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Abstract

We present a statistical study of medium-scale traveling ionospheric disturbances (MSTIDs) using the Hokkaido East
(43.53° N, 143.61° E) and Ekaterinburg (56.42° N, 58.53° E) high-frequency (HF) radar data. Radar datasets are available
from 2007 to 2014 for the Hokkaido and from 2013 to 2014 for the Ekaterinburg radar. In the case of the Hokkaido East
radar, we have utilized the elevation angle information to study the MSTIDs propagating at the heights of the E and F
ionospheric regions separately. We have analyzed the diurnal and seasonal behavior of the following medium-scale
traveling ionospheric disturbance (MSTID) parameters: propagation direction, apparent horizontal velocity and wavelength,

East SuperDARN radar, Ekaterinburg HF radar

period, and relative amplitude. The F region MSTID azimuthal patterns were observed to be quite similar by the two
radars. The E region northwestward MSTIDs (from 280° to 320°) were typical of summer daytime. Comparison with the
horizontal wind model (HWMO07) has showed that the dominant MSTID propagation directions match the anti-wind
direction well, at least during sunlight hours. We have also found that the wavelength and period tend to decrease with
an increase in solar activity. On the contrary, the relative amplitude increases with an increase in solar activity. Moreover,
the relative amplitude tends to increase with increasing auroral electrojet (AE) index, as do the wavelength and velocity.
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Introduction
Medium-scale traveling ionospheric disturbances (MSTIDs)
are wave-like electron density disturbances with horizontal
wavelengths of about several hundreds of kilometers and
periods of 15 min up to 1 h (Hunsucker 1982; Hocke and
Schlegel 1996). The daytime mid-latitude MSTIDs are as-
sumed to be caused by atmospheric gravity waves (AGWs),
propagating at ionospheric heights. The nighttime mid-
latitude MSTIDs are likely to be associated with Perkins
instability (Shiokawa et al. 2003b; Otsuka et al. 2004;
Tsunoda 2006).

In the last 15 years, several papers have been published
that focus on the statistical studies of MSTIDs using dif-
ferent techniques and observational facilities (Afraimovich
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et al. 1999, 2000; Lastovicka 2001; Shiokawa et al. 2003a,
2009; He et al. 2004; Kotake et al. 2007; Ishida et al. 2008;
Klausner et al. 2009; Fukushima et al. 2012; Otsuka et al.
2011, 2013; Grocott et al. 2013; Medvedev et al. 2013;
Ichihara et al. 2013; Frissell et al. 2014). Some of these
studies have used high-frequency (HF) ground backscatter
(GB) data (He et al. 2004; Ishida et al. 2008; Grocott et al.
2013; Ichihara et al. 2013; Frissell et al. 2014). The possi-
bility of studying MSTIDs/AGW's using HF radar GB data
was first proposed by Samson et al. (1990), who showed
that MSTIDs manifest themselves as periodic variations of
the GB power. One of the GB characteristics, which is
measured by HF radar and is sensitive to MSTIDs, is the
minimum slant range corresponding to the skip distance
(Arnold et al. 1998; Stocker et al. 2000; Karhunen et al.
2006).

In our previous paper (Oinats et al. 2015), we described
an automated technique that uses a cross-correlation

© 2016 Qinats et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-016-0390-8&domain=pdf
mailto:oinats@iszf.irk.ru
http://creativecommons.org/licenses/by/4.0/

Oinats et al. Earth, Planets and Space (2016) 68:8

analysis of minimum slant range variations to determine
the traveling ionospheric disturbance (TID) parameters.
We presented diurnal and seasonal behavior of the
MSTID azimuth and apparent horizontal velocity as re-
vealed from the 2011 Hokkaido East super dual auroral
radar network (SuperDARN) data. Here, we present a
more comprehensive analysis that includes the occurrence
rates for the MSTID azimuth, horizontal phase velocity,
period, horizontal wavelength, and relative amplitude cal-
culated using the multi-year datasets of two mid-latitude
HF radars: Hokkaido East and Ekaterinburg. The Hokkaido
East radar dataset covers an 8-year period, from 2007 to
2014. The Ekaterinburg radar dataset has been processed
from 2013 to 2014. As compared to our previous study, we
have significantly improved a preprocessing algorithm for
slant range variation extraction and mapping using cali-
brated elevation angles and range offset information for the
Hokkaido East radar (Ponomarenko et al. 2015). This
allowed us to study the disturbances propagating in the E
and F regions of the ionosphere separately. Comparison of
the MSTID characteristics obtained from measurements by
two radars and for two ionospheric regions could provide
important information about the regional (latitudinal and
altitudinal) characteristics of the AGWs. Using the ex-
tended radar datasets, we have studied the solar cycle and
geomagnetic activity dependences of MSTID statistical
characteristics and have compared the results with the hori-
zontal wind model (Drob et al. 2008) to check the AGW
filtering properties of neutral winds.

Instrumentation

The two mid-latitude HF radars, the Hokkaido East
(43.53° N, 143.61° E) and Ekaterinburg (56.42° N,
58.53° E), are very similar. There are 16 azimuths,
called “beams,” that form an approximate 50°-width
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field-of-view (FOV). Radars provide measurement of
range-time dependencies of several echo parameters,
such as power, Doppler velocity, Doppler spectral
width, and elevation angle at each beam with a tem-
poral resolution of 1-2 min. Figure 1 is a map of the
radar locations and their FOVs. The only difference
between the two radars, which is important for fur-
ther consideration, is that the Ekaterinburg radar has
no interferometer phased-array and it does not meas-
ure the elevation angle. Elevation angles are necessary
for mapping the radar data and more accurate deter-
mination of the effective height where the HF waves
are reflected. In case of the Hokkaido East radar, ele-
vation angle measurements have been calibrated in
2014 (Ponomarenko et al. 2015), and it allowed us to
separate E and F region echoes.

Data processing

The main idea of our technique is to fit the TID analyt-
ical model to minimum slant range variations observed
on different radar beams (Oinats et al. 2013). The steps
of data processing and analysis are almost the same as
described in Oinats et al. (2015). Here, we list them
briefly and emphasize the differences between present
and previous techniques.

In our analysis, we have used the GB echoes identified
using the standard technique (Blanchard et al. 2009).
We have excluded the echoes originating behind the
radar by interferometer data analysis (Milan et al. 1997).
The technique for identification of such echoes is similar
to those described in Bland et al. (2014). For reliable
identification of one-hop GB echoes, we have considered
a number of criteria for the slant range, effective reflec-
tion height, and power for a certain beam, local time,
and date. More specifically, we have developed a GB
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Fig. 1 Location of the Ekaterinburg and Hokkaido East HF radars and their FOV. Approximate location of the ionospheric reflection points is shown by
red circles
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model (GBM) for each radar data (Oinats et al. 2016).
GBM is based on HF propagation simulation in the
framework of the waveguide approach (Oinats et al.
2012) and IRI-2012 ionosphere (Bilitza et al. 2014). It in-
cludes a set of the following HF GB characteristics: the
slant range corresponding to the skip distance, elevation
angle, true height of reflection, slant range, and ground
distance to the ionospheric reflection region. All the
characteristics have been calculated for each radar beam
for the entire period under consideration. Using the
model, we have determined possible slant ranges and ef-
fective heights for each HF channel. This makes it pos-
sible to separate the regular GB reflected by E and F2
ionospheric layers from other echoes. Since all the radar
range gates satisfying the mask are determined at a cer-
tain local time, we searched for the range gate, that re-
ceived the maximum power, and recorded the
corresponding slant range and elevation angle values.
We determined the ground distance, D, from the
radar site to the ground projection of reflection region,
assuming that the Breit and Tuve’s theorem (Davies
1990) holds for the spherically symmetric ionosphere

rcosA
D,,f = a-arctg| ——— 1
ref = 4-arctg (gru + rsinA) ’ (1)

where a is the Earth’s radius, » and A are the slant range
and elevation angle, respectively. Regular gradients are
compensated in Eq. (1) by the gradient factor, gr, which
is taken from the GBM for a certain beam, local time,
and date. The appropriate latitude and longitude are cal-
culated with reference to the beam azimuth and radar
coordinates. In case of absence of measured elevation
angle, i.e., for the Ekaterinburg radar, we first calculated
the effective elevation angle from GBM and then deter-
mined corresponding ground distance using Eq. (1).

The obtained slant range-time dependencies are fil-
tered by finite impulse response (FIR) band-pass filter,
which passes the periods from 10 min to 2 h to remove
the diurnal trend. Filtered dependencies are fitted by pe-
nalized regression splines (Ruppert et al. 2003). Finally,
we recalculated the dependencies on an equidistant time
grid common for all beams.

In the next step, we calculated the cross-correlation
functions between the dependencies for all possible
beam pairs at each moment. Statistical sampling size is
fixed and corresponds to a time interval of 6 h. Max-
imum cross-correlation functions correspond to the ob-
served time lags, At, between the dependencies. In
addition, we determined the prevailing period and root
mean square (RMS) of deviations for each variation.
Simulation provided by Stocker et al. 2000 and Oinats
et al. 2012 showed that the RMS of slant range deviation
is nearly proportional to the amplitude of electron
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density perturbation (at least for amplitudes less than
~20 %). Therefore, it could be considered as some esti-
mation of the TID amplitude. After that, we constructed
a two-dimensional squared deviation between observed
and theoretical time lags

5(®,0) = f: (at;-a1(0.0)) @)

Ji=0,ji

where @ and v are the TID azimuth (clockwise from the
north) and horizontal phase velocity, respectively; At}fi is
the theoretical time lag; i and j are the beam numbers.
We assume that TID has plane phase front within the
radar FOV and vertical component of the phase velocity
is equal to zero. Under these assumptions, the theoret-
ical time lag between two reflection regions on different
beams is given by

at5(@,0) =% |((9-9') cost- (4 ) cost)
sin® + (6;-6;) cos@] ,

(3)

where (6;, ¢;) and (6, ¢)) are the coordinates (latitude and
longitude) of the reflection regions for i-th and j-th beam
numbers, and (6', ¢’) are the latitude and longitude of the
radar. In Eq. (2), we take into account only those time lags
for which the correlation coefficient exceeds the threshold
of 0.85. Minimization of the deviation is performed using
the Levenberg—Marquardt algorithm for optimizing the
parameters of non-linear regression models. The success-
ful minimization gives us appropriate MSTID azimuth
and horizontal velocity values at a certain local time.

In the final step, we determined other MSTID parame-
ters by averaging over beams. We took into account only
those beams that were used in minimization. Period is
calculated as a median of a set of prevailing periods.
Horizontal wavelength is defined from the calculated
period and velocity. The amplitude is expressed as an
average of the deviation RMS. Relative amplitude is
equal to the ratio between the amplitude and average
slant range.

The above processing was carried out for each local
time and date. As a result, we obtained the diurnal de-
pendencies of five MSTID characteristics for each date
under the period of consideration.

Results and discussion

Diurnal and seasonal dependence of MSTID azimuth
occurrence rate

Figure 2 shows the diurnal variations of occurrence rate of
the MSTID propagation direction for the entire period
and three seasons: equinox (March, April, September, and
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October), summer (May, June, July, and August) and win-
ter (November, December, January, and February). We
should note that the regular GB echo is not observed for
all local times. For example, there is no GB data at all dur-
ing nighttime for the E region due to its low critical fre-
quency. The GB data for the F region during nighttime in
winter months is also insufficient to form a significant dis-
tribution (this explains some noisiness of the winter
MSTID distributions). Therefore, the occurrence rate
hereinafter is determined as a ratio between the observa-
tion duration of a given value of the MSTID parameter
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and the general observation interval at a certain local time.
Figure 2a, b shows the color-coded occurrence rate varia-
tions corresponding to the heights of the Hokkaido E and
F2 regions (Hok-E and Hok-F), respectively. The occur-
rence rate is calculated in each azimuth bin of 10° width
(vertical axis) and for each hour (local time, horizontal
axis). In Fig. 2b, one can see four dominant directions
with enhanced occurrence: morning northeastward (from
20° to 50° at 4—6 local time [LT]), daytime southeastward
(from 100° to 140° at 7-15 LT), nighttime and evening
southwestward (from 190° to 220° at 15-18 LT and 21-3
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Fig. 2 Diurnal dependence of the MSTID azimuth occurrence rates for the entire period and for three seasons. Panels a-c correspond to the
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LT), and evening northwestward (from 280° to 310° at 18—
21 LT). The directions vary seasonally. The maximum oc-
currence rate is for the daytime southeastward distur-
bances, which are most prominent during winter.
Morning northeastward disturbances are most pro-
nounced during equinox. Nighttime southwestward dis-
turbances are most pronounced in equinox-summer. In
Oinats et al. (2015), we have already discussed these four
directions for the 2011 Hokkaido data. We have indicated
a good agreement between them and results of many
other researchers (Afraimovich et al. 1999; Shiokawa et al.
2003a; Kotake et al. 2007; Ishida et al. 2008; Otsuka et al.
2011; Medvedev et al. 2013), excluding the northwestward
disturbances that we previously found to be typical of the
summer daytime (see Fig. 6¢ in Oinats et al. (2015)). Com-
paring Fig. 2a, b, one can see that northwestward summer
daytime MSTIDs actually propagate at heights of the E re-
gion (see azimuths from 280° to 320° at 8-16 LT in
Fig. 2a). Thus, not distinguishing E and F region echoes
explains our previous result, which was obtained without
their separation. In Fig. 2a, there are two other dominant
directions in Hok-E: morning northeastward (from 20° to
50° at 6-9 LT) and evening southwestward (from 190° to
215° at 13-16 LT). These two directions look very similar
to the corresponding Hok-F directions, but they are ob-
served slightly later or earlier accordingly. The possibility
of the southwestward or northwestward MSTIDs in the E
region was reported by Koustov et al. (2013), who had also
used the Hokkaido radar data in their study. The south-
east daytime peak is significantly weaker for Hok-E as
compared to Hok-F (see azimuths ~120° at ~12 LT in
Fig. 2a).

Figure 2c shows the occurrence rates calculated for
the F2 region from the Ekaterinburg data (Ekb-F). Com-
paring with Fig. 2b, one can see that the occurrence pat-
terns for the two radars are very close to each other.
However, there is a difference in the absolute values of
the occurrence rate. For example, the most prominent
Hok-F southeast daytime peak is rather weak for the
Ekb-F. In addition, the peaks for the Ekaterinburg radar
are shifted slightly to greater local time. The shift can be
partially explained by the fact that the registration region
of the Hokkaido East radar is located mainly to the east
from the radar site in a different time zone (+1 h).

One of the prominent effects of the relation of MSTID
with AGW is the filtering by neutral winds. According
to the theoretical concept, if neutral wind has a compo-
nent parallel to the wave vector, it causes a Doppler shift
of GW frequency (Waldock and Jones 1984). Depending
on the mutual orientation of the wave, wind, and their
parameters, critical coupling or reflection may occur.
Therefore, not all GWs originating from the lower at-
mosphere (troposphere) and initially having all possible
directions can reach the ionosphere. This results in the
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appearance of a certain diurnal pattern of the observed
MSTID azimuths. Many researchers have reported
observational evidences of this effect (Kalikhman 1980;
Waldock and Jones 1986; Afraimovich et al. 1999;
Kotake et al. 2007). Kalikhman (1980) has presented a
statistical study based on Doppler and arrival angle data
obtained by the F2 layer vertical sounding from 1975 to
1976 at Irkutsk. He showed that the direction of MSTID
motion during daytime agrees well with the thermo-
spheric wind direction and is oriented opposite to it.
Waldock and Jones (1986) observed the MSTIDs from
1972 to 1975 at Leicester by means of an HF Doppler
technique and found that the wave azimuth rotates
clockwise through 360° in 24 h. However, the direction
of disturbance motion is displaced from the anti-wind
direction and is located at an azimuth of 130°-140° rela-
tive to the wind. Afraimovich et al. (1999) analyzed the
annual data from the transionospheric radio interferom-
eter that measured the parameters of the radio signal at
136 MHz from the ETS 2 geostationary satellite. They
found that the mean daytime MSTID direction coincides
with the anti-wind direction with a RMS of about 15° for
the autumn-winter season. However, they did not find
evidence of clockwise rotation of MSTID direction for
the spring-summer season. Kotake et al. (2007) pre-
sented a study based on the analysis of the two-
dimensional maps of total electron content (TEC) per-
turbations constructed from the GPS network data in
Southern California in 2002. They found that the propa-
gation direction of daytime MSTIDs tends to rotate
clockwise from 90° to 240° (120° to 240°) in azimuth be-
tween 6 and 15 LT in equinox (winter). Similar results
were also obtained by Otsuka et al. (2011) from the GPS
network observations in Japan in 2002.

To check the filtering effect of the neutral wind, we cal-
culated the relative occurrence rate for the neutral wind
direction using the horizontal wind model (HWMO07)
(Drob et al. 2008). The wind azimuth is calculated for each
date and local time from the observational period when a
regular GB echo is predicted by the corresponding GBM
for the central beam of radar (beam #8). The height and
coordinates in the calculation are the true reflection
height and reflection point coordinates, respectively, taken
from the GBM for the corresponding HF channel.
Figure 3a—c shows the occurrence rates for Hok-E,
Hok-F, and Ekb-F, respectively, by the gray color ac-
cording to the color bars to the right of the plots.
Since the Ekaterinburg radar did not provide the ele-
vation angle, we used the combined Ekaterinburg
GBM for the E and F channels (E+F). Similar to
Fig. 2, the occurrence rate is determined as a ratio
between the predicted duration of a given wind azi-
muth and the general interval of GBM prediction at a
certain local time. Vertical and horizontal axes show
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Fig. 3 Diurnal dependence of the anti-wind direction occurrence rate calculated using HWMO7 and GB model for three seasons. Panels
a-c correspond to the Hokkaido E and F region and the Ekaterinburg E+F region, respectively. Blue, red, and magenta curves are the
levels of constant MSTID azimuth occurrence rate (from Fig. 2) of 3, 5, and 10 %, respectively, on panels a and b, and 4, 6, and 9 %,
respectively, on panel ¢

the anti-wind azimuth (anti-parallel to the direction
of the wind) and local time, respectively.

A distinct pattern of wind direction depending on the
radar and HF channel can be observed in Fig. 3. To see
whether the diurnal and seasonal variability of the wind
reflects the MSTID pattern, we imposed the contours
that show the three levels of the MSTID direction occur-
rence rate presented in Fig. 2. Blue, red, and magenta
curves represent constant occurrence rates of 3, 5, and
10 %, respectively, in Fig. 3a, b, and 4, 6, and 9 %, re-
spectively, in Fig. 3c. It is clear from Fig. 3 that almost

all contours of the enhanced occurrence rate of MSTID
direction qualitatively agree well with the wind “tracks”
of enhanced occurrence (they overlap or lay very closely
to the corresponding wind tracks). The largest difference
is related to the nighttime southwestward MSTIDs,
which have no corresponding wind tracks (see explan-
ation below). Significant differences can be also found
during the winter daytime for Hok-E and Hok-F
(MSTID “spots” lay above or below the wind tracks) and
for the morning hours for Ekb-F (MSTID spots are dis-
placed into greater local times). The size of some “spots”
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and the relation between wind and MSTID occurrence
rate values do not agree well. Except for the nighttime
southwestward MSTID spot for Hok-F and Ekb-F, the
mentioned differences might be associated with the ac-
curacy of the models used for wind pattern calculation.
In addition, the wind pattern here was calculated at a
single height for a certain local time, but the AGW actu-
ally propagates within an altitude range, which should
be taken into account for a more accurate comparison.
The nighttime mid-latitude MSTIDs, which are ob-
served to propagate southwestward, have been reported
by many other researches (e.g., Shiokawa et al. 2003a;
Otsuka et al. 2004; Kotake et al. 2007; Shiokawa et al.
2009; Otsuka et al. 2011; Ichihara et al. 2013). Shiokawa
et al. (2003a) presented a statistical study of these distur-
bances using the data from 630-nm airglow images
obtained at Shigaraki and Rikubetsu during 1998-2000.
Using airglow images and DMSP satellite data, it was
established that these MSTIDs at mid-latitudes are
accompanied by an oscillating electric field (Shiokawa
et al. 2003b). Otsuka et al. (2004) conducted geomag-
netic conjugate observations of 630 nm airglow at Sata,
Japan, and Darwin, Australia, with two all-sky CCD im-
agers, and found the airglow perturbations caused by
MSTIDs, which were mirrored in the northern and
southern hemispheres connected by geomagnetic field
lines. They proposed that the polarization electric fields
play an important role in the generation of the MSTIDs.
There are also statistical studies by Kotake et al. (2007)
and Otsuka et al. (2011) utilizing two-dimensional GPS
TEC maps, which also clearly revealed such nighttime
disturbances. Ichihara et al. (2013) analyzed the night-
time MSTIDs observed by the Hokkaido East HF radar
from January 2007 to July 2009. The authors reported
that such disturbances propagate mainly southwestward,
but occasionally they propagate northeastward. Compar-
ing the radar data and GEONET TEC data, they found
that the propagation direction depends on the latitude
and local time. Discussing the characteristics of the
nighttime mid-latitude southwestward MSTIDs, the re-
searchers have concluded that they cannot be explained
by the AGW theory (e.g., Shiokawa et al. 2003a; Shiokawa
et al. 2009; Otsuka et al. 2011). The origin of these
MSTIDs is commonly attributed to the Perkins instabil-
ity, which is the only known mechanism that can pro-
duce northwest—southeast stretched plasma density
structures in the F region (Perkins 1973). The issue
here is that the linear growth rate of Perkins instability
is very low. However, it was shown that the electro-
dynamic coupling processes between the E and F layers
may lead to faster development of instability (Tsunoda
2006). Recently performed three-dimensional numerical
modeling, which includes the E-F coupling process with
dipole magnetic field lines, reproduces the main features
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of the nighttime mid-latitude MSTIDs (Yokoyama and
Hysell 2010; Yokoyama 2013).

In Figs. 2 and 3, the MSTID occurrence rate repre-
sents a number of localized spots distributed over the
azimuth—local time plane. On the contrary, the azimuth
pattern calculated from HWMO7 consists of relatively
smooth tracks extended in local time. In other words,
there are some kinds of “gaps” in the MSTID azimuthal
pattern. The gaps on Hok-F and Ekb-F pattern are
located near the exact north, south, east, and west direc-
tions. Further research is needed for explanation of the
gaps.

It is interesting that during the summer daytime, most
disturbances observed by the Hokkaido radar at the
heights of E and F2 layers propagate in exactly opposite
directions, ~300° and ~120°, respectively, as seen in
Fig. 2a, b. Vadas (2007) presented a bulk of numerical
simulation results of the GW propagation and dissipa-
tion in the thermosphere and showed that GWs with
small horizontal wavelengths cannot propagate to higher
altitudes in the thermosphere. Their dissipation/breaking
in the lower thermosphere due to kinematic viscosity
and thermal diffusivity causes thermospheric body
forces, which could be a significant source of additional
“secondary” GWs. These secondary waves may have lar-
ger spatial scales and longer periods and can penetrate
to higher altitudes in the thermosphere and induce
MSTIDs (Vadas and Fritts 2006). Therefore, most sum-
mer daytime MSTIDs observed in Hok-F might be
caused by secondary GWs having their sources in the
lower thermosphere. Apparently, a fraction of Hok-E
summer daytime GWs might still reach the F2 layer
heights. This fraction is probably responsible for the
appearing of a spot of enhanced MSTID occurrence in
Hok-F with azimuths close to ~300° at about 20 LT. The
time delay between the considered spots is about 6 h
that is quite enough for the GWSs to propagate upward
from the E layer to the F2 layer height. This suggestion
could be verified thoroughly in a future study.

Diurnal, solar cycle, and geomagnetic activity dependence
of other MSTID parameters

Figure 4 shows color-coded diurnal variation in the
occurrence rate for the horizontal phase velocity (a), me-
dian period (b), horizontal wavelength (c), and relative
amplitude (d). The plots contain MSTID characteristics
for the entire observational period 2007-2014 (all sea-
sons, different levels of solar activity—from minimum to
maximum). Therefore, the spread of the distributions is
relatively large. The most frequent daytime velocities are
as follows: 60-100 m/s for Hok-E, 110-180 m/s for
Hok-F, and 30-90 m/s for Ekb-F (see also Figs. 5 and 6
where the mode value and spread of the distributions
are shown). The most frequent daytime wavelengths are
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as follows: 300-550 km for Hok-E, 450-800 km for
Hok-F, and 150-400 km for Ekb-F. The most frequent
period is in the range of 60—100 min.

Nighttime values of velocity, period, and wavelength
for the F2 region are somewhat greater than those dur-
ing the daytime. This is consistent with results of
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Waldock and Jones (1986) and can be related with the
increased HF reflection height during the nighttime in
comparison with daytime. Velocity of GW propagating
upward is expected to increase with altitude to compen-
sate for the decreasing atmospheric density (Hines
1960). On the other hand, GWs with longer wavelength/
period are less attenuated and can propagate for longer
times and reach greater heights before their dissipation
(Vadas 2007). As one can see in Fig. 4 (left column),
there is the same local time tendency for Hok-E, but the
parameters increase from the daytime minima to the
evening/morning hours. The obtained velocities and
wavelengths of Hok-E are less than those of Hok-F
approximately by a factor of 2.

As seen in Fig. 4d, the relative amplitude varies within
the range of 3-8 % for Hok-F; it reaches a minimum
near noon and maximums at about 6 and 20 LT. In case
of Ekb-F, the amplitude has a similar behavior, but varies
within a greater range, from ~4 % near noon to ~13 %

at 8 and 22 LT. For Hok-E, the amplitude is somewhat
greater and varies within the range of 4-9 %. Similar di-
urnal behavior of the MSTID relative amplitude was re-
ported by Afraimovich et al. (2008). The authors showed
that the relative amplitude of TEC variations at night
significantly exceeds that of the daytime; in addition, the
relative amplitude is a few times greater at higher lati-
tudes as compared to mid- and low-latitudes. Ratovsky
et al. (2015) analyzed the vertical sounding data at
Norilsk and Irkutsk and found that the relative variabil-
ity of the maximum electron density caused by the TIDs
activity is somewhat larger at the high-latitude station as
compared to that in the mid-latitude, at least during
winter and equinox. Thus, our results are consistent
with the findings of other researchers.

To determine the solar cycle effect, we have collected
all the calculated values for the Hokkaido radar into
samples corresponding to different years of observation.
As clearly seen in Fig. 4, the occurrence distributions of

<
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best fits for the sample mode. Black, red, and blue curves correspond to the Hokkaido E and F region and the Ekaterinburg F region, respectively
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the MSTID parameters are generally not symmetrical
(not Gaussian-like). Therefore, we have characterized
each sample by its mode (at the maximum occurrence
rate), and the two values at which the occurrence rate is
equal to half of its maximum. The difference between
the two last values is the full width at half maximum
(FWHM), which characterizes spread of the distribution.
In Fig. 5, the circles and vertical bars show the mode
values and FWHM, respectively, in each year. Black and
red colors correspond to Hok-E and Hok-F, respectively.
The green bars with labels show the yearly mean sun-
spot number obtained from the National Geophysical
Data Center in Boulder (http://www.ngdc.noaa.gov/stp/
stp.html). Note that in Fig. 5a—c, the bars are reversed to
aid convenient comparison. A distinct solar cycle de-
pendence of the MSTID azimuth was not found; thus,
Fig. 5 shows only the dependencies for velocity (a),
period (b), wavelength (c), and relative amplitude (d).
There is an obvious solar activity relationship at least for
the wavelength, period, and relative amplitude in Hok-F,
and for the period and relative amplitude in Hok-E. The
Hok-F wavelength tends to decrease with increasing
solar activity from ~750 km in 2008 to ~550 km in
2014. Its FWHM is relatively constant through the years
(~1000 km) and repeats the variation of the mode value.
There is also a decreasing trend for the Hok-E wave-
length mode from 500 km in 2008 to 400 km in 2014,
but the corresponding FWHM is unstable. The relative
amplitude tends to increase with increasing solar activity
from 4 to 5.5 % for Hok-F and from 5.5 to 7 % for Hok-
E from 2008 to 2014, respectively. The Hok-F period de-
creased with increasing solar activity from 95 min in
2008 to 82 min in 2014. The Hok-E period also de-
creased from 102 min in 2008 to 82 min in 2011; but
after that, a weak growth to 87 min was observed in
2014. There is also a downward trend with increasing
solar activity for the Hok-F velocity. However, the lower
and upper bounds of the velocity FWHM varied in
opposite manner.

The revealed trends agree with the results of other re-
searchers. Fukushima et al. (2012) studied the nighttime
MSTIDs over 7 years, from 2002 to 2009, using a 630-nm
airglow imager at Kototabang, Indonesia. The average
horizontal wavelength (velocity) of the MSTIDs was found
to increase with decreasing solar activity. However, the au-
thors did not find a clear dependence for the MSTID
period. In addition, the MSTID occurrence rate was found
to decrease with decreasing solar activity. Klausner et al.
(2009) studied the MSTIDs using vertical ionosphere
sounding observations at Sao Jose dos Campos, Brazil, for
years of high (HSA, September 2000 to August 2001) and
low solar activity (LSA, January 2006 to December 2006).
From Fig. 4 in their study, the most frequent MSTID pe-
riods can be observed to be lower for HSA (~20-60 min)
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than those for LSA (~60-100 min). They also found that
the large-amplitude TIDs (virtual height greater than
60 km) are present normally only during HSA. Lastovicka
(2001) analyzed long radio wave absorption data for
5.5 years in the lower ionosphere obtained from the ob-
lique ionosphere sounding by continuous waves at
270 kHz at the middle latitude station at Pruhonice. He
found that the relative amplitude of GW in the E layer
varies within the range of 2-8 % and decreases from the
solar activity maximum to the solar activity minimum by
about 1/3.

We should note that the true height of the HF reflection
increases on average with increasing solar activity (due to
the general lifting of the F2 layer). The true height varies
from ~170-270 km in 2008 to ~190-330 km in 2014, as
predicted by Hok-F GBM. Hence, the solar cycle trends of
the wavelength, velocity, and period were expected to be
inversed as compared to the observed ones (because of
decrease in the atmospheric density with height). On the
other hand, as shown by numerical simulation (Vadas and
Fritts 2006; Vadas 2007; Fritts and Vadas 2008), the GW
dissipation height should increase with increasing solar
activity. The latter is due to the increasing temperature of
the thermosphere and corresponding less rapid increase
in the kinematic viscosity with height. In addition, the
GWs with larger horizontal wavelengths were found to
dissipate at higher altitudes than those with smaller hori-
zontal wavelengths. Based on Vadas (2007), Fukushima
et al. (2012) suggested that during the solar minimum,
only the GW with larger horizontal wavelengths would
propagate in the thermosphere, and this might explain the
fact that the observed average horizontal wavelength be-
comes larger with decreasing solar activity. During the ac-
tive solar conditions, GWs with both small and large
horizontal wavelengths are observed so that the average
wavelength would become relatively small.

It is known from the earlier statistical studies of large-
scale TIDs (LSTIDs) that their occurrence rate clearly
grows with increasing geomagnetic activity (e.g., Tsugawa
et al. 2004; Ding et al. 2008). Medvedev et al. (2013) ana-
lyzed the TID population that includes the medium- and
large-scale disturbances observed by the Irkutsk incoher-
ent scatter radar coupled with the conventional vertical
ionosonde data for a period from 2004 to 2009. They
found that the wave activity level tends to increase with
both solar and geomagnetic activity. There are also a
number of papers on the geomagnetic activity effect on
the MSTID parameters. Waldock and Jones (1986) com-
pared the mean number of MSTIDs per hour and max-
imum daily Doppler shift with mean Ap and auroral
electrojet (AE) indices. They did not find a clear correl-
ation between the MSTID parameters and geomagnetic
indices, and suggested that these waves are not caused by
high-latitude generation mechanisms. Tsugawa et al
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(2007) analyzed the MSTID activity variation revealed by
the TEC observations using a dense GPS receiver network
over Japan, and did not find obvious relation of the day-
to-day MSTID activity variation to the geomagnetic activ-
ity. Grocott et al. (2013) investigated a relationship be-
tween solar wind—magnetosphere—ionosphere (SW-M-I)
coupling and MSTID occurrence based on the GB data of
the Falkland Islands SuperDARN radar (FIR) between
May 2010 and April 2011. They found weak correlations
for the MSTID occurrence rate with the symmetric por-
tion of the horizontal component magnetic field near the
equator (Sym-H index) and with the dayside reconnection
voltage. Their results suggest a degree of association be-
tween the MSTID occurrence and the level of SW-M-I
coupling, and could provide an evidence for a ducted
mode of the AGW propagation from a high-latitude
source to mid-latitudes. Frissell et al. (2014) analyzed the
MSTID observations by the Blackstone SuperDARN radar
and concluded that the AE index showed a correlation
with the MSTID statistics.

To investigate the possible geomagnetic activity effect,
we collected all the calculated values into samples corre-
sponding to different intervals (bins) of the AE index.
The AE index values used in this study were obtained
from the World Data Center for Geomagnetism in
Kyoto (http://wdc.kugi.kyoto-u.ac.jp). The samples have
approximately equal sizes (~180 days for Hok-F and
~60 days for Hok-E and Ekb-F). The sampling has been
performed taking into account some time shift needed
for the effect of auroral electrojet variations (originating
at ~70° N) to appear at the radar registration region. We
used the time shift of 4 and 1 h for the Hokkaido radar
and Ekaterinburg radar, respectively. In Fig. 6, the circles
and vertical bars show the mode values and FWHM, re-
spectively, in each AE-bin. Black, red, and blue colors
correspond to Hok-E, Hok-F, and Ekb-F, respectively.
Figure 6 shows variations in the velocity (a), period (b),
wavelength (c), and relative amplitude (d). For the
MSTID azimuth, we did not find a distinct dependence
on the geomagnetic activity.

Evidently, the mode values of velocity, wavelength, and
amplitude have a tendency to increase with increasing
AE index. For better illustration of the trends, we have
also plotted a linear best fit by dashed lines. The clearest
growth is seen for the amplitude (see Fig. 6d). Notice
that the growth rate of amplitude for Ekb-F is greater
than for Hok-E and Hok-F. This agrees with Afraimo-
vich et al. (2008), who found that on average, the relative
amplitude of TEC variations varies proportionally to Kp
geomagnetic index, and this dependence is distinct at
high-latitudes, weaker at mid-latitudes, and weakest at
the equator. The upward trends in the F region for vel-
ocity and wavelength are weaker than those for the amp-
litude. However, as one can see from Fig. 6a, c, there is a
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clear increase of the upper bound and FWHM with an
increasing AE index, at least for Hok-F and Ekb-F. One
might expect that the velocity, wavelength, and period
should increase with increasing geomagnetic activity just
because LSTIDs start to occur relatively more often.
However, this is in contrast with Fig. 6b where there is
no distinct increase of the period or even of the corre-
sponding FWHM.

Although many authors have studied the MSTID phe-
nomena, the effect of geomagnetic activity is still un-
clear. Our results show that as a response to an
increasing AE index, a relative number of the MSTIDs
with higher amplitudes, velocities, and longer wave-
lengths increases during observations by both radars.
This effect manifests more strongly for Ekb-F. A possible
way of explanation is as follows. Increasing the geomag-
netic activity leads to the magnetospheric energy depos-
ition at high-latitudes. This causes the generation of
additional AGWs of different scales. However, only
AGW with relatively large wavelengths could propagate
at long distances and reach the mid-latitudes (Vadas
2007). On the other hand, geomagnetic storms lead spe-
cifically to a global heating of the thermosphere (Emery
et al. 1999), and consequently, change the neutral wind
conditions (Emmert et al. 2008). AGW propagation and
dissipation conditions would change accordingly (Vadas
and Fritts 2006; Vadas 2007). Certainly, a significance of
the effects is higher at high-latitudes and decreases to-
ward the equator. Further investigation is needed to clar-
ify the details here.

Conclusion

This paper is a continuation of our previous study
(Oinats et al. 2015). We have significantly improved our
technique for MSTID analysis based on the HF GB data.
We have utilized the elevation angle information for the
Hokkaido East radar, which has allowed us to map the
echo regions more accurately and to distinguish the
echoes reflected in the E and F ionospheric regions. The
latter makes it possible to study the MSTIDs in these re-
gions separately.

We processed the multi-year datasets of two mid-
latitude HF radars: the Hokkaido East radar from 2007
to 2014 and Ekaterinburg radar from 2013 to 2014.
Comparison of the revealed statistical characteristics
showed a high similarity between the diurnal and sea-
sonal MSTID occurrence patterns as observed by the
two radars. There are four dominant MSTID propaga-
tion directions at the F2 layer heights, with a distinct di-
urnal and seasonal dependence: morning northeastward
(from 20° to 50°), daytime southeastward (from 100° to
140°), nighttime southwestward (from 190° to 220°), and
evening northwestward (from 280° to 310°). For the E
region, there are also northwestward disturbances


http://wdc.kugi.kyoto-u.ac.jp/

Oinats et al. Earth, Planets and Space (2016) 68:8

(azimuth varies from 280° to 320°), which are typical of
summer daytime. Comparison with neutral wind occur-
rence pattern calculated using HWMO7 has revealed
that the dominant MSTID propagation directions match
well with the anti-wind direction at least during the sun-
light hours. This indicates that the observed MSTIDs
are mostly caused by AGW's propagating in the thermo-
sphere (except for the nighttime southwestward
MSTIDs). The values and diurnal behavior of the
MSTID horizontal velocity, wavelength, period, and rela-
tive amplitude agree well with the results published earl-
ier, and are consistent with the properties of the GWs
propagating at corresponding heights. The processing of
the extensive radar datasets allowed us to study the solar
cycle and geomagnetic activity dependencies of the re-
vealed characteristics. The MSTID wavelength and
period tend to decrease with an increase in solar activity.
The relative amplitude increases with an increase in
solar activity. The relative amplitude, wavelength, and
velocity tend to increase with increasing AE index.
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