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Abstract. We analyze Pc2-3 pulsations recorded by the
CHAMP (CHAIllenging Minisatellite Payload) satellite in the
F layer of the Earth’s ionosphere, on the ground, and in
the magnetosphere during quiet geomagnetic conditions. The
spectra of Pc2-3 pulsations recorded in the F layer are en-
riched with frequencies above 50 mHz in comparison to the
ground Pc2-3 spectra. These frequencies are higher than the
fundamental harmonics of the field line resonances in the
magnetosphere. High quality signals with dominant frequen-
cies 70-200 mHz are a regular phenomenon in the F layer
and in the magnetosphere. The mean latitude of the maxi-
mum Pc2-3 occurrence rate liesat L ~ 3.5 in the F layer, i.e.,
inside the plasmasphere. Day-to-day variations of the L value
of the CHAMP Pc2-3 occurrence rate maximum follow the
plasmapause day-to-day variations. Polarization and ampli-
tude of Pc2-3s in the magnetosphere, in the ionosphere, and
on the ground allow us to suggest that they are generated as
fast magnetosonic (FMS) waves in the outer magnetosphere
and are partly converted into shear Alfven waves near the
plasmapause. The observed ground-to-ionosphere amplitude
ratio during the night is interpreted as a result of the Alfven
wave transmission through the ionosphere. The problem of
wave transmission through the ionosphere is solved theo-
retically by means of a numerical solution of the full-wave
equation for the Alfven wave reflection from and transmis-
sion through a horizontally stratified ionosphere. The best
agreement between the calculated and measured values of
the ground-to-ionosphere amplitude ratio is found for k =
5x 103 km™1, i.e., the observed ground-to-ionosphere am-
plitude ratio corresponds to a wave spatial scale which could
provide a Doppler shift within a few percent of the appar-
ent frequency of the Pc2-3 pulsations as recorded by a low-
orbiting spacecraft.

Keywords. lonosphere (wave propagation) — magneto-
spheric physics (MHD waves and instabilities)

1 Introduction

The main morphological features of ground pulsations
in the frequency range from 20mHz to 1Hz (Pcl-3)
were calculated almost fifty years ago (Guglielmi and
Troitskaya, 1969). The most important difference between
Pc3s and Pcls is that Pc3 spectra are controlled mostly
by extra-magnetospheric parameters while for Pcl, intra-
magnetospheric control dominates. A quasi-monochromatic
source for both Pc3 and Pcl is the ion cyclotron instabil-
ity. The difference in central frequencies results from the
different magnitudes of the main magnetic field in the fore-
shock and in the magnetosphere. Additional maxima in the
observed pulsation spectra occur due to Alfven resonances
in the magnetosphere—ionosphere system. The frequencies
of mid-latitude Pc3s correspond to the frequencies of the first
harmonics of the magnetospheric Alfven resonator at the cor-
responding L shells and for Pc1s they coincide with the first
harmonics of the ionospheric Alfven resonator (IAR).

Pulsations in the intermediate frequency range, Pc2 (80—
300 mHz) are not often observed on the ground surface at
middle and low geomagnetic latitudes (® < 60°). This fre-
guency range corresponds to higher harmonics of the mag-
netospheric Alfven resonator and to the ion cyclotron reso-
nance of heavy ions in the outer magnetosphere (Fraser et
al., 1992).

Pulsations with frequencies high in comparison with the
fundamental field-line resonance frequency can also be gen-
erated in sub-resonators or waveguides formed inside the
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magnetosphere by steep gradients of Alfven velocity. The
most essential gradient is related to the plasmapause. Also
density irregularities in the plasmasphere can occur at dif-
ferent stages of plasmaspheric depleting and refilling (Singh
and Horwitz, 1992). Another possibility is related to the for-
mation of a waveguide for fast magnetosonic (FMS) waves
in the F layer of the ionosphere (Klimushkin, 1998).

Experimental studies show that Pc2s are typical on the
ground surface at high (& > 65°) geomagnetic latitudes and
are attributed to cusp and auroral regions (Bering Il et al.,
1998; Engebretson et al., 2002). Bering Il et al. (1998)
mentioned ~ 160 mHz emissions in the geomagnetic field
at South Pole station (& = —74°). Engebretson et al. (2002)
studied Pc1-2 events recorded simultaneously on the ground
by the Antarctic meridional magnetometer chain located
from the auroral (& = —66.5°) to cusp (® = —74°) geomag-
netic latitudes, and in the outer magnetosphere by the PO-
LAR satellite. The events described demonstrate common
maxima on the ground and in space at 250-400 mHz.

In the present paper geomagnetic pulsations in the fre-
quency range 70—200 mHz (Pc2-3) are studied on the ground,
in the F layer of the ionosphere, and in the magnetosphere.

In our earlier report (Yagova et al., 2009), we found that
the Pc3 spectra in the F layer are enriched with high fre-
guencies in comparison with ground observations. However,
it was impossible to discriminate spatial from temporal vari-
ation on the basis of only CHAMP (CHAIllenging Minisatel-
lite Payload) satellite measurements. Moreover, spatial struc-
tures do exist in the ionospheric F layer and contribute to
the ULF spectrum of magnetic field oscillations recorded by
CHAMP. A detailed analysis of spatial structures near the
plasmapause has been done by Heilig and Lihr (2013). Le et
al. (2011) observed similar wavepackets at the low-orbiting
ST-5 satellites. Their conclusion based on analysis of multi-
satellite and ground observations was that the apparent Pc2-3
waves were in fact the result of Doppler-shifted Pc4-5 waves.

In the present paper we analyze Pc2-3 waves at three lo-
cations: in the F layer of the ionosphere, on the ground,
and in the magnetosphere, and our analysis shows that they
cannot be completely explained by the Doppler effect. We
give numerous examples of coherent F layer—ground and
F layer—magnetosphere pulsations to show that the variations
recorded by CHAMP at f > 70 mHz are really Pc2-3 pulsa-
tions. The structure of the paper is as follows: observational
data and data processing are described in Sect. 2, results
are summarized in Sect. 3, calculations of Pc2-3 damping in
the ionosphere are given in Sect. 3.4, and possible physical
mechanisms are discussed in Sect. 4.
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2 Experimental data and data processing
2.1 Experimental data

Pulsations with a central frequency above 70mHz are a
rather typical phenomenon in the F layer. However, an am-
biguity exists in the interpretation of pulsation measure-
ments by low-orbiting satellites. The recorded variations of
the geomagnetic field in pulsations’ frequency range may
be caused both by pulsations and satellite passage through
quasi-periodic spatial structures in the ionosphere. In the
general case of a finite k) (the projection of the wave vec-
tor to the satellite trajectory), the apparent frequency dif-
fers from the frequency at a stationary sensor due to the
Doppler effect. To clarify the physical nature of Pc2-3s ob-
served by CHAMP, we supplement the data recorded in the
ionospheric F layer with data recorded on the ground sur-
face and in the magnetosphere. The cross spectral analysis
of data series measured simultaneously in the ionosphere
and on the ground and/or by a high apogee satellite al-
lows us to select pulsations coherent between the ionosphere
and the ground or between the ionosphere and the mag-
netosphere. For such events, k is low and the frequency
observed by a fast-moving satellite should agree with one
recorded by a stationary receiver on the ground surface or by
a quasi-stationary receiver in the magnetosphere. We study
pulsations measured simultaneously in the F layer—ground or
F layer-magnetosphere locations, but not at magnetosphere—
ground or magnetosphere—F layer—ground locations, because
the occurrence rate of ground-magnetosphere f > 70 mHz
Pc2-3s is rather low due to the low amplitudes of ground Pc2-
3s and the relatively short time of THEMIS (Time History of
Events and Macroscale Interactions during Substorms) satel-
lite passes through the magnetospheric regions of high am-
plitudes and occurrence rates of Pc2-3s.

We use for the analysis data of 2 months of observa-
tions in 2007 (days 241-300) for which high-resolution
data from the CHAMP and THEMIS-C satellites and the
magnetometer network along the magnetic meridian 100
(MM100) are available. The statistical analysis is carried
out for post-midnight (00:00-06:00) and afternoon—evening
(14:00-20:00 MLT; magnetic local time) sectors. The geo-
magnetic conditions during the observation period are very
quiet.

CHAMP was launched in 2000 into a quasi-circular or-
bit with 87° inclination. The altitude during the operation
was continuously decreasing and in 2007 it reached 350 km.
The geomagnetic field was measured at CHAMP with a
three-component flux-gate magnetometer at a 50 Hz sam-
pling rate. Detailed information about the mission can be
found at http://isdc.gfz-potsdam.de. The European MM100
network of magnetometers (Heilig et al., 2007, 2010) ranges
from auroral to middle latitudes (42 < ® < 67°) along ap-
proximately A = 100°. MM100 stations are equipped with
three-component flux-gate magnetometers oriented along ge-
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Table 1. Coordinates of MM100 stations GOES projections.

Station Geographic CGM L UTof MLT

Lat Long ] A midnight
KIL 69.02 20.79 65.94 103.73 6.11 21:37
SOD 67.37 26.63 64.16 107.46 5.26 21:12
HAN 62.30 26.65 59.01 104.68 3.77 21:29
NUR 60.50 24.65 56.95 102.18 3.42 21:45
THY 4690 1754 41.92 92.01 1.83 22:12

ographic coordinates. The data rate for all the stations is
1s. The level of industrial interference differs from station
to station. After preliminary data analysis, we selected five
stations: THY, NUR, HAN, SOD, and KIL. For these sta-
tions Pc2-3 pulsations with peak-to-peak amplitudes above
0.1nT are clearly seen in the magnetograms. Their coordi-
nates are given in Table 1. THEMIS magnetic measurements
with 0.25s resolution are available from February 2007.
THEMIS-C crosses the magnetosphere within ~ 12h and
the plasmasphere within ~ 2 h during each orbit. The veloc-
ity of its ionospheric projection at middle latitudes is about
200ms~1, i.e., itislow in comparison with CHAMP veloc-
ity, so THEMIS data can also be used to discriminate pulsa-
tions from spatial structures.

2.2 Data processing

Two horizontal components directed along corrected geo-
magnetic (CGM) coordinates (H and D components) are
used for the analysis of ground and CHAMP data. THEMIS
data are rotated into a field aligned coordinate system with
T axis directed along the main magnetic field B, r is trans-
verse to B and lies on the meridional plane (with inward
positive direction) and ¢ is chosen so that r, #, and ¢ form
a right-handed coordinate system.

During preliminary data analysis 128s (& 2min) inter-
vals with good data coverage were selected. In the frequency
range studied, an artificial interference exists in CHAMP
data formed by a series of triangle-like pulses repeated every
11s. This gives two narrow spectral peaks centered at about
90 and 170 mHz. For our case studies, we used the intervals
free of this interference, and we also excluded the 80-105
and 160-180 mHz frequency bands from the results of the
automatic detection of Pc2-3s observed by CHAMP.

After high-pass filtering with the cutoff frequency f1 =
20mHz, we estimated the power spectral density (PSD),
spectral coherence, and phase difference applying the
Blackman-Tukey method (Chatfield, 2004). For the selected
interval length (n, = 128) and the window width (m = 32),
the relative error of the spectral estimate r = 2m/3n, is 1/6
(Kay, 1988) for the PSD spectra and it is 1/3 for the spectral
coherence and the phase difference.

Selection of Pc2-3 events is based on PSD spectrum analy-
sis. Typically, a PSD in the Pc2-3 frequency range decreases

www.ann-geophys.net/33/117/2015/

with frequency as Py (f) oc f~ (so-called color noise). We
use a log—log spectrum TI(F), where IT = log(Py) and F =
log(f). Note that for color noise, the dependence Il¢n (F), is
linear gy =ag — a1 F (ag and ay are constants). To stress
the high frequency spectral maxima, I1(F) is linearly de-
trended (“whitened”) as Iy (F) = IT(F) — Iy (F) for each
interval. In a A F vicinity of F = Fyax Where Iy, reaches a
maximum, I1,,(F) is approximated by a square polynomial
[y = —a2(F — Fmax)? + Iwo. An interval is selected as a
Pc interval if both IT(Fmnax) and ao exceed some threshold
values IT, and a;. The Pc2-3 occurrence rate (Ppc-3) is cal-
culated as the ratio of total number of Pc2-3 intervals for a
satellite(station) to the total number of intervals for which the
PSD is calculated.

For the MM100 stations, the PSD threshold is determined
by the background noise level and typical Pc2-3 amplitudes
which are about 0.1 nT. The a; value is chosen after visual
inspection of selected recordings under different values of
threshold parameters as a compromise between the following
two cases.

— high ap: Ppc2-3 < 1 on the ground where the signal
quality in the Pc2-3 frequency range is low;

— low ap: 1— Ppgo-3 < 1 at CHAMP where Pc2-3s are typ-
ical.

As a result, the following set of selection parameters is
taken:

I, =-35, ap,=f/3. (€3]
Here f isinmHz and AF =0.15.

The spectral coherence for all the possible combinations of
the magnetic field components at each of the three locations
(THEMIS, CHAMP, and the ground), as well as between the
ionosphere—ground and the ionosphere—-magnetosphere com-
ponent pairs, was estimated to analyze the similarity of the
signals at the different locations, and also the reliability of
the phase difference and polarization estimates. The phase
difference was analyzed at frequencies for which the spectral
coherence y > 0.5. Actually, for all the events selected as
examples and discussed in Sect. 3.2, the maximal coherence
for the CHAMP-ground and CHAMP-THEMIS-C compo-
nent pairs exceeds 0.7. This means that even if the 33 % rel-
ative error of coherence estimates is taken into account y is
high enough to allow us to analyze phase differences.

3 Results of the analysis

3.1 Pc2-3sin the F layer, on the ground, and in the
magnetosphere: main discrepancies

The most important difference in geomagnetic pulsations at
CHAMP compared to those on the ground surface is the
higher amplitudes at frequencies f > 50 mHz. This effect
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Figure 1. PSD spectra averaged over 6 days in 2007 (253-258)

in the 12:00-18:00 MLT sector for CHAMP (solid lines) and NUR
(dashed lines).

is illustrated in Fig. 1 in the PSD spectra averaged over 6
days of observations in September 2007 (DOY 253-258) at
CHAMP and MM100 station NUR (L = 3.7). During this
interval, CHAMP orbit was in the afternoon (12:00-16:00)
and post-midnight (00:00-04:00 MLT) sectors. The results
for the afternoon sector are shown in the figure. During the
night the picture is qualitatively similar. The maximal PSD
at CHAMP is recorded in the azimuthal (D) component. In
the frequency band 40-150 mHz, the D component PSD at
CHAMP exceeds the PSDs of both H and D components on
the ground. The maximum of CHAMP D to NUR H PSD ra-
tio is about an order of magnitude. The amplitudes of the ver-
tical (Z) component in the F layer is low in comparison with
that for horizontal components, and so we analyze only hori-
zontal components both in the ionosphere and on the ground.

3.2 Examples of Pc2-3 in the F layer, on the ground,
and in the magnetosphere

Below we give three examples of coherent Pc2-3 (f >
70 mHz) pulsations recorded in the topside ionosphere by
CHAMP together with signals simultaneously recorded on
the ground or in the magnetosphere by THEMIS-C. The
events were initially selected by an automated program de-
veloped for the detection of coherent Pc2-3s; then the signal
waveforms were analyzed visually. All the events are pre-
sented in the same format: a figure with the signal time se-
ries, and another figure with the corresponding PSD spectra,
spectral coherence, and phase difference. The data shown in
time Figs. 2, 4, and 6 are high-pass filtered with a cutoff fre-
quency f; = 20mHz. All the intervals in this section have
the same 128 s duration, interval starts are given in UT, and
dates are given in the YYYYDDD format, where YYYY is
a year and DDD is a day humber from the beginning of the
year.

The events considered show that at least in some cases
the Pc2-3s (f > 70 mHz) observed in the topside ionosphere
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Day 2007254, start UT=05:21:36,
CHAMP: 43.4, 218.4- 51.7, 217.8, NUR: 56.95,102.18.

i i 1 i
20 40 60 80 100 120
ts

Figure 2. High-pass filtered (f;, = 20 mHz) magnetograms for the
CHAMP horizontal (b and bp) components and the ground b gy
registered at the NUR station for the 128s interval starting at
05:21:36 UT on day 2007254. CHAMP latitude and longitude val-
ues in CGM coordinates at the start and end of the interval shown
and NUR CGM coordinates are given in the figure title.

were seen simultaneously with the same central frequency by
an independent quasi-stationary sensor.

3.2.1 A Pc2-3 event recorded simultaneously in the
F layer and on the ground starting at 05:21:36 UT
on day 2007254

An example of pulsations with a central frequency fy~
110 mHz recorded by CHAMP and at the NUR station during
a 128 s interval starting at 05:21:36 UT on day 2007254 UT is
shown in Figs. 2 and 3. During this interval, CHAMP passed
from CGM latitude @ ~ 43 to 52° CGM along the MM218
(magnetic meridian along 218° CGM longitude) in the af-
ternoon sector (MLT &2 14:00). NUR is located at MM100 at
the CGM latitude ® ~ 57 (L = 3.42). During this interval,
MLT =08:00 at NUR, i.e., the station and the satellite were
separated by 6 h in MLT.

Magnetograms for two horizontal components at CHAMP
and the H component at NUR are shown in Fig. 2. Peak-to-
peak amplitude reaches 0.5/0.3nT for the D / H component
in the F layer and 0.2nT on the ground surface. The ampli-
tude of the D component on the ground is below 0.1 nT (not
shown). The visible period is about 9. It is more clearly seen
in the CHAMP D component and in the ground H compo-
nent.

The PSD spectra, spectral coherence, and phase differ-
ence for this interval are given in Fig. 3. A spectral max-
imum at fo =112mHz is clearly seen in the PSD spec-
trum of the CHAMP D component. The H component spec-
trum has no maximum at fp but there is a plateau near fo
and a wide maximum in the spectral coherence between the
two CHAMP horizontal components at 95 < f < 107 mHz,
i.e., it is shifted to lower frequencies from fy. The maxi-
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Day 2007254, Start UT=05:21:36
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Figure 3. PSD spectra, spectral coherence, v, and phase difference,
Ag, for the interval shown in Fig. 2.

mal spectral coherence between the two CHAMP horizon-
tal components exceeds 0.75, and the phase difference be-
tween the components at the frequency of maximal coher-
ence Ag = 140°, i.e., the polarization, is elliptical. The most
interesting observation is the existence of a spectral maxi-
mum at NUR at the same frequency as at CHAMP (green
curve in the upper panel of Fig. 3).

The spectral coherence also has a maximum near fj,
where y (fo) =0.77 (green curve in the middle panel of
Fig. 3). The other maximum in spectral coherence with
nearly the same value of y is seenat f1 ~ 80 mHz. The phase
differences in these two bands of high coherence are —130°
and 25°, respectively (green curve in the bottom panel of
Fig. 3).

So we see coherent pulsations with the central frequency
fo=110mHz in the F layer in the afternoon (MLT) sector
and on the ground surface in the morning sector. The PSD is
higher in the azimuthal component in the F layer and in the
meridional component on the ground surface. These compo-
nents also demonstrate the maximal coherence among all the
satellite-ground component combinations. The wave polar-
ization in the ionosphere and on the ground surface corre-
sponds to the shear Alfven mode.

3.2.2 Anexample of a Pc2-3 event recorded
simultaneously in the F layer and in the outer
magnetosphere starting at 08:03:44 UT on day
2007257

Only a small fraction of CHAMP Pc2-3 pulsations can be
recorded on the ground surface. That is why some other
quasi-stationary reference observations are needed so that
spatial and temporal variations can be distinguished. The
other possibility to discriminate temporal and spatial varia-
tions is to compare the variations of the magnetic field mea-
sured simultaneously in the ionosphere and in the magne-
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Day 2007257, start UT=08:03:44
CHAMP: (59, 178)- (67,180), THC: (71, 130)
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t's
Figure 4. Filtered magnetograms for THEMIS-C (b,) and CHAMP
(bp) components for the 128 interval starting at 08:03:44 UT on
day 2007257. Average latitude and longitude values in CGM coor-
dinates of the northern magnetic field line footprint of THEMIS-C’s
location during the interval shown are given in the figure title.

tosphere. For the pulsations in the frequency range studied
(contrary to spatial variations or Pc4-5 pulsations recorded
in the ionosphere as Pc2-3 due to the Doppler effect) the
spectral coherence between the magnetosphere and the iono-
sphere should be high. Below we give some examples of such
oscillations.

Pc2-3 pulsations are recorded simultaneously by the
CHAMP and THEMIS-C satellites during a 128s inter-
val starting at 08:03:44UT on day 2007257. CHAMP and
THEMIS-C orbits are shifted from each other by about 2.5h
in MLT; CHAMP passes from & =59 to 67°. THEMIS-C
is located at L =10, at —7° from the equatorial plane; the
CGM latitude of THEMIS-C ionospheric projection is 71°.
Both satellites are in the near-noon sector (MLT ~ 15:00 for
CHAMP and 11:00 for THEMIS-C).

Magnetograms of the CHAMP D component and the
THEMIS-C azimuthal (¢) component are shown in Fig. 4.
The peak-to-peak amplitude is about 0.4 nT at CHAMP and
2nT at THEMIS-C. Two apparent periods at about 12 and 7 s
are clearly seen both in the CHAMP and THEMIS-C mag-
netograms.

The PSD spectra of all the THEMIS-C components and
the CHAMP horizontal components are shown in Fig. 5.
Two spectral maxima at f =85 and 130 mHz are seen in
the PSD spectra of both the CHAMP and the THEMIS-
C azimuthal components (solid lines in the upper panel
of Fig. 5). The maximum at 130 mHz is seen also in the
PSD spectra of the THEMIS-C radial component and the
CHAMP H component (dashed lines in the upper panel
of Fig. 5) and in the THEMIS-C longitudinal compo-
nent (red dash—dot line in the upper panel of Fig. 5). At
f = 85mHz the azimuthal component PSDs (the THEMIS-
C Py, and the CHAMP Py p) are higher than the ra-
dial/meridional PSDs for both satellites. The THEMIS-C
longitudinal PSD is comparable with the azimuthal one. At
f =130mHz, the spectral ratio Py, / Py, reaches 2.5 and
the THEMIS-C radial and azimuthal PSDs are approximately
equal. The CHAMP meridional-to-azimuthal spectral ratio
P¢u / Pyp ~ 3. Thus, both the CHAMP and the THEMIS-
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C wave polarizations correspond to the sum of the compres-
sional and the shear Alfven modes with a higher contribu-
tion of the compressional mode at the higher frequency max-
imum.

The spectral coherence is shown in the middle panel of
Fig. 5 for the all three CHAMP D-THEMIS-C compo-
nent combinations. Both spectral maxima are clearly seen
in the spectral coherence with y > 0.5 for both THEMIS-
C transverse components (blue and green lines in the middle
panel of Fig. 5). For the longitudinal THEMIS-C component,
only the maximum at the higher frequency f = 130mHz
is seen in the spectral coherence. The spectral coherence
for the THEMIS-C-CHAMP H component pairs has max-
ima at nearly the same frequencies as for the THEMIS-C-
CHAMP D component pairs but y is somewhat lower: the
inter-component spectral coherence for each satellite both at
85 and 130 mHz exceeds 0.5 (not shown).

Phase differences are shown in the bottom panel of Fig. 5.
The signal polarization also differs at the frequencies of two
spectral maxima. The THEMIS-C azimuthal and radial com-
ponents are shifted by about /2 both at 85 and 130 mHz
(green line in the bottom panel of Fig. 5). The phase dif-
ference between the THEMIS-C azimuthal and longitudinal
components changes from 0 at 85 mHz to —x /2 at 130 mHz
(red line in the bottom panel of Fig. 5), and the phase dif-
ference between the longitudinal and the radial components
is —m/2 at 85mHz and 7 at 130 mHz (not shown). The
CHAMP D component is shifted by 7 /2 at 85 mHz from the
azimuthal THEMIS-C component (magenta line in the bot-
tom panel of Fig. 5) and they are in phase at f = 130 mHz.
The phase difference between the CHAMP H and D compo-
nents is approximately the same as between the THEMIS-C
azimuthal and longitudinal components. It changes from 0 at
85mHz to —m/2 at 130 mHz (cyan line in the bottom panel
of Fig. 5).

Taking into account that the compressional mode con-
tributes mostly to the CHAMP H component and the shear
Alfven wave dominates in the D component in the F layer
and in the azimuthal component in the magnetosphere, we
can speculate that the observed correspondence in the polar-
izations between the magnetospheric and the ionospheric sig-
nals, along with the similar PSD spectra and the high spectral
coherence indicate that the signals in these two locations are
of the same origin. The phase shift between the pulsations in
the magnetosphere and in the F layer may be caused by wave
propagation.

3.2.3 Anexample of a Pc2-3 event recorded
simultaneously in the F layer and in the
plasmasphere starting at 01:38:40 UT on day
2007286

The next example presents a Pc2-3 pulsation recorded si-

multaneously by CHAMP in the F layer and by THEMIS-
C inside the plasmasphere during a 128s interval start-
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Day 2007257, Start UT=08:03:44
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Figure 5. PSD spectra, spectral coherence, y, and phase difference,
Ag, for the three THEMIS-C and the two horizontal CHAMP com-
ponents for the interval shown in Fig. 4.

ing at 01:38:40UT on day 2007286. During this interval,
THEMIS-C was near the plasmapause position (L = 4.3) and
CHAMP was passing from & = —35to —27° along MM230.
Both satellites were in the near-noon sector (MLT ~ 12:00
for CHAMP and = 10:00 for THEMIS).

Magnetograms of the THEMIS-C azimuthal component
and the CHAMP D component are shown in Fig. 6. Pulsa-
tions with 90 mHz central frequency and peak-to-peak am-
plitude 0.3-0.5nT were seen by both satellites on the back-
ground of ~ 25mHz Pc4 pulsations with the peak-to-peak
amplitude of ~ 1 nT.

The PSD spectra for this event are given in the upper
panel of Fig. 7 for three THEMIS-C components (green,
blue, and red lines) and the CHAMP horizontal compo-
nents (cyan and magenta lines). Two maxima are seen at
about 90 and 130 mHz. At f =90 mHz, the THEMIS-C ra-
dial PSD is at about 2-3 times higher than the azimuthal
and the longitudinal PSD. At f =130mHz PSDs of all
three THEMIS-C components are similar. The CHAMP-
to-THEMIS-C spectral ratio Py.cHamp,p / Py,THc,p & 7 for
the azimuthal components and Pr,cHamp,# / Pf,THC,R & 2
at f =90mHz. At 130mHz P champ,p / PrTHC,o = 3 and
Py cHamp,H / PrTHC,o & 1. Thus, for this event the wave
amplitude in the F layer is significantly higher than in the
magnetosphere. The CHAMP-to-THEMIS PSD ratio at f =
90 mHz is higher in the azimuthal component correspond-
ing to the shear Alfven mode at f = 90mHz. During this
interval, a Pc2-3 pulsation occurs simultaneously with a Pc4
pulsation with a period of about 40s (25 mHz). Pc4 ampli-
tudes are the same in the ionosphere and in the magneto-
sphere (Fig. 6).

Spectral coherence for all the CHAMP D-THEMIS-C
component pairs is shown in the middle panel of Fig. 7.
Both 90 and 130 mHz spectral maxima are also seen in the
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Figure 6. Filtered magnetograms for THEMIS-C (b,) and CHAMP
(bp) components for the 128 s interval starting at 01:38:40 UT on
day 2007286. Average latitude and longitude values in CGM coor-
dinates of the northern magnetic field line footprint of THEMIS-C’s
location during the interval shown are given in the figure title.

spectral coherence. The higher frequency maximum is seen
in all three THEMIS-C components, and for all three com-
ponents, the maximal values of coherence reach or exceed
0.5. The coherence maximum at f = 90mHz can be seen
only in the transverse components (green and blue curves in
the middle panel of Fig. 7). The spectral coherence between
the CHAMP D component and the THEMIS-C longitudinal
component has a maximum at f = 70 mHz. The maxima of
the CHAMP H component spectral coherence are at nearly
the same frequencies but maximal coherence is lower than
for the CHAMP D component (not shown).

The phase differences for this event are shown in the bot-
tom panel of Fig. 7. The phase difference between the az-
imuthal and the radial (green) and the azimuthal and the
longitudinal (red) THEMIS-C components is about /4 at
f =90mHz, and thus the radial and the longitudinal pul-
sations are in phase at this frequency. At f =130 mHz
A@THC,o—THC, R is about zero and AgTHc,y—THc,: is almost
7, i.e., the pulsation polarization in the magnetosphere is el-
liptical at f =90 mHz and almost linear at f = 130 mHz.
The phase difference between the CHAMP horizontal com-
ponents (cyan) changes from 3/4x at f =90mHz to —x/2
at f = 130 mHz, and thus the difference in polarization is al-
most 7z like for the THEMIS-C azimuthal-longitudinal com-
ponent pair. The phase difference between the THEMIS-
C azimuthal component and the CHAMP D component
A@THC,o—CHAMP, p IS about 7 at f =90mHz and it is al-
most zero at f = 130mHz. The phase difference between
the THEMIS-C longitudinal and the CHAMP H compo-
nent Agthc,.z—cHAMP,  (not shown) changes from —m /2 at
f=90mHz to =/2 at f =130 mHz, i.e., the corresponding
components in the two locations demonstrate similar phase
dependence on frequency.
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Figure 7. PSD spectra, spectral coherence, y, and phase difference,
Ag, for the three THEMIS-C and the two horizontal CHAMP com-
ponents for the interval shown in Fig. 6.

3.3 Pc2-3in the F layer, in the magnetosphere, and on
the ground surface: spatial distribution

In this subsection some statistical results for the pulsations
shown as examples in the previous subsection are presented.
The latitude distribution of the Pc2-3 (70-140 mHz) occur-
rence rate (Ppc2-3) and that of the PSD are given in Fig. 8 for
pulsations recorded by CHAMP in two MLT sectors over 2
months in 2007 (days 241-300). The Pc2-3 occurrence rate
is higher for the CHAMP D component in both the after-
noon (left panels) and the post-midnight (right panels) sec-
tors. The occurrence rate during the night has a clear maxi-
mum at & +57° CGM and a second one at low latitudes at
|®| < 30° CGM. During the day the picture differs for the
two hemispheres.

In the Southern Hemisphere Ppco-3 for the D compo-
nent grows from low to high latitudes and in the Northern
Hemisphere the maximum is expressed weakly. Ppcp-3 in
the meridional component during the day has a low-latitude
maximum at & 430°, but during the night, pulsations in
the H component almost disappear. The PSD grows towards
high latitudes, and during the day it is higher in the azimuthal
than in the meridional component. During the night, the dif-
ference in PSD between components is not significant. The
highest occurrence rates and amplitudes are seen at night at
about ® = £57° and in the afternoon at ® > 60°.

Pc2-3at f > 70 mHz are regularly seen on the ground sur-
face at night in the H component. The latitude distribution of
the Pc2-3 occurrence rate and the PSD for the H component
pulsations recorded along the MM100 magnetometer array
in the post-midnight (MLT) sector (00:00 < MLT < 06:00)
are presented in Fig. 9. Under the same set of selection pa-
rameters as for CHAMP (1), the occurrence rate is an order
of magnitude lower, and the PSD is 3-5 times lower on the
ground in comparison with the F layer. The main maximum
correspondsto L =5 (® = 64°, SOD) and a secondary maxi-
mum isseenat L = 3.4 (® =57°, NUR). At THY (® = 47°,
L = 1.8), Pc2-3 disappears almost completely.
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Figure 8. Latitude distribution of the occurrence rate (upper
panel)and PSD (bottom panel) for CHAMP Pc2-3 in two MLT sec-
tors over 2 months in 2007. Two components are given by different
markers and colors.

We analyze the spatial distribution of the magnetospheric
Pc2-3s with the set of parameters (1) in the same MLT sectors
as for CHAMP, using the THEMIS-C data in the MLT inter-
vals (00:00-06:00) and (12:00-20:00) (the last interval is ex-
tended to provide a sufficient data array) and during the same
days (241-300). During the days selected for the analysis
THEMIS-C crossed L shells from 1.5 to 7.5 in the afternoon
(MLT) sector, while in the post-midnight sector it crossed all
the L shells outside L = 2. The results for the THEMIS-C
Pc2-3 occurrence rate and PSD are given in Fig. 10 in the
same format as for CHAMP in Fig. 8. The maximum of the
occurrence rate falls within L values from 4 to 6 in both
the afternoon and post-midnight sectors. In both sectors at
high L, the occurrence rate and the PSD for the field-aligned
(b, green stars) component pulsations are nearly the same
as for transverse components (bg, b,), while at low L they
are small in comparison with bg, b,. The occurrence rate is
higher in the afternoon sector. In the post-midnight sector,
the Pc2-3 occurrence rate and PSD slowly decrease with L
for L > 6 and Pc2-3 are recorded at least up to L = 10.

Comparison of Pc2-3 parameters near the equatorial plane
of the magnetosphere and in the F layer shows that in the
post-midnight (MLT) sector, the maximum of the F layer oc-
currence rate is found at L ~ 3.5 (|®| &~ 57°) in the F layer
and at 4 < L < 6 in the magnetosphere. The Pc2-3 occur-
rence rate in the ionosphere is several times higher than in the
magnetosphere. During the night, pulsation amplitudes are
comparable in the ionosphere and the magnetosphere, and
the maximal PSD of afternoon pulsations is 3-5 times higher
in the F layer. The polarization is also different. In the F layer,
pulsation spectral power and occurrence rate are higher in
the azimuthal component, and in the magnetosphere all three
components have comparable amplitudes at L > 4. Inside the
plasmasphere, amplitude and occurrence rate of b, Pc2-3 are
low in comparison with those for transverse components.
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Figure 9. L distribution of the occurrence rate (upper panel)and
PSD (bottom panel) along MM100 in the 00:00-06:00 MLT sector
over 2 months in 2007 for the meridional (by) component.

The high-latitude boundary of the F layer Pc2-3 occur-
rences lies at about L = 4 and may be related to the plasma-
pause. To check this assumption we compare the day-to-day
variations of the L value of the Pc2-3 occurrence rate max-
imum (Lpcp-3) with the plasmapause position determined
from the Carpenter formula Ly, =5.7 —0.47 Kp (Carpen-
ter and Anderson, 1992). For low and moderate Kp, the
empirical formula obtained from CHAMP observations by
Heilig and Luhr (2013) gives similar results. Two-day mean
values of Lpco-3, determined from CHAMP measurements
in the 00:00-06:00 MLT sector in the Southern Hemisphere
during the best data coverage for 2 months, are shown
in Fig. 11 together with Lyp estimated from 3-day mean
Kp values. Lpcp-3(r) and Lpp(z) in Fig. 11 are determined
as (Lpc2-3)|tpco-3 and (Lpp)|Tpp, respectively, where angle
brackets indicate time averaging over an interval ¢, and
where tpe2-3 = [—2, 0] days, and 7pp = [—3, 0] days. Lpco-3
varies withinthe range 2 < L < 4.1, i.e., at about Lp,—2 and
the day-to-day variations of L for the Pc2-3 occurrence rate
maximum and plasmapause demonstrate positive correlation.

3.4 Model calculations

MHD wave transmission through and reflection from a thin
ionosphere has been studied theoretically in numerous pa-
pers beginning with (Nishida, 1964; Hughes and Southwood,
1976). After this initial period, the problem has also been
studied for more general geometries of the background mag-
netic field (see, e.g., Leonovich and Mazur, 1991; Alperovich
and Fedorov, 1993; Sciffer and Waters, 2002; Sciffer et al.,
2004, 2005). Below we present a model and numerical re-
sults for the problem of magnetohydrodynamic wave trans-
mission through and reflection from the ionosphere within
a more realistic “thick ionosphere” model (Knudsen et al.,
1992). Our analysis follows the scheme developed by Bud-
den (1966) and Alperovich and Fedorov (2007). It is shown
in Sect. 3.3 that the Pc2-3 polarization corresponding to the
shear Alfven mode dominates in the plasmasphere and in the
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Figure 10. L distribution of the occurrence rate (upper panel) and
PSD (bottom panel) for THEMIS-C Pc2-3 in two MLT sectors over
2 months in 2007. Three components are given by different markers
and colors.

mid-latitude ionosphere. In this section, we consider theo-
retically an incident shear Alfven wave transmission through
and reflection from the ionosphere.

We assume a plane stratified model of the ionosphere:
the dip-angle I of the geomagnetic field B is constant,
and the dielectric permeability tensor & = £(z) depends
only on height. We introduce an oblique coordinate sys-
tem {x*,x2,x3} with a southward x* axis, and an eastward
x2 axis. The angle between x2 and x! is equal to the dip-
angle 1. The x2 axis is parallel to the field-lines, and the co-
ordinate surface x3 = const is a horizontal plane; x3 =0 is
at the Earth’s surface, and x3 = z is a horizontal plane at a
height z above the Earth’s surface. We consider the case of
waves propagating in the meridional plane. For the harmon-
ics o< exp(—iwt + ik1x1), the horizontal components of the
electric £ and magnetic B fields can be written as

B(x®) 1.

X — 2
|: EG) exp(ikix™ —iwt), 2
where w is the angular frequency of the wave, k1 is a wave
vector component, and ¢ is time. Taking into account that the
longitudinal component of the electric field E3 is zero, from
Maxwell’s equations we get

d93B1 = —upo2E1/sinl + poo1 E2 +ikiBycotl, 3)
d3B2 = — 1001 E1/SiN*T — poop Ea/sin |, (4)
3E1 =iwB), )
d3E2 = ikiE2cot] —iwBy. (6)

Here ko =w/c and o12(x3) = —iwe1 »(x%) are the com-
plex conductivities. In the E layer of the ionosphere o1 2 =
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Figure 11. Day-to-day variations of the position of maximal Pc2-3
occurrence rate at CHAMP, in the 00:00-06:00 MLT sector for two
months in 2007, and the plasmapause position, determined from the
two-day mean Kp with Carpenter’s formula.

op,H(x3), i.e., the Pedersen and Hall conductivities, and in
the F» layer and further up oq = —ia)/uovj.

Let a shear Alfven wave with an amplitude B®, E® at
x3 = z1 be incident on the ionosphere. The total field at
x3 = z1 can be represented as B®) + B") where BY) is the
magnetic component of the incident wave and B is the re-
flected field. The matrix for the reflected and incident waves
is B = RB® where R is the reflection coefficient matrix.
To find the wave amplitudes on the ground surface, first the
fields reflected from the ionosphere are found and then, from
the known values of the initial incident field and the reflected
field, the full field at some reference level z; is calculated.
Then the ground electric and magnetic field are found from
the electric and magnetic field at z1.

Reflection coefficients at z1 are calculated via the admit-
tance Y or impedance Z = Y ~! matrices, which relate hori-
zontal components of the electric E; and magnetic B fields,
B, =YE. and E; = ZB,. By substituting B, = YE and
E. = ZB. into Maxwell equations, the Ricatti-type matrix
equations are obtained for the admittance and impedance ma-
trices (see, e.g., Budden, 1966).

If the Wait—Price condition (the strong skin effect ap-
proximation, k8, < 1, where §, = (2/wpo0,)Y/? is the skin
depth) is valid, the impedance conditions at the ground sur-
face are Ey=—Z By, E; =Z,B1. A surface impedance
Z, = Zg(w) is determined by the Earth conductivity dis-
tribution o, (x®) and within the strong skin effect approx-
imation Z, does not depend on the wave’s spatial struc-
ture. For a homogeneous half-space under strong skin effect
Z, = exp(—in/4) /oo /o,. Then the admittance ¥ (x3)
and Z(x3) matrices are recalculated step-by-step through
the atmosphere and the ionosphere with Ricatti-type matrix
equations from the ground surface to the altitude z1 (we set
z1 = 2000 km). The matrix Y (z1) is used to calculate the re-
flection matrix R and the total field at the altitude z;.

The transmission coefficient depends on wave frequency
and wave number. Pulsations with a spatial scale less than
the Earth—ionosphere distance are attenuated as exp(—kh)

Ann. Geophys., 33, 117-128, 2015



126 N. Yagova et al.: MM100, CHAMP and THEMIS observations

1072km™
—5.10km™
08 o Experiment
=
g
T 0.6
g
o
0.4+
02 0.05 0.1 0.15 0.2

f, Hz

Figure 12. Ground-to-ionosphere amplitude ratio for Alfven waves
obtained from the full wave equation with International Reference
lonosphere (IRI) model ionosphere at two different k values (solid
lines) and the NUR to CHAMP amplitude ratio, averaged over two
months, in three frequency bands (magenta circles)

by the ionosphere (Hughes and Southwood, 1976). We have
calculated the spectrum of the ground-to-ionosphere ampli-
tude ratio for 2 x 1073 < k < 10~2km~1. The results are
shown in Fig. 12 for 350 km altitude. The IRI ionosphere
model (Bilitza, 2001) is used with the following parame-
ters: day 2007253 (12 September), MLT = 02:00, CGM lat-
itude ® =57°, and CGM longitude A = 102°. The ground-
to-ionosphere amplitude ratio decreases with frequency and
wave number. For comparison, we used the ground-to-
ionosphere amplitude ratio of Pc2-3s recorded at NUR in
the H component and by CHAMP in the D component.
Pc2-3 events are automatically selected for all CHAMP orbit
segments at CGM latitudes —60 < & < —35° in three fre-
quency bands (50-80, 105-130, and 130-160 mHz) in the
post-midnight (MLT) sector (00:00-06:00) for two months
of observations: 2007, days 241-300. The best agreement
between calculated and measured data is found for k =5 x
103 km~1. The maximal Doppler shift corresponds to the
case k = k. For the k =5 x 1073 km~1 waves recorded by
a spacecraft moving at a 8kms~! speed, Aw =kv =4 x
1072571, i.e., Af =6.4mHz. Thus, the observed ground-
to-ionosphere amplitude ratio corresponds to a wave spatial
scale which could provide a Doppler shift within a few per-
cent of the apparent frequency of the Pc2-3 pulsations as
recorded by a low-orbiting spacecraft.

4 Discussion and conclusion

Our analysis of individual Pc2-3 cases and statistical proper-
ties of these pulsations have shown that pulsations with fre-
quencies exceeding the fundamental Alfven resonance fre-
quency are typical in the ionospheric F layer and in the mag-
netosphere. The analysis of simultaneous ground and iono-
spheric Pc2-3 observations in the post-midnight and after-
noon (MLT) sectors shows that ground Pc2-3s are regularly
observed during the night and are almost absent at the af-
ternoon. For Pc2-3s registered simultaneously in the F layer
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and on the ground, the amplitudes are several times lower on
the ground than in the ionosphere. The existence of coher-
ent pulsations recorded by the fast-moving CHAMP satellite
in the F layer and by ground magnetometers or by the high
apogee THEMIS-C satellite shows that the F layer Pc2-3 can-
not be interpreted either as a result of spatial sampling of
structured inhomogeneities by the fast-moving spacecraft, or
as Doppler shifted Pc4-5s. However, this result of the present
study is only qualitative. Currently we cannot estimate the
contribution of the Pc2-3s and the Doppler shifted Pc4-5s
with apparent Pc2-3 frequencies to the observed F layer pul-
sations. The problem is that a non-zero fraction of highly
coherent intervals exists for any two time series. Therefore,
for case studies, signal waveforms should be analyzed along
with PSD and coherence spectra to discriminate between co-
herent events of common origin and those resulting from a
random coincidence.

Moreover, the simultaneous activation of pulsations in the
Pc4-5 and Pc2-3 frequency ranges in the magnetosphere is
possible (Balasis et al., 2012). The ground-to-ionosphere am-
plitude ratio is such a case determined by the dependence of
transmission and reflection coefficients on wave frequencies
and wavelengths and different combinations of Pc2-3 and
Pc4-5 in two locations can be observed. For example, if Pc2-
3 amplitudes in the F layer are within several tenths of nT and
wavelengths k > 10~2km~1, only Pc2-3 would be recorded
by an ionospheric satellite due its high speed, and only Pc4-5
would be seen on the ground surface because of the effective
ionospheric attenuation of Pc2-3s. This also means that syn-
chronous recording of a ground Pc5 and an ionospheric Pc2-
3 does not necessarily indicate that the ionospheric signal is
a Doppler shifted Pc4-5. Thus, further case studies of Pc2-3s
recorded simultaneously in several locations are necessary.
Also a technique for the automatic detection of coherent pul-
sations which takes into account the Doppler effect should be
developed.

Several physical mechanisms may be responsible for
the generation of magnetohydrodynamic waves in the 70-
200 mHz frequency range in the magnetosphere. The first
one is related to the ion cyclotron resonance. Pc2-3 frequen-
cies are close to the oxygen cyclotron frequencies in the outer
magnetosphere. The distribution of particle and plasma pa-
rameters near the plasmapause is rather complicated due to
the combination of steep plasma gradients at the plasmapause
and the oxygen torus (Nose et al., 2011). This may lead to
different dependencies of the Pc1-2 frequency on the concen-
tration of heavy ions (Klimushkin et al., 2006; Mikhailova,
2014). However, OT ions are observed in the outer mag-
netosphere during magnetic storms (Yu and Ridley, 2013),
although we have studied a quiet interval in September—
October 2007.

Another mechanism for Pc2-3 generation could be related
to the minimum of the Alfven velocity under the plasma-
pause forming a waveguide for compressional (FMS) waves
(Klimushkin, 1998). The existence of a second low-latitude
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maximum in the CHAMP Pc2-3 occurrence rate and PSD
(Fig. 8) can be an indirect argument in favor of this hypoth-
esis. A difference in wave polarization exists between waves
inside and outside the plasmasphere. The amplitudes and oc-
currence rates for transverse (b,, bg) and field-aligned (b;)
components in the outer magnetosphere (L > 4) are compa-
rable. At lower L, they steeply decrease for (b;) so at L < 4,
the wave polarization is typical for shear Alfven waves. The
azimuthal component also dominates in the F layer. There-
fore Pc2-3s may be generated in the outer plasmasphere as
FMS waves, and then they can be coupled/transformed into
shear Alfven waves near the plasmapause (Fedorov et al.,
1998; Mazur et al., 2001). The two maxima in the CHAMP
Pc2-3 occurrence rate and PSD may correspond to two zones
of minimal Alfven velocity: the first one is located under
the plasmapause and the second one corresponds to low L
where the concentration of heavy ions of ionospheric origin
is enough to reduce the Alfven velocity (Green et al., 1993).

The main result of the present study can be summarized
as follows. Pc2-3 (f > 70 mHz) pulsations are quite typical
in the F layer of the Earth’s ionosphere and in the magne-
tosphere. The amplitude and the occurrence rate of F layer
Pc2-3s have maxima inside the plasmasphere and day-to-day
variations of the Pc2-3 maximum position roughly repeat the
plasmapause motion. Polarization and amplitude of Pc2-3s
in the magnetosphere, in the ionosphere, and on the ground
allow us to suggest that they are generated as FMS waves
in the outer magnetosphere and are partly converted into
Alfven waves near the plasmapause. The observed ground-
to-ionosphere amplitude ratio during the night may be inter-
preted as the result of the Alfven wave transmission through
the ionosphere. The best agreement between the calculated
and measured values of the ground-to-ionosphere amplitude
ratio is found for k =5 x 1072 km™1, i.e., the the observed
ground-to-ionosphere amplitude ratio corresponds to a wave
spatial scale which provides a Doppler shift within a few
percent of the apparent frequency of the Pc2-3 pulsations as
recorded by a low-orbiting spacecraft.

However, several experimental results have not been un-
derstood yet. The occurrence rates and amplitudes of the
CHAMP Pc2-3 demonstrate an interhemispheric asymmetry
(Fig. 8). This could be the result of seasonal variations of the
ionospheric conductivity, and an analysis of longer time se-
ries than used in the present study is necessary to understand
this effect. The other problem is related to the absence of the
afternoon Pc2-3s on the ground surface (Fig. 9). Comparison
of the model and observed ground-to-ionosphere amplitude
ratios has shown a suitable agreement under realistic k val-
ues in the post-midnight (MLT) sector, but no ground Pc2-
3 has been selected by the automatic detection program in
the afternoon sector. This effect could be related to diurnal
variations of wave spatial scales and the resulting day—night
contrast in ionospheric attenuation. Another reason may be
a higher level of interference in the Pc2-3 range during the
day. Again, an analysis of longer time series is necessary
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to discriminate between these two mechanisms. Probably,
a recently started SWARM multi-satellite mission providing
high-resolution magnetic and electric field measurements in
the ionospheric F layer will lead to an accurate discrimina-
tion between different factors determining ULF parameters
using the methods of automatic detection (Heilig et al., 2007;
Balasis et al., 2013).

Finally, the most important problem concerns generation
and propagation of Pc2-3 in the magnetosphere. In particu-
lar, a steep gradient of the Pc2-3 polarization in the magne-
tosphere near L = 4 (Fig. 10) could be related to the plasma-
pause. This assumption should be checked by comparative
analysis of Pc2-3s recorded simultaneously by several mag-
netospheric satellites.
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