight (LOS) moving in different directions. Usually
when a TID passes by, we can observe the TEC perturbation
in more than one slant TEC series with different perturba-
tion amplitudes. It was pointed out by Jacobson et al. [1995]
that TEC signatures of TIDs are sensitive to the orientation
of the line of sight. For each station, we selected one TEC
time series with the maximum perturbation amplitude for the
subsequent data processing. This ensures us to find the most
significant signature of TIDs, though we didn’t use the

Figure 1. Locations of GPS stations around China.
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information of perturbation from other observed series. We
then got 3 slant TEC time series, corresponding to 3 stations.
[12] Next, we applied a running window of 1.2 h to each

of the original TEC time series at intervals of 2 min, pro-
ducing a sequence series with duration of 1.2 h. We then
removed the background trends from these 1.2‐h time series
using residues obtained from polynomial fits. After that, we
applied the multichannel maximum entropy method to each
1.2‐h time series to yield the main frequency and phase
differences among TEC perturbation series observed by
different stations.
[13] It is necessary to consider the movement of the GPS

satellites in our analysis, as this causes the movement of
ionospheric pierce points and leads to the mixture of TEC
variation both with space and time. Wan et al. [1997] found

that the movement of ionospheric pierce points results in the
offset of TIDs’ frequency observed in TEC series, which is
like the Doppler shift caused by the motion of the obser-
vation point. Under estimation, we found there is an offset
of up to 30% in the main frequency of TIDs. We applied
a Galileo transformation to adjust the TIDs’ frequency
through equation w = w′ + k · v, where w and w′ are, respec-
tively, the main frequency of TIDs observed in the Earth‐fixed
system and that observed in the coordinate system moving
with the ionospheric pierce point, k is the horizontal wave
vector, and v is an average of the moving velocity of the
ionospheric pierce point during 1.2 h. A detailed development
of such equation is described by Wan et al. [1997].
[14] Finally, based on the main frequency and phase

differences thus obtained, we calculated the wave period,

Figure 2. Two‐dimensional maps of the derivation of TEC between 1600 UT and 1650 UT on 29 July
2009 in Central China.
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azimuth, and phase velocity through equations (4)–(7) of
Wang et al. [2007]. Since each 1.2‐h time series was sep-
arated by two minutes, the temporal variation of wave
parameters across the observation time was revealed. In the
case of a steady traveling ionospheric disturbance field
passing by, the TID parameters would remain steady for the
duration of the field.
[15] Three criteria are required during the identification of

a MSTID event. First, wave‐like variation in TEC series
should last at least two cycles. Second, the maximum
amplitudes of disturbances should exceed 0.5%. Last, the
temporal variation of wave period, azimuth, and phase
velocity obtained from MMEN method should not change
too much. The last criterion is set to ensure that we observed
a steady wavefield and that the parameters thus obtained are
reliable.
[16] Figure 3 shows the results for an MSTID that

occurred on 29 July 2009, including temporal variations in
the slant TEC (Figure 3a) from GPS satellite PRN 4, the
derivation of TEC (Figure 3b), azimuth (Figure 3d), hori-
zontal phase velocity (Figure 3e), and period (Figure 3f).
Figure 3c shows the derivation of TEC along the path of an
ionospheric pierce point in the longitude–latitude plane (unit

of contours: TECU). An MSTID event occurred between
1320 UT and 1740 UT (i.e., between 2120 LT and 0140 LT)
with a maximum amplitude of 0.6 TECU (Figures 3a and
3b). The disturbances was observed in the range of 30.5°N–
32.5°N, 112°E–119°E (Figure 3c). The period, velocity, and
azimuth obtained from MMEM method remained largely
unchanged during 1430–1740 UT (Figures 3d–3f). The
MSTID propagated southwestward during this period with
an average period, velocity, and azimuth of 42 min, 103 m/s,
and 242°, respectively.
[17] It is generally possible to simultaneously observe

2–8 slant TEC time series from a single station, with their
LOS moving in different directions. We chose the time
series with the maximum perturbation amplitude for data
processing. Using the MMEM method introduced above, we
analyzed the TEC database between 1 January 2009 and
31 March 2010. The statistical results are presented in the
next section.

3. Results

[18] We identified 793 MSTID events over the 453 obser-
vational days. The duration of MSTIDs varied from 1 to 6 h,

Figure 3. Temporal variations in (a) the slant TEC, (b) the derivation of TEC, (d) azimuth, (e) horizontal
phase velocity, and (f) period. (c) The derivation of TEC along the path of an ionospheric pierce point in
the longitude–latitude plane (unit of contours: TECU).The asterisk marks the location of the GPS station
at Wuhan (30°N, 114°E), where the TEC was observed.
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and 46% of the MSTIDs occurred in the daytime with an
average duration of 2.1 h. The period, phase velocity, and
azimuth of daytime MSTIDs were 20–60 min, 100–400 m/s,
and 130°–270° respectively, with value averages of 34 ±
11 min, 210 ± 70 m/s, and 210° ± 86°. The other 54% of the
events occurred at night, with an average duration of 2.9 h.
The period, phase velocity, and azimuth of nighttime
MSTIDs were 20–70 min, 50–230 m/s, and 170°–300°
respectively, with average values of 43 ± 10 min, 133 ±
52 m/s, and 240° ± 49°.
[19] Figure 4 shows the occurrence of MSTIDs as a

function of local time. Herein, the occurrence is defined as
the ratio of the sum of MSTID durations to the sum of the
observation time within each specific LT hour. The occur-
rence data show a strong dependence on local time, with a
major peak (∼50%) around 0100 LT and a minor peak
(∼40%) around 1500 LT. The occurrence is minimized at
dawn and dusk. Considering these findings, we separately
analyzed the statistical results of daytime and nighttime
MSTIDs.
[20] Figure 5 shows the seasonal dependence of the

occurrence of daytime MSTIDs (red bars) and nighttime
MSTIDs (blue bars). The definition of occurrence here is
similar to that in Figure 4 but for each month. The occur-
rence varies between 10% and 26% for daytime MSTIDs,
with the maximum around January and the minimum around
April and September. MSTIDs occur much more frequently
at night than during daytime. Nighttime MSTIDs are
observed most frequently in June (occurrence rate of 53%);
they are seldom observed in March.
[21] Figure 6 shows the seasonal dependence of the rela-

tive amplitudes of TIDs observed in daytime (Figure 6a) and
nighttime (Figure 6b) between January 2009 and March

2010. The amplitude, which is the maximum of amplitude
for every TID case, is shown by circles. The red curves
show seasonal variations in the monthly median amplitude.
The median amplitude of daytime MSTIDs ranges between
0.8% and 1.5%, while that of nighttime MSTIDs is between
2% and 7%. The median amplitude of daytime MSTIDs
reaches a peak in January, while that of nighttime MSTIDs
reaches a peak in June.
[22] Figure 7 shows the seasonal behavior of the propa-

gation azimuth for daytime (Figures 7a–7c) and nighttime
(Figures 7d–7f) MSTIDs. Polar plots are shown of the sum
of the duration of TIDs (unit: hours) as a function of azimuth
in winter (December–January), summer (May–August), and
the equinoxes (March, April, September, and October). To
show the seasonal change in azimuth for a whole year, only
data for 2009 are shown. There is an obvious southwest-
ward propagation preference for both daytime and nighttime
MSTIDs in all the three seasons. Only daytime MSTIDs
occurred in winter is an exception, which show some pref-
erence of propagating southward (∼20% out of all winter
daytime cases), southeastward (∼30%) and southwestward
(∼50%), respectively. The total duration of nighttime
MSTIDs shows a peak in summer with the azimuth 240°,
while the duration of day‐time MSTIDs show a peak in
winter with the azimuth between 130° and 270°.
[23] Figure 8 shows the variability in the sum of the

duration of MSTIDs (Figure 8a) and their occurrence
(Figure 8b) as a function of the Kp index. For each case we
chose the maximum Kp as the representative of Kp index
during the time when the disturbance occurred. We then
obtained the sum of duration corresponding to every specific
value of the Kp index. The occurrence is calculated as the
ratio of the sum of TIDs’ duration corresponding to every

Figure 4. Local time dependence of the occurrence of MSTIDs observed by a GPS network in Central
China between January 2009 and March 2010.The occurrence rate is defined as the ratio of the sum of the
duration of TIDs to the total observation time. Error bars are shown, which represent the standard devi-
ation of hourly occurrence rate.
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specific Kp to the observational time. Because we observed
MSTIDs during a solar minimum period, the maximum
value of the Kp index was less than 3 on 90% of the
observation days. There was no observation day with a
maximum value of Kp index greater than 6‐, and there were
only 47 of 453 days with a maximum Kp index of between
3 and 6‐. Eighty‐eight percent of daytime MSTIDs and 91%
of nighttime MSTIDs occurred on magnetically quiet days
or on days with moderate disturbances, with Kp index
values of less than 3 (Figure 8a). The duration and the
occurrence show a trend of decreasing with increasing value
of Kp index up until a value of 3 for both day‐time and
nighttime MSTIDs. These results indicate that MSTIDs tend
occur more frequently and last longer during low magnetic
activity period. We observed an increase in the occurrence
of MSTIDs with increasing value of the Kp index between 3
and 4 (Figure 8b); however, given the small number of
observation days with a Kp index greater than 3, this trend
may not be representative.
[24] The inverse relation between solar activities and

midlatitude MSTID occurrence was noted by some recent
works. Using airglow observations, Shiokawa et al. [2003]
reported an inverse dependence of MSTIDs with solar
activity over Japan. Similarly, Candido et al. [2011] ana-
lyzed the yearly variation of the frequency spread F activi-
ties which were closely related to wave like‐structures and
found a decrease of the occurrence with the increase of Kp
index. Seker et al. [2011] extensively investigated the rela-
tion between multiple magnetospheric state parameters
and the occurrence of nighttime midlatitude plumes and
MSTIDs. He pointed that MSTIDs tend to occur when the
levels of Kp, Dst and AE were low and during interplanetary

magnetic field north and interplanetary electric field west.
These results imply a possible relation between the MSTIDs
events and the condition of the magnetosphere and solar
wind, even if F region irregularities are seeded at lower
altitudes [Seker et al., 2011].

4. Comparison and Discussion

[25] Figures 5–8 indicate that while there is little differ-
ence between daytime and nighttime MSTIDs in terms of
their propagation azimuth and Kp dependence, there is sig-
nificant difference regarding seasonal variations of occur-
rence and amplitude. In this section, we compare the present
results with those of previous studies. The statistical fea-
tures of daytime and nighttime MSTIDs are discussed in
sections 4.1 and 4.2, respectively.

4.1. Daytime MSTIDs

[26] The results shown in Figures 5–7 indicate some
common features of daytimeMSTIDs observed byGPS TEC.
They often have small amplitudes compared with nighttime
MSTIDs (monthly mean amplitudes of up to 1.5%); their
occurrence shows a peak in January, around the winter
solstice; and they mostly propagate southward [Evans et al.,
1983], southeastward [Kotake et al., 2007] or southwest-
ward [Tsugawa et al., 2007].
[27] The small amplitude of daytime MSTIDs is attributed

to increased dissipation due to enhanced ion drag in the
daytime [Hocke and Schlegel, 1996]. An occurrence maxi-
mum in winter and a southward preference for the direction
of daytime MSTIDs have been observed previously by GPS
networks in Japan [Kotake et al., 2007] and in the USA

Figure 5. Seasonal dependence of the occurrence of daytime MSTIDs (red bars) and nighttime MSTIDs
(blue bars).
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[Tsugawa et al., 2007; Kotake et al., 2006]. The features of
daytime MSTIDs have also been reported in earlier studies.
For example, based on Faraday rotation observations of
VHF radars in Australia (37°S, 144°E), Morton and Essex
[1978] found northeastward propagating MSTIDs, most of
which were observed in the daytime. Using differential‐
Doppler measurements from five satellites of the Navy
Navigation Series, Evans et al. [1983] observed MSTIDs
propagating southward at Millstone Hill (43°N, 289°W),
whose incidence seemed to increase in winter and at the
equinoxes, and decrease in summer. Waldock and Jones
[1986] observed many southeastward‐propagating daytime
MSTIDs during 1972–1975 by an HF Doppler array in
Leicester, UK (52°N, 1°W). Using a satellite‐beacon
radio interferometer at New Mexico, USA (36°N, 106°E),
Jacobson et al. [1995] found a peak in the occurrence of
southward‐propagating MSTIDs between midday and early
afternoon at the winter solstice. Finally, based on the
observations of an HF Doppler array in Central China during
1985–1990, Wan et al. [1998] detected the peak activity of
MSTIDs in winter, with propagation mainly to the southeast
and southwest. These previous observations indicate a peak
in the occurrence of daytime MSTIDs around the winter
solstice, regardless of location, and that daytime MSTIDs
observed in midlatitude regions tend to propagate toward
the equator.

[28] The observation methods used in the above studies
are sensitive to MSTIDs at different observational heights.
The reflection height of the HF signal is focused at 200–
220 km, according to the HF Doppler observations under-
taken by Wan et al. [1998]. GPS TEC data include varia-
tions in the ionosphere at all heights, and are mostly
sensitive to ionospheric disturbances at around the height of
the ionospheric pierce point (i.e., 300–400 km at midlati-
tudes). The consistent propagation features of daytime
MSTIDs observed by various measurement techniques
implies a close relation among MSTIDs observed at dif-
ferent heights. This finding supports the conventional theory
that MSTIDs are ionospheric manifestations of atmospheric
gravity waves (AGWs) propagating obliquely upward from
the lower atmosphere [Hines, 1960].Meteorological processes
are a likely source of these MSTIDs [Hocke and Schlegel,
1996].
[29] The dominantly equatorward propagation of daytime

MSTIDs probably reflects the directional filtering of back-
ground winds. Taking into account the effect of wind fil-
tering on TIDs, AGWs propagating against the wind can
easily reach the height of the ionosphere with relatively little
energy attenuation compared with those propagating in the
same direction as the wind [Waldock and Jones, 1984; Ding
et al., 2003]. This is consistent with the present observa-
tions, because the thermospheric wind blows poleward in

Figure 6. Seasonal dependence of the median amplitudes of TIDs observed in (a) daytime and (b) night-
time between January 2009 and March 2010. The median amplitude for each month is shown in circles
for every TID case. The red curves show seasonal variations in the monthly median amplitude.
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the daytime, and daytime MSTIDs propagate equatorward.
The directional preference of daytime MSTIDs is also
supported by the results of Kelley and Miller [1997], who
showed that equatorward‐propagating daytime gravity
waves experience the least amount of ion drag, making them
the most prominent in ionospheric observations.
[30] The occurrence peak of daytime MSTIDs around the

winter solstice may be closely related to the filtering of

AGWs by the steep temperature gradients in the atmo-
spheric temperature profile within the mesopause region
[Kotake et al., 2006]. The steep gradient acts as an upper
boundary for gravity waves, as upgoing waves with a short
period are easily reflected at the gradient. Lidar observations
at the Delaware Observatory, USA (32°N, 70°W), indicate
that the temperature gradient is less steep in winter than
in summer [She and Lowe, 1998]. Consequently, more

Figure 7. Seasonal behavior of the propagation azimuth for (a–c) daytime and (d–f) nighttime MSTIDs.
Polar plots are shown of the sum of the duration of TIDs (unit: hours) as a function of azimuth in winter
(December–January), summer (May–August), and the equinoxes (March–April and September–October).
Only the data for 2009 are shown.

Figure 8. Variability in (a) the total duration of MSTIDs and (b) their occurrence rate as a function of
the Kp index. The blue solid curves and black dashed curves indicate data for daytime and nighttime
MSTIDs, respectively.
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upgoing gravity waves are able to penetrate the ionosphere
and cause MSTIDs in winter [Bristow and Greenwald,
1996].
[31] An earlier observation of MSTIDs using an HP

Doppler array was conducted during 1985–1990 in a similar
part of Central China to that considered in the present study
[Wan et al., 1998, 2000]. Three HF Doppler radars (sepa-
rated by distances of ∼100 km) were set in Hubei province
to receive the timing signal broadcasted from Shanxi
Observatory (35°N, 110°E). The observation was mostly
effective in the daytime, with the reflection height of HF
signals centered at 200–220 km. The HF Doppler observa-
tions revealed a major peak in the occurrence of MSTIDs
during winter and a minor peak during summer. 42% of the
MSTIDs tended to propagate southeastward, and 35%
propagated northeastward. Other 12% propagated in the
southwestward direction [Wan et al., 1998]. The northeast-
ward propagation is not seen in the present results based on
GPS TEC data. This discrepancy may be due to contrasting
observation heights among the different studies. The wind‐
filtering effect on upgoing AGWs is more intensive for
disturbances at greater heights than for those at lower
heights. Because the observational height of GPS TEC for
TIDs is higher than that of HF Doppler, northeastward‐
propagating MSTIDs observed by HF Doppler may be fil-
tered out at greater heights because of the poleward‐blowing
background wind in the daytime.
[32] The decrease in MSTIDs occurrence following an

increase in geomagnetic activity, as observed in the present
study, has been reported previously in many studies at mid
and low latitudes [Georges, 1968; Morton and Essex, 1978;
Evans et al., 1983; Hocke and Schlegel, 1996; Afraimovich
et al., 2001; He and Ping, 2008]. However, some obser-
vations have been reported at mid and high latitudes,
which show that in some cases, MSTIDs could still be
observed during geomagnetic disturbances [Richmond,
1978; Hunsucker, 1982; Bristow and Greenwald, 1996].
In the present study, few MSTIDs occurred with a Kp index
greater than 3 (Figure 8). But a statistical study on MSTIDs
in solar maximum years is required to obtain detailed
information of the climatology of MSTIDs during geo-
magnetic disturbances.

4.2. Nighttime MSTIDs

[33] While the nighttime and daytime MSTIDs are similar
in period and propagation azimuth, they show significant
difference in amplitude, propagation velocities and dura-
tions. Nighttime MSTIDs propagate at an average velocity
∼40% slower than that of daytime ones. And the average
duration of nighttime MSTIDs exceeds that of daytime ones
by a factor of ∼130%. The ranges of the period and velocity
of nighttime MSTIDs in the present study (20–70 min and
50–230 m/s, respectively) are in agreement with other
observations at similar magnetic latitudes (e.g., Japan and
Puerto Rico [Kotake et al., 2007; Garcia et al., 2000]) and at
slightly higher latitudes (e.g., California [Tsugawa et al.,
2007]). Slower MSTIDs, with a velocity range of 50–
100 m/s, have been observed using an array of OI all‐sky
imagers in Japan [Shiokawa et al., 2003]. This finding may
indicate a height dependence of nighttime MSTIDs velocity,
as the OI nightglow has an emission layer at a height of

200–300 km and GPS TEC includes disturbance informa-
tion in the ionosphere above 300 km.
[34] There exist two important features of nighttime

MSTIDs, as reported in previous studies and deduced from
the present observations: they tend to propagate south-
westward in the Northern Hemisphere, regardless of season
or latitude; and their occurrence shows a peak in June,
around the summer solstice. For nighttime MSTIDs, the
maximum occurrence (50–60%) is found in June, for both
our GPS network and nightglow observations [Shiokawa
et al., 2003]. The southwestward preference of nighttime
MSTIDs is not consistent with the conventional wind‐
filtering theory, which predicts a northward direction of
MSTIDs due to the filtering effect of the thermospheric
wind blowing equatorward at night. The peak occurrence of
nighttime MSTIDs around the summer solstice is different
from the seasonal behavior of MSTIDs caused by AGWs
from the lower atmosphere, which show a peak occurrence
at the winter solstice, as stated above. In addition, the
occurrence of nighttime MSTIDs shows a decrease with
increasing Kp index (Figure 8). Hence, the cause of night-
time MSTIDs is related to phenomena other than meteoro-
logical processes and auroral activity.
[35] Many authors have proposed that F region electro-

dynamic forces such as Perkins instability play an important
role in the generation of nighttime MSTIDs [Perkins, 1973;
Tsugawa et al., 2007; Kelley and Miller, 1997; Kelley and
Makela, 2001; Kelley et al., 2002]. Spatial variations in
F region plasma density can generate local polarized electric
fields, which are short‐circuited by high conductivity in the
E region during daytime but are maintained at night due to
reduced conductivity [Kotake et al., 2007]. The polariza-
tion electric field moves the plasma via E × B drift, giving rise
to perturbations in plasma density. Perkins [1973] reported
that the growth and damping of ionospheric plasma due to
midlatitude electrodynamics are strongly dependent on azi-
muth. However, while most of nighttime MSTIDs propa-
gate westward, Perkins theory predicts an eastward direction
under average background conditions [Kelley and Makela,
2001]. Based on the observation of airglow and incoherent
scatter radar at Arecibo, Kelley and Makela [2001] and Kelley
et al. [2002] suggested that, besides the linear process proposed
by Perkins [1973], nonlinear development of polarization
electric fields should be involved in the formation of night-
time MSTIDs.
[36] The model of Perkins instability can explain the

occurrence peak of nighttime MSTIDs at the summer sol-
stice, because the growth rate of a Perkins instability is
inversely proportional to the neutral density [Perkins, 1973;
Kotake et al., 2007], and the density in the thermosphere
shows a minimum at the solstices [Moore and Boulton,
1987]. There occurs a major peak in the occurrence of
nighttime MSTIDs at the June solstice and a slight increase
in the occurrence in December, near the winter solstice
(Figure 5). Our observations of the seasonal behavior of
nighttime MSTIDs are in good agreement with the behavior
predicted by the model of Perkins instability.
[37] Though previous observations revealed that some

nighttime MSTIDs were related to AGWs from the lower
atmosphere, such MSTIDs appear to be rare in the present
statistical results. The sources of AGWs (e.g., the jet stream)
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are active during both night and day. Previous observations
by Doppler interferometer radar revealed upgoing nighttime
MSTIDs in the ionospheric D and E regions, which may be
associated with AGWs from the lower atmosphere [Adams
et al., 1988]. In the China region, nighttime MSTIDs with a
northward direction have been frequently observed by an
HF Doppler array [Ning et al., 1995] and are considered to
be of meteorological origin. In fact, Figures 7d–7f show that
∼8% of the nighttime MSTIDs propagate northward. Taking
into account winds that blow equatorward in the even-
ing, the northward propagation of nighttime MSTIDs is
not consistent with the predictions of the electrodynamics
wave model proposed by Kelley and Miller [1997], but is
consistent with the wind filtering theory of AGWs. How-
ever, from a statistical perspective, such northward MSTIDs
are not usually recorded by our GPS network, possibly
because the amplitudes of ionospheric disturbances in TEC
series with an electrodynamic origin are significantly larger
than those caused by AGW from below in the evening.
Accordingly, disturbances of electrodynamic origin domi-
nate the wavefield, and we can only obtain information
on disturbances with an electrodynamic origin from the
DTEC series.

5. Summary

[38] The 15‐month climatology of medium‐scale travel-
ing ionospheric disturbances during a solar minimum period
was constructed from observations by a dense GPS receiver
array in and around China. The GPS array included 50 GPS
stations, with 24 stations located in Hubei province (29°N–
33°N, 108°E–116°E). A total of 793 MSTID events were
identified, with peaks at 1500 LT and 0100 LT. The occur-
rence of MSTIDs decreased following an increase in geo-
magnetic activity. The seasonal behaviors and regional
properties of nighttime and daytime MSTIDs were analyzed,
yielding the following results.
[39] (1) 46% of the MSTIDs occurred in the daytime.

Daytime MSTIDs were characterized by a major occurrence
maximum around the winter solstice and an equatorward
preference for the propagation direction. The period, phase
velocity, azimuth, and amplitude of daytime MSTIDs
were 20–60 min, 100–400 m/s, 130°–270°, and 0.8–1.5%,
respectively. The occurrence of MSTIDs decreased follow-
ing an increase in geomagnetic activity. These features have
been reported by many authors based on measurements by
GPS TEC, HF Doppler, airglow imager, and satellite‐based
interferometer in various regions worldwide. The consistent
propagation features of MSTIDs observed by various
measurement techniques indicate a close relation among
MSTIDs observed at different heights. The propagation
direction and the seasonal behavior of MSTID occurrence
support the view that daytime MSTIDs are an ionospheric
manifestation of atmospheric gravity waves from the lower
atmosphere.
[40] Previous HF observation of day‐time MSTIDs in

Central China revealed a major peak of occurrence in winter
with a southeastward preference and a minor peak in sum-
mer with a northeastward preference. The latter peak is not
found through GPS measurements in the present study. It is
possible that northeastward‐propagating MSTIDs observed

by HF Doppler may have been filtered out at greater heights
due to poleward‐blowing background winds in the daytime.
[41] (2) The period, phase velocity, azimuth, and ampli-

tude of nighttime MSTIDs are 20–70 min, 50–230 m/s,
170°–300°, and 2–7%, respectively. These MSTIDs tended
to propagate southwestward and show a peak occurrence
at the summer solstice. This type of MSTIDs has been
observed previously by a GPS network and airglow in
various regions (e.g., Japan, Taiwan, Puerto Rico and the
USA). A possible excitation mechanism of nighttime
MSTIDs is electrodynamic processes caused by plasma
instability in the F layer [Perkins, 1973]. However, as noted
by Kelley et al. [2002], it is likely that nonlinear mechanism
be involved to explain the southwestward preference [Kelley
et al., 2002].
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