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SC-Triggered 1.60mHz Waves Including an Interval with Latitude-Dependent Phase Shift,
Observed by the SuperDARN Hokkaido East Radar in Mid Latitudes: Possible Global
Magnetospheric Cavity-Mode Waves and Their Field-Line Resonance with Poloidal Alfven-
Mode Waves

Hideaki Kawano*, Akira Sessai Yukimatu**, Yoshimasa Tanaka**, Satoko Saita***,
Nozomu Nishitani****, and Tomoaki Hori*##* #**33*

Abstract

In this paper we present a new kind of wave event found in the ground/sea backscattered data of the
SuperDARN Hokkaido East radar, located in the mid-latitude area at the AACGM latitude (longitude) of
36.5° (214.7°). The wave event started at the time of an SC at ~09:50 UT on Aug 19, 2009, and continued
for about an hour until ~10:50 UT: This relatively short-living wave event, probably triggered by the SC,
could be classified as a type different from the typical type seen in the ground/sea backscattered data of
SuperDARN radars, i.e., waves which start without a clearly identifiable trigger and continue for a long
time (4~5 hours) (e.g., Ponomarenko et al. 2003). Comparisons with ground magnetometer data suggest that
the major part of this event consisted of global magnetospheric cavity-mode waves whose typical frequency
is in the order of ImHz (e.g., Kivelson and Southwood 1985, 1986). In addition, in the interval of
10:26~10:42UT which was embedded in the above-stated one-hour interval, we have found the amplitude
and phase pattern typically observed when the field-line resonance (FLR) takes place; this pattern is found
for the first time in the mid-latitude ground/sea backscattered data, and suggests excitation of poloidal
Alfven-mode field-line eigenoscillations during this interval.

Keywords: SuperDARN Hokkaido East radar, mid-latitude observation, SC-triggered waves, global
magnetospheric cavity-mode waves, field-line resonance (FLR)

1. Introduction

SuperDARN stands for Super Dual Auroral Radar Network (Greenwald et al. 1995). It is a global network of
HF radars, and at present there exist more than thirty SuperDARN radars covering considerable portions of high
and mid latitude ionosphere in the northern and southern hemispheres. SuperDARN radars emit HF (8-20MHz)
waves and receive echoes backscattered from either the ionosphere or the ground/sea. For the latter case, it is the
most frequent that the emitted HF waves are reflected at the ionosphere, reaches the ground/sea, are backscattered
there, and reaches back to the radar site along the same ray path (this is called a single-hop case; there could be
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cases with more reflections (for example, the HF waves that have reached the ground/sea are reflected there and
reaches the ionosphere again), but such cases are less frequent than single-hop cases). The SuperDARN Hokkaido
East radar is among those that were built first at mid-latitudes (Nishitani et al. 2011). Its field of view is shown at,
e.g., http://cicr.isee.nagoya-u.ac.jp/hokkaido/site1/intro_e.html .

From the ionosphere-backscattered signals, one can obtain the Doppler velocity of the ionospheric plasma
flow along the line of sight (LOS) of a radar beam. On the other hand from the ground/sea-backscattered signals,
one can obtain the velocity of the vertical motion of the ionosphere, because it is the only variable that can change
the ray path length of the single-hop signal: The ground/sea does not move much (compared to the ionosphere),
and the horizontal velocity of the ionospheric plasma does not change the height of the ionosphere, thus does not
change the ray path. The vertical velocity of the ionosphere is in general significantly smaller than the horizontal
velocity, and one can judge the observed backscatter is a ground/sea backscatter if its Doppler velocity is less than
~50 m/s and its spectral width is less than ~50m/s (See Ribeiro et al. (2011) for more details).

Ponomarenko et al. (2003) showed that the ground/sea backscatters, observed by the SuperDARN TIGER
radar located at ~ —55° AAGCM latitude in Tasmania, included continuous (lasting 4-5 hours a day on average)
periodic oscillations, which they attributed to ULF waves. Among thus found events, Ponomarenko et al. (2005)
showed a five-minute interval (embedded in the above-stated 4-5 hour interval) during which the latitude
dependence of the power and the phase of the wave was consistent with those predicted from the field-line
resonance (FLR) theory (Tamao 1965, Southwood 1974, Chen and Hasegawa 1974) which is summarized below.
The resonance latitude of the FLR was estimated to be ~ —65° (i.e., L~6.0) in AACGM.

The FLR is the mechanism via which the fast-mode waves in the magnetosphere resonate with, and thus
excite, eigenoscillations of the magnetospheric magnetic field lines. In other words, since the field-line
eigenoscillations are maintained by the Alfven mode, the FLR is the mechanism in which the fast-mode waves are
converted to the Alfven-mode waves, which can take place in an inhomogeneous plasma.

The FLR-generated Alfven-mode wave has characteristic latitude (on the ground) dependence of the
amplitude and phase, as follows: For a fixed frequency, the amplitude shows a single peak at the latitude (“FLR
latitude” below) where the (fixed) frequency is equal to the eigenfrequency of the field line there (the
eigenfrequency is a function of latitude). On the other hand, the phase shows a monotonic change across the FLR
latitude. (e.g., Southwood 1974).

The above-stated excitation of the field-line eigenoscillations via the FLR have been identified in ground
magnetometer data (e.g., Samson et al. 1971, Kawano et al. 2002), satellite magnetic and electric fields data (e.g.,
Singer and Kivelson 1979, Liu et al. 2009), ground-based radar data (e.g., Fenrich et al. 1995, Ponomarenko et al.
2005, Nedie et al. 2012, Liu et al. 2013), and combination of these data (e.g., Rae et al. 2005).

The energy source of the FLR is, as stated above, fast-mode waves. As such fast-mode waves, azimuthally-
propagating waves such as the Kelvin-Helmholtz waves are often considered (e.g., Southwood 1974, Chen and
Hasegawa 1974; Fig. 7 of Glassmeier et al. (1999) is illustrative). On the other hand, cavity-mode waves, which
are fast-mode radial eigenoscillations of a magnetospheric cavity, have also been considered as the energy source
of the FLR (e.g., Fenrich et al. 1995). In the cavity mode, the plasma in the entire cavity radially oscillates with
the same frequency. As the boundaries of the cavity region, the magnetopause (e.g., Kivelson and Southwood
1985, 1986), the plasmapause (e.g., Allan et al. 1986, Takahashi et al. 2010, and references therein), and the
ionosphere have been suggested. When the outer (inner) boundary is the plasmapause (ionosphere), such a cavity
is usually called the “plasmaspheric cavity” and it oscillates at frequencies in the order of 10 mHz (e.g., Takahashi
et al. 2010, Chi et al. 2013); when the outer (inner) boundary is the magnetopause (ionosphere), such a cavity is
often called the “global magnetospheric cavity” and it oscillates in the order of 1 mHz (e.g., Takahashi et al. 2010
and references therein).

In this paper we present a wave event identified in the ground/sea backscattered data obtained by the
SuperDARN Hokkaido East radar, located in the mid-latitude area; its AACGM latitude (longitude) is 36.5°
(214.7°). Our event, which took place at ~45° AACGM latitude (i.e., at L~2), had the following features, as
shown in Section 3.

(C1) It did not have a long-lasting (4-5 hours) nature as reported by Ponomarenko et al. (2003, 2005), but
continued for a relatively short time (about one hour), starting at the time of an SC on the ground.

(C2) The frequency of the observed wave was ~1 mHz, much smaller than the typically-observed frequency
(in the order of 10 mHz) at L~2.

(C3) The one-hour event interval included a 16-minute interval which showed the amplitude and phase pattern
the same as that of FLR-generated Alfven-mode eigenoscillations.

Items (C1) and (C3) are new findings in the mid-latitude area, and reports on item (C2) are limited in
literature. The details will be presented below.
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2. Data

In this paper we study the above-stated wave event observed by the SuperDARN Hokkaido East radar. We
will first make a visual inspection of the SuperDARN data of this event, including comparisons with
simultaneous solar wind data and geomagnetic data. We will then perform spectral analyses of the SuperDARN
data. Finally we will discuss and summarize the obtained results.

The event of this paper took place on Aug. 19, 2009; on this day, the SuperDARN Hokkaido East radar was
run in a mode in which the cadence of each beam observation was 60 seconds and the field of view (FOV) of
each beam was divided into 220 range gates (RGs) in the radial direction with the range resolution of 15 km and
with the first RG having the distance of 135 km from the radar (for the case of ionospheric echoes). Figure 1(b)
shows VLOS (the velocity along the LOS, defined to be positive when the beam’s reflector is approaching the
radar site) along Beam 05, which had an angle of about 17° from the magnetic meridian at RG 91. (Fig. 1(a) and
(c), showing Beam 00 and 10, will be discussed in Section 3.) In Fig. 1(b), the above-stated possible FLR took
place at 10:26~10:42UT near this RG 91; more details will be described and discussed in Section 3. Almost all
the data shown in Fig. 1 had VLOS’s smaller than 50m/s in magnitude and are classified as ground/sea
backscattered signals. The white parts in this figure corresponds to RGs which received no backscattered signal.

As the simultaneously observed solar wind data, we use 64-sec resolution ACE data, downloaded from
CDAWeb (http://cdaweb.gsfc.nasa.gov/istp_public/ ). Details of the ACE data are discussed in Section 3.

We also use the data of the geomagnetic indices AE and SYM-H provided by the World Data Center for
Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.ac.jp/ ). The AE index is that for substorm activities, and the
SYM-H index can be regarded as a one minute-resolution version of Dst, which is an hourly index, widely used
to define the magnitudes of magnetic storms. Some more detail on SYM-H/Dst is that it is the ground equatorial
magnetic field deviation from its quiet-time value, and the deviation is caused by an increased ring current during
storms. More details on AE and SYM-H/Dst are presented at the above website.

We also use ground magnetometer data from SuperMAG and Kakioka Magnetic Observatory of the Japan
Meteorological Agency; details will be presented below. We will compare them with the SuperDARN data.
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Fig. 1. Shows the line-of-sight Doppler velocity (VLOS) observed by Beam 00 (Panel a), 05 (Panel b), and 10 (Panel c) of the
SuperDARN Hokkaido East radar at 09:00~12:00UT on Aug. 19, 2009. The time resolution is one minute. The vertical axis shows
all the range gates (RGs). Note that the negative (positive) VLOS is painted in reddish (bluish) color. See text for more details.
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3. Data Analysis and Results

In Fig. 1(b) we can see a wide vertical red band centered around 09:58UT. Before this red band, there is a
narrower green vertical band starting at around 09:50UT. After these bands, we can visually identify at least six
bands with similar horizontal width (i.e., time length) before 10:50UT. Since these bands alternately change their
colors between reddish and bluish (negative (positive) VLOS is painted in reddish (bluish) color), it can be said
that they have the nature of a wave, although their periodicity is rather irregular. Before 09:50UT and after
10:50UT, a similar band structure is not recognizable.

We also notice in Fig. 1(b) that the bands show a clear bending feature during the 10:26~10:42UT interval;
this corresponds to the possible FLR feature we mentioned above. Further details will be described below.

Figure 2 shows the 64-sec solar wind data from the ACE spacecraft, and 1-min geomagnetic indices: From
top, IMF Bz, the solar wind dynamic pressure (Pdyn), AE, and SYM-H are shown. The ACE data is shifted in
time by 44 minutes, and as a result, Pdyn starts to make a clear and significant increase at about the same time as
the SC identified in SYM-H (i.e., 09:50UT). To support this number 44, we have estimated the propagation lag
for all the ACE data in the 44 minutes preceding 09:50UT (in Fig. 2) by using the following equation: (X-By-
Y-Bx)/(-Vx'By+Vy'Bx), where all the quantities (X, Y: position, B: magnetic field, V: plasma velocity, all in
GSE) are the data at ACE. This equation is a simplified version of that used by Lockwood et al. (1989), and
shows the time lag for a straight IMF field line to convect from the ACE position to the position of the Earth
center (in case there is no magnetospheric obstacles). At 09:06UT X was 244 Re and Y was 33 Re, thus the
separation of ACE from the Sun-Earth line was not ignorable. As a result of the above calculation, we have
obtained the median value of 120 min, with its 504+34.13 percentile range (which corresponds to the standard
deviation range for normal distributions) of 40~342 min. That is, this range includes the above 44 min.
Furthermore, during this 40~342 min interval, there was only one step-like increase in Pdyn from a quiet level
(which is the one shown in Fig. 2); Thus, from the cause-and-effect point of view, it is the most reasonable to
associate it with the SC starting at 09:50UT (identified in the SYM H data; see Fig. 2). It is also likely that the
step-like increase in Pdyn also excited the waves in VLOS starting ~09:50UT (Fig. 1(b)); further support of this
association with SC is presented just below.
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Fig. 2. Shows, from top, the IMF Bz [nT], the solar wind dynamic pressure [nPa], the AE index [nT], and the SYM H index [nT] for
the same time interval as Fig. 1. The solar wind propagation lag is corrected. See text for more details.



6 Hideaki Kawano, Akira Sessai Yukimatu, Yoshimasa Tanaka,
Satoko Saita, Nozomu Nishitani, and Tomoaki Hori

— 2
(=T =]
-

' N PENENINAVI
-10 w \/ ' \/ o .

SD VLOS
RG 106 [km/s]
o

-20 - -
L N A Ao ™
é% -10 | W
£ 20

-30 :

/r M

TUC (02:37LT, 39.3MILjat

W

AAE (12:35LT, -0.1MLat

W\—

PHU (17:04LT, 14.1MLiat

/

MBO (08:52LT. 1.2MLat)

20nT

Ground B_North
[nT]

| T ]
MMB (19:37LT, 37.1MLiat

SNANEN

/

/-/”\—\.
-’___/_/—\_/—V—
HON (23:28LT, 20.91\/[1_‘5!‘[

9 10 11 12
UT [hour]

Fig. 3. Shows, from top, SuperDARN VLOS of RG106 (running through the upper part of the bending bands around 10:30UT in
Fig. 1(b)), VLOS of RG84 (running through the lower part of the same bands), and mid- to low-latitude ground magnetometer
data located at a wide range of longitudes (The local times shown in the legend are those at 10:00UT). See text for more details.

Figure 3 shows, from top, VLOS of RG106 (running through the upper part of the bending bands around
10:30UT in Fig. 1(b)), VLOS of RG84 (running through the lower part of the same bands), and mid- to low-
latitude ground magnetometer data located at a wide range of longitudes (the local times shown in the legend are
those at 10:00UT). These ground magnetometer data come from SuperMAG, except for the MMB data from the
Kakioka Magnetic Observatory of the Japan Meteorological Agency. The time resolution of the SuperMAG
(MMB) data shown in Fig. 3 is one minute (one second). We selected mid- to low-latitude stations to better
identify compressional components. Shown in the figure is the northward component (“N component” below) of
the magnetic field vector. Magnetic longitudes and latitudes [deg] of the stations in Fig. 3 are as follows: TUC:
(—43.96, 39.32), MBO: (58.44, 1.2), AAE: (111.51, —0.06), PHU: (178.77, 14.11), MMB: (—143.33, 37.08), and
HON: (—89.1, 20.88).

The VLOS data in this figure are bandpass-filtered (BPF’ed) with the period range of 320 seconds to six
hours: The 320 seconds corresponds to the central frequency of the fourth-left column of Fig. 5, so that the
frequency range of the BPF includes the frequencies of the leftmost three columns for which the wave power was
relatively large (details of Fig. 5 will be explained below), and the six hours is twice the time length of Fig. 3. No
bandpass filtering has been applied to the ground magnetometer data.

Except near the local midnight, the perturbations in the ground magnetometer data are commonly and
simultaneously observed, and had the frequency of ~1mHz, suggesting that these are global magnetospheric
cavity-mode waves (e.g., Kivelson and Southwood 1985, 1986). We also note that the initial biggest perturbations
starting around 09:50UT are likely to correspond to the SC.
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Fig. 4. Shows a closeup of Fig. 1(b), and the superposed black rectangle (corresponding to 10:26~10:42UT and RG=77~109)
indicates the wave bands that are bending. For each RG, all the 16 timeseries data in the rectangle (corresponding to a row in the
rectangle) are Fast Fourier Transformed (FFT’ed). See text for more details.

Vertical lines in the figure run through maxima and minima in the SuperDARN VLOS at RG 84. In general,
the VLOS was at maximum (minimum) when the ground N component was increasing (decreasing). This feature
can be explained as follows: For ground/sea echoes, an increase (decrease) in VLOS actually reflects the vertical
downward (upward) motion of the ionosphere where the echoes are reflected, because it decreases (increases) the
length of the ray path between the radar site and the ground/sea backscattering point. The downward (upward)
motion of the ionosphere is caused by the compression (rarefaction) of the magnetosphere via the fast mode
waves: Differently put, this compression (rarefaction) corresponds to the westward (eastward) wave electric field
which causes, with the tilted field line topology, the downward (upward) motion of the ionosphere.

At ground high latitudes, magnetic pulsations starting just after SCs, having frequencies similar to the above-
mentioned waves of this paper, have been reported (e.g., Araki et al. 1997) and have sometimes been referred to
as Psc. However, at mid-latitudes, we do not know a previous paper which reported SC-triggered waves having
frequencies similar to the waves of this paper.

We have noticed in Fig. 1(b) that the bands around 10:30UT bend toward the top right. Figure 4 is a closeup
of Fig. 1(b), and the bending bands are surrounded by a black rectangle. Although the time resolution is rather
coarse with this scaling, the bending feature is apparent in the middle blue band surrounded by the rectangle, clear
enough for the leftmost red band, and barely identifiable for the rightmost red band. It is to be noted that the
cavity mode cannot generate this bending feature by itself.

The right three vertical lines in Fig. 3 are drawn in the time range of the rectangle in Fig. 4. The red vertical
arrows in the top panel of Fig. 3 show that the peaks at RG 106 were delayed from those at RG 84, (naturally)
consistent with Fig. 4.

To further analyze this bending feature, we have performed the spectral analysis, as follows. Each RG yields
timeseries data of VLOS, and for each of the RGs surrounded by the black rectangle in Fig. 4, that is, RG =
77~109, we have applied FFT to all of its timeseries data surrounded by the rectangle, that is, all of its VLOS data
from 10:26UT to 10:42UT; this means applying FFT to 16 timeseries datapoints, because the data time resolution
is one minute. We note we have applied no bandpass filter before applying the FFT. We also note we have applied
the Hanning window before applying the FFT.

After applying the above-stated analysis procedure, we obtain, for each RG, the real and imaginary parts of
the FFT results as functions of frequency. The frequency resolution is 1/16/60[s] = 1.042[mHz]. From the
obtained real and imaginary parts, we can calculate the power and phase. Figure 5 shows thus obtained power as a
function of frequency (horizontal axis) and RG (vertical axis). From this figure it is clear that the wave power is
the largest at 1.042 mHz, or if we take into account the frequency resolution, that the wave power is the largest in
the 0.521-1.563mHz range (corresponding to the second-left column of Fig. 5). Thus, in the following analyses to
study the latitude dependence of the wave power and phase, we will use only the FFT results at 1.042 mHz.
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Fig. 5. Shows, by grey colors, the wave power obtained by applying the FFT to the data in the rectangle of Fig. 4. The horizontal
axis shows the frequency, which has the 1.042mHz resolution. The vertical axis shows the RG numbers. See text for more details.

By fixing the frequency to 1.042 mHz, we obtain one value of the wave power (phase) for one given RG.
Since the latitude increases with increasing RG number, we can study the latitude dependence of the wave power
and phase by plotting them as a function of the RG number. The result of doing so is shown in Figure 6: The top
panel shows the wave power, and the bottom panel shows the wave phase, as functions of the RG number
(horizontal axis). Since the original FFT results are rather scattered as a function of the RG number (which is
mainly because the original number of timeseries data are small (16)), we have smoothed the latitude profiles by
moving-averaging the data from adjacent nine RG’s, and the result is shown in Fig. 6.
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Fig. 6. From the FFT results, (top) the power and (bottom) the phase of the data at 1.042mHz (corresponding to the second-left
column in Fig. 5) are shown as a function of the RG number. They are smoothed in the direction of the horizontal axis by moving-
averaging nine adjacent data. In the bottom panel, a constant offset is subtracted from all the data so that the phase at RG 91
(center of the event) is zero. The combination of the two panels’ patterns is consistent with FLR-generated waves. See text for

more details.
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4. Discussion

The essential features of the wave event of this paper observed at L~2 for 09:50~10:50UT are summarized as
follows (they are more detailed version of what we wrote at the end of Section 1):

(C1) It was probably triggered by a step-like increase in Pdyn which reached the ionosphere around 09:50UT,
and continued for a relatively short time (about one hour; see Figs. 1(b) and 2). These features are in
contrast to the waves reported by Ponomarenko et al. (2003, 2005), which continued for 4-5 hours
without clearly identifiable triggers.

(C2) This wave was observed by the SuperDARN Hokkaido East radar and by the mid- to low-latitude ground
magnetometers in a synchronized manner (Fig. 3). The frequency of the observed wave was ~ImHz (Fig.
3), much smaller than the typically-observed frequency (in the order of 10 mHz) at L~2 (e.g., Takahashi
etal. 2010, Chi et al. 2013).

(C3) The one-hour event interval included a 16-minute interval (10:26~10:42 UT; see Fig. 4) which showed the
amplitude and phase pattern the same as that of FLR-generated Alfven-mode eigenoscillations (Fig. 6).

The SuperDARN Hokkaido East radar observed Items (C1) and (C3) for the first time as the mid latitude
phenomena, and reports on item (C2) are quite limited in literature.

Item (C1) is self-explanatory and we do not have much to add at this point; we will refer to (C1) in the
Summary section. We then proceed to discussing Item (C2). Fig. 1 shows that, except for the 16-min interval of
10:26~10:42UT (Item C3), the bands were vertical, meaning that the phase was the same at all the latitudes. This
feature suggests that these waves (except for the waves in the above-mentioned 16-min interval) correspond to the
cavity mode. However, as stated above, the typical frequency of the plasmaspheric cavity mode is in the order of
10 mHz (e.g., Takahashi et al. 2010, Chi et al. 2013). Thus, we interpret the frequency of our event (~1 mHz) at
L~2 in terms of the global magnetospheric cavity-mode waves (Kivelson and Southwood, 1985, 1986) which has
the same frequency in both the trough region and the plasmasphere. It is only such a global cavity mode that can
have the frequency of ~1 mHz in the plasmasphere. On the other hand, observations of such a global mode are
quite limited: Kokubun et al. (2013) is the only paper we are aware of. Thus, this paper constitutes a useful
addition to the publication of such phenomena.

We next discuss Item (C3). Fig. 6 shows the results of the spectral analysis of the above-stated 16 min interval
of 10:26~10:42UT, for RG = 77~109. It shows that the wave power has a maximum near RG 91, and that the
phase continuously decreases with increasing RG (latitude) across RG 91. This combination of the power profile
and the phase profile (as a function of latitude) is typically observed at the FLR (e.g., Pilipenko and Fedorov
1994, Fenrich et al. 1995, Kawano et al. 2002).

Here we note that, due to the resonance width (explained in the above references), the frequency dependence
of the power and the phase becomes gradual, not showing a step-like change across the resonance point. In
addition, the power of the FLR-generated wave is smaller at lower latitude (e.g., Chi et al. 2013). Thus, at mid-
latitudes, it is often difficult to observe a full 180deg phase shift, because at distances from the FLR resonance
point, the FLR signal becomes smaller than the background signal level; this signal-noise ratio effect is not
included in the standard FLR theory.

If the amplitude-phase pattern observed at 10:26~10:42UT (Figs. 4-6) is caused by the FLR which couples the
above-stated global magnetospheric cavity-mode waves with the Alfven-mode eigenoscillations, another expected
feature is that the FLR frequency increases with decreasing latitude, because the field line length becomes shorter
and enables quicker eigenoscillations of the field line (although the cavity-mode frequency is essentially the same
inside the cavity, it has a finite frequency range (half width) like any natural phenomena, and the FLR-generated
Alfvenic eigenfrequency changes within that finite frequency range). Fig. 5 appears to support this; that is, at
small RG numbers, the wave power is large not only at 1.042 mHz but also at 2.083mHz (see the RG numbers
less than ~90 in the third-left column).

If we regard this pattern during the interval 10:26~10:42 UT as a result of the FLR, what is not typical about
this interval is that the FLR generated poloidal-mode Alfven waves in this interval while the most of the
previously identified FLR events were associated with toroidal-mode Alfven waves (e.g., Fenrich et al. 1995,
Sakaguchi et al. 2012). In the following we will call the former case “poloidal FLR” and the latter case “toroidal
FLR” for simplicity, and describe more details of them, starting with the “toroidal FLR” and then the “poloidal
FLR.”

The toroidal FLR couples magnetopause surface waves (such as the Kelvin-Helmholtz waves), which
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propagate tailward and radially inward via the fast mode, to toroidal-mode Alfven waves (Fig. 7 of Glassmeier et
al. (1999) is illustrative). The generated toroidal-mode Alfven waves move (i.c., cause the ExB drift of) the
ionospheric plasma in the east-west horizontal direction (not in the vertical direction), meaning that the ray path
length between the radar and the backscattering region on the ground/sea does not change and thus that the VLOS
is unchanged, regardless of the beam direction. In more detail, since SuperDARN estimates the location of a
reflector of a radar beam (i.e., an HF wave beam) by dividing the ray path length by the beam speed, no change in
the ray path length means no motion of the reflector and thus no change in the VLOS. Thus, ground/sea
backscattered signal shows no wavy perturbation when toroidal-mode Alfven waves take place.

On the other hand, the poloidal FLR couples fast-mode waves (including the cavity modes mentioned above)
to poloidal-mode Alfven waves, and thus-generated poloidal-mode Alfven waves vertically move the ionosphere,
because the magnetic field line (which oscillates radially in the magnetosphere) is tilted in the mid- to low-
latitude ionosphere. Therefore, the poloidal-mode Alfven waves can change the beam’s ray path length, and thus
can change the VLOS. We note Ponomarenko et al. (2005) also interpreted that the FLR-generated Alfvenic
pulsations which they observed in the ground/sea backscattered signals were in the poloidal mode. As stated
above, the vertical bands in Fig. 1(b) are likely to have been caused by the cavity mode; thus, their bending (Fig.
4) suggest the coupling of the cavity-mode waves and the poloidal-mode Alfven waves, since the cavity mode
cannot bend the bands by itself.

In this paper we have analyzed Beam 05 only, but Beams 02 through 06 showed more-or-less similar features
(not shown). These beams had the angles from the magnetic meridian from 7° (Beam 02) to 21° (Beam 06). For
larger beam numbers (referring to more eastside beams in the field-of-view of the radar, looking at lower
latitudes), the three bands marked in Fig. 4 became less clear (data of Beam 08 is shown in Fig. 1(c)). A possible
reason for this is as follows: The ground/sea backscatters tended to be observed at similar RG ranges for many
beams (not shown), which means that the eastside beams (having larger angles to the magnetic meridian)
observed ground/sea backscatters at lower latitudes than the westside beams; then, if the FLR effect (taking place
at similar latitudes) enhances the wave bands in some manner, the eastside beams were reflected at latitudes lower
than the latitudes of the enhanced wave bands, thus missed the bands.

On the other hand for smaller beam numbers (i.e., Beam 00 and 01, having the angles from the magnetic
meridian of 1° and 4°), the three bands at 10:26~10:42UT (corresponding to the central rectangular in Fig. 4) did
not show a clear bending shape but were fairly straight in the vertical direction (data of Beam 00 are shown in
Fig. 1(a)). A possible reason for this is as follows: As stated above, we think that the straight vertical parts of the
bands in Fig. 1(b) are the result of the global magnetospheric cavity-mode oscillations (Kivelson and Southwood,
1985, 1986), that the FLR in the 10:26~10:42UT interval coupled the cavity-mode wave and the poloidal-mode
Alfven wave, and that the generated Alfven wave yielded the bending feature clearly seen around RG 91 in the
central rectangle of Fig. 4. Then, the no-bending feature of the same bands for Beam 00 and 01 may mean that
FLR was not active there. (The change in the band shape for Beam 01 through Beam 05 was not abrupt but more-
or-less gradual (not shown).) It is generally thought that the FLR structure has a large east-west size, but we note
that Fig. 2(d) of Sakaguchi et al. (2012) shows that FLR-driven Pc5’s at high latitude were observed at 20MLT
but not at 19MLT. Further understanding of the longitude-dependent feature (of our mid-latitude event) needs
statistical analyses of more events, which is a topic of future research.

Returning to the bending feature of the VLOS bands, if we regard the observed pattern as a result of the FLR,
then the observed wave frequency can be used to estimate the equatorial plasma mass density along the field line
which is under the FLR; this field line ran through RG 91 for the event of this paper. The L value of RG 91 is L =
1.992 (corresponding to the AACGM magnetic latitude of 44.88°).

There are many methods for the estimation, and in this paper we use the method of Singer et al. (1981) which
is a general method that can calculate the poloidal-mode eigenfrequency for any magnetic-field model and any
plasma-density model. The method numerically solves the differential equation of Alfven waves to obtain the
eigenfrequency (for more details, refer to Singer et al.). As the magnetic field model input into this method, we
use the Tsyganenko 05 model (Tsyganenko and Sitnov, 2005). As the plasma density model input into this
method, we use the following model:

m
P = Po (LTa) , where L is the L value, a is the Earth radius, r is the radial distance of any point along the field

line in question, m is a parameter usually pre-defined, and p, (the quantity to obtain, the only one unknown
parameter) is the equatorial mass density of the field line. This functional form is quite popularly used, and there
are many studies on the proper value of m; in this paper we follow Goldstein et al. (2001) and set m to 1.17; they
obtained this number by using the plasma wave data observed by the Polar spacecraft in the L range from 2.5 to
6.3. This L range barely misses 1.992 for our event, but to our knowledge it is the closest. We note here that Chi et
al. (2000) and Takasaki et al. (2006) used m = 4 for ground-based observations at L = 2 and 1.4, respectively. Chi
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et al. (2000) did not mention what let them use this number. Takasaki et al. (2006) used m = 4 so that their
analysis procedure would be consistent with Chi et al. (2000). Takahashi et al. (2004) made a detailed study on
the value of m by using spacecraft data, and they obtained m = 0.5 for 4 < L < 6; this number is popularly used at
present, but the spatial coverage of Takahashi et al. (2004) was L = 4 at minimum. We also note that Obana et al.
(2015) used m =1 for their density estimation at L = 2.33. To our knowledge there is no paper which changed the
value of m depending on the storm or SC activities. The actual procedure to obtain p, is to search for p, so that the
calculated eigenfrequency (by inputting the p, to the Singer et al.’s method) equals to the actually observed
frequency (for more details, refer to Singer et al.).

As stated above, the observed wave frequency is in the range of 0.521-1.563 mHz, with the center being 1.042
mHz. In the following we use 1.563 mHz, because visual inspection of Fig. 4 suggests that there are 1.5 wave
periods in the rectangle having the time length of 16 minutes; the frequency calculated from these numbers equals
to 1000/(16x60/1.5) = 1.563 [mHz].

By inputting this 1.563 (mHz, as the poloidal eigenfrequency) and 1.992 (as the L value) into Singer et al.’s
method, we obtain 2.643x10° amu/cm® as the equatorial density (‘amu’ refers to the atomic mass unit, using
which one H' is counted as one, one He" is counted as four, one O" is counted as 16, etc.). Since the electron
number density at L = 1.992 is usually in the order of 10*cm? (for example, in Fig. 3 of Gallagher et al. (2000)
which shows the direct density observations by spacecraft at Kp < 1.3, the maximum density at L~2.1 is ~1.3x10%/
cm?), this number 2.643x10° appears unrealistic at first sight.

There are four factors which could explain the above-stated large density, as follows:

(E1) In the 10:26~10:42UT interval, the global cavity-mode waves were coupled to quarter-wave-mode (not
fundamental-mode) poloidal Alfven waves (eigenoscillations) via the FLR. With this, the density
estimated from the observed wave frequency (i.e., 1.563 mHz) has the same order as those in past
satellite observations at L~2.

(E2) The compression of the plasmasphere by the sudden increase in Pdyn at the time of the SC directly
increased the plasma density in the plasmasphere.

(E3) The compression of the ionosphere by the increased Pdyn yielded, as a reaction, ionospheric heavy ion
outflow to the plasmasphere.

(E4) Ionospheric heavy ion outflow to the plasmasphere was enhanced as the effect of the magnetic storm
main phase.

(E2) is so straightforward that we do not have further discussion on it. The other three factors are described in
more detail just below. It is possible that all these four factors took effect during the event of this paper, and the
combination of these four effects have a good chance of explaining the observation. (In addition to these four
factors, we have considered the possible effect of the deformation of the magnetic field at L~2 due to the
enhanced ring current during the storm. Takasaki et al. (2006) estimated how much field lines (at L~1.4) were
deformed during their storm event, having Dst = =300 [nT], by using the Tsyganenko 05 model. The estimated
changes in the field-line length and the equatorial magnetic field strength were both less than 1%. From this,
although our observation was made at L~2, i.c., larger than 1.4, we think the effect of the deformation of the
magnetic field was small.)

(E1) Quarter waves (Obana et al. 2008) take place near the dawn and the dusk: On the dayside, the
ionospheric conductance is large due to the sunlight, and the both ends of the field line are nodes because the
ionospheric currents associated with the wave tend to stop the motion of the field line there. On the other hand
near the dawn and the dusk, it can happen that one end is on the dayside and the other end is on the nightside. The
ionospheric conductance is small on the nightside, and thus the nightside end is an antinode. This leads to the
quarter wave.

The above means that, while the wavelength of the fundamental-mode Alfven wave (eigenoscillation) is twice
the field-line length, the wavelength of the quarter wave is four times the field-line length. Thus, the quarter-wave
frequency is about half of the fundamental-mode eigenfrequency; this is analogous to the fact that the second
harmonic-mode eigenfrequency is about twice the fundamental-mode eigenfrequency.

Our event took place around 10:30UT, which is 19:30LT, i.e., near the dusk. Thus, it is possible that the
observed waves were quarter waves; if we employ this possibility, the fundamental-mode eigenfrequency is about
3.1 mHz (twice the observed frequency 1.563 mHz), leading to the density of about 6.6x10* amu/cm’, i.e., one
fourth of the above-obtained 2.643x10° amu/cm?® (because the eigenfrequency is roughly proportional to the
inverse of the Alfven-wave travel time along the field line, and because the Alfven speed is proportional to the
inverse of the square root of the density). This 6.6x10* amu/cm? is in the same order as the usual density range at
L =1.992 near 10* amu/cm?; as we mentioned above, Fig. 3 of Gallagher et al. (2000) shows that, even during



12 Hideaki Kawano, Akira Sessai Yukimatu, Yoshimasa Tanaka,
Satoko Saita, Nozomu Nishitani, and Tomoaki Hori

Fig. 7. Shows the area where the bending of the band of VLOS (i.e., the possible signature of FLR) was observed. It was observed
by Beam 02 through 06, and for RG 77 through 109, at 10:26~10:42UT. This figure shows this area near the central time of the
event duration.

geomagnetically quiet intervals, the maximum density directly observed by spacecraft at L~2.1 is ~1.3x10%cm’.

Here one may think 19:30LT is well in the nightside. So that the quarter waves take place along a field line,
the conductance difference between the two footpoints of the same field line is important, and the sunlight
increases the conductance. Obana et al. (2015) estimated the ratio of the interhemispheric Pedersen conductance
and the same-definition ratio of the Hall conductance for observed quarter waves, and suggested the threshold of
five for the both quantities above which quarter waves could take place.

To address this issue, we have first identified the area where the bending of the band of VLOS (i.e., the
possible signature of FLR) was observed. As stated above, it was observed by Beam 02 through 06, and for RG
77 through 109, for 10:26 to 10:42UT. Figure 7 shows this area near the central time of the event duration.

Then, by using the IRI model (Bilitza et al. 2011) for the ionosphere and the NRLMSISE-00 model for the
atmosphere (Piscone et al. 2002), we have calculated the height-integrated (80-500km) Pedersen and Hall
conductance values at the central point of this possible FLR area as shown in Fig. 7 at the event time, and
obtained 0.47mho and 0.33mho, respectively. We have also calculated the same-definition conductance values at
the conjugate point, and obtained the Pedersen (Hall) conductance value of 0.13mho (0.13mho). Thus, the
interhemispheric Pedersen and Hall conductance ratios are 3.7 and 2.5. The former value is close to five. Thus we
think that the possibility of the quarter wave is not negligible for the event of this paper.

(E3) We note that Kale et al. (2009) reported an increase in the plasmaspheric density just after an SC; they
attributed it to the ionospheric O" outflow to the plasmasphere, as a result of the ionospheric density enhancement
due to the ionospheric compression by the increased Pdyn. The O* outflow increases the plasmaspheric ion amu
density much larger than the electron number density (if all the ions are H*, then the ion amu density is equal to
the electron number density). It is quite possible that the same effect took place for the event of this paper.

(E4) SYM-H increased at SC and then decreased (Fig. 2, bottom panel), indicating a magnetic storm (it was a
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very small storm, with SYM-H reaching its minimum value —26nT at 19:48~19:50UT on this day, but having the
time profile of SYM-H (Dst) typical to storms (not shown; readers are referred to the website of the WDC Kyoto
and/or OMNIweb for the plots)). In the possible FLR interval (10:26~10:42UT), SYM-H was on the decreasing
trend (Fig. 2. bottom panel, from ~10:00UT to the rightside edge of the figure), meaning the enhancement of the
ring current, a typical feature of the storm main phase; this is also supported by the simultaneously observed
continuously negative IMF Bz (Fig. 2, top panel), which in general leads to a ring current buildup. Then, we note
Takasaki et al. (2006) reported a case in which the mass density at L~1.4 was increased during a magnetic storm.
As its cause, they suggested an outflow of heavy ions (e.g., O") from the ionosphere as a result of the enhanced
ionospheric activity due to precipitating particles and enhanced FACs.

5. Summary

Many waves have been observed in the ground/sea backscattered signals of mid-latitude SuperDARN radars,
but past reports mainly looked at waves lasting for a long time. In this paper we have reported for the first time in
the mid latitudes a relatively short-living wave after an SC and during the following magnetic storm. It may
constitute a distinct category with unique characteristics, such as having a small wave frequency and including
FLR interval(s) associated with an increased mass density. It is a topic of future research to conduct a statistical
analysis of this type of events to clarify its nature, including what controls the occurrence of ~1 mHz waves and
what controls the duration of the waves after SCs (about one hour for the event of this paper). It is also a topic of
future research to study data from ground magnetometers near the event location.
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