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Abstract An ultralow frequency (ULF) wave was simultaneously observed in the ionosphere by the Super
Dual Auroral Radar Network (SuperDARN) radar at Hankasalmi, Finland and on the ground by the International
Monitor for Auroral Geomagnetic Effects (IMAGE) magnetometers with close proximity to the radar. The onset
time of the wave event was around 03:00 magnetic local time. Fourier wave analysis of the event suggests a wave
period of about 1,340 s with an equatorward latitudinal and eastward longitudinal wave phase propagation, and an
effective azimuthal wave number of 17 = 1, in the intermediate range of those observed in ULF waves. This wave
has been interpreted as resulting from drifting electrons of energies of 13 + 5 keV in a drift resonance condition
linked to energetic particle populations during a magnetospheric substorm. The latitudinal phase characteristics
of this wave experienced temporal evolution, believed to be caused by additional injected particle populations
associated with the same substorm driving the wave, which resulted in an observed loss of HF backscatter. This
observation of a unique type of temporal evolution in the phase propagation characteristics of ULF waves
enhances current understanding about the structure, dynamics and source of these types of ULF waves.

Plain Language Summary The ultralow frequency (ULF) waves provide information about the
Earth’s global magnetic field known as magnetosphere. These waves contribute to the circulation of mass,
energy and momentum in the near-earth space environment. However, the sources of these waves as well as the
generation and propagation mechanisms behind them are not fully understood. In this paper, we have used Super
Dual Auroral Radar Network (SuperDARN) radar and magnetometer observations to characterize a ULF wave
event and investigate noticeable changes in the wave phase propagation over space and time during the

wave event. The results show that the case-study ULF wave is localized with very long period. We find that the
wave appears to be driven by resonance with energetic electrons injected into the magnetosphere by a process in
the magnetosphere known as a substorm. We also find that the wave event is particularly unusual in that its phase
propagation characteristics appear to change during the event. The results enhance current understanding of
changes in the characteristics of ULF waves over space and time using a multi-instrument measurements.

1. Introduction

Ultralow frequency (ULF) waves are magneto-hydromagnetic waves that propagate through the Earth’s mag-
netospheres with characteristic frequencies in the range of 1 mHz-10 Hz. These waves provide a conduit for
energy and momentum transfer in the magnetosphere-ionosphere system (Yeoman et al., 2006). As such, they are
an important diagnostic of magnetospheric structure and dynamics (Menk & Waters, 2013). Such waves are
broadly classified based on their characteristic effective azimuthal wave number m, as low-m and high-m ULF
waves. An azimuthal wave number strictly relies on the magnetic field geometry being azimuthally symmetric.
Here an effective azimuthal wavenumber is defined only over a localized range of azimuth, and may well not
apply across the full azimuthal range in more complicated geometries. The effective azimuthal wave number m of
a ULF wave, also referred to as m number, is an important factor for determining the contribution of ULF wave-
particle interactions to the dynamics internal to the magnetosphere (Murphy et al., 2018). The m number indicates
the number of degrees of wave phase gradient per degree of magnetic longitude and it is inversely proportional to
a ULF wave’s azimuthal scale size. A common convention is that the sign preceding m number indicates the
direction of the phase propagation of the wave. In this paper, positive m numbers denote waves with eastward
phase propagation while negative m numbers are for waves with westward phase propagation.

ULF waves of the same m number spectrum tend to have similar wave mode and energy source and vice versa. For
example, the low-m waves are generally thought to be from sources external to the magnetosphere such as the
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solar wind, and they usually have an azimuthal scale structure that is large, with m numbers of ~1 (Yumoto, 1988;
Yeoman et al., 2006; Agapitov & Cheremnykh, 2013). The low-m waves primarily have toroidal polarization
modes (e.g., Agapitov & Cheremnykh, 2013), but can also exist in non-Alfvénic modes from compression
(Fenrich et al., 1995). For example, their source can be via resonance of the Earth’s magnetic field line with the
fast mode propagating through the magnetopause (e.g., Yeoman et al., 2006). Buffeting of the magnetosphere by
variations in solar wind dynamic pressure can generate fast mode waves. Also, the rapid change in the solar wind
velocity across the magnetopause can lead to processes such as the Kelvin-Helmholtz Instability (KHI) that can
drive a fast compressional wave in the magnetosphere (Lessard et al., 1999; Rae et al., 2005). The compressional
waves from KHI or buffeting can couple with field-aligned Alfvén waves when their frequencies match the
natural frequencies of the field lines, driving toroidal Alfvén waves with a large azimuthal scale.

On the other hand, high-m ULF waves are poloidal modes with m ~ 50 and above, and are understood as being
driven by sources internal to the Earth’s magnetosphere (Klimushkin et al., 2019; Mager et al., 2019). For
instance, energetic particles are deposited in the magnetotail through processes such as magnetospheric recon-
nection between the interplanetary and terrestrial magnetic fields, which could lead to a subsequent substorm
activity. Such energetic particles enter into the inner magnetosphere and will experience gradient-curvature drift.
These gradient-curvature drifting particles move around the Earth and as such form part of the global ring current.
Also, these particles can drive MHD wave modes in the inner magnetosphere, resulting in perturbations in the
electric and magnetic fields both in the magnetosphere and ionosphere when free energy is available to the wave.
Such energy sources due to wave-particle interactions in the magnetosphere, commonly generate waves with
high-m values or small azimuthal scale sizes.

High-m waves as described above can be excited by unstable particle populations by means of the drift-bounce or
drift instability. Such unstable particles can be protons or electrons. Karpman et al. (1977) suggested that such
unstable proton particles have energies of about 10-150 keV. ULF waves from such mechanisms can be due to a
condition for which the part of the ion distribution function (IDF) feeds energy into the wave at the point where
%>0, with f representing the ion distribution function and W the energy (e.g., Hughes et al., 1978; South-
wood, 1976). These non-Maxwellian IDFs also referred to as “bump-on-tail” distributions are created quite often
by naturally-occurring processes in the magnetosphere. An example of such a process is a substorm-associated
particle injection in the magnetosphere. Subsequent to such an injection, the ions will gradient-curvature drift
in the westward direction while the electrons will drift in the eastward direction, and occasionally, the ions will
match the local drift-bounce resonance condition (Southwood et al., 1969),

WDyave — Myave@q = wa (1)

where the integer N is either zero in the case of a drift resonance or +1 for drift-bounce resonance. The other
parameters, @,,,,..» Myqves @ a0d @, in either cases are the angular frequency of the wave, the effective azimuthal
wave number, the proton (or electron) azimuthal drift and the proton bounce angular frequencies respectively.
Wave-particle interactions of this nature are a process of fundamental importance in collisionless astrophysical
plasmas.

A previous study by Yeoman et al. (2010) grouped ULF waves (10 < m < 20) as intermediate-m ULF waves. The
wave event reported in Yeoman et al. (2010) was linked to energetic particles injected by substorm activity and it
exhibited an equatorward latitudinal phase propagation with a predominant poloidal mode. Such observational
features are consistent with behaviors associated with high-m waves (e.g., Tian et al., 1991; Grant et al., 1992;
Yeoman et al., 1992; Fenrich et al., 1995; Yeoman et al., 2008). As such, intermediate-m waves can be likened to
high-m ULF waves, but with lower m values. Also, a recent study by Mager et al. (2019) reported a ULF wave
event of 1.8 mHz, propagating westward in the ionosphere with m number of ~10 as observed from a radar and the
Van Allen Probes mission spacecraft data, which they ascribed to a drift-compressional mode due to substorm-
injected proton particles with energy of about 90 keV leading to drift wave-particle resonance. In contrast, a ULF
wave event with m number of 14 observed by Hao et al. (2014) was linked to interplanetary shock, which is a
predominant generation mechanism for low-m waves. Thus, the generation mechanisms of these intermediate-m
waves are yet to be fully understood.

ULF waves are observed both with ground based magnetometers and radars, and from in-situ spacecraft mea-
surements. Using multi-instrument observations are very important for understanding the driving mechanism and
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Figure 1. Field-of-view and data coverage from Channel A of the SuperDARN radar at Hankasalmi, Finland during the wave
activity interval, onset at 01:00 UT in magnetic latitude-magnetic local time coordinates. The outline inside the FOV
indicates the beam that Channel B is restricted to. The radial dashed lines are separated by 1 hr magnetic local time, with local
midnight being marked by the vertical dashed line as highlighted. The positions of the IMAGE magnetometer stations used
are highlighted. The ionospheric velocities are color-coded such that red (negative) and blue (positive) represent velocities
away from the radar and toward the radar respectively.

structure of ULF waves, even though they are rare. For example, Mtumela et al. (2015) note that ground mag-
netometers and HF radars are synergistic instrument types for studying ULF waves.

In this study, we present an analysis of a ULF wave event simultaneously observed around 03:00 magnetic local
time by the SuperDARN (Super Dual Auroral Radar Network) radar at Hankasalmi, Finland and ground-based
magnetometer stations of the IMAGE (International Monitor for Auroral Geomagnetic Effects) array of mag-
netometers that are closely located in geomagnetic latitude and longitude with the Hankasalmi SuperDARN radar.
The aim of this study is to investigate a possible evolution in the wave phase propagation behavior. An obser-
vational case study of a phase propagation transformation from a mostly poleward to equatorward wave prop-
agation was reported in Chelpanov et al. (2019) for an intermediate-m. However, such observations of wave
evolution are still rare. As such, the analysis presented here will contribute to a better understanding of the
characteristic features of ULF waves and the processes driving them. The instruments, techniques and data used in
this study are presented in the next section, followed by the analysis, discussion and summary.

2. Instrumentation and Data

The ionospheric convection velocities recorded by the SuperDARN (Super Dual Auroral Radar Network) radar at
Hankasalmi, Finland were used to study the characteristics of ULF wave activity on 13th May 2016 as presented
here. Figure 1 shows the fields-of-view (FOV) of the radar scan modes. SuperDARN radars typically use a 16
beam scanning routine, where each beam consists of 75 range gates with 3.24° beam separation. The Hankasalmi
radar operated on two Channels A and B with the capability of utilizing a full 16-beam scan of 45 km range gates,
starting at 180 km from the boresite of the radar. Further details of the operations of the SuperDARN radars can be
found in (e.g., Chisham et al., 2007; Greenwald et al., 1995; Nishitani et al., 2019).
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Table 1
The Geographic and Geomagnetic Location of the IMAGE Magnetometer Stations Used in This Study
S/N Code Name Geo. lat. (°) Geo. lon. (°) CGM lat. (°) CGM lon. (°)
1 NAL Ny Alesund 78.92 11.95 75.25 112.08
2 LYR Longyearbyen 78.20 11.82 75.12 113.00
3 HOR Hornsund 77.00 15.60 74.13 109.59
4 BIN Bear Island 74.50 19.20 71.45 108.07
5 SOR Sgrgya 70.54 2222 67.34 106.17
6 KEV Kevo 69.76 27.01 66.32 109.24
7 TRO Tromsg 69.66 18.94 66.64 102.90
8 MAS Masi 69.46 23.70 66.18 106.42
9 AND Andenes 69.30 16.03 66.45 100.37
10 KIL Kilpisjarvi 69.06 20.77 65.94 103.80
11 MUO Muonio 68.02 23.53 64.72 105.22
12 PEL Pello 66.90 24.08 63.55 104.92
13 RAN Ranua 65.90 26.41 62.09 105.91
14 ouJ Oulujarvi 64.52 27.23 60.99 106.14
15 HAN Hankasalmi 62.25 26.60 58.69 104.54

Note. CGM stands for Corrected Geomagnetic Coordinates. Taken from IMAGE (2019).

In this study, the Hankasalmi SuperDARN radar sounded its 16 beams, all pointing northwards on Channel A as
outlined in Figure 1. Channel B was constrained to one beam across the entire range gates as highlighted inside the
radar FOV outline. The oscillations in the velocity toward and away from the radar depict ULF wave activity. In
this case, there is little ground scatter from range gates 24 up to 35 along the radar beams making the velocity data
more suitable for wave analysis. The radar beam 9 has 3 s resolution, and is a focus of the study, but the wave is
also investigated in beams 5-10, where it is most clearly observed, with a time resolution of 1 min. We also
present here, magnetometer data obtained from the International Monitor for Auroral Geomagnetic Effects
(IMAGE) database, with a sampling interval of 20 s. The positions of the IMAGE magnetometer stations used in
this study with respect to the radar FOV, are illustrated in Figure 1 and their names and location coordinates are
presented in Table 1.

3. Methods

The time-series radar velocity data were interpolated onto a uniform time axis, zero meaned and a 10% cosine bell
applied before Fourier analysis was used to calculate the power and phase of the wave spectra. The data preparing
process before the Fourier analysis has been used because the time series measurement of the ULF wave from
SuperDARN is finite. As such, the ends of the time series data is tapered to reduce spectral leakage. In this case,
we have used a cosine bell function with a 10% fixed fraction tapered from both ends of each time series data.
After the data preparing process, the time series data is processed using a Fast Fourier Transform (FFT) to derive
the spectral power and phase of the wave. The dominant wave frequency is determined as the point where Fourier
power is highest in the power spectrum. An example of such power spectra figure has been added in the sup-
porting information. The values of the wave Fourier power and phase derived at the dominant frequency were
selected for examining latitudinal and longitudinal variation of the amplitude and phase characteristics of the ULF
wave. The Fourier phase values selected from several range gates and beam combinations covering a range of
geomagnetic longitudes at approximately constant (within £0.5°) geomagnetic latitude were used to determine
the wave’s azimuthal phase propagation and the effective azimuthal wave number. The latitude extent between
the first and the last radar range gates used in the latitudinal analysis is ~8°. The phase is relative to the Fourier
phase of a reference range gate. In the case of the magnetometer measurements, wave amplitude and phase values
derived from stations with identical geomagnetic longitude but different latitude were used to study the latitudinal
wave evolution and in the same vein for the longitudinal wave amplitude and phase variation. Magnetometer data
of AND, TRO, KIL, MAS, KEV and SOR stations were used for examining the longitude profile of the ULF wave
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Figure 2. Hankasalmi beam 9 SuperDARN radar velocity measurements as a function of magnetic latitude. The ionospheric velocities are color-coded such that red
(negative) and blue (positive) represent velocities away from the radar and toward the radar respectively.

observations and the rest of the stations presented in Table 1, except AND, MAS and KEV for the latitude profile.
The effective azimuthal wave number was derived in a similar process as in the case of the radar observations.

4. ULF Wave Event on 13 May 2016

Figure 2 shows ionospheric flow velocities of the Hankasalmi radar beam 9 measurements of ULF wave activity
that occurred on 13 May 2016. It displays the meridional view of the wave as a function of geomagnetic latitude,
which corresponds to the radar range gates of about 20—-40. The horizontal axis shows the time of the Hankasalmi
SuperDARN radar coverage in universal time (UT). The ionospheric velocities across the radar fields of view
during the time interval are color-coded such that red (negative) color indicates velocities away from the radar
while blue (positive) color shows velocities toward the radar fields of view. The velocity flows between magnetic
latitudes of 69° and 74° depict clear oscillations with a seeming equatorward phase propagation in the interval
00:00 UT to 01:30 UT, a wave signature associated with particle-driven ULF waves in a similar study of a ULF
wave activity from SuperDARN radar measurements (Yeoman et al., 2010). However, the oscillatory flow ve-
locities appeared to evolve into a poleward-like phase around the interval of 01:40 UT to 03:00 UT, more
prominent in the component of the velocity flowing away from the radar. Another feature that can be observed is a
loss of HF backscatter or HF data loss (Gauld et al., 2002) at about 01:40 UT and ~72° latitude and L-shell of ~10.
This is more obvious in the next figure (Figure 3).

Figure 3 presents the velocity data for beams 3-9, in the same format as Figure 2, showing the temporal and
spatial evolution of the HF data loss. The spatial extent of this HF data loss is further illustrated in the middle
panel of Figure 4. Figure 4 presents the radar velocity measurements, similar to Figure 2, but for a constant time
for each of the three panels. During the time of its appearance, the HF radar data loss area has a lower latitude limit
of about 71° while the longitudinal width is ~10°. As such, the data loss is located around 72° in latitude and the
duration of this feature is ~10 min. Such radar HF data loss can be attributed to depletion of scattering structure of
the ionospheric irregularities region observed by the radar due to energetic particle precipitation from substorms,
changes on HF propagation due to changing electron density, or ionospheric absorption (e.g., Gauld et al., 2002).
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Figure 3. Hankasalmi beams 3-9 SuperDARN radar velocity measurements as a function of Radar range gate. The ionospheric velocities are color-coded such that red
(negative) and blue (positive) represent velocities away from the radar and toward the radar respectively, while the black lines indicate drifting HF data loss features.
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Figure 4. Similar to Figure 1 except that here shows wave activity onset at 00:50 UT before (left panel), 01:50 UT during
(middle panel), and 02:50 UT after (right panel) the appearance of the HF data loss. The vertical outlines inside the FOV
indicates beams 5 and 9 while curved black outline in middle panel describes the spatial extent of the HF data loss.

The spatial structure of the injected particles from such substorms can determine the phase characteristics of ULF
waves driven by the substorm-injected particles (Yeoman et al., 2012). It is possible, following these past studies,
that the phase evolution in the oscillatory flow velocities as seen in Figure 2 and the HF data loss depicted in
Figure 3 might both be linked to energetic particles generated by substorms. These preliminary observations about
this wave event are investigated further in the subsequent sections of this paper.

To understand the wave activity depicted by the oscillatory velocity flow in the range-time-velocity plots (such as
the example shown in Figure 2), we have performed Fourier analysis following the method discussed in the
previous section. The time series data of the wave activity from the radar velocity measurement cover a 3-hr
(00:00-03:00 UT) interval on 13 May 2016. Here, the Fourier results obtained from the radar data over the 3-
hr interval of this event are presented first. Thereafter, the 3-hr radar dataset is divided into two intervals to
further investigate the wave’s latitudinal phase propagation following the HF data loss and apparent evolution in
the oscillatory flow velocities in the Hankasalmi SuperDARN radar measurements. Lastly, the results outlining
substorm occurrence during the period of this wave event using magnetometer data are shown. Presented along
with the magnetometer data is the Fourier analysis of a wave with similar frequency to the one observed in the
radar data and another distinctive wave feature with a different frequency using the IMAGE magnetometer data.

Visualizing ULF wave activity from radar velocity data can be problematic due to data gaps in the interval of a
wave event. Usually, this problem is rectified through velocity data reprocessing that involves interpolating the
gaps. Excessive interpolation of data gaps can alter the wave features or produce a wrong result during Fourier
analysis. As such, a check to confirm that there is sufficient data over a period of a wave event before Fourier
analysis is important. To ensure sufficient data for Fourier analysis, data availability is ascertained for each of the
1,200 cells (i.e., 75 range gates multiplied by 16 beams) over the interval of wave activity. This procedure is
demonstrated in Figure 5a, showing the percentage data occupancy in each cell during the interval.

In analyzing the present ULF wave events, we use cells with data availability of 50% and above for Fourier
analysis to determine the amplitude and phase behavior of the wave. For example, as seen in Figure 2, key data
required to analyze the 13th May 2016 activity measured by Hankasalmi radar are present as most gaps are at the
start and end of the 3 hr length of the time-series data, part of which are tapered off before applying a Fast Fourier
Transform (FFT). Likewise, while the right edges representing beams 14 to 16 do not meet the criteria as there are
no cells with >50% data (green and blue cells) occupancy as seen in Figure 5a, beams 3 to about 11 consisting of
the beams focused on here have sufficient data. The Fourier spectrum for each of the cells with >50% data was
checked along with the time-series velocity, confirming that the unfavorable effect of data interpolation was
insignificant and that the dominant frequency was present. Thus, the 50% criterion has been used because at this
percentage there were sufficient data occupancy for each cell for Fourier analysis and also the spectra of each cell
were examined to confirm that wave features were not altered.

Fourier analysis reveals a dominant frequency of 0.75 mHz. The 0.75 mHz dominant frequency is consistent
between the latitude range of 68°-74° and longitude range of ~95°-110° across all the cells with >50% data
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Figure 5. (a) Velocity data availability of the Hankasalmi SuperDARN radar velocity measurement of the 16 beams (e.g., Figure 2 shows measurement of beam 9). Color
code shows percentage data occupancy in each cell over the 3-hr wave activity interval. Fourier (b) amplitude and (c) phase at 0.75 mHz peak frequency of the ULF
wave derived from the ionospheric drift velocity measurement for all the cells with 50% and above data availability over the 3-hr (00:00-03:00 UT) interval across all
the beams as a function of geomagnetic latitude and longitude. The black outline indicates beam 9.

occupancy as shown in Figure 5a. The dominant frequency of 0.75 mHz is about a 20 min period, which is
consistent with the appearance of the time series of the oscillation in Figure 2. The wave frequency is referred to as
the 0.8 mHz wave in subsequent analysis.

The Fourier amplitude and phase characteristics of the wave over the 3-hr interval is now examined in more detail.
Figures 5b and 5c show the Fourier amplitude and phase characteristics of the wave at the dominant frequency of
0.75 mHz as a function of geomagnetic latitude and geomagnetic longitude. Each of the near-vertical columns of
range cell data represents a beam, as highlighted by black outline for beam 9 which represents the beam used to
examine the latitudinal phase profile. Figure 5b reveals a broad peak of the wave amplitude between the latitude
range 70° and 72° and corresponding longitude range 102° and 112°. While Fourier phase calculated following
the processes described in Section 3 varies from one range cell to another along the latitude range, the general
trend mostly between beam 5 to about 10 (near-vertical columns around the outlined beam 9) where the wave
activity is obvious, confirms an equatorward phase propagation over the 68°-74° latitude range. The phase
propagation is equatorward where the phase values are decreasing with latitude as shown in Figure 5c. The
latitudinal amplitude variation and phase propagation can also be viewed in a one-dimensional plot as shown in
Figures 6a and 6b) along beam 9.

The longitudinal phase profile of the wave as shown in Figure Sc reveals an eastward phase propagation. This is
indicated by a broad decrease in phase values from the west of longitude range (left) to the east of longitude range
(right). Similarly, Figures 6¢ and 6d), which are the one-dimensional equivalent of Figures 5b and 5c¢) confirm an
eastward phase propagation. Figures 6¢ and 6d) show the Fourier power and phase derived from the dominant
frequency (0.75 mHz) across beams 5 to 11 (varying longitude) at radar range gate 25, which represents a constant
latitude of ~70°. From Figure 6d, a corresponding effective azimuthal wave number, m of 17 = 1 is calculated for
this 0.8 mHz wave using linear least squares fit to the phase values as shown by the dotted lines in Figure 6d. This
process has been used in previous studies for calculating effective azimuthal wave number (e.g., James
et al., 2016).

The same process of determining the m number was repeated for radar range gates 27 and 30, which represent
magnetic latitude ranges of ~71° and ~72° respectively. The differences in m values at those latitude ranges,
representing the region with peak wave amplitude, are equal within uncertainty. The effective azimuthal wave
number, m of 17 & 1 calculated for this wave event represents an intermediate-m wave (e.g., Yeoman et al., 2010).

Furthermore, the longitudinal phase profile of the wave when viewed as a function of magnetic local time (Figure
not shown here), clearly confirms an eastward phase propagation. As said earlier, in order to investigate the
possible temporal latitudinal phase evolution of the ULF wave activity previously highlighted, the time series
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Figure 6. Fourier (a) amplitude and (b) phase at 0.75 mHz peak frequency of the ULF wave derived from the ionospheric drift
velocity measurement along beam 9, and Fourier (c) amplitude and (d) phase across beams 5-11 of the Hankasalmi
SuperDARN radar at ~70° latitude as a function of geomagnetic longitude. The dotted line in (d) is a linear fit to the
longitudinal phase variation.

velocity data over the 3 hr of wave activity have been divided into two; 00:00 UT to 01:30 UT for Interval 1
analysis and 01:30 UT to 03:00 UT for Interval 2. We note that to do a more rigorous analysis of the possible
evolution in the latitudinal phase propagation of the ULF wave would require longer radar data length, and for a
better analysis, for example, would need a conjugate measurements from spacecraft. Unfortunately, we could
only get the data that have been used for this study. Thus, the analysis for these two intervals investigating the
possible phase evolution is presented in the next two sections.

4.1. Interval 1 (00:00-01:30 UT) Radar Observation

Fourier analysis of Interval 1 velocity data reveals that the same wave frequency of 0.8 mHz earlier described is
detectable in Fourier spectra across the radar beams. The beams and range cells with >50% data occupancy and a
clear wave activity features are used for the 2-dimensional Fourier amplitude and phase analysis (figure not

MICHAEL ET AL.

9 of 23

85U8D|7 SUOWILLIOD BAIERID 8ol dde 8y} Aq peuIsnob 88 Sao1le YO ‘SN J0 S8InJ 10 ARIq1T 8UIIUO AB|IM UO (SUOIPUOD-PUB-SWIS)ALI0Y A8 | AReiq 1 pUI|UO//:SANY) SUORIPUOD PUe swie | 8y} 88S *[7202/€0/S0] U0 Akeiqiauliuo A8|Im 89 L Aq ¥S9TE0VIEZ0Z/620T OT/10p/Loo A8 | im AReid 1 ut|uo'sgndnfey/:sdny wouy pepeojumod ‘€ ‘¥202 ‘2066912



. Vedl
et Journal of Geophysical Research: Space Physics 10.1029/2023JA031654
(a) (b)
| 1200 1
720 .
© © 715" .
E E
I F|
g M 1 e71.0F ]
@© ©
= =705 1
70} ~ i
700+ 1
B ] 695*“\7
-100 0 100 -100 0 100
Phase (degrees) Phase (degrees)
(c) (d)
114 [T 44T Ty
112+ . M2 i
® ) L |
g 110 1 g o
S S
5 5
o 108+ 1 o 108 .
S 1061 1 2 106" |
104 1 104 1
1020 ] 102 ]
-100 0 100 -100 0 100
Phase (degrees) Phase (degrees)

Figure 7. Fourier latitudinal phase profiles of the ULF wave derived from the ionospheric drift velocity measurement along
beam 9 at (a) interval 1 and (b) interval 2. The equivalent longitudinal phase profiles of the ULF wave at (c) interval 1 and
(d) interval 2. The longitudinal phase variations are calculated from 0.75 mHz frequency across beams 5-11 of the
Hankasalmi SuperDARN radar at ~70° latitude as a function of geomagnetic longitude. The dotted lines in (c) and (d) is a
linear fit to the longitudinal phase variation used to calculate the m number.

shown here). The Fourier power from the ionospheric drift velocity measurements along the beams of interval 1
peaks at about 72° in latitude, while in longitude it peaks between ~100° and 110°.

Latitudinal and longitudinal Fourier phase profiles for interval 1 are presented in Figures 7a and 7c. Whilst the
phase propagation along beam nine is equatorward, some beams follow the same trend and others have mixed
equatorward and poleward phase variation. The phase variation is considered to propagate equatorward where
phase values are smaller at lower latitudes than at higher latitudes and it shows an equatorward phase variation,
more obvious between 70° and 71° compared to the analysis over the 3-hr interval.

The longitudinal phase variation observed in interval 1 data generally indicates a clear eastward phase propa-
gation. Following a similar effective azimuthal wave number calculation for the 3-hr wave observation, the m
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number is examined for Interval 1 at latitude of ~70°, which is equivalent to radar range gate 25, along beams 5—
11 and, it is determined as 21 + 3. The value for m is the gradient estimated using linear least squares fit to the
phase values as shown by the dotted lines in Figure 7c. The eastward direction observed for the Interval one is
consistent with the analysis for the 3-hr interval. However, the m value is slightly higher compared to the 3-hr
interval analysis but still consistent within error, estimated from the standard error associated with the phase
profile from the linear fit.

4.2. Interval 2 (01.30-03:00 UT) Radar Observation

In the last section, the wave behaviors at interval 1 showed a clearer equatorward latitudinal phase variation along
beam 9 compared to the analysis over the 3-hr interval. Here, we repeat the same analysis but for interval 2
(01.30-03:00 UT). In a similar procedure to the previous time interval considerations, Fourier analysis was done
where the percentage of data occupancy for each range cell across the beams meet the 50% criterion and have
sufficient wave activity features. The same 0.8 mHz frequency is dominant as derived from Fourier spectra,
similar to the analysis over the 3-hr of the wave activity. The wave amplitude peaks in latitude at about 72°, and in
longitude between ~102° and 111°, while the Fourier phase reveals little latitudinal phase propagation.

Figures 7b and 7d show the latitudinal phase profile and longitudinal phase profile of the 0.8 mHz wave for the
interval 2. These plots are created following the processes discussed in Section 3. As seen in Figure 7b, the degree
per latitude change of the wave phase variation over ~69°-72° latitude range is small. The change in phase
behavior seen in the time domain is not clearly illustrated through the Fourier analysis in Figure 7b given the short
length of time of the Interval 2 available for analysis, but it is different from the other intervals. Fourier phase
variation in magnetic longitude as seen in Figure 7d follows a similar eastward phase propagation with effective
azimuthal wave numbers of 15 £ 1 determined using the same combination of radar range gate 25 (equivalent to
~70° latitude) along beams 5-11. The m value is similar to that of the 3-hr interval and Interval 1.

5. Magnetometer Observations

Magnetic field data derived from the IMAGE magnetometer stations with close proximity to the Hankasalmi
SuperDARN radar as presented in Table 1 have been employed to examine whether the wave observed by the
radar is associated with a substorm, given that previous wave observations with a similar equatorward propa-
gation in latitude and intermediate-m azimuthal properties were linked to substorm-generated particles (e.g.,
Yeoman et al., 2010). Also, the magnetometer measurements are examined for the signatures of the wave
observed by the radar.

5.1. Substorm Occurrence

Figure 8 presents the unfiltered X-component of the IMAGE stations covering latitudes decreasing from top to
bottom panels, with the last panel representing data from one of the stations (HAN, see Table 1) but band-pass
filtered using a cut-off period between 20 and 200 s to emphasize Pi2 pulsation activity.

This figure shows that the interval between 18:00 UT and 20:10 UT on 12th May 2016 is magnetically quiet,
followed by the onset of a substorm expansion phase characterized by sharp decrease in the X-component
magnetic field at high latitudes, which is corroborated by the observation of a clear mid-latitude Pi2 pulsation.
There are two clear subsequent Pi2 bursts around 20:50 UT and 23:30 UT on 12th May 2016. However, the
substorm with the onset expansion phase at 20:10 UT may not be responsible for the wave activity detected by the
Hankasalmi radar given the time lag of about 2.30 hr between the onset and the time (0000-0300 UT, 13 May
2016) that the wave activity was clearly observed in the radar data. As such, the subsequent bursts at about
20:50 UT and 23:30 UT are the likely substorm candidates that can drive the ULF wave observed in the radar.

Previous studies (e.g., James et al., 2016) have used ground-based magnetometer data to locate the substorm
current systems, and we apply the same criteria here to identify the substorm current wedge location. The
observed enhanced westward electrojet and substorm magnetic bay activity, up to —150 nT in the X-component
data (equivalent here to the H-coordinate magnetic perturbation), confirm substorm occurrence and accompa-
nying energetic particle injection at about 1-hr prior to the interval ULF wave activity is seen in the radar data.
Data from ground-based magnetometer stations are also used to identify the substorm current wedge (SCW) as
well as the azimuthal location of the substorm. This involves examining the background magnetic field variations
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Figure 8. Unfiltered IMAGE X-component magnetometer data during the substorm interval. The IMAGE stations covering
decreasing latitudes from top to bottom panels. The last panel shows HAN station data bandpass filtered between 20 and
200 s to highlight Pi2 pulsation activity. The light green outlines indicate onset of substorm expansion phase and subsequent
bursts.
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Figure 9. Magnetic field bay of mid-latitude IMAGE (a) X-component and (b) Y-components during the substorm. The data is the same as in previous Figure 8 and
subsequent Figure 10 but for selected two mid-latitude stations between 18:00 and 23:59 UT interval on 12th May 2016. The top and middle panels are unfiltered X- and
Y-components from the OUJ and HAN stations of the IMAGE array, while the bottom panels are HAN station but with a 200-20 s band-pass filter applied to illustrated
the Pi2 pulsation activity (onset times marked with light green solid lines) associated with the substorm expansion phase onset at about 20:10 UT.

observed at the time of the Pi2 pulsations. Here, we used the large bays in the Y-component data to determine the
location of the substorm current wedge. This process of using Pi2 wave appearance and associated magnetic bay
disturbances in the midlatitude ground magnetometer data to detect the substorm current wedge location has been
detailed in previous studies (e.g., Aylward et al., 1998; James et al., 2016; Kepko et al., 2015; Mann et al., 2008;
Yeoman & Liihr, 1998).

We cannot precisely identify the substorm location with only ground magnetometers and also considering that the
Atlantic lies to the west with no magnetometers in contrast to, for example, James et al. (2013), where they used
substorms located by their auroral signatures. However, Figure 9 depicting a positive and negative bay in the mid-
latitude X- and Y-component magnetic field respectively, suggests that the substorm is near and to the west of the
IMAGE magnetometers. The variations of magnetic bays in the components of the geomagnetic field close to the
substorm current wedge (SCW) can be used to deduce the location of the substorm (e.g., James et al., 2013). A
decrease in the X-component coinciding with the Pi2 burst at higher latitude as shown previously in the top panels
of Figure 8 indicates a westward electrojet. The upward and downward field-aligned currents from the SCW
which feed this electrojet predict a symmetric peak in the X-component around the center of the SCW, and an
asymmetric pattern in the Y-component at lower latitudes as highlighted in Figure 9. Thus, the mid-latitude X-
and Y-component data here are consistent with a substorm close to the wave observations, but to the west. The
role of energetic particle population from the substorm in generating the 0.8 mHz wave is considered in Sec-
tion 6.1.
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The Y-component of the magnetometer data as shown in Figure 10, reveals signatures of a long-period magnetic
perturbation highlighted by light-blue outline and a seemingly narrowband short-period wave denoted by light-
yellow outline. It is interesting to note here that the Y-component (east—west component at the earth’s surface) of
the magnetometer data is equivalent to north—south (direction of the Hankasalmi radar FOV) velocity of the
ionospheric irregularities measured by the radar (Wright & Yeoman, 1999; Yeoman et al., 2016). Inspecting
Figure 10 further, shows that for example, for the BJN station, there is a wave activity with a period of ~1,350 s.
This period is similar to the wave observed by the radar, which suggests that the magnetometers have detected the
wave activity seen in the radar data. Furthermore, another distinct wave activity is seen around magnetometer
stations such as SOR and TRO (see Figure 10), which is in the geomagnetic latitude range of 63°-68°. The distinct
wave has a period of ~120 s, which is within the frequency band of a Pc4 ULF wave (Jacobs et al., 1964). The
wave is not visible in the high time resolution beam 9 radar data where data is restricted to latitudes above those of
the magnetometers where the shorter period wave is observed, and we will not analyze this wave further here.

5.2. Magnetometer Observation of the 0.8 mHz ULF Wave

The IMAGE magnetometers have been employed to analyze the low frequency ULF wave characteristics
observed between 00:00 and 03:00 UT on 13 May 2016 using Fourier analysis. As earlier stated, magnetometer
and radar instruments complement each other. Thus, studying a wave event with both instruments will lead to an
enhanced understanding of the wave behavior. Fourier spectra, calculated between 00:00 and 03:00 UT reveal a
peak frequency of 0.77 mHz. This peak frequency observed in the magnetometer data is consistent with the initial
inspection as well as being similar to the 0.75 mHz observed in the radar data, as such, it is subsequently referred
to as the 0.8 mHz wave for consistency in naming. This is an indication that the same wave activity is detected in
the ionosphere by the radar and on the earth’s surface by closely located magnetometers.

Figures 11a and 11b) are latitudinal and longitudinal phase profiles for the magnetometer observations of the
0.8 mHz wave. The procedure used in creating this plots as well as calculating the effective azimuthal wave
number are similar to the analysis for the radar observations as discussed in Section 3. The phase variation
determined with Fourier analysis suggests a latitudinal phase gradient of ~13.2° per degree in the equatorward
direction, covering latitude range from 66.5° to ~72° that is within the latitudinal range of the radar observation as
depicted in Figure 11a.

In longitudinal phase variation shown in Figure 11b reveals an effective azimuthal wave number, m, of ~16 £ 1 in
the eastward direction. Note that the BJN station is the only magnetometer that lies close to the radar observations,
as such, the wave behavior seen here from the magnetometer data is consistent with radar observations. However,
we have not tried to split the wave in the same way that was possible with the radar data, due to the limited number
of magnetometer stations available in the appropriate latitude range. Thus, the 0.8 mHz wave observed by ground-
based IMAGE magnetometers with an equatorward phase propagation in latitude and eastward propagation in
longitude (rm number of ~16 £ 1), have similar ULF wave characteristics to the wave observed in the radar.

6. Discussion

The oscillatory flow in the velocity data measured by the Hankasalmi SuperDARN radar on 13th May 2016 has
been investigated for ULF wave activity using Fourier wave analysis as shown in the previous sections. In this
section, we discuss the possible interpretations of the characteristic features observed for the case study ULF wave
along with the magnetometer observations.

The wave activity studied using radar data between 00:00 and 03:00 UT is characterized by a frequency of
0.8 mHz. The total equatorward latitudinal phase variation shown in Figure 2 slightly exceeded 180° in the radar
FOV. In addition, it is characterized by eastward longitudinal phase propagation with an intermediate-m effective
azimuthal wave number (typically m ~10 but less than 20) and a poloidal component. Equatorward phase
propagation has been observed over part of the Hankasalmi radar FOV similar to the wave event observed by
(e.g., Yeoman et al., 2008). Whilst the wave event in Yeoman et al. (2008) and wave events observed in (e.g.,
Grant et al., 1992; Yeoman et al., 1992) using other ground-based instruments have a small azimuthal scale size
(high-m number), they are characterized by a westward longitudinal phase variation driven by drifting protons
internal to the Earth’s magnetosphere. Such observations of high-m waves propagating in westward direction are
sparse compared to observations of low-m wave driven by external sources such as the solar wind. In contrast, the
present observations of equatorward propagating ULF waves are more reminiscent based on wave’s azimuthal
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Figure 10. Similar to Figure 8 but for Y-component (east—west component at the earth’s surface) and interval of 23:00 UT
12th to 03:30 UT 13 May 2016. The last panel shows HAN station data bandpass filtered between 20 and 200 s to highlight
Pi2 pulsation activity indicated by the light-green outline. The light-blue and yellow highlight long period wave activity and
short period wave respectively.
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IMAGE y-component Data

Fourier phase variations of the 0.8 mHz ULF wave from the magnetometer data
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Figure 11. Latitudinal phase variation of the 0.8 mHz wave and the equivalent (b) longitudinal phase profile, both derived at
0.77 mHz peak Fourier spectra in the IMAGE Y-component magnetometer data between the interval 00:00-03:00 UT on 13
May 2016.

scale size (intermediate-m number) of waves observed by SuperDARN radars (Yeoman et al., 2010), Van Allen
Probes spacecraft (Hao et al., 2014) and simultaneously using radar and spacecraft (Mager et al., 2019). However,
the azimuthal direction found for the current wave is eastward, which is the same as Yeoman et al. (2010) but
different from similar intermediate-m ULF waves propagating westward in Hao et al. (2014); Mager et al. (2019).
Therefore, there might be a difference in excitation mechanism between the pulsation of the current case study
and previous observations with intermediate-m number.

Data from Themis A (see https://cdaweb.gsfc.nasa.gov/) in the dusk sector shows evidence of dispersed ion
signatures between ~10 — 20 keV close to 00:00 UT. Such westward-drifting ions have drift speeds of 10-30 min
per hour of local time, and thus are thought to originate from a region westward of the wave observations,
consistent with the inferred location of the substorm observed at ~23:30 UT which is interpreted here as providing
the eastward drifting electrons that drive the wave activity. However, there are other generation mechanisms that
can generate ULF waves (Agapitov & Cheremnykh, 2013). Various mechanisms also exist in the case of waves
observed in the nightside region of the magnetosphere similar to this study. For example, shocks from the
interplanetary region on the magnetosphere has been attributed to such waves (Hao et al., 2014). In addition, there
are possibility of other mechanisms associated with the fluctuations in the solar wind dynamic pressure to
generate these waves (e.g., Di Matteo et al., 2022; Motoba et al., 2003). However, we focus on the generation
mechanism due to resonating particles injected into the magnetosphere in our discussion as we consider it to have
shown the clearest plausibility in this case.

6.1. Driving Particles and Wave Energy

The dissimilarities in the driving mechanism ascribed to previous observations of intermediate-m waves (e.g.,
Yeoman et al., 2010; James et al., 2013; Hao et al., 2014; Mager et al., 2019) observed by radar and spacecraft,
illustrates the complexities in predicting processes driving such a wave.

In the present case study, magnetic perturbations in the H coordinate system recorded at a number of IMAGE
magnetometer stations having a close proximity with Hankasalmi radar, confirmed that there were various

MICHAEL ET AL.

16 of 23

95U801 SUOLIWIOD SAIIeID) 3|dedl|dde ay) Ag peusenob ale saoile O ‘8sn Jo sajnu o Areiq) aulUO AS]IA UO (SUONIPUCD-pUe-SWLY/WOY A3 1M Aleid Ul uD//SdNL) SUONIPUOD PUe SLUB | 8U1 89S *[7202/£0/S0] Uo AReigiaulluo A8iM ‘Sa.1 AQ ¥SITE0VIEZ0Z/620T OT/10p/wod Ao imArelq pul|uo'sgndnBe//sdny wolj pepeojumod ‘€ %202 ‘20r669TZ


https://cdaweb.gsfc.nasa.gov/

MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA031654

substorm occurrences prior to the interval the waves are observed. One of such substorms occurred at ~23:30 UT
on 12th May 2016, which was about 1 hr before time of the wave event. Due to the nearness of the substorm onset
to the wave, there is a likelihood that energetic particles associated with the substorm might be driving the waves.
This assumption is consistent with the interpretation of previous observations of intermediate and high-m waves
with similar wave characteristics observed by satellites (Takahashi & McPherron, 1984) and ground-based radars
(Baddeley et al., 2005; Yeoman et al., 2010). In such a case, the driving mechanism may be due to the drift or
drift-bounce Alfvénic instability. This instability develops when particles with a given angular drift frequency
resonantly exchange energy with waves (Southwood et al., 1969) as discussed further below. Note that the drift
and drift-bounce resonance can involve protons and westward propagation while drift resonance only is possible
for electrons and eastward propagation, due to the very rapid electron bounce. In addition, a similar intermediate-
m wave reported by Yeoman et al. (2010) with equatorward latitudinal and eastward azimuthal phase propagation
was associated with energetic electron generated by a substorm.

Following the substorm-particles being injected close to the time of wave observation, the energy associated with
these particles can be determined for a better understanding of the wave characteristics. The driving particle
energy is predicted using the drift-bounce resonance condition. Equation 1, described earlier, can be solved with
respect to whether the driving particle is an electron or an ion. The pulsation event is assumed to have either a
fundamental (symmetric, N = 0) or second harmonic (anti-symmetric, N = 1) standing wave structure. Based on
these assumptions, the technique expressed in Chisham et al. (1992) and Chisham (1996) and applied by Yeoman
et al. (2010) and also by Yeoman and Wright (2001); Baddeley et al. (2005) are followed in predicting the energy
of the driving particles given that the effective azimuthal wave number derived for the 0.8 mHz wave observations
and wave phase propagation are similar to Yeoman et al. (2010). Here we use the drift resonance approach for the
0.8 mHz wave given its eastward azimuthal propagation direction.

Following Baddeley et al. (2005), the angular drift frequency of interacting particles are determined using

6WL(0.35 + 0.15sina) 2%, (0)L? sin ¢
B,R% B,RZ

@

Ddrify =

where W represents the particle energy in eV and L is the particle’s L-shell. The equation is based on a dipole
magnetic field model (see Chisham, 1996), where B is the equatorial surface magnetic field strength, ¢ is the
azimuth of particle measured anticlockwise from local midnight, « is the particle pitch angle, R is the Earth

radius and ¥,(0) ~ 45(1 —0.159K, + 0.00931(12))_3 is the Volland-Stern (Stern, 1975; Volland, 1973) repre-

sentation of the convective dawn to dusk electric potential. The first term on the right hand side of Equation 2
written as positive here is negative for ions. This term represents the gradient-curvature drift and so is in the
opposite direction for ions (westward) and electrons (eastward), whereas the second term on the right hand side of
Equation 2 is that resulting from E X B drift from the dawn to dusk electric field, and acts the same on both
electrons and ions. But due to its relationship to sin ¢ it is positive (eastward) in the morning sector, and negative
(westward) in the afternoon sector (and so contributes a drift component toward the dayside for both ions and
electrons, irrespective of location) (Chisham, 1996).

The L-shell values used for the 0.8 mHz wave observation were in the range of 6.6—15, where the wave ranged,
with a peak power at about L = 10, which was used for the calculation, while the pitch angles used were 90° when
considering a drift resonance. As explained in Southwood and Kivelson (1982), drift resonance are likely to occur
with particles of large pitch angles in the equatorial plane. The 0.8 mHz wave with eastward azimuthal phase
propagation and equatorward phase motion is thought to be a fundamental poloidal mode (T. K. Yeoman &
Wright, 2001). This coincided with the direction of gradient-curvature drifting electrons following substorm
injection. The 0.8 mHz wave observed by the Hankasalmi SuperDARN radar, using Equations 1 and 2, is
consistent with electrons drifting at an angular frequency of ~2.8 x 107 rad s™', corresponding to particle
energies of 13 = 5 keV for a drift resonance with error due to uncertainties in the parameters used (a range of L-
shells between 7 and 10, pitch angles between 60 and 90° and the uncertainty in drift angular frequency from the
radar data were input to Equations 1 and 2). Under these conditions, the drift resonance condition is satisfied, as
such, the particles can provide energy to such a wave mode at the various interaction energies where a non-
Maxwellian ion distribution function has a positive gradient, indicating that the free energy is available (Bad-
deley et al., 2002; Hughes & Southwood, 1976; Southwood, 1976).

MICHAEL ET AL.

17 of 23

95U801 SUOLIWIOD SAIIeID) 3|dedl|dde ay) Ag peusenob ale saoile O ‘8sn Jo sajnu o Areiq) aulUO AS]IA UO (SUONIPUCD-pUe-SWLY/WOY A3 1M Aleid Ul uD//SdNL) SUONIPUOD PUe SLUB | 8U1 89S *[7202/£0/S0] Uo AReigiaulluo A8iM ‘Sa.1 AQ ¥SITE0VIEZ0Z/620T OT/10p/wod Ao imArelq pul|uo'sgndnBe//sdny wolj pepeojumod ‘€ %202 ‘20r669TZ



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics

10.1029/2023JA031654

Table 2
A Summary of the Characteristics of the 0.8 mHz ULF Wave Observations and a Previous ULF Wave Observations With
Equatorward Phase Propagation

Study Instrument m number Period L-shell W(keV)
This study Radar +17 =1 1,342 6.6-15 135
Magnetometer +16 = 1 1,294 6.6-15 135
(Yeoman et al., 2010) Radar +13 580 7-15 33
(James et al., 2016) — Event 2 Radar -12 1,440 9.08 8-19

The wave characteristics of the 0.8 mHz ULF wave observations have some similarities with previous wave
studies as illustrated in Table 2. Electrons at the predicted drift angular frequency have a drift-time of ~15 min per
hour of Local Time (LT), which suggests that this wave is driven by particles associated with the final 23:30 UT
substorm expansion seen in Figures 8 and 9.

6.2. Possible Evolution in Wave Phase Propagation

A possible evolution is seen in the phase characteristics of the 0.8 mHz wave activity observed by radar as shown
in Figure 2. Initial investigation suggested that the wave evolved from an equatorward to poleward phase
propagation, depicted by the velocity measurement away from the radar. The phase variation coincided with an
eastward drifting HF data loss observed across the radar beams. The 3-hr dataset is subdivided into interval 1 and
2 to further examine the wave phase behavior. ULF wave driving mechanisms other than the drift-bounce
instability explored in deriving the particle’s energy as shown in the last section need to be considered to un-
derstand the possible phase evolution.

The investigation of a likely phase evolution seen in the ionospheric velocity data suggested that during Interval 1,
the 0.8 mHz wave is mostly equatorward along Beam 9. The equatorward signature is clearer at this interval
compared to the analysis over 3-hr. The azimuthal wave propagation was eastward, which is consistent with the
analysis over the 3-hr interval. However, the m number is higher compared to the analysis over the 3-hr interval
but within the uncertainties. On the other hand, the analysis of the Interval 2 produced a mostly mixed latitudinal
phase propagation along the radar beams, with Beam 9 showing a poleward phase variation with a small gradient
as well as azimuthal wave characteristics reminiscent of the 3-hr interval and Interval 1. Thus, there is a likelihood
that the particle injection responsible for the HF data loss, which appeared at the beginning of Interval 2 resulted
in the latitudinal phase transformation observed for the 0.8 mHz wave.

Such HF data loss has previously been associated with changes in the ionosphere due to particle precipitation from
a substorm (Gauld et al., 2002). During such events the ionospheric electric field can be suppressed during the
expansion phase of substorm, leading to data loss, because the plasma irregularities in the ionosphere responsible
for the backscatter is reduced during this phase (Milan et al., 1999). Another mechanism suggested for the HF data
loss is enhanced HF absorption in the D region ionosphere (e.g., Milan et al., 1996). However, Gauld et al. (2002)
attributed the HF data loss observed in their study to changes in HF propagation resulting from changes in E and F
region electron density. Such changes in the propagation conditions can cause a loss of backscatter resulting in an
HF data loss as observed in the Hankasalmi SuperDARN radar measurement presented here.

In a similar substorm-driven ULF wave observed by Hankasalmi and Pykkvibar SuperDARN radars (Yeoman
et al., 2010) following a moving wave source theory (e.g., Mager et al., 2009), it is suggested that the azimuthal
separation of a substorm onset and a wave excitation due to particle population from the substorm influences the
particle energy and effective azimuthal wave number. Also, this assumption has been corroborated by other
studies (e.g., James et al., 2013). As such, lower energy particles (associated with higher-m) are due to bigger
azimuthal separations between substorm onset and the wave.

The eastward drifting HF data loss feature is observed in the ionospheric plasma velocity flow across the Han-
kasalmi radar beams as earlier shown in Figure 3. Interestingly, the eastward direction of this HF data loss
matches with the longitudinal phase propagation of the 0.8 mHz wave observed in both the radar and magne-
tometer data. Here, the measured azimuthal propagation of the data loss feature is compared with the calculated
azimuthal propagation of the particles inferred from the wave observations, to establish whether the same energy
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10 particles might be associated with both. Following the time interval that this
feature is observed are signatures of latitudinal phase mixing and evolution

5 4 observed in the radar data, more prominent in the velocities away from the
radar. As noted earlier, this is an indication that the processes driving the

0 wave might be responsible for the HF data loss. The velocity of the plasma
flow associated with this feature has been determined from which the drifting

I3 77 particle energy is predicted. The time intervals between the onset and end of
E, 10 this feature for beam five is 7, — ¢, and for beam nine is ¢, — #;. The time
gradient is estimated as 600 s with the longitudinal spatial gradient, Along

_154 between beam 5 and beam 9 giving 7.4°. A drift velocity corresponding to an

angular frequency of 2.2 x 107 rad s™" is determined by using

20+

Along X 155 3)

—251 (ts =) — (2 — 1)
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Ysm (Re) This angular frequency is very similar to the predicted particle angular fre-

Figure 12. A first approximation to a trace plot for the ULF wave in the field
of view of the Hankasalmi SuperDARN radar using the Tsyganenko, 1996

field model.

quency of ~2.8 X 10~ rad s™!

with energies of 13 + 5 keV derived from the
0.8 mHz wave analysis. This provides a hint that the dynamic energetic
particle interactions producing this HF data loss feature are responsible for the
evolution of the wave activity observed by the Hankasalmi radar on 13th May

2016 from 00.00 UT to 03.00 UT.

Figure 12 presents the magnetic field lines, mapped using the Tsyganenko, 1996 magnetic field model Tsyga-
nenko (1996), from the four corners of the observed backscatter region in Figure 2 into the Solar Magnetic
equator. The shaded region between the equatorial crossing points of these field lines shows that the observed HF
backscatter region maps into the dawnside magnetotail, covering a region from L ~ 5 to L ~ 25.

According to Klimushkin et al. (2004), Alfvén waves can transform from poloidal to toroidal polarisation and vice
versa. The condition required for such transformation is detailed in (Klimushkin et al., 2004). Similarly,
Radoski (1974); Mager and Klimushkin (2008); Zolotukhina et al. (2008); Mager et al. (2009); Elsden and
Wright (2020) have demonstrated transformation of ULF wave activity between a mixed polarisation
and poloidal. They showed theoretically that the wave transforms into a mixed polarization as it moves farther and
farther away from the driving source. In addition, observational studies (e.g., Sarris et al., 2009), have shown such
transformation of Alfvén waves from poloidal to toroidal polarisation and vice versa. In another previous study,
Yeoman et al. (2012) observed a ULF wave event with a high-m and curved phase fronts, which they noted as a
common action of the field line curvature, the plasma pressure and the equilibrium current, while some of the
wave features agreed with a wave signature resulting from proton cloud drifting away from source in the
magnetosphere. It was also shown in Chelpanov et al. (2018) that a significant fraction of long-period magne-
tospheric ULF pulsation observed in the ionosphere with radars has frequencies lower than appropriate Alfvén
field line resonance frequencies. This agrees with previous studies showing that standing wave frequency of the
outer magnetosphere can be lower than the fundamental standing Alfvén wave frequency (Dai et al., 2013;
Takahashi et al., 2004, 2018). Such waves apparently have kinetic nature and can presumably represent the drift
compressional mode. Properties of the wave are in agreement with this interpretation, although latitudinal
propagation of this mode is not clear due to the lack of theory. In another previous study, Chelpanov et al. (2019)
reported a wave event observed by radar that transformed from a poleward to equatorward phase propagation.
They attributed the wave mode to a drift-compressional mechanism described in (Chelpanov et al., 2016; Kos-
tarev & Mager, 2017). In the case of Mager et al. (2009), which considered a wave propagating equatorward in
latitude, the azimuthally drifting particle inhomogeneity injected during substorm activity was suggested as a
likely excitation mechanism for an azimuthal direction of the phase velocity that coincides with the cloud of
energetic particles from the substorm. Consequently, the equatorward phase propagation observed here, which is
thought to be resulting from the spatial structure of the driving particles might be accompanied by an evolving
wave polarisation as the particle populations themselves evolve. However, such an evolution of the wave
polarisation would not obviously transform the latitudinal phase propagation from poleward to equatorward. On
the other hand, new particle populations are a candidate for transforming the wave polarisation going by energetic
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particle interactions producing this HF data loss. We investigate the ground magnetometer wave signature further
in the following sections.

6.3. Ground Magnetometer Wave Signature

In the magnetometer data, a wave was detected with a frequency similar to the 0.8 mHz wave observed by the
Hankasalmi radar. In addition, this 0.8 mHz wave observed in the magnetometer data followed a similar equa-
torward latitudinal phase propagation as well as an eastward azimuthal propagation. The effective azimuthal wave
number at 70° is 16 = 1, which is slightly less than 17 + 1 derived for the radar observation at the same latitude.
This slight disparity in m number of the pulsation in the ionosphere as seen by Radar and on the Earth’s surface
measured by magnetometer might be due to attenuation of wavefield by the ionospheric currents as described in
(e.g., Hughes & Southwood, 1976). Such attenuation as shown by Hughes and Southwood (1976), is proportional
to ¢ X where k is the field-perpendicular component of the wave number and z is the E-region height of the
ionosphere. Due to ionospheric screening, the attenuation factor has to be small in order for the waves to be
detected on the ground by magnetometers. Whilst ULF waves with a high m number have been simultaneously
detected in the ionosphere by radar and in ground magnetometer data (e.g., Yeoman et al., 2012; Mtumela
et al., 2015), such multi-instrument observations of intermediate-mm and high-m waves are sparse. The same
particle energy predicted for the 0.8 mHz wave observed by the radar is applicable for the magnetometer data,
clearly indicating that the same wave activity was observed simultaneously in the radar and magnetometer data.

7. Summary

ULF wave activity observed by the Hankasalmi SuperDARN radar, as well as detected in the data of IMAGE
magnetometers with close proximity to the radar has been studied using Fourier wave analysis. Denoted as a
0.8 mHz pulsation, this wave followed an equatorward phase propagation in latitude and an eastward azimuthal
propagation with an average m number of 17 &+ 1 making it an intermediate-m class of ULF wave according to
Yeoman et al. (2010). The 0.8 mHz wave reported here is believed to be due to drifting energetic electrons via a
kinetic instability caused by the non-Maxwellian electron distribution functions, commonly termed “bump-on-
tail” distributions similar to proton distribution functions reported by (e.g., Baddeley et al., 2005). The generation
mechanism is thought to be a drift resonance (N = 0) wave-particle interaction (Southwood, 1976). On the other
hand, the features of phase evolution observed by the radar may be due to an additional electron cloud drifting
azimuthally in the magnetosphere. These additional energetic electrons are thought to be responsible for the
evolving temporal latitudinal phase propagation, which is supported more by another possible ULF wave
interpretation, the moving source theory of Mager and Klimushkin (2007); Mager and Klimushkin (2008), which
a similar case study of an intermediate-m wave by Yeoman et al. (2010) adopted as a candidate for driving the
wave event in their work. Other mechanisms behind the transformation and mixing of ULF wave polarisation are
addressed by previous studies (e.g., Klimushkin et al., 2004; Mager & Klimushkin, 2008; Zolotukhina
et al., 2008; Mager et al., 2009).

Furthermore, an HF data loss drifting azimuthally in the same eastward direction as the 0.8 mHz wave is observed
in the ionospheric plasma velocity flow across the Hankasalmi radar beams. It is thought that the dynamic en-
ergetic particle interactions producing this data loss feature might have triggered the temporal latitudinal phase
evolution observed during the 0.8 mHz wave activity by the Hanksalmi radar.

The ULF wave analysis presented here has shown interesting features. For example, the phase evolution believed
to be associated with the HF data loss may be a one-off event or a more common feature in such intermediate-m
waves. Therefore, statistical analysis of similar wave events observed in radar measurements will be useful in
confirming these possibilities. Observations of intermediate to high-m ULF waves by radar and magnetometer are
rare, making the case study presented here a useful analysis for further scientific understanding of this type of
wave.

Data Availability Statement

The raw SuperDARN data used in this paper can be obtained from (http://vt.superdarn.org/). The IMAGE
magnetometer data used in this paper are freely available and can be found at (http://space.fmi.fi/image/beta/).
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