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DiscussionsGPS observations of medium-scale traveling ionospheric
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Abstract. Two-dimensional structures of medium-scale trav-
eling ionospheric disturbances (MSTIDs) over Europe have
been revealed, for the first time, by using maps of the total
electron content (TEC) obtained from more than 800 GPS
receivers of the European GPS receiver networks. From sta-
tistical analysis of the TEC maps obtained 2008, we have
found that the observed MSTIDs can be categorized into two
groups: daytime MSTID and nighttime MSTID. The daytime
MSTID frequently occurs in winter. Its maximum occur-
rence rate in monthly and hourly bin exceeds 70 % at lower
latitudes over Europe, whereas it is approximately 45 % at
higher latitudes. Since most of the daytime MSTIDs propa-
gate southward, we speculate that they could be caused by
atmospheric gravity waves in the thermosphere. The night-
time MSTIDs also frequently occur in winter but most of
them propagate southwestward, in a direction consistent with
the theory that polarization electric fields play an impor-
tant role in generating the nighttime MSTIDs. The night-
time MSTID occurrence rate shows distinct latitudinal dif-
ference: The maximum of the occurrence rate in monthly
and hourly bin is approximately 50 % at lower latitudes in
Europe, whereas the nighttime MSTID was rarely observed
at higher latitudes. We have performed model calculations of
the plasma density perturbations caused by a gravity wave
and an oscillating electric field to reproduce the daytime and
nighttime MSTIDs, respectively. We find that TEC perturba-
tions caused by gravity waves do not show dip angle depen-
dencies, while those caused by the oscillating electric field
have a larger amplitude at lower latitudes. These dip angle
dependencies of the TEC perturbation amplitude could con-
tribute to the latitudinal variation of the MSTID occurrence
rate. Comparing with previous studies, we discuss the longi-

tudinal difference of the nighttime MSTID occurrence rate,
along with the E- and F-region coupling processes. The sea-
sonal variation, of the nighttime MSTID occurrence rate in
Europe, is not consistent with the theory that the longitudinal
and seasonal variations of the nighttime MSTID occurrence
could be attributed to those of the Es layer occurrence.

Keywords. Ionosphere (Ionospheric disturbances)

1 Introduction

In the mid-latitude ionosphere, traveling ionospheric distur-
bances (TIDs), which are wave-like structures of plasma den-
sity, have been observed by using various techniques (e.g.,
Hocke and Schlegel, 1996). Since the work of conducted
by Hines (1960), TIDs have been believed to be an iono-
spheric manifestation of atmospheric gravity waves proba-
bly caused by geomagnetic activity at high latitude and/or
propagated from the lower atmosphere. TIDs with horizontal
wavelengths of 100–250 km are classified as medium-scale
TIDs (MSTIDs) (Hunsucker, 1982).

Saito et al. (1998) were the first to show two-dimensional
maps of total electron content (TEC) perturbations caused
by MSTIDs over Japan using a dense global positioning sys-
tem (GPS) network consisting of about 1000 GPS receivers.
Kotake et al. (2007) and Otsuka et al. (2011) have applied
this method to the TEC data obtained from the GPS receiver
networks in Southern California and Japan, respectively, and
disclosed statistical characteristics of the MSTIDs. South-
westward propagation of the nighttime MSTIDs observed
with the GPS receiver networks is consistent with the
MSTIDs observed in 630-nm airglow images (e.g., Garcia
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164 Y. Otsuka et al.: GPS observations of MSTID over Europe

et al., 2000; Martinis et al., 2010; Shiokawa et al., 2003a).
Ogawa et al. (2002) have compared spatial structures of the
MSTIDs in the GPS TEC map and the 630-nm airglow image
and have shown good coincidence between enhancements in
the 630-nm airglow image and the GPS TEC. Shiokawa et
al. (2003a) and Martinis et al. (2010) have reported statis-
tical characteristics of nighttime MSTIDs over Arecibo in
Puerto Rico and Rikubetsu and Shigaraki in Japan, respec-
tively. They have reported that most nighttime MSTIDs prop-
agate southwestward. Miller et al. (1997) and Kelley and
Miller (1997) pointed out that this preferred propagation di-
rection cannot be explained by the classical theory of at-
mospheric gravity waves alone and suggested that electro-
dynamical forces could play an important role in generat-
ing the nighttime MSTIDs. The Perkins instability is one of
the possible mechanisms generating the nighttime MSTIDs
(Perkins, 1973) because the preferred alignment (NW–SE
and NE–SW in the Northern and Southern Hemispheres, re-
spectively) of the MSTID wavefronts is consistent with the
condition that the Perkins instability grows in time. How-
ever, the linear growth rate of the Perkins instability is too
small to explain the observational results (e.g., Kelley and
Makela, 2001). Tsunoda and Cosgrove (2001) and Kelley
et al. (2003) have suggested that the electrodynamical cou-
pling between E- and F-regions could cause positive feed-
back, thereby enhancing the polarization electric fields and
displacement of the plasma density distribution in the E-
and F-regions. Saito et al. (2007) and Otsuka et al. (2007)
have shown that both nighttime MSTIDs and E-region ir-
regularities over Japan have wavy structures with a NW–SE
aligned wavefront propagating southwestward, and they sug-
gested that the electrodynamical coupling between the Es
layer and F-region could play an important role in generat-
ing both nighttime MSTIDs and E-region irregularities. By
developing a three-dimensional numerical model, Yokoyama
et al. (2009) and Yokoyama and Hysell (2010) have simu-
lated the coupling process between the E- and F-regions and
suggested that the polarization electric fields driven by the
neutral winds in the E-region are essentially important for
the development of the Perkins instability in the F-region.

Using the worldwide GPS receiver network, Kotake et
al. (2006) have investigated the MSTID occurrence rate in
six regions located at mid-latitudes and have shown that the
occurrence rate of nighttime MSTIDs depends on longitude.
Park et al. (2010) have analyzed plasma density data ob-
tained by satellites and reported the global distribution of the
MSTID occurrence rate. They have pointed out that these
longitudinal and seasonal variations of the MSTID occur-
rence rate could be controlled by those of the Es layer ap-
pearance. Therefore, a study of the longitudinal dependence
of the nighttime MSTID occurrence may provide important
information regarding the E- and F-region electrodynamical
coupling processes.

In the present paper, two-dimensional maps of TEC per-
turbations caused by MSTIDs over Europe are presented for
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Fig. 1.Location of the GPS receivers in Europe.

the first time. We also report statistical characteristics of the
MSTIDs over Europe in 2008, and discuss possible mecha-
nisms causing the MSTIDs.

2 Observations

In Europe, more than 800 permanent GPS receivers have
been installed as of 2009. The data from these GPS re-
ceivers are provided by several different institutes: Inter-
national GNSS Service (IGS), EUREF Permanent Net-
work (EPN), Federal Agency for Cartography and Geodesy
(BKGE) in Germany, Austrian Academy of Sciences, Space
Research Institute (OLG) in Austria, National Geographic
Institute (IGNE) in France, Delft University of Technology
(DUT) in The Netherlands, Agenzia Spatiale Italiana (ASI)
in Italy, Agrarian Technological Institute of Castilla and
Leon (ITACYL) in Spain, European Sea-Level Service (ES-
EAS), SWEPOS (a National network of reference stations
for GPS) in Sweden, SATREF (Satellittbasert Referansesys-
tem) in Norway, and the British Isles GPS archive Facility
(BIGF) in the United Kingdom. Figure 1 shows the location
of the GPS receivers in Europe. Each GPS receiver provides
phase advance and group delay (P-code pseudo-range) data
of dual-frequency GPS signals at at least 30-s intervals. TEC
obtained from the carrier phase advance is accurate, although
it includes an unknown offset because of the unknown ini-
tialization constant in phase measurements. In this study, we
focus on the perturbation component of TEC, which could be
caused by MSTIDs. The perturbation component of the TEC
is obtained by subtracting the 1-h running average (average
over±30 min centered on the corresponding data) from the
original TEC time series for each pair of satellites and re-
ceivers. It should be noted that the obtained perturbation
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component of the TEC includes both temporal and spatial
variations. The precision of the relative change of TEC is
theoretically 0.01–0.02 TECU (where 1 TECU = 1016 m−2),
which corresponds to 1 % of the wavelength of GPS signals
L1 (0.19 m) and L2 (0.24 m) (Spilker and Parkinson, 1996).

The TEC is multiplied by a slant factor to convert line-
of-sight TEC to a vertical one. The slant factor is defined as
τ0/τ1, whereτ1 is the length of the ray path between 250-
and 450-km altitudes, andτ0 is the thickness of the iono-
sphere (200 km) for the zenith path (Saito et al., 1998). The
TEC values are mapped on the ionospheric shell at a 300-km
altitude with a pixel size of 0.15◦

×0.15◦ in latitude and lon-
gitude. TEC data with satellite elevation angles of less than
35◦ are excluded to reduce the effects of the cycle slips and
the uncertainty of location where the TEC is mapped. TEC
within a pixel is averaged. To compensate for the scarcity
of the TEC data distribution, the TEC value in each pixel is
smoothed temporally with a running average of 10 min, dur-
ing which an ionospheric pierce point (IPP) moves approx-
imately 50 km around the zenith of a GPS receiver. Then,
the TEC map in each epoch is smoothed spatially with the
running average within a area covered by 5 pixels in latitude
and 5/cosθ pixels in longitude, whereθ is latitude. 5/cosθ
ranges from 5 to 19 between 30◦ N and 75◦ N in latitude. This
smoothing technique is the same as that applied to the TEC
data in North America by Tsugawa et al. (2007). As a result,
TEC maps for perturbation components, covering an area of
Europe between 20◦ W and 40◦ E in longitude and between
30◦ N and 75◦ N in latitude, can be obtained with a spatial
resolution of approximately 80 km× 80 km at 30-s intervals
(10-min smoothing). On the TEC perturbation maps, TEC
variations with a timescale of 10–60 min can be derived.

We have investigated time sequences of two-dimensional
TEC perturbation maps over Europe to detect MSTIDs. Fig-
ure 2a and b show typical examples of the MSTIDs observed
during daytime and nighttime, respectively. Animations of
the TEC maps with 30-s resolution during these MSTID
events can be viewed in Movies 1 and 2. Wavy structures of
the TEC perturbations with phase fronts aligned in the east–
west direction during daytime (Fig. 2a) and in the NW–SE
direction during nighttime are recognized in the figures. In
this study, we define MSTIDs as the TEC perturbations that
satisfy the following criteria in the same way as Kotake et
al. (2007) and Otsuka et al. (2011): (1) the TEC perturbation
has amplitude exceeding 0.2 TECU; (2) the horizontal wave-
length of the TEC perturbations is shorter than 1500 km; and
(3) the TEC perturbation has more than two phase fronts and
propagates on the map. We divide the area of TEC maps al-
most equally into two regions (higher and lower latitude re-
gions) by 55◦ N in geographic latitude to study latitudinal
variations of MSTIDs.
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Fig. 2. Two-dimensional maps of TEC perturbations observed with
GPS networks in Europe(a) at 12:30 UT on 9 January 2008, and
(b) at 22:40 UT on 17 August 2008.

3 Results

We have analyzed the TEC data obtained with the GPS re-
ceivers in Europe, in 2008, and determined the MSTID oc-
currence at hourly intervals. We divide all data into hourly
and monthly bins and calculate MSTID occurrence rate in
each bin. The area of TEC maps is divided almost equally
into two regions (higher and lower latitude regions) by
55◦ N in geographic latitude to study latitudinal variations
of MSTIDs. Figure 3a and 3b show local time and seasonal
variations of the MSTID occurrence rate for higher and lower
latitudes, respectively. The MSTID occurrence rate is de-
fined as a ratioM/N , whereM is the number of bins in
which MSTID is observed, andN is the number of bins in
which GPS TEC data exist. Because the GPS-TEC data can
be obtained every day,N is equal to the number of day in
each month (29, 30 or 31). From the figure, we find that
the MSTID occurrence rate strongly depends on the season
and local time. The occurrence rate is high during daytime

www.ann-geophys.net/31/163/2013/ Ann. Geophys., 31, 163–172, 2013



166 Y. Otsuka et al.: GPS observations of MSTID over Europe

Fig. 3. Local time and seasonal variations in MSTID occurrence rate at (left) higher latitudes (> 55◦ N) and (right) lower latitudes (< 55◦ N)
of Europe in 2008.

Fig. 4. Propagation direction of the(a) daytime and(b) nighttime MSTIDs at (red) higher and (black) lower latitude regions of Europe in
2008. Note that the nighttime MSTIDs were not observed in the higher latitude region.

(10:00–13:00 UT) in winter at higher latitudes, and during
daytime (08:00–16:00) and nighttime (02:00–05:00 UT) in
winter at lower latitudes. Also, a secondary peak can be seen
around 20:00–22:00 UT in summer at lower latitudes. The
latitudinal difference of the nighttime MSTID occurrence is
distinct: The maximum of the occurrence rate at lower lat-
itudes is approximately 50 % whereas the occurrence rate
at higher latitudes is not discernible. However, the latitudi-

nal difference of the daytime MSTID occurrence is not dis-
tinct compared to that of the nighttime MSTID occurrence,
although it shows a similar tendency: The maximum occur-
rence rate exceeds 70 % at lower latitudes, whereas it is ap-
proximately 45 % at higher latitudes.

The propagation direction of the MSTIDs has also been
investigated by using the TEC perturbation maps. Figure 4
shows the propagation direction of the daytime and nighttime

Ann. Geophys., 31, 163–172, 2013 www.ann-geophys.net/31/163/2013/
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MSTIDs. We classified all the data into 45◦-interval bins and
calculated the occurrence rate in each azimuthal bin. During
daytime, most of MSTIDs propagate southward. In contrast,
the nighttime MSTIDs prefer a southwestward propagation.

4 Discussion

By analyzing the GPS TEC data in Europe in 2008, we
have disclosed statistical characteristics of occurrence rate
and propagation direction of daytime and nighttime MSTIDs.
Most of the daytime MSTIDs propagate southward, whereas
the nighttime MSTIDs prefer to propagate southwestward.
These propagation directions of the daytime and nighttime
MSTIDs are consistent with those reported in previous stud-
ies (e.g., Jacobson et al., 1995; Kotake et al., 2007; Otsuka
et al., 2011; Herńandez-Pajares et al., 2006). In these studies,
it was suggested that the local time difference of the MSTID
propagation direction could arise from corresponding differ-
ent mechanisms generating MSTIDs.

Daytime MSTIDs over Europe are observed frequently in
winter and tend to propagate southward (equatorward). This
equatorward propagation is consistent with that reported in
previous studies (e.g., Kotake et al., 2006; Evans et al., 1983;
Oliver et al., 1997) and is explained below. The MSTIDs
have been thought to be caused by neutral gas oscillation
caused by atmospheric gravity waves (Hines, 1960; Hooke,
1968). Through the collision of neutral gases with ions in
the F-region, the ions move along the geomagnetic field lines
(B), whereas ion motion acrossB is restricted because the
ion–neutral collision frequency is smaller than the gyrofre-
quency. This directivity of ion motion causes directivity in
the response of the plasma density variations to the grav-
ity waves. The largest-amplitude TEC perturbations could be
caused by gravity waves propagating equatorward because
the neutral wind oscillation parallel toB is larger for grav-
ity waves propagating equatorward than for those propagat-
ing in other directions. Such a directivity in the response of
the plasma to the gravity waves could be responsible for the
equatorward propagation of the daytime MSTIDs.

In contrast, the nighttime MSTIDs, which propagate
southwestward, are considered to be generated by electrody-
namical forces including polarization electric fields. Otsuka
et al. (2007, 2009) and Makela and Otsuka (2011) have ex-
plained the NW–SE phase fronts of the nighttime MSTIDs
in the Northern Hemisphere as follows. MSTIDs, which are
plasma density perturbations, produce spatial inhomogene-
ity of the Pedersen conductivity (6). In the mid-latitude F-
region, the electric currentJ flows northeastward during
nighttime. When a perturbation of6 has a structure elon-
gated from NW to SE,J traverses6. For this case, the polar-
ization electric field (E), which is northeastward (southwest-
ward) in the regions of low (high)6, should be generated
to maintain a divergence-freeJ . This electric field moves
the plasma upward (downward) byE × B drift, causing the

plasma density perturbations. This is a possible mechanism
for generating the nighttime MSTIDs with phase fronts elon-
gated from NW to SE in the Northern Hemisphere. Under
the condition that the wave vector of6 perturbations lies be-
tween the direction ofJ and the zonal direction, the pertur-
bations in both plasma density and electric field grow with
time through the Perkins instability (Perkins, 1973). Conse-
quently, the nighttime MSTIDs observed over Europe could
be caused by the electrodynamical forces.

4.1 Latitudinal difference of MSTIDs

Our statistical results show that the MSTID occurrence rate
is higher at low latitudes than at high latitudes in Europe.
In particular, the nighttime MSTID occurrence rate strongly
depends on latitude: The nighttime MSTIDs are rarely ob-
served at higher latitudes whereas the occurrence rate reaches
a maximum of approximately 50 % at lower latitudes. This
latitudinal difference of the MSTIDs may be attributed to the
difference between the mechanisms causing the daytime and
nighttime MSTIDs. In this subsection, to investigate the ef-
fect of the dip angle of the magnetic field on the amplitude
of TEC perturbations caused by MSTIDs, we have performed
model calculations for the daytime and nighttime MSTIDs at
different two dip angles (63.5◦ and 74.2◦) , which are repre-
sentatives of the lower and higher latitudes of the TEC map
studied in this paper. As discussed above, the daytime and
nighttime MSTIDs could be generated by atmospheric grav-
ity waves and electric field oscillations, respectively. For the
model calculations, the background altitude profiles of the
plasma density is taken from the IRI-95 ( International ref-
erence ionosphere) model. Similar model calculations have
been performed by Shiokawa et al. (2003b).

To simulate the daytime MSTIDs, we have performed
model calculations of the plasma density perturbations
caused by a gravity wave, which is an oscillation of neu-
tral air. The neutral air moves ions only along the geo-
magnetic field through neutral–ion collisions. According to
Hooke (1968), the plasma density perturbationN ′

e caused by
a gravity wave with angular frequencyω is given by

N ′
e = iω−1u‖

[
∂Ne

∂z
sinI − ik‖Ne

]
, (1)

wherei =
√

−1, u‖, andk‖ are the projection of the neutral
wind velocity and the wave vector in the direction of the ge-
omagnetic field, respectively,z is the altitude,I is the dip
angle of the geomagnetic field, andNe is the ambient plasma
density.

Figure 5a shows the result of the model calculation in
the north–south cross section. We consider the gravity wave
propagating southward (azimuth of 135◦ from the north) with
a horizontal wavelength of 300 km and a period of 40 min.I

is set to 63.5◦, which corresponds to the lower latitudes stud-
ied in this paper. The vertical wavelength is obtained from the
gravity-wave dispersion relation.u‖ is set to be 7.0 m s−1 for

www.ann-geophys.net/31/163/2013/ Ann. Geophys., 31, 163–172, 2013
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Fig. 5. Model calculations of the plasma density perturbations caused by a gravity wave at dip angles of(a) 63.5◦ and(b) 74.2◦, respectively.
The gravity wave is assumed to propagate southeastward (azimuth of 135◦ from the north) with a horizontal wavelength of 300 km and a
period of 40 min, with a neutral wind oscillation amplitude of 7.0 m s−1. The color scale, black solid line, and black dashed line in the top
panel indicate the plasma density, peak altitude of the electron density, and original peak altitude without the perturbations, respectively. The
purple line indicates the dip angle of the magnetic field. The bottom panel shows the amplitude of TEC perturbations as a percentage of the
background value. TEC is obtained from integration of the plasma density from 250 to 400 km in altitude.

Table 1.Model calculation of amplitude in TEC perturbations.

Dip angle (I ) 63.5◦ 74.2◦

Gravity wave 1.09 % 1.04 %
Oscillating electric field 1.01 % 0.43 %

all altitudes. In the figure, the structure of the plasma density
perturbations is found to represent that of the gravity wave
input in the model. Vertical TEC is obtained by integrating
the plasma density from 250 to 400 km in altitude. We de-
fine the vertical TEC with and without the gravity wave as
T1 andT0, respectively. The bottom panel of Fig. 5a shows
the perturbation component (T1 − T0) as a percentage to the
original TEC (T0). We find that the amplitude of the TEC
perturbation is 1.09 %, which is comparable to amplitude of
the observed TEC perturbations caused by the MSTIDs. This
amplitude is smaller than that of theNe perturbation, which
is larger than 10 %, because theNe perturbations are smeared
out by integratingNe.

To investigate the dip angle dependence of the TEC per-
turbations, we have performed the same model calculation
but with a dip angle of 74.2◦, which corresponds to the
higher latitudes studied in this paper. The result is shown in
Fig. 5b. For this case, the amplitude of the TEC perturbation
is 1.04 %. The results of the model calculations are summa-
rized in Table 1. The amplitude of TEC perturbations does
not change significantly with increasing dip angle. This is
because phase fronts of the plasma density perturbations, as
shown in Fig. 5a and b, are same as that of the gravity wave
input in this model calculation.

To simulate the nighttime MSTIDs, we have performed a
similar model calculation for the case of oscillating electric

fields causing velocity perturbationv′. Sincev′ is anE × B

drift caused by the polarization electric fields associated with
MSTIDs, v′ is normal to bothk and the geomagnetic field.
From the continuity equation of ions, in the same way as
Shiokawa et al. (2003b), the relationship between the plasma
density perturbationN ′

e and the velocity perturbationv′ is
obtained as follows

N ′
e = −iω−1v′

∂Ne

∂z
cosI sinD, (2)

where D is azimuth of the MSTID propagation direction
from the magnetic north. The plasma density perturbation
N ′

e is caused by the vertical displacement ofNe so that the
amplitude ofN ′

e is proportional to the vertical component
of the E × B drift, that is, v′ cosI sinD. We assume that
an MSTID with a horizontal wavelength of 300 km prop-
agates southwestward (D = 225◦), and simulateN ′

e caused
by an oscillatingv′ that is sinusoidal with an amplitude of
35 m s−1. Figure 6a shows the result of the model calculation
for the case ofI = 63.5◦. Owing to the northward and up-
ward (southward and downward)E ×B drift, a field-aligned
structure of the plasma density is formed because the electric
field is assumed to be transmitted along the magnetic field
without attenuation. The amplitude of the TEC perturbations
is 1.01 %.

We have performed the same calculation but for the case
of I = 74.2◦. For this case, the amplitude of the TEC per-
turbation is 0.58 %. We find that the amplitude of the TEC
perturbations decreases by almost half by increasing the dip
angle from 63.5◦ to 74.2◦. This is attributed to the latitudi-
nal difference of cosI in Eq. (2). At increasing latitude, cosI
becomes small, and thusN ′

e also becomes small. This cor-
responds to the fact that theE × B drift velocity becomes
nearly horizontal at increasing latitude, so the TEC perturba-
tions are small at high latitudes.

Ann. Geophys., 31, 163–172, 2013 www.ann-geophys.net/31/163/2013/
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Fig. 6. Same as Fig. 5 but for the plasma density perturbations caused byE × B drift resulting from the oscillating electric field, which is
a sinusoidal perturbation with an amplitude of 35 m s−1, propagating southwestward (225◦ from the north). The horizontal wavelength and
period are 300 km and 40 min, respectively.

From the model calculations, we find that the amplitude
of the TEC perturbations caused by a gravity wave does not
show any distinct difference at dip angles of 63.5◦ and 74.2◦

but that the amplitude of the TEC perturbations caused by
an oscillating electric field largely depends on the dip angle.
These dip angle differences of the TEC perturbation ampli-
tudes could be responsible for the latitudinal difference of the
observed MSTID occurrence rate. The latitudinal difference
of the daytime MSTID occurrence rate is small. However,
the nighttime MSTID occurrence rate is higher at higher lati-
tudes than at lower latitudes. The difference in the latitudinal
dependence of the occurrence rate between the daytime and
nighttime MSTIDs could be attributed to the difference of the
mechanisms generating the daytime and nighttime MSTIDs.

4.2 Longitudinal difference of nighttime MSTIDs

The present paper shows that the occurrence rate of the night-
time MSTIDs over Europe has a primary peak around the
December solstice and a secondary peak around the June
solstice. Local time of the primary and secondary peaks of
the MSTID occurrence is different; the primary peak ap-
pears around 02:00–05:00 UT, whereas the secondary peak
around 20:00–22:00 UT. By analyzing the GPS TEC data,
Herńandez-Pajares et al. (2006) have shown that the night-
time MSTIDs over Europe occur most frequently at pre-
midnight around the June solstice. In Fig. 7 of Hernández-
Pajares et al. (2006), high occurrence rate of the nighttime
MSTIDs over Europe can be seen after midnight around
the December solstice. Both Hernández-Pajares et al. (2006)
and the current paper suggest that occurrence rate of the
nighttime MSTIDs over Europe shows semiannual variation
with maxima in the June and December solstices, although
Herńandez-Pajares et al. (2006) report that the occurrence
rate around the June solstice is larger than the December sol-
stice. On the other hand, Kotake et al. (2007) and Otsuka

et al. (2011), who have also analyzed the GPS TEC data
in Southern California and Japan, respectively, have shown
that the occurrence rate of the nighttime MSTIDs is high-
est around the June solstice and that it has a secondary peak
around the December solstice. These seasonal and longitu-
dinal variations of the nighttime MSTID occurrence rate are
consistent with those of the spread-F occurrence rate reported
by Bowman (1992). He has suggested that the high occur-
rence rate of the spread-F at both summer and winter sol-
stices may be a result of the low neutral density at the sol-
stice. The neutral density shows semiannual variation with
maxima at equinoxes and minima at solstices. When the neu-
tral density is smaller, the amplitude of gravity waves be-
comes larger (e.g., Hines, 1960). Gravity waves with large-
amplitude neutral wind oscillation could cause large plasma
density perturbations, such as MSTIDs and spread-F. More-
over, Kotake et al. (2006) have suggested that the linear
growth rate of the Perkins instability, which is a likely source
of nighttime MSTIDs, is inversely proportional to the neu-
tral density (Perkins, 1973). These facts suggest that seasonal
variation of the nighttime MSTIDs could be attributed to that
of the neutral density.

Recent studies suggested that the nighttime MSTIDs could
be generated by electrodynamical forces with coupling be-
tween E- and F-regions. Tsunoda and Cosgrove (2001) have
suggested that intense electric fields generated by the Hall
polarization process in the Es layer could be transmitted to
the F-region, causing a positive feedback process of the per-
turbations in the polarization electric fields and plasma den-
sity. Cosgrove and Tsunoda (2002) have proposed an Es layer
instability mechanism, which operates under the condition
that the perturbation of the Es layer plasma density has struc-
tures with wavefronts aligned from northwest to southeast.
When the Es layer instability is coupled with the Perkins in-
stability that operates in the F-region, the coupling instability
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provides a larger growth rate than either instability alone
(Cosgrove and Tsunoda, 2004).

Saito et al. (2007) have reported that day-to-day variation
of the nighttime MSTID occurrence is consistent with the
field-aligned irregularities (FAIs) embedded in the Es layer.
Otsuka et al. (2007) have shown positive correlation of the
nighttime MSTID occurrence with the appearance of the Es
layer and inhomogeneity of the Es plasma density. They have
pointed out that day-to-day variation of the nighttime MSTID
occurrence could be controlled by the appearance of the Es
layer by assuming that the irregularities and inhomogeneity
of the Es layer coincide with the Es layer. According to their
idea, seasonal variation of the nighttime MSTID can be ex-
plained in terms of the Es layer occurrence, as described be-
low. The Es layer is considered to be formed by the conver-
gence of metallic ions owing to the vertical shear in zonal
wind, which is eastward below the Es layer and westward
above the Es layer (Whitehead, 1961). Taguchi and Shibata
(1961) and Wu et al. (2005) have shown global distribution
and seasonal variations of the Es layer plasma density. Their
results show that the Es layer occurrence rate is highest in
summer and that hemispheric asymmetry and longitudinal
dependence exist in the Es plasma density. In the Japanese
and Australian longitudinal sector, the Es plasma density is
higher over Japan (Northern Hemisphere) around the June
solstice than over Australia (Southern Hemisphere) around
the December solstice. As described above, in this longitu-
dinal sector, the MSTID occurrence rate shows a semiannual
variation with a major peak around the June solstice and a
minor peak around the December solstice (Shiokawa et al.,
2003a; Kotake et al., 2006; Otsuka et al., 2011). Saito et
al. (2007) and Otsuka et al. (2007) have suggested that high
plasma density of the Es layer in the Northern Hemisphere,
around the June solstice, could be caused by the major peak
of MSTID occurrence rate around the June solstice in the
Japanese and Australian longitudinal sector, and that the mi-
nor peak of the MSTID occurrence rate around the December
solstice could be responsible for the Es layer over Australia
in the Southern Hemisphere.

The seasonal variations of both the nighttime MSTID
and Es layer occurrences depend on longitude. Otsuka et
al. (2007) have pointed out that the above scenario regard-
ing the relationship between both the MSTID and Es layer
can be applicable to data in the American longitudinal sec-
tor, where the Es plasma density is higher in the South-
ern Hemisphere around the December solstice than in the
Northern Hemisphere around the June solstice. Garcia et
al. (2000) and Martinis et al. (2010) report that MSTID oc-
currence rates at Arecibo, Puerto Rico (18.3◦ N, 66.7◦ W),
have a major peak around the December solstice. Further-
more, Park et al. (2010), who have analyzed plasma density
measured by the CHAMP, KOMPSAT-1, and DMSP satel-
lites have shown that the nighttime MSTID occurrence rate
in the Asian/Oceanian (eastern Pacific/American) region is
higher during the June (December) solstice. They have sug-

gested that the above scenario regarding the relationship be-
tween the nighttime MSTID occurrence and the Es layer ap-
pearance is applicable globally.

These results suggest that the Es layer plasma density may
control longitudinal and seasonal variations of the MSTID
occurrence rates. According to this scenario, the MSTID oc-
currence rate in Europe is predicted to be highest around the
June solstice since the Es layer plasma density is higher over
Europe (in the Northern Hemisphere) around the June sol-
stice than over Africa (in the Southern Hemisphere) around
the December solstice (e.g., Wu et al., 2005). However, our
observations show that the occurrence rate of the MSTIDs
over Europe is highest around the December solstice. This
discrepancy may suggest that the MSTID occurrence is not
controlled by the Es layer plasma density alone. As described
above, Saito et al. (2007) and Otsuka et al. (2007) have
shown positive correlation of the nighttime MSTID occur-
rence with the appearance of the Es layer and inhomogeneity
of the Es plasma density. However, they assume that the in-
homogeneity of the Es plasma density coincides with high
plasma density in the Es layer. This assumption may not
be valid. The inhomogeneity of the Es layer plasma density,
which could drive the polarization electric field to keep the
current continuity, may play an important role in generating
the nighttime MSTIDs. Therefore, the inhomogeneity of the
Es layer plasma density may need to be taken into account
for understanding the cause of the seasonal/longitudinal vari-
ation of the nighttime MSTID occurrence rate.

5 Summary and conclusions

Using the densely spaced GPS receiver networks in Europe,
we have investigated statistical characteristics of the MSTIDs
and have found that the characteristics of the daytime and
nighttime MSTIDs are different. The observed characteris-
tics can be summarized as follows:

1. The daytime MSTIDs frequently occur in winter. Its
maximum occurrence rate in monthly and hourly bin
exceeds 70 % at lower latitudes and it is approximately
45 % at higher latitudes in Europe. Most of the day-
time MSTIDs propagate southward. From the preferred
propagation direction, we can speculate that the daytime
MSTIDs are generated by gravity waves.

2. The nighttime MSTIDs occur frequently in winter with
a secondary occurrence peak in summer. Its maximum
occurrence rate in monthly and hourly bin is approxi-
mately 50 % at lower latitudes, whereas the nighttime
MSTIDs were rarely observed at higher latitudes. The
nighttime MSTIDs propagate southwestward, on aver-
age. The southwestward propagation suggests that elec-
trodynamical forces could play an important role in gen-
erating the nighttime MSTIDs.
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3. The occurrence rate of both daytime and nighttime
MSTIDs is higher at lower latitudes than at higher lat-
itudes, whereas the occurrence rate of the nighttime
MSTIDs shows a more distinct latitudinal difference
than that of the daytime MSTIDs.

We have performed model calculations of the plasma den-
sity perturbations caused by a gravity wave and an oscil-
lating electric field to reproduce the daytime and nighttime
MSTIDs, respectively, over Europe. We find that TEC per-
turbations caused by gravity waves do not show a dip an-
gle dependence for dip angles between 63.5◦ and 74.2◦ and
that TEC perturbations caused by the oscillating electric field
have a larger amplitude at lower latitudes than at higher lat-
itudes. This dip angle dependence in the amplitude of TEC
perturbations could be partially responsible for the latitudinal
difference of the MSTID occurrence rate.

We have compared the MSTID occurrence rate over Eu-
rope with that in other regions and discussed the longitudi-
nal difference of the nighttime MSTID occurrence rate along
with the E- and F-region coupling processes. Previous stud-
ies suggest that the longitudinal and seasonal variations of
the nighttime MSTID occurrence could be attributed to those
of the Es layer occurrence rate. However, the seasonal vari-
ation of the nighttime MSTID occurrence, as shown in the
present paper, is not consistent with this scenario. We spec-
ulate that the nighttime MSTID occurrence is not controlled
by the Es layer occurrence alone.

Supplementary material related to this article is
available online at:http://www.ann-geophys.net/31/163/
2013/angeo-31-163-2013-supplement.zip.
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