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Abstract Recent work has demonstrated that global Pc5 pulsations observed by ground-based
magnetometers may be accompanied by periodic oscillations in the total electron content (TEC) of the
ionosphere measured by GPS receivers. These TEC observations may provide new insights into
magnetosphere-ionosphere coupling mechanisms, especially when combined with other ground-based
observational techniques. Presented in this paper is a large-scale morning sector Pc5 event which was
observed simultaneously by ground-based magnetometers, two high-frequency Super Dual Auroral Radar
Network (SuperDARN) radars, and several Global Positioning System (GPS)/TEC receivers. The transient
2.6 mHz pulsations observed by the ground magnetometers and radars are accompanied by periodic
fluctuations in the time rate-of-change of TEC (ROT) at the same frequency. To investigate possible
mechanisms for the TEC modulation by ultralow frequency (ULF) waves, we determine the ratios between
the spectral amplitudes of the magnetic, ionospheric Doppler velocity and ROT oscillations. The relationship
between the simultaneous magnetic field and ionospheric Doppler velocity oscillations can be reasonably
well interpreted using the theory of Alfven wave interaction with the thin ionospheric layer. Though the
observed ratio between ROT and Doppler velocity amplitudes can be explained by the occurrence of local
steep gradient of the topside ionosphere plasma at auroral latitudes, the responsible modulation mechanism
cannot be considered as firmly established.

1. Introduction: ULF Wave Modulation of the Ionospheric Electrodynamics

The space community has obtained much of the information about ultralow frequency (ULF) waves in the
near-Earth environment using ground- and satellite-based magnetometers. However, the capabilities of
magnetometers are limited because they cannot measure in situ long-period ULF waves in the region where
the energy transfer from the magnetosphere into the upper atmosphere occurs, namely, the ionosphere.
Moreover, small-scale structures (<100 km) are screened by the ionosphere from ground magnetometers
(Baddeley et al., 2005). That is why ionospheric radars have become such a valuable tool, providing addi-
tional information about magnetohydrodynamic (MHD) wave interaction with the ionosphere (Fenrich
et al., 2006). The Super Dual Auroral Radar Network (SuperDARN) and ground magnetometers were found
to be very effective in studies of latitudinal structure and azimuthal propagation characteristics of Pc3-5
waves (Ponomarenko et al., 2001; Ziesolleck et al., 1998). Some indications have been obtained that informa-
tion on total electron content (TEC) of the ionosphere from global navigational satellite systems (GPS,
GLONASS, etc.) can similarly provide a new clue on the modulation of the ionospheric plasma by ULF
waves (Pilipenko et al., 2014; Watson et al., 2015).

Pc5 waves with periods 3-10 min are the most powerful wave process in the terrestrial environment, and they
can significantly modulate the ionosphere, comprising the ionospheric electric field E and plasma convection
velocity V (Lester et al., 2000; Norouzi-Sedeh et al., 2015; Sakaguchi et al., 2012); field-aligned current j
(Fenrich et al., 2019); E layer electron density and ionosphere conductance (Belakhovsky et al., 2016); elec-
tron and ion temperatures in both F and E layers (Lathuillere et al., 1986; Pitout et al., 2003), and finally
TEC (Davies & Hartman, 1976; Hamada et al., 2015; Okuzawa & Davies, 1981). However, a possible mechan-
ism of the modification of the ionosphere by magnetospheric ULF disturbance has not yet been established.
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Therefore, an examination of the impact on the ionosphere by disturbances of different physical nature, with
simultaneous data from magnetometers and various ionosphere sounding techniques: radars, riometers, and
GPS receivers, may provide an insight into the mechanism of the magnetosphere-ionosphere coupling.

Moreover, ULF wave activity in the ionosphere observed by radar is not just a replica of geomagnetic waves
observed on the ground. Some obtained results are puzzling and still have not been comprehended.
Ponomarenko et al. (2003) identified Pc4-5 activity in ~20% of scatter data, and only half of these radar
oscillations had similar frequency spectra to those of magnetic fields observed by a nearby ground magnet-
ometer. Sakaguchi et al. (2012) found that oscillations of ionospheric Doppler plasma velocity in the Pc5
band had the maximum of occurrence probability around the midnight, and almost no oscillation was
observed on the dayside. These results indicated that the nighttime Pc5 oscillations in the ionospheric
plasma flow do not represent well-known characteristics of Pc5 geomagnetic pulsations. Therefore, the
Pc5 wave power distributions obtained by radar observations may provide features different from those
obtained from magnetic field observations. Therefore, the physics of the ionospheric ULF pulsations cannot
be considered as firmly established.

In this case study we compare simultaneous magnetometer, TEC, and SuperDARN observations during
the Pc5 wave event that occurred on 2 March 2002 (Baddeley et al., 2007). A possible correspondence
between those instruments may help to determine the mechanism of the ionosphere modulation by mag-
netospheric disturbances.

2. Instrumentation and Data Analysis

Figure 1 shows the locations of the instrumentation used in this study. The magnetometer locations are indi-
cated as blue triangles and are marked by their three-letter IAGA codes. The red dots with four-letter codes
indicate the locations of the GPS receivers. The fields of view (FOV) of the King Salmon (KSR) and Kodiak
(KOD) SuperDARN radars are shown as black and brown dots, respectively. These data sets are described in
further detail below.

2.1. Ground-Based Magnetometer Network

The magnetometer data used in this study were obtained from the SuperMAG data portal (http://supermag.
jhuapl.edu). The 2-D array of stations allows a construction of the latitudinal and longitudinal profiles of
the ULF wave activity at a variety of LT. These data have a time resolution of 1 min and are provided in
a local magnetic coordinate system B = {X)Y}, where the X component corresponds in geomagnetic
coordinates to the north-south (meridional) direction, and the Y component corresponds to the east-west
(azimuthal) direction. The key magnetometers in the region under study are as follows: Pevek (PBK) with
geographic coordinates 70.1°N, 170.9°E at geomagnetic latitude ® = 65.4° (LT noon at 01:30 UT); College
(CMO) with coordinates 64.9°N, 212.1°E at ® = 65.1° (LT noon at 23:14 UT); and Barrow (BRW) with
coordinates 71.30°N, 203.25°E at ® = 70.0° (LT noon at 00:11 UT).

2.2. GPS/TEC Data

To characterize the TEC variations we use the standard data with 30-s resolution from the array of GPS
receivers from the international GNSS service (http://www.igs.org). Dual-frequency GPS methods use the
phase information from the L1 (1575.42 MHZ) and L2 (1227.60 MHz) frequencies for estimating the slant
TEC. The slant TEC has been recalculated into the vertical TEC Ny, measured in TEC units (1
TECu = 10'® e/m?), according to the relationship Nt = TECg ant-Sina, where « is the satellite elevation
angle. To avoid uncertainties related to the determination of absolute values of Nt, we derived from GPS
data the rate of TEC changes (ROT) dNr/dt using the phase measurements only. A radio path between a
ground receiver STN and GPS satellite with the pseudo-random-number N is denoted as STN/N.

2.3. SuperDARN High-Frequency Radars

The Kodiak and King Salmon radars are part of the SuperDARN, a global network of over 30 coherent scatter
radars designed for studying global ionospheric convection. The radar technique allows high temporal and
spatial resolution observations of ionospheric flow vectors V in both the E and F regions of the ionosphere
over a wide latitudinal and longitudinal area. The KOD radar covers western and Arctic Canada, and the
KSR radar covers Alaska and eastern Arctic Russia. Each radar scans clockwise through 16 beams with an

KOZYREVA ET AL.

2of 16


http://supermag.jhuapl.edu
http://supermag.jhuapl.edu
http://www.igs.org

A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2020JA028032

Figure 1. Array of magnetometers and GPS receivers in the Northern Hemisphere used in the study. Magnetometers
(three-letter codes) are denoted with blue triangles, GPS receivers (four-letter codes) are shown with red dots. The
polar projection of the FOV of the SuperDARN radars Kodiak (KOD) and King Salmon (KSR) are plotted with

dotted lines (beam numbering starts from 0, their beams #0 are highlighted). The solid bold red lines denote the
ionospheric pierce points of the GPS-receiver radio paths (in the format STN/PRN) between a receiver STN and satellite
with PRN number. The pierce-point of FAIR/28 radio path is shown with yellow line. Geomagnetic coordinates are
shown with solid thin lines, geographic coordinates are shown with dotted lines.

azimuthal separation 3.24°. Each radar runs through a 16 beam scan with a dwell time of 3 s or 7 s, resulting
in a full scan once every 1 min (KSR) or 2 min (KOD). Each beam is divided into 75 range gates with 45-km
range resolution. A radar beam N is further denoted as KOD/N or KSR/N beam. The radars detect coherent
backscatter from F region electron density irregularities and the measured Doppler velocity V corresponds to
the component of the E X B, drift velocity along the radar beam line of sight. ULF wave signatures are iden-
tified in the radar data as periodic fluctuations in the Doppler velocity which are superposed on the back-
ground convection flow.

3. Pc5 Event Occurred on 2 March 2002

On 2 March 2002 world-wide magnetometers record several activations of ULF activity in the Pc5 band.
This global Pc5 wave activity occurs under an extended period of northward IMF (B, ~ 10 nT), when the
energy supply into the magnetosphere via the reconnection process is suppressed. The ongoing auroral
activity (the SuperMAG SME index is ~150 nT) is probably fed by viscous interactions at the magneto-
pause and wave energy transfer into the magnetosphere. For a detailed analysis we concentrate on the
time interval 15-17 UT.

To identify the time interval and region for in-depth analysis we plot snapshots of global distribution of
0.5-hr wave power (geomagnetic X component) in the band 1.7-7.0 mHz (Figure 2). These snapshots
show that “epicenter” of Pc5 wave power is predominantly in the morning-noon sector, though Pc5
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Figure 2. Snapshots of global distribution wave power of geomagnetic X
component in the band 1.7-7.0 mHz (estimated with the Hilbert
transform) during time interval (top, middle, bottom) 15-17 UT.
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0. activations can be seen around noon and in the postnoon hours at
1600-1630 UT. Pc5 wave power intensification occurs in two latitudinal
regions: around ® ~ 66° and ® ~ 80°. As will be shown later, these
regions correspond to different types of Pc5-6 pulsation activity.

4. Spatial Structure of Geomagnetic and Ionospheric
Pulsations in the Pc5 Band

The entire event 04-18 UT was examined by Baddeley et al. (2007) using 5
magnetometer chains (covering 60-80° geomagnetic latitudes) in
1214 6 18 20 Scandinavia, Greenland, Canada, Alaska, and Russia. The characteristic
. resonant amplitude-phase latitudinal structure was identified in the dawn
flank at resonant frequencies 1.7, 2.6, 3.3, 4.2, and 5.4 mHz. The data from
a longitudinal profile indicated an antisunward propagation in both the
dawn and dusk flanks with a moderate azimuthal wave number
m=38+ 3.

o

To examine the latitudinal and longitudinal structure of geomagnetic and
ionospheric pulsations, we have constructed the profiles in geomagnetic
coordinates from magnetometers and radar beams shown in Figure 1.
During selected time interval 15-17 UT the KOD and KSR radars are in
the morning sector.

16301700 UT . The only available magnetometer latitudinal profile BRW-FYU-CMO-

08

GAK along the geomagnetic longitude A ~ 265° is at Alaska (local noon
is between 23-24 UT). The longitudinal profile along ® ~ 65° is formed
by stations PBK-CMO-DAW-FSP-FMC in the range A ~ 264-308° (local
noon is at 0130-2315-2300-2100-2000 UT, that is all stations are in the
morning sector). The stacked magnetograms (X components) from the
longitudinal profile along ® ~ 65° and latitudinal profile along A ~ 265°
are shown in the left-hand and right-hand panels of Figure 3, respectively.
During the time interval under consideration, two bursts of transient Pc5
pulsations are observed, starting at approximately 1530 UT and 1600 UT.
2 14 16 18 20 The interplanetary OMNI data show that the geomagnetic and iono-

o

MLT spheric ULF wave activities have been stimulated by jumps of the solar

wind density from ~2 cm™> to ~8 cm ™ around 1530 UT and 1600 UT on
the background of steady solar wind velocity ~380 km/s (Figure 3, upper
panels). Magnetograms from the longitudinal magnetometer profile indi-
cate an antisunward wave propagation in the azimuthal direction
(Figure 3, left-hand panel). The magnetometer latitudinal profile at
Alaska shows that Pc5 activity is concentrated in the range of geomagnetic latitudes ~63-67° (Figure 3,
right-hand panel). At higher latitudes ® > 70° (BRW station), long-period quasi-periodic variations can be
seen. These variations may be attributed to the specific daytime high-latitude irregular pulsations at cusp
latitudes (IPCL) (Pilipenko et al., 2018).

From the available SuperDARN radar 2-D data for various beams and ranges we have constructed the
Doppler velocity profiles along the geomagnetic north-south (N-S) and east-west (E-W) directions. Since
SuperDARN radars measure only the line-of-sight (LOS) component of the velocity, these profiles have
been constructed using data only from the beams which were closely aligned to the geomagnetic N-S
and E-W directions. At KOD radar, the Doppler velocity shows periodic variations that start around
1530 UT and 1600 UT (Figure 4). Beams 4-5 of KOD correspond to the meridional direction, so they char-
acterize the meridional component of the velocity pulsations, that is V' ~ V4. From a latitudinal profile of
Doppler velocity oscillations constructed of the KOD data for various gates (Figure 4, right-hand panel),
one can see that Pc5 waves are observed in the range of latitudes <70°, whereas at higher latitudes more
intense (peak-to-peak amplitudes ~300-600 m/s) and irregular variations occur. These variations are the
ionospheric signatures of IPCL. The SuperDARN FOV covers a wider range of latitudes as compared with
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Figure 3. The magnetograms (B, components) from the longitudinal along ® ~ 65° (left-hand panel) and latitudinal along A ~ 260° (right-hand panel) profiles.
Two upper curves show the solar wind plasma density from the OMNI database. Geomagnetic coordinates are indicated near the station codes.

the available magnetometer array. Thus, the KOD/05 radar beam reveals besides Pc5 oscillations at
® ~ 66-69°, irregular and intense quasiperiodic variations at higher latitudes 71-73°.

From the KSR multibeam radar data the longitudinal profile along ® ~ 67° may be constructed (Figure 5).
Doppler velocity along the beam KSR/03 nearly corresponds to the azimuthal direction at A ~ 63°, that is
V ~ V. The observed pulsations are more monochromatic, having peak-to-peak amplitudes V), ~ 300 m/s.

Tonospheric oscillations in the Pc5 band can be seen from the range-time-intensity (RTI) plots at all radars
(Figure 6). An inclined pattern of the observed Doppler velocity indicates an apparent poleward propagation
of the ionospheric Pc5 pulsations.

The large longitudinal extent of the wave activity extended over several beams in the radar FOV during this
event enabled Baddeley et al. (2007) to ascertain the wave azimuthal scale size. Throughout the entire inter-
val (~14 hr) when the wave was observed by radars the azimuthal number remained approximately con-
stant, m = 8 + 3. The sign of phase delay indicated that the wave propagated in the westward
(antisunward) direction along the ionosphere. The azimuthal scale of the wave was estimated to be
Ay ~ 1,500 km.

5. Comparison of Simultaneous Magnetometer, Radar, and TEC Variations

TEC data from various radio paths between GPS satellites and ground receivers have been compared
with the simultaneous magnetometer and radar data. We present several examples of colocated
magnetometer, radar, and TEC data for the 2 March 2002 event under consideration. We use the beam
KSR/03, corresponding to the azimuthal direction, and the beam KOD/04, corresponding to the
meridional direction.
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Figure 4. The spatial structure of the Doppler velocity field for KOD radar during time interval 1,500-1,630 UT. (left-hand panel) The velocity from longitudinal
along ® ~ 67° profile (beam number is shown near right-hand Y axis); (right-hand panel) the velocity along latitudinal along A ~ 260° profiles (gate numbers are

indicated near right-hand axis).

Comparison of waveforms of KOD/04 beam Doppler velocity (upper panel), ROT from FAIR/08 track (mid-
dle panel), and magnetic field (X component) at CMO station (bottom panel) shows that transient Pc5 pul-
sations manifest themselves in all instruments (Figure 7, left-hand panel) with peak-to-peak amplitudes
Vy ~ 200 m/s, ROT ~ 0.2 TECu/min, and X ~ 15 nT. The pierce point is nearly above the magnetic station
CMO. Spectra of simultaneous variations of magnetic field, ionospheric meridional velocity, and ROT from
aradio path FAIR/08 during time interval 1520-1550 UT are shown in the same figure, but in the right-hand
panel. Dominant frequency ~ 2.6 mHz (period ~6.4 min) is observed in time series from all instruments.

A similar comparison of waveforms of KOD/10 beam Doppler velocity (upper panel), ROT from INVK/23
track (middle panel), and magnetic field (X component) at BRW station (bottom panel) confirms a good cor-
respondence between Pc5 signatures in all instruments (Figure 8, left-hand panel). Beam KOD/10 goes
across the pierce point of the INVK/23 radio path. The meridional direction corresponds to the beam 04,
where V ~ V,, but variations at nearby beam 10 are very similar. BRW magnetometer is far from the pierce
point, but at the same geomagnetic latitude. All variations are nearly in-phase. The peak-to-peak amplitudes
of variations are V, ~ 300 m/s, ROT ~ 1.0 TECu/min, and X ~ 20 nT. Spectra of both ionospheric and mag-
netic field variations (Figure 8, right-hand panel) confirms the occurrence of coherent Pc5 pulsations with
frequency ~2.6 mHz.

Comparison of waveforms of KSR/03 beam Doppler velocity corresponding to the azimuthal direction
(upper panel), ROT from BILI/18 track (middle panel), and magnetic field (X component) at PBK station
(bottom panel) shows that transient Pc5 pulsations are observed by all instruments (Figure 9, left-hand
panel) with peak-to-peak amplitudes V, ~ 300 m/s, ROT ~ 0.06 TECu/min, and X ~ 15 nT. The GPS
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tion. The corresponding spectra for the time interval 1520-1550 UT are
shown in the right-hand panel of Figure 9. Pulsations with a dominant
frequency of ~2.6 mHz are observed both in geomagnetic field and in
the ionosphere.

37(227MM)

36
Finally, a comparison of waveforms of Doppler radar velocity, ROT from

two nearby radio paths, and magnetic field confirms a correspondence
between Pc5 signatures in all instruments (Figure 10). The KOD/04 beam
velocity (corresponding to V, component) shows two bursts of transient
Pc5 waves: starting at ~1530 UT with peak-to-peak amplitude ~300 m/s,
and at ~1600 UT with amplitude ~70 m/s. Although the radio paths
FAIR/28 and FAIR/08 are very close to each other (Figure 1), their ROT
waveforms are not identical. The FAIR/08 ROT responds to both Pc5 tran-
sient pulsations with amplitudes ~0.4 TECu/min at ~1530 UT, and ~0.3
TECu/min at ~1600 UT, whereas the FAIR/28 ROT has a clear response
only to the second Pc5 transient. The amplitude of simultaneous ground
magnetic oscillations (X component) at CMO is ~10-15 nT.

35

34

33

32 Now let us summarize the results of the presented above examples. The
ratio between the Doppler velocity V (either azimuthal or meridional
components) and magnetic variations B (X and Y components) varied
widely depending on a selected instrument pair. This ratio has been esti-
mated as the ratio between the amplitude spectral densities at central fre-
quency 2.6 mHz (right-hand panels of Figures 7-9). The results are as
Lo N follows:

31(236MM)

15:00 15:15 15:30

Figure 5. The Doppler velocity at the longitudinal profile along ® ~ 67°

15:45 16:00
uT

16:15  16:30 16:45 17:00
1. KOD radar: V,/X (CMO) ~ 7 (m/s)/nT; V,/X (DAW) ~ 12 (m/s)/nT,

2. KSR radar: V,/X (PBK) ~ 25 (m/s)/nT.

(gate number is shown near right-hand Y axis) for KSR/03 radar. The ratio of spectral densities between pulsations of the ROT and iono-

spheric velocity also varies in a wide range depending on a selected pair
of instruments. The results are as follows:

1. ROT (FAIR/08)/V, (KOD/04) ~ 7.6-10~* (TECu/min)/(m/s);
2. ROT (INVK/23)/V, (KOD/10) ~ 34-10~* (TECu/min)/(m/s),
3. ROT (BILI/18)/V,, (KSR/03) ~3.4-10~* (TECu/min)/(m/s).

The obtained results provide a valuable information for modelers trying to interpret the effects of the ULF
wave modulation of the ionosphere.

Here we have considered the amplitude relationships only. Phase relationships can be seen visually, for
example, variations of ROT(f) and Vi(t) are predominantly in-phase, whereas variations of V,(f) and
magnetic X(f) component on the ground are out-of-phase; and some time delay between ionospheric
Pc5 oscillations recorded along different paths can be seen. However, the phase relationships are not
considered here.

6. Possible Mechanisms of the Ionosphere Modulation by ULF Waves

Several mechanisms of modulation of the ionospheric plasma and electromagnetic field by ULF wave may
operate. The modulated precipitation of energetic electrons, causing ionization and polarization of the lower
ionosphere and responsible for a disturbance recorded by riometers, can influence the bottom E and D layers
making a patch with enhanced ionization (Spanswick et al., 2005). A resulting polarization electric field may
penetrate from the E layer into the F layer and modify plasma in the upper ionosphere (Shalimov &
Kozlovsky, 2015). However, during the event under consideration, a precipitation of energetic electrons
and ionization of the lower ionosphere turn out to be weak, as evidenced by the MARIA riometers (http://
www.sp-agency.ca/www/maria.htm) and cannot contribute noticeably into the ionospheric variations.
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100 200 300 electric field of an incident MHD wave. The radar observations of ULF
waves in the upper ionosphere can detect oscillations of the ionospheric
plasma with velocity V=[E x By]/B2, induced by a wave electric field E.
The corresponding E field can be obtained as E = — [V X By] from the
radar V data (the order of magnitude estimate is V [m/s] = 20E [mV/
m]). At high latitudes the radar backscatter is sensitive to
near-horizontal plasma motion V = {V,, V}. The horizontal components
of the plasma velocity are related to the horizontal components of the
wave electric field as V,, = (E,/B,)sinl, and V), = (E,/B,)/sinl. The geomag-
netic field By is inclined to the ionosphere by the inclination angle I. A
small contribution from V, component, which can be obtained from a
ground scatter, for the event under consideration is weak.

15:00 15:30

King Salmon (KSR), beam 6

Here we provide simple order-of-magnitude estimates of the correspon-
dence between the ionospheric velocity V, disturbances of TEC (ROT),
and ground magnetic field B. We suppose that wave space-time structure

721
701
68

66

Magnetic latitude

64

is mimicked by a wave harmonic «xexp(—iwt + ik,x + ik,y). On the ground,
the theoretically modeled B, component corresponds to the measured X
component, and B, component corresponds to Y component.

The interaction of ULF waves (Pc4-5 band) with the compound system
magnetosphere - ionosphere-atmosphere-ground can be considered
under the thin ionosphere approximation (Alperovich & Fedorov, 2007;
Hughes & Southwood, 1976). Upon the interaction of an Alfven wave with
the anisotropically conductive ionosphere, a secondary compressional
mode is excited. This mode has an evanescent vertical structure, decaying

15:00 15:30

16:00 16:30 17:00 with altitude z as «xexp(—kz). The excitation of this mode becomes notice-
Universal time

able only for rather small transverse scales, k > 10~ 3km ™. In our event

Figure 6. RTI plots for 15-17 UT on 2 March from the Kodiak (KOD) and the Pc5 azimuthal and meridional scales in the ionosphere are
King Salmon (KSR) HF radars. Each panel shows color-coded Ay ~ 1,500 km, and A, ~ 600 km (Baddeley et al., 2007), so the correspond-
representation (flow away from the radar [negative velocity] is red, with ing wave vectors are k, = 2m/A, ~ 41073 km™, and k. = 2m/

flow toward the radar [positive velocity] blue) of the LOS ionospheric
velocity measured by a single beam of each radar as a function of time over

magnetic latitudes of 63-76°N.

A ~ 1072 km ™. For such transverse scales (<600 km), the contribution
of the secondary fast mode into the ULF wave structure in the F layer
(z ~ 200 km) is less 10%. For a larger scale, the decay of wave amplitude
with altitude is not so dramatic, but excitation rate of the evanescent mode is low and it does not contribute
to the dominant Alfven component E, in the upper ionosphere. Therefore, it is fair to suppose that Pc5 elec-
tric field in the ionosphere is nearly totally composed from the Alfven wave mode. In a large-scale toroidal
Alfven mode (k. > k,) the dominant horizontal components in the ionosphere are to be By, E,, V. This mode
is excited by MHD disturbances from the distant magnetosphere via the field line Alfven resonance.

From the general theory of the Alfven wave interaction with the thin ionosphere it follows that, upon
the wave transmission through the ionosphere to the ground, the polarization ellipse rotates by m/2,
o) B§m>—>Bx, and B! —B,. The rate of the ground magnetic response to magnetospheric Alfven waves
is controlled by the factor exp(—kyh), where h is the height of the E layer. In our event m ~ 5-11
(Baddeley et al., 2007), which for ® = 70° is less than the critical value m * = (Rg/h)cos® ~ 22, when
a substantial screening by the ionosphere begins.

The excitation of Alfvenic field line oscillations takes place owing to the resonant MHD mode coupling in
the magnetosphere. On the ground, a radial (latitudinal) structure of the resonant component B,(x) (corre-
sponding to V), component of plasma velocity in the ionosphere) in the vicinity of the resonant magnetic
shell with coordinate x, produced by the mode conversion can be modeled as

 y iSm

By(x) = —Bm ZHgipp =™ 1
() S X =X +iBm + ) W
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Figure 7. (left-hand panels) Waveforms of KOD/04 radar radial Doppler velocity (upper panel), ROT from FAIR/08 track (middle panel), and magnetic field (B,
component) at CMO (bottom panel); (right-hand panels) spectra of simultaneous variations of the ionospheric Doppler velocity, ROT, and magnetic field, shown
in the left-hand panel, during the time interval 1,520-1,550 UT.

Here 8, is the width of the resonant peak above the bottom ionosphere, and B™ s the peak value of reso-
nant structure. The ground magnetic response to the magnetospheric resonant structure has the same spa-
tial form as an incident wave, but the peak amplitude is somewhat reduced and smeared. The nonresonant
component B,(x) (and corresponding V, component in the ionosphere) should not reveal resonant features.
In a coupled MHD structure, the Alfvenic part, described by Equation 1, dominates in the vicinity of the
resonant peak.

In the SuperDARN ionospheric backscatter observations only the LOS velocity component is available.
Therefore, if a beam is exactly aligned with a magnetic longitude (e.g., beam 5-8 of KOD), the poloidal wave
component of the velocity V. is seen, so the resonant features may be missed. If, on the other hand, a beam is
aligned with a magnetic latitude (e.g., beam KSR/03) to see the toroidal wave component, V,, one does not
see the amplitude-phase resonant features across the resonance, but only the phase change is associated with
the azimuthal propagation. Thus, the phase structure corresponding to Equation 1 (e.g., an apparent pole-
ward propagation) can be seen in the SuperDARN data only, thanks to a “contamination” of nonresonant
component by a resonant one.
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Figure 8. (left-hand panels) Waveforms of KOD/10 radar Doppler radial velocity (upper panel), ROT from INVK/23 track (middle panel), and magnetic field (X
component) at DAW (bottom panel); (right-hand panels) Spectra of simultaneous variations of the ionospheric Doppler velocity, ROT, and magnetic field, shown
in the left-hand panel, during the time interval 1,520-1,550 UT.

KOZYREVA ET AL. 10 of 16



Ay

NI Journal of Geophysical Research: Space Physics 10.1029/2020JA028032
KSR BEAM: 03 02032002 15:20-15:50 UT
- 70F ! ! ! b
100 ol V(K;SR_O3_33);
o o R U
£ o g\
~100 30 i
20¢ ;
BIL (62.9°, 228.‘O°) 10 3 i f q
ROT) ‘ * |
0.06" PRN 18 | 0.020- dTEC (BILL_18)
0.04 - . ! ]
£ i M 0.015 .
£ 0.02H - ‘ .
> : | 1 |
S 0.000 § ? i 0010
= - : : '
-0.02 1 :
E W\J 3 | 0.005
S0 5 3 5 i
©eek( 654, 230.2)
F ; 1 : 3 — X(PBK)
= 7 Y(PBK);
:E ' i
= S
© =
C

15:00 15:15 15:30 15:45 16:00
uT mHz

Figure 9. (left-hand panels) Waveforms of KSR/03 radar Doppler azimuthal velocity (upper panel), ROT from BILI/18 track (middle panel), and magnetic field (X
component) at PBK (bottom panel); (right-hand panels) Spectra of simultaneous variations of the ionospheric Doppler velocity, ROT, and magnetic field, shown in
the left-hand panel, during the time interval 1,520-1,550 UT.

6.1. Doppler Velocity and Ground Magnetic Field Responses

If the Alfvenic structure is not very narrow, 6., > h, the experimentally measured ratio for the toroidal Alfven
mode V, component in the ionosphere to the ground magnetic disturbance, Bx, near the spatial maximum
(x = x,) is to be (Pilipenko et al., 2012)

vy Vi

Be Bysin’l

(#oZuBosin’l) ©)

The characteristic ionospheric velocities Vp gy = (UoZp, )" (where magnetic constant u, = 4r - 10~ "H/m) are
determined by the height-integrated Pedersen Xp and Hall X;; conductances. For the order of magnitude
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estimate the following relationships can be used V[km/s] ~ 800/Z[S] and
V[m/s]/X[nT] 14Z;'. As predicted by Equation 2, for the same magnetic
oscillation amplitude, the Alfven wave electric field and velocity ampli-
tudes in the ionosphere must be higher under low conductivity.

In the ideal theoretical limit (k. >> k), the wave components in the iono-

sphere, V, and B}(,m), induced upon the toroidal Alfven wave interaction

1. /10 TECu/min

with the ionosphere, are to be much weaker than the components V,
and B)(('"). More realistically, finite E), and B)(Cm) components may emerge
owing to a finite m value. A simple estimate of these components can be
derived from the following consideration. Because in an incident Alfven
wave B o« |V X El| = k.Ey, — k,E, = 0, for such a spatial structure 1V,/
Vi~ sin’]l IEy/Ex|~sinZI |ky/k,|. From the ground observations |k,/k, ~ 0.4,
so Vand Y components must be about 2 times weaker than V},, and X com-
ponents. In fact, on the ground the Y («V,) component is just ~20%
weaker than the X component (V) (see spectra in Figures 7-10).

No measurements of the exact ionospheric parameters Xp, X are avail-
able. The CMO station, during the event (~16 UT) is just before the appar-
ent sunrise (~17 UT), whereas the PBK station is under a dark ionosphere,
well before the sunrise (~20 UT) (https://www.esrl.noaa.gov/gmd/grad/
solcalc). The ionospheric conductances predicted by the IRI-2016 model

15:00 15:15 15:30 15:45 16:00 16:15 16:30
uT

Figure 10. A comparison of waveforms of Doppler radar velocity (KOD/04

(http://wdc.kugi.kyoto-u.ac.jp/ionocond/sigcal) are rather low: Above
CMO Zp = 0.8 S and Xy = 0.6 S, whereas above PBK Xp = 0.3 S and
Xy = 0.3 S. The geomagnetic field in Alaska region is B, ~ 56,000 nT

beam), ROT from two nearby radio paths FAIR/28 and FAIR/08, and and its inclination is I ~ 80°.

magnetic field (B, component) at CMO.

According to the estimate 2 for the IRI-predicted ionospheric

conductances, during event the ratio, V,/By, between the radial velocity
in the ionosphere (KOD) and ground magnetic response (CMO) must be ~23 (m/s)/nT. The observed
ratio V,/X between the KOD/10 beam and CMO magnetometer is ~7 (m/s)/nT (Figure 7), and for the
KOD/04 beam and DAW magnetometer is ~12 (m/s)/nT (Figure 8). For the KSR/PBK pair, the V,/By
ratio for the IRI-predicted ionospheric parameters must be ~47 (m/s)/nT. In our event, the V,/X ratio
between the amplitude of the azimuthal ionospheric velocity at KSR/03 beam and ground magnetic
response is ~25 (m/s)/nT (Figure 9). The observed relations qualitatively agree with the theoretical
estimate with an accuracy ~50%, keeping in mind the simplicity of the model, uncertainty of the
ionospheric background parameters, and mismatch between the radar backscatter location and position
of a ground magnetometer.

6.2. TEC and Doppler Velocity Pulsations

Now let us consider the modulation of the ionospheric plasma density due to the interaction of an incident
MHD wave with the ionosphere-atmosphere-ground system. Possible mechanisms of TEC modulation by
incident fast compressional and Alfven waves are very different. The compressional mode induces the
plasma compression, whereas the electric field of this mode in the ionosphere is weak (Teramoto et al., 2014).
During our event the magnetospheric MHD wave may be a coupled Alfven and fast compressional mode. No
satellite data in this sector are available to examine this possibility, so we suppose that a magnetospheric
mode, especially in the vicinity of the resonance maximum, is predominantly composed from Alfvenic mode.

A plausible mechanism of TEC modulation may be related to field-aligned plasma transport (Belakhovsky
et al.,, 2016). The field-aligned current and thermal electron flux transported by an Alfven wave causes a
depletion or accumulation of plasma in the ionosphere. These electrons do not ionize the ionospheric
plasma, but just pump/deplete the ionospheric plasma content. As a result, the plasma density in a region
with a strong vertical gradient of N(z) may increase/decrease. An upper estimate of variation of plasma
density integrated along a flux tube, N7, can be obtained from the height-integrated balance equation
3Nt = j,/e, where e = 1.6:107'9°C is the electron charge. The current j, entering the upper ionosphere
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by an Alfven wave is related to the transverse electric field E; in the ionosphere as follows:
Jjz = — Div(ZpE)), or by the order of magnitude, |j, | = Zpk, | E,|. Combination of the balance equation
with this estimate yields

ROT

Vy

~ e 'sinlk,B,Zp;

ROT
Vi

kxBoZp (kx
= esinl <k_y> ®

Substituting in Equation 3 I = 80°, k, = 27/600 km™, Xp=1S,B,= 5.6-10% nT, one can obtain the order of
magnitude estimate ROT[TECu/min]/Vy[m/s] 2 - 107°. The relationship (3) predicts that the TEC modula-
tion due to periodic field-aligned electron flux, transported by an Alfven wave, should be related to ground
magnetic variations as ROT(t) «x B,(t). Such correspondence between variations of ROT(t) and B(t) can be
used as a signature of this mechanism. However, the predicted value is about an order of magnitude less than
the observed relationship ROT/V,, ~ 3-10™* (TECu/min)/(m/s) for the BILI/18-KSR/03 pair. For the ratio
ROT/V, the estimate 3 predicts ROT/Vy ~ 6-10"° (TECu/min)/(m/s) for ky/ky, = 2.5. This ratio also is about
magnitude of order less than the observed values (3-30)-10~* (TECu/min)/(m/s). Thus, other mechanisms
should be considered.

The ionosphere modulation may be associated with the heating of the ionospheric ions during the plasma
dragging through neutrals (having velocity V,, = 0 and temperature T,,). This effect in the Pc5 frequency
range can be estimated using the relation for the frictional heating by quasi-DC electric field (Lathuillere
et al., 1986) for a typical F layer plasma

AT; — T, = 7.41074(V)? 4

During the Pc5 event considered here (Figures 7-9), the oscillatory velocity V ~ +150 m/s (Baddeley
et al., 2007). Assuming that |Vl = 300 m/s, it follows from Equation 4 that the Joule heating can cause
the ion temperature enhancement up to AT; ~ 70°K. The plasma heating may shift the
ionization-recombination balance due to the temperature-dependent recombination coefficient 3(T) and
cause plasma density variations. The reaction rates of dominant F layer ion O+ with O, and N, neutrals
and, consequently, recombination coefficient 8, depend strongly on the temperature 8 « T, therefore,
AB/B = AT/T (Pilipenko et al., 2014). The periodic ion heating of the F layer plasma will cause the
increase/decrease of recombination and, consequently, the periodic plasma density variations. In the most
favorable case, when the periodicity of the temperature oscillations is larger than the recombination time,
w < f3, the linearization of the balance equation yields AN;/Nr =~ AB/S ~ AT/T. According to this estimate,
for T~ 10’ K, and AT ~ 70 K, the expected plasma modulation depth is to be AN7/N7 ~ 7%. According to the
TEC maps in Alaska region the absolute TEC values must be around Ny ~ 5 TECu. Therefore, for ANy~ 0.3
TECu, the estimated amplitude of the ROT variations with period T ~ 6.4 min is ROT ~ 2nAN7/T ~ 0.3
TECu/min. This estimate is within the range of observed magnitude of periodic TEC modulation,
ROT ~ 0.2-1.0 TECu/min (Figures 7-9).

Another plausible TEC modulation mechanism may comprise a periodic drift with velocity V across a lateral
gradient of the ionospheric plasma, namely @N7/gt = (VV)Nr (Waters & Cox, 2009). Assuming that a largest
lateral gradient is in the N-S direction, that is at latitude distance A® [deg] the TEC value varies by AN, the
possible variations of TEC can be estimated as

ROT [TECu/min] ANy
Ve [m/s] AD

©)

A latitudinal gradient of TEC for the event under consideration has been roughly estimated from global
TEC maps from the portal (http://vt.superdarn.org) as ANy/A® ~ 4 TECu/deg. Thus, the expected nor-
malized effect as follows from the estimate (5) may be ROT/V, ~ 2:103 (TECu/min)/(m/s). Therefore,
such latitudinal gradient of TEC may be sufficient to produce the observed TEC modulation by Alfven
waves ~(0.8-3.0)-10~> (TECu/min)/(m/s). The occurrence of a wide range of plasma inhomogeneities in
the auroral upper ionosphere may explain a large variety of the observed TEC responses to Pc5 waves,
even at close radio paths.
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Modulated precipitation of soft electrons cannot be detected by riometers but can cause additional ionization
in the F layer. However, this assumption cannot be validated because of lack of relevant data from any
ground instrument (e.g., imagers) or LEO satellites.

7. Discussion

During the event under study, impulses of the solar wind density trigger transient Pc5 pulsations recorded by
ionospheric radars and ground magnetometers. The GPS/TEC technique turns out to be sensitive enough to
detect Pc5 waves even with a moderate amplitude on the ground, ~20 nT. The previously reported effects of
TEC modulations by global Pc5 waves were observed for very intense pulsations, ~200 nT (Pilipenko
et al., 2014). The relationships between amplitudes of simultaneous periodic variations of the ionospheric
plasma velocity and geomagnetic field can be reasonably well interpreted on the basis of the theory of
Alfven wave interaction with the thin ionospheric layer. At the same time, our brief theoretical considera-
tion of several plausible mechanisms that may be responsible for TEC modulation by Pc5 waves, such as per-
iodic plasma heating, convection across a steep gradient, and field-aligned electron transport, has shown
that these mechanisms could interpret quantitatively the observed effects only under a very favorable set
of parameters. The mechanism of TEC modulation owing to the plasma field-aligned transfer may produce
a noticeable effect only under very high amplitudes (>100 nT) of Pc5 waves as in the events considered by
Pilipenko et al. (2014) and Belakhovsky et al. (2016). The effect of TEC modulation by Pc5 waves possibly
may be caused by a strong latitudinal gradient of the topside ionospheric plasma. The ion heating and con-
sequent modification of the recombination coefficient may also contribute to the TEC modulation by the
Alfven wave electric field. However, many ionospheric parameters used in the above estimates are unknown
for the event under study, which does not allow us to make a definite judgment about validity of one or
another mechanism. Any future theory must be capable to explain the observed relationships between the
periodic variations of ROT, ionospheric Doppler velocity, and ground magnetic response.

The periodic increase in the F region electron temperature stimulated by Pc5 waves was observed by the
EISCAT radar (Pitout et al., 2003). Modeling indicated that the heating was not as a result of electron preci-
pitation (due to the fact that the electron energy was too low to account for the observed F region ionization)
but was due to the electron thermal conductivity from the downgoing electron heat flux. The possibility that
field-aligned currents are transported predominantly by low-energy electrons, which may produce ioniza-
tion of the F region plasma, should be theoretically modeled. If this possibility is feasible then the
GPS/TEC observations would be a tool to monitor precipitation of such electrons.

Besides classical Pc5 waves, considered here, radar analysis of other long-period ULF events revealed many
puzzling wave phenomena. The morphological properties of these types of ionospheric oscillations in the
Pc5 band were very different from those of classical geomagnetic Pc5 waves. Mtumela et al. (2016) found sev-
eral Pc5-6 global events over an unusually large range of longitudes (>120°) on the afternoon/dusk side dur-
ing very quiet geomagnetic conditions (Dst ~ 0). In contrast to typical geomagnetic Pc5 waves, their sense of
azimuthal phase propagation was westward (sunward) with the azimuthal wave number m ~ 7-12. This sun-
ward propagation was attributed to oscillations generated by earthward flows in the magnetotail, though no
supporting data sets have been found for this suggestion. Ionospheric Pc5 oscillations presented in
(Sakaguchi et al., 2012) also hardly can be associated with classical Pc5 waves. Oscillations of ionospheric
Doppler velocity in the Pc5 band observed by the SuperDARN KSR radar had no relation with solar wind
velocity, dynamic pressure, or geomagnetic indices, and local time distributions of the ionospheric Pc5 oscil-
lations showed the maximal occurrence probability around the midnight, whereas backscatter echoes exhib-
ited almost no oscillation on the dayside. These results indicated that the nighttime toroidal Pc5 oscillations
in the ionospheric plasma flow do not represent well-known characteristics of Pc5 geomagnetic pulsations.
Shi et al. (2018) found that ionospheric signatures of Pc5 waves (~2 mHz) dominated at high and polar lati-
tudes in the dusk sector and during winter. The observed occurrence rate was very different from known
geomagnetic Pc5 wave morphology. The existence of ionospheric oscillations in the Pc5/Pi3 band without
a ground magnetic response were noticed in (Bland & McDonald, 2016; Kozyreva et al., 2019; Scoular
etal., 2013). So far, the mechanisms of these ionospheric fluctuations and their association with geomagnetic
pulsations still have not been established. Thus, ULF activity in the ionosphere is not just a replica of
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geomagnetic ULF waves observed on the ground. A coordinated radar, GPS, and geomagnetic analysis of
those long-period ULF events might be useful to reveal the physics of those puzzling wave phenomena.

In the event under consideration, high-latitude pulsations beyond the nominal Pc5 band (IPCL-type) have
been detected by the KOD radar and high-latitude magnetometer (BRW). The possibility of TEC response
to IPCL cannot be examined owing to the lack of appropriate GPS receivers at high latitudes in this region
and will be considered elsewhere.

8. Conclusion

Impulses of the solar wind density trigger transient Pc5 pulsations on the morning flank of the magneto-
sphere both in geomagnetic field and ionospheric plasma. GPS/TEC technique has turned out to be sen-
sitive enough to detect Pc5 waves even with a moderate amplitude on the ground, ~20 nT. The presented
results are the first simultaneous observations of Pc5 waves by radar, GPS, and magnetometer. The mea-
sured ratios between spectral amplitudes of Doppler velocity, TEC, and ground magnetic field oscillations
can be a basis for future theories of ULF wave modulation of the ionosphere. The relationships between
amplitudes of periodic variations of the ionospheric Doppler velocity and geomagnetic field have been
reasonably well interpreted on the basis of the theory of Alfven wave interaction with the thin iono-
sphere. Although the presented observational results have provided additional evidence of substantial
modulation of the ionosphere TEC by ULF waves, one still cannot say that responsible modulation
mechanism is well comprehended. The considered mechanisms, such as the periodic ion heating and
field-aligned plasma transport, seemingly cannot alone interpret the observed effects. Assuming the
occurrence of local steep gradient of the top-side ionospheric plasma, larger than ~1 TECu/deg, may be
sufficient to produce the observed TEC modulation by Alfven waves. So far, the effect of TEC modulation
by Pc5 waves is a challenge for the MHD wave theory, because the responsible mechanism of such mod-
ulation has not been firmly established yet. Combined usage of magnetometers, ionospheric radars, and
GPS/TEC is a very perspective way to reveal the physical mechanism of the ionosphere modulation. It
may open a possibility to monitor a modulated precipitation of soft electrons, which cannot be detected
by riometers.

Data Availability Statement

1. SuperDARN radar data from the British Antarctic Survey data mirror (https://www.bas.ac.uk/
project/superdarn).
2. One minute publicly available magnetometer data from SuperMAG (http://supermag.jhuapl.edu) and
INTERMAGNET (http://www.intermagnet.org) arrays.
3. GPS 30-s open data from IGS (http://www.igs.org).
. TEC maps are publicly available via the Virginia Tech website (http://vt.superdarn.org).
5. OMNI (https://omniweb.gsfc.nasa.gov).
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