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Abstract. The present case study is focused on fluctuations
at ~ 1.5 mHz observed on open field lines in both of the po-
lar caps in ground-based geomagnetic data and in the elec-
tron concentration in the Northern Hemisphere ionosphere.
Coherent pulsations with a relatively narrow narrowband-
like spectra and a higher fraction of transversal components
in the total spectral power are also observed by the Cluster
satellites in the magnetotail magnetic field. Interestingly, the
pulsations in the magnetotail started after pulsations over a
similar frequency range observed in the solar wind dynamic
pressure and interplanetary magnetic field (IMF) had been
switched off. This suggests evidence of an internal resonant
magnetotail mode which is normally masked by a higher-
amplitude broadband ultra-low-frequency (ULF) “noise” of
extra-magnetospheric origin.

1 Introduction

One of the most important mechanisms of energy transfer
in the magnetosphere is through the propagation of ultra-
low-frequency (ULF) waves. Of particular interest are in-
tensive high-latitude geomagnetic pulsations at millihertz
frequencies (Pc5 / Pi3). Geomagnetic pulsations with quasi-
harmonic spectra are noted as “pulsations continuous” (Pc),
and pulsations with broadband spectra are labelled as “pulsa-
tions irregular” (Pi) (Troitskaya and Guglielmi, 1969). These

pulsations are the most long-period and intensive magneto-
hydrodynamic (MHD) waves in the magnetosphere. Their
longest possible period is determined by the magnetosphere
size to Alfvén velocity ratio and is about 103 s. The contribu-
tion of ULF waves to the solar wind—magnetosphere interac-
tion is quantified by ULF wave indexes (e.g. Kozyreva et al.,
2007; Borovsky and Denton, 2014). The highest Pc5 / Pi3
amplitudes correspond to auroral latitudes (Baker et al.,
2003). Specific ULF activations were found near the polar
boundary of the auroral oval and were associated with po-
lar boundary intensifications (PBIs) (Lyons et al., 1999). The
other region of high Pi3 intensities is co-located with the cusp
and cleft region (Bolshakova and Troitskaya, 1977; De Lau-
retis et al., 2016). Meanwhile, Pc5 / Pi3 pulsations are ob-
served in the polar caps, where field lines are “open”. They
are characterised by lower amplitudes (in comparison with
auroral Pc5 pulsations which can result from Alfvén field-
line resonance, FLR, on closed field lines) and are more ir-
regular with typically lower central frequencies of approxi-
mately a few millihertz (Bland and McDonald, 2016). A de-
tailed analysis of the morphological properties of these pulsa-
tions can be found in studies such as Yagova et al. (2004) and
Francia et al. (2005). These pulsations are simultaneously
seen in geomagnetic and radar data and might be (1) directly
driven by perturbations in the solar wind (SW), (2) related to
substorms, or (3) a result of internal processes in the magne-
tosphere. The polar cap pulsations are coherent at long dis-
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tances (Yagova et al., 2004). This indicates that an external
source of these pulsations should exist. Kepko et al. (2002)
suggested that the primary cause of global magnetospheric
pulsations is ULF perturbations in the pressure and density of
the SW. In some cases, these pulsations are literally global.
Thus, Han et al. (2007) reported on low-latitude observa-
tions of global Pi3 pulsations directly driven by fluctuations
in the SW. A contribution of the main SW/interplanetary
magnetic field (IMF) pulsations to the spectral power of po-
lar cap Pi3s was estimated by Yagova et al. (2007), who
showed that the amplitudes of polar cap Pi3s and fluctu-
ations in the IMF SW dynamic pressure in the same fre-
quency range correlate not only for high-amplitude wave
packets but also for any intensity of extra-magnetospheric
fluctuations. Later, Kepko et al. (2020) carried out a detailed
analysis of long-term observations of quasi-periodical spa-
tial mesoscale irregularities in the SW number density. The
above-mentioned authors showed that at least some of the
frequencies of global pulsations in the millihertz range can
originate from the mesoscale SW structures. Thus, if the ULF
variations in the SW are negligible, pulsations might result
from exciting Kelvin—Helmholtz instability in the magneto-
sphere (Mann et al., 2002; Rae et al., 2005; Keiling, 2009).

Inside the magnetosphere, the spectral parameters of ULF
waves can be determined by the spectral characteristics
of disturbances outside the magnetosphere, along with the
waveguide and resonance properties of the magnetosphere—
ionosphere system (e.g. Alperovich and Fedorov, 2007). In
particular, it has been shown that ULF spectra at polar
cap latitudes are not totally controlled by the parameters in
front of the bow shock but are a manifestation of processes
in the magnetosphere and magnetosheath (Yagova, 2015).
Pilipenko et al. (2005) theoretically showed that an Alfvén
quasi-resonator can be formed on open field lines due to the
curvature of the magnetic field. This mechanism can provide
one explanation for the ULF activity observed in the polar
cap.

The polar caps are projections of the geomagnetic tail
lobes, and the existence of specific tail modes has been dis-
cussed by Allan and Wright (2000). Cluster observations
have shown low average amplitudes of ULF waves in the
tail lobes, with a weak correlation between ULF power (in
both the Pi2 and Pc5 frequency bands) and auroral activity
(Wang et al., 2016). Zhang et al. (2018) used ion velocity
data to identify ULF waves and analysed how substorm ac-
tivity influences wave occurrence and the main frequency.
They found that the Pc5 frequencies differ for non-substorm
and substorm waves. Ballatore (2003) statistically analysed
integral parameters of ULF power in the Pc5 range at two
nominally conjugated positions. In both of the papers men-
tioned above, there was no information about the pulsation
waveforms or coherence. Important evidence with respect to
the possible interrelation between ULF activity in the polar
cap and at auroral latitudes was found by Bland and Mc-
Donald (2016), who studied high-latitude ULF waves under
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quiet geomagnetic conditions. The authors found that polar
cap ULF waves were accompanied by simultaneous activity
in the dayside auroral zone at nearly the same frequency (1-
1.3 mHz).

There are only a few publications on conjugated obser-
vations of ULF waves in the magnetotail and one or both
polar caps or between the two hemispheres at cap latitudes.
This is partly because of the low amplitudes of polar cap
Pi3s, which are usually masked by more intensive, directly
driven fluctuations seen simultaneously throughout the high-
latitude region. The other source of contamination is asso-
ciated with PBIs (Lyons et al., 1999, 2011). The interrela-
tions between the auroral activations, PBIs, and auroral phe-
nomena in the polar caps have been studied by Nishimura
et al. (2013, 2014). Although a substorm is mostly an au-
roral phenomena, it causes essential changes in/across the
whole night-time magnetosphere and is followed by auro-
ral and geomagnetic disturbances in the polar caps. Oscil-
lations in the Pc5 /Pi3 range observed in polar cap parti-
cle precipitation caused by a substorm have been reported in
Weatherwax et al. (1997). Furthermore, pre-substorm varia-
tions in polar cap ULF activity have been reported by several
authors (e.g. Heacock and Chao, 1980; Yagova et al., 2000,
2017). Shi et al. (2018) summarised previous studies of long-
lasting poloidal ULF waves in the magnetosphere, includ-
ing their own investigation. It is seen from Table 1 in Shi et
al. (2018) that the mean duration of the event is 2-3d, and
pulsations are detected on the dayside or from the dayside to
midnight. The authors pointed out that “the waves were usu-
ally monochromatic and observed during low geomagnetic
activity after a geomagnetic storm or within the storm re-
covery phase”. Later, Shi et al. (2020) concentrated on one
event from those studied in Shi et al. (2018). The authors re-
ported long-lasting Pc5 pulsations from L ~ 5.5 up to the po-
lar caps in both hemispheres that were seen simultaneously
in the ground-based magnetometer and Super Dual Auroral
Radar Network (SuperDARN) radar data. At the same time,
pulsations were detected by the Magnetospheric Multiscale
(MMS) satellite in the magnetosphere. The above-mentioned
study indicated that the Pc5 pulsation observed under quiet
external parameter conditions and within the storm recov-
ery phase at closed and open field lines were from the same
source.

The present case study is focused on a long-lasting pulsa-
tion which took place on 8 August 2007 and was recorded
simultaneously in the magnetotail and in both polar caps.
While ULF fluctuations almost die out in the SW and IMF,
ULF activity starts to grow and become more coherent in
the magnetosphere, as shown by both the Cluster and ground
magnetometer data in both polar caps. To minimise the pos-
sible influence of both extra-magnetospheric fluctuations and
residual activity related to the recovery phase of a geomag-
netic storm (Posch et al., 2003) or recent substorm activa-
tions, an interval with quiet conditions in both interplane-
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Table 1. Station coordinates and their parameters.

Station code  Geographic coordinates ‘ Geomagnetic (CGM) coordinates  UT of MLT midnight

Latitude Longitude ‘ Latitude Longitude

NAL 78.92 11.95 76.34 110.45 20:59

LYR 78.20 15.82 75.40 111.20 20:55

HOR 77.0 15.6 74.31 108.76 21:03

TRO 69.66 18.95 66.75 102.42 21:26

THL 77.48 290.83 84.84 29.19 03:13

DRV —66.66 140.01 —80.37 236.04 12:55

VOS —78.46 106.82 —83.57 55.15 01:02

DVS —68.58 7797 —74.75 101.17 21:58
tary space and the magnetosphere have been chosen using
the same set of parameters as in Yagova et al. (2017).
2 Data processing THL

MAL
GLYR
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C

Data from the IMAGE (International Monitor for Auro-
ral Geomagnetic Effects) magnetometer network; the VOS,
DVS, DRYV, and THL magnetic stations; the EISCAT (Euro-
pean Incoherent Scatter Scientific Association) radar, Clus-
ter, DMSP (Defense Meteorological Satellite Program); and B
OMNI (solar wind and IMF data) were utilised. The position A5
of the Cluster satellites and the field-line projection of their Vs
position (between 12:00 and 18:00 UT) as well as the loca-
tion of the stations are given in Fig. 1. It should be noted that DRV
the satellites were in the southern tail lobe for the full day
(not shown). (d)

IMAGE is a European magnetometer network equipped
with three-component fluxgate magnetometers with a 10s
initial time resolution (Tanskanen, 2009). The chain is
located approximately along the magnetic meridian 100
(MM100), and it covers corrected geomagnetic (CGM) lat-
itudes from ® =77 to 40°. Information on the stations
utilised in this study and their coordinates is presented in Ta-
ble 1.

The EISCAT Svalbard radar (ESR) is co-located with the
LYR magnetometer station (& = 75.4°) and can make de-
tailed measurements of ionospheric electron density, electron
temperature, ion temperature, and ion line-of-sight velocity.
The radar operates in the 500 MHz band with a peak trans-
mitter power of 1000 kW. In the present paper, data from the
42 m dish (field-aligned pointing position) taken during the
International Polar Year (2007-2008) are used.

To map the magnetic field variations from the magne-
totail to the ground, data from the Cluster satellite flux-
gate magnetometer have been included (Balogh et al., 1997).
The values of footprint coordinates are taken from https://
sscweb.gsfc.nasa.gov/cgi-bin/Locator.cgi, last access: 2 Au-
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Figure 1. The left column shows Cluster 1 and 3 satellite orbits in
GSE coordinates (XY — panel a, XZ — panel b), and the right col-
umn shows their projection on the map with observatories located in
the (¢) Northern and (d) Southern hemispheres (12:00-18:00 UT).
The initial point and final point are marked with a circle and a tri-
angle respectively.

gust 2021. The Tsyganenko 89c model is used for field-line
tracing

On 8 August 2007 (day 220), all four Cluster satellites
were located in the southern tail lobe at radial distances of
between 15 and 20 Rg. Specifically, fluxgate magnetometer
data from Cluster 1 and 3 are used (which had a separation
distance of approximately 1 Rg along the Sun—Earth line).
Using the TS01 model, Cluster 3 was nearly conjugated with
the DRV station (its southern footprint at 17:10 UT was at ge-
ographic coordinates of —68.7, 141.4° and CGM coordinates
of —76, 236°).
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2.2 Data processing

Preliminary data processing includes bandpass filtration in
the frequency band from 0.8 to 8.3 mHz and decimation to
a common 1 min temporal resolution. The lower frequency
of the filter window corresponds to an approximate 20 min
period. An example of spectra of a non-filtered signal can
be found in the Figure S1 in the Supplement. All spectral
maxima at frequencies above 1.1 mHz are separated from the
filter-related maxima in all spectra shown as examples and
used in statistical analysis.

In the case of the magnetospheric satellite measurements
of the magnetic field, a local field-aligned system is used. For
each time instant, there are two magnetic field vectors in the
GSE (Geocentric Solar Ecliptic System) coordinate system
(i.e. the instantaneous vector B and the vector averaged over
the time window, B,y). The field-aligned component By, is
defined as a projection of B to B,y. The radial component
B, is normal to By, lies in the plane containing B and the
Earth centre, and is directed downward. The azimuthal com-
ponent B, is normal to both B} and B,,: its direction is deter-
mined from the condition that three components form a right-
hand triangle. Electron concentrations registered by the EIS-
CAT radar are preliminarily sliced with height, averaged, and
passed through the low-band filter with a cut-off frequency of
fec = 8.3mHz. On the day of the case study, 8 August, Sval-
bard was experiencing the midnight Sun period, so the level
of background incident solar radiation in the ionosphere was
high. Nevertheless, variations in the electron density (A N,)
are suitable for analysis.

The processing of all (ground- and space-based) data to
a common temporal resolution allows a cross-spectral anal-
ysis to be performed between the various data sets. The
Blackman—Tukey method (Jenkins, 1969; Kay, 1988) is ap-
plied to obtain a power spectral density (PSD) for each vari-
able, along with the PSD ratio (R), the spectral coherence
(y?), and the phase difference (Ag) for each pair of variables.
The spectra are calculated in a 96-point (5760 s) sliding win-
dow with an 8 min shift between subsequent intervals. Whilst
the Blackman—Tukey method has a more course frequency
resolution than other similar methods (such as the maximum
entropy method), it estimates the PSD with a dispersion that
decreases with spectral smoothing.

The spectral estimation parameters were chosen as a com-
promise between two opposite requirements, namely a better
frequency resolution and a lower dispersion of the spectral
estimation. One should keep in mind that the dispersion of
spectral coherence and phase difference depends on the ab-
solute value of coherence and goes to zero at y2 — 1.

OMNI data (time delayed to the bow shock) are used
for spectral estimations in the IMF, whereas Cluster data
are used for the magnetotail. Various studies have looked
at the response time of the magnetosphere to changes in
the solar wind (primarily to changes in the IMF). Wing et
al. (2002) found a nightside response time to changes in the
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IMF of ~ 12 min (at geosynchronous orbit). Given that this
study is looking at pulsations with a periodicity of ~ 12 min
(1.5mHz) and using a 1.5h sampling window for PSD and
coherence estimates, no addition time shift was applied to the
OMNI data when evaluating the coherence between them and
the Cluster data.

3 Results of the analysis

3.1 Space weather conditions and ground-based
magnetometer data on day 220 in 2007

The magnetic field data from the TRO and BJN stations, the
AE index (auroral electrojet index), and the IMF and SW pa-
rameters are shown in Fig. 2a. The figure shows that the IMF
was undisturbed, and the absolute value of the Bz component
hardly exceeded 3 nT. The absolute value of the solar wind
speed (V) was slightly decreasing for the entire period, and
the mean value was about 500kms~—!, which corresponds to
a moderate SW. The SW dynamic pressure stayed low, and
there were no rapid changes. The AE index was increasing
from 14:00 to 16:00 UT, and there were two enhancements
—at around 17:00 UT and at 20:30 UT. The second enhance-
ment, at 20:30 UT, marked using the vertical blue arrow in
Fig. 2a, corresponds to a substorm. Although the magnitude
of the substorm bay is small (~ 100nT), observations from
the DMSP satellite (F16, Fig. 2b, top panel) indicate auro-
ral enhancements consistent with a substorm (i.e. particle
precipitation occurring from the magnetotail). It should be
added that there are no ground-based optical observations
available in the high-latitude northern region due to 24 h day-
light conditions in northern Scandinavia.

3.2 ULF fluctuations on the ground and in space

In this section, the analysis of ULF fluctuations in interplane-
tary space, the magnetotail, and on the ground are presented.
The parameters of the IMF/SW fluctuations and geomag-
netic pulsations in the magnetotail are calculated through-
out the day to illustrate how the parameters of the pulsa-
tions in the magnetotail and on the ground are controlled
by extra-magnetospheric parameters and the changing (i.e.
moving from the auroral oval to the polar cap) of the mag-
netospheric projection of ground stations. Such a timescale
is used in Figs. 4a, 6, 8, and 10. For a more precise analysis
of the pulsation spectral properties, a shorter time interval is
used in Figs. 4b, c, 11, 12, and 14.
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Figure 2. Panel (b) presents the particle precipitation seen from the DMSP satellite data. Panel (a) shows the solar wind parameter and
ground-based magnetometer data including, from top to bottom, all IMF components, SW speed, SW pressure, the AE index, and the
magnetic field data from the TRO and BJN stations. A small substorm is marked using the vertical blue arrow.
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Figure 3. A latitudinal profile of geomagnetic pulsations registered on Svalbard (a—d) and in Tromsg (e).
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Figure 4. (a) Diurnal variations in the spectral power in the 1.2—
1.9 mHz frequency band for the NAL by component, (b) the PSD
spectral ratio (R), and (c) spectral coherence ()/2) for the NAL-
THL and NAL-HOR station pairs. Near-noon and afternoon max-
ima are marked using arrows.

3.2.1 Geomagnetic pulsations on the ground: Northern
Hemisphere

ULF pulsations are observed at the ground magnetometer
data stations located on Svalbard (from NAL to HOR) and
at BIN, and they become indistinct at TRO station, which is
situated on the mainland (Fig. 3). For the ground stations, the
terms By and Bg are used for the components oriented north-
ward along the magnetic meridian and eastward (orthogonal
components) respectively. The time series starts at 15:00 UT
and stretches for 180 min. The maximal amplitude reaches
~ 25 nT from peak to peak at ~ 16:30 UT for LYR and NAL,
and it then decreases to the value of a few nanotesla.

The diurnal variations in the Pi3 (1-4 mHz) power at NAL
are controlled by two active regions: the polar cusp, which
is responsible for near-noon activity, and the polar bound-
ary of the auroral oval in the morning and evening magnetic
local time (MLT) sectors (see Yagova et al., 2004, for de-
tails). The station crosses both zones at different universal
times (UTs) with a dependence on season and geomagnetic
activity in the morning and afternoon MLT sectors. The PSD
variation during the day analysed is shown in Fig. 4a. Each
data point along the time axis in Fig. 4b corresponds to the
starting point of a nearly 1.5h (96 min) interval. After the
cusp-related maximum near MLT noon (09:00 UT), indicated
by the vertical red arrow, the PSD reaches a maximum at
13:00 UT (16:00 MLT), indicated by the vertical purple ar-
row. Afternoon Pi3s, seen after 15:00 UT, do not relate to the
cusp activity and are the object of our special interest.

To clarify how the contribution of polar cap and auro-
ral oval activity to the NAL pulsations changes with time,
the variations in the Pi3 PSD ratio (R) and spectral coher-
ence (y2) for the THL-NAL and HOR-NAL station pairs
are given in Fig. 4b and c. HOR is located ~ 3° southward of
NAL on the MM 100 chain, whereas THL lies at ® = 84.84°
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(i.e. deep in the polar cap). Although THL is shifted by 5.5h
in MLT from the MM 110 stations, the diurnal variation is al-
most negligible for this location (Yagova et al., 2010), and
this station can be taken as an indicator of the conditions
in the polar cap. As has been shown (Yagova et al., 2017),
the main pulsation power is concentrated in the frequency
band from 1.25 to 1.9 mHz and from 08:00 to 20:00 UT (i.e.
from pre-noon to almost midnight in MLT). It is seen from
the Fig. 4b that both the THL / NAL and HOR /NAL PSD
ratios are less than 1 for near-noon hours (i.e. NAL is domi-
nating), which is probably due to cusp-related activity. From
11:00 to 16:30 UT, the THL / NAL spectral ratio is greater
than 1, whereas the HOR / NAL spectral ratio is approxi-
mately 1 (i.e. the PSD deep in the polar cap is maximal).
The HOR / NAL PSD ratio then grows, while the THL-NAL
PSD ratio remains at ~ 1. From 13:00 to 17:00 UT, the pul-
sations are coherent for both the THL-NAL and HOR-NAL
station pairs, with coherence maxima at 14:00 and 16:00 UT
(Fig. 4c). For the first maximum, the HOR-NAL spectral
coherence is higher, whereas the coherence for the THL-
NAL station pair exceeds that for HOR-NAL for the second
maximum. This means that the polar cap (THL) pulsations
demonstrate both the highest PSD and coherence with those
at NAL after 15:00 UT. This effect can be associated with
NAL moving from the auroral oval to the polar cap or can
result from temporal variations in the pulsation parameters,
such as PSD distributions along a meridian and/or spectral
coherence.

An example of the By component variations and their
spectral parameters are presented in Fig. 5. Figure 5a shows
a time series of the By component from 15:44 to 17:20UT
from the NAL, THL, and HOR stations. The pulsation has a
period of approximately 11 min (~ 1.5 mHz), and the peak-
to-peak amplitude is about 25 nT at NAL and THL and ap-
proximately ~ 15 nT at HOR. Note that the lower frequency
of the filter, fi, = 0.8 mHz, corresponds to an approximate
20 min period, which is almost 2 times longer than the main
pulsation’s period. Figure 5b—d show the PSD in each loca-
tion (panel b), the inter-station spectral coherence (panel c),
and the phase difference (panel d). The main maximum of the
PSD at all of the stations is found at f; = 1.5 mHz, and the
value of the PSD decreases with CGM latitude from THL to
HOR (Fig. 5b). This spectral coherence for both the NAL—
THL and the NAL-HOR station pairs also demonstrates a
maximum at f = f (as is shown in Fig. 5c). Note that the
spectral coherence between NAL and THL (green line in
Fig. 5c, d) is higher than between NAL and HOR (blue line
in Fig. 5c, d). The pulsations at NAL and THL are almost
in phase in the vicinity of fj, whereas a phase difference of
~ m exists between NAL and HOR. To summarise, the pul-
sations in the polar cap are characterised by a clear spectral
maximum, and the only difference from typical auroral Pc5s
is a lower frequency of the main maximum ( f; = 1.5 mHz).
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Figure 5. (a) Pulsations of the by component at NAL, THL, and
HOR during the interval starting at 15:44 UT; (b) the PSD spectra;
(c) the spectral coherence for the THL-NAL and HOR-NAL station
pairs; and (d) the phase differences are shown. The THL-NAL and
HOR-NAL station pairs in panels (¢) and (d) are shown using the
same respective colours as THL and HOR in panels (a) and (b).

3.2.2 Magnetic pulsations in the magnetotail and
interplanetary space

It is commonly believed that the pulsations in the polar
caps are directly driven by fluctuations in the SW. To find
a source of the studied pulsations, ULF disturbances in the
SW, IMF, magnetotail, and ionosphere were analysed. The
average PSD and coherence of magnetic field fluctuations
in the IMF, calculated from OMNI, and in the magnetotail,
recorded by Cluster 1 and 3, are presented in Fig. 6 (over
the same frequency range, 1.2-1.9 mHz, as those presented
in Fig. 4). The variations in the PSD of the three IMF com-
ponents and the field-aligned component b| in the magne-
totail (Cluster3) are given in Fig. 6a. The figure shows that
the spectral power in the IMF decreases rapidly at about
13:30 UT (black dot-dashed arrow in Fig. 6a); at ~ 15:00 UT,
a decrease is then seen in the magnetotail (black solid arrow
in Fig. 6a). Figure 6b shows the corresponding PSD in the
SW dynamic pressure (Psw) and density (). Whilst there is
an increase in spectral power from 10:00 to 15:00 UT, there
is a sharp decrease at 15:00 UT (i.e. nearly simultaneously
with that of the magnetic field in the magnetotail).
Simultaneously, the coherence between the pulsations, as
measured by Cluster 3 and Cluster 1, in the magnetotail
(Fig. 6¢) jumps almost to unity, while no severe changes
in the Cluster—IMF coherence occur. In the coherence panel
(Fig. 6¢), only the X component of the IMF is shown, as the
coherence variations between the Cluster field-aligned com-
ponent and the Y and Z IMF components are similar to the
Cluster-IMF bx coherence. However, the latter demonstrates
a closer agreement with the coherence variations within the
magnetotail before the pulsation regime changed at about
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15:00 UT (magenta curve in Fig. 6¢). A similar decrease is
found in the coherence between the magnetic field in the
magnetotail and Psw fluctuations (Fig. 6d). As the fluctua-
tions in the SW density and dynamic pressure were almost
identical (y2 ~ 1), only the coherence variations between
Psw and Cluster 3 are shown in Fig. 6d.

The change in the pulsation regime in the magnetotail is
rather abrupt and can be seen in the time domain as well.
Figure 7 shows the pulsations in b registered simultaneously
by Cluster 1 and 3 and their PSD spectra. The time series for
the interval that started at 15:04 UT is given in Fig. 7a. The
switch from more or less similar pulsations to almost identi-
cal ones is seen at about 15:30 UT and is marked with an ar-
row. The PSD spectra for the interval that started at 15:44 UT
(Fig. 7b) has the main spectral maximum at f = 1.5mHz
(i.e. at the same frequency fi as observed by the ground mag-
netometers).

To quantitatively describe the variation in the spectral
shape of the magnetotail pulsations during the day, we have
used the method described by Yagova et al. (2010, 2015). The
technique is based upon an expansion of the function o (F) (a
log—log spectrum, where o and F are the logarithms of the
PSD and frequency respectively) into Legendre polynomi-
als, with the resulting first three coefficients (Lo, L1, and Lj)
providing the required quantitative description. In particular,
the Q parameter is used (where Q = —L»), which estimates
the deviation of the spectrum from an inverse power approx-
imation (colour noise) near the central frequency of interest.

The results for the Q-parameter analysis, along with the
spectral power ratio and phase difference between the differ-
ent magnetic field components in the magnetotail, as mea-
sured by Cluster 3, are shown in Fig. 8. The Q value in-
creases rapidly for all three components (by|, by, and b,,) after
the PSD in the IMF decreases (i.e. after the millihertz fluctua-
tions in the IMF are switched off; dot-dashed arrow at about
13:30UT), and it reaches its maximal value at 15:00 UT. It
should be noted that the PSD in the SW pressure decreases
rapidly at 15:00 UT; however, the Q value for the b and
b, magnetic field components in the magnetotail remains
high (0>0.5) until 18:00 UT (and until 17:00 UT for the b,
component). For b, O slowly fluctuates between —0.5 and
0.5 from 00:00 to 13:00 UT and afterwards reaches almost 1
within 30 min. The growth for the transversal components
(by and b,) after 13:30 UT is not as fast, and Q reaches its
maximal value after 15:00 UT.

It has been shown by Pilipenko et al. (2013) that the char-
acteristics of the magnetotail are highly sensitive to the po-
larisation parameters of the pulsations (in comparison to a
simple amplitude-based investigation). The wave polarisa-
tion characteristics were changing during the interval anal-
ysed, as seen from the variations in the spectral power ratio
(R) and phase difference (Ag) for the b)b, and the b b,
component pairs (Fig. 8b, ¢). For both pairs of components,
R exceeds unity almost all day (i.e. the compressional com-
ponent is dominant). The only exceptions are registered at
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Figure 6. The left column shows time variations in (a) spectral power and (c¢) average spectral coherence for the three IMF components
(GSM) and the field-aligned b} components from Cluster 1 and 3. The right column shows (b) variations in total spectral power and
(d) average spectral coherence for the SW density and SW dynamic pressure as well as the field-aligned b)| components from Cluster 3. The
dot-dashed arrows indicate the time at which there is a significant decrease in the spectral power in the IMF fluctuations, and the solid arrows
indicate the time at which there is a significant decrease in b)) from Cluster 3 and the SW density and pressure.

03:00, 08:00, and 15:00 UT. In the afternoon MLT sector (i.e.
after 09:00 UT), it first increases from 2 to nearly 10 and then
drops to 2 for the b)|b, and below unity for the b b, compo-
nent pairs. Between 15:00 and 18:00 UT the average R value
is 2-3 times lower than for the previous 3 h. Averaged over
the same frequency band, the sinus of the inter-component
phase difference, Ay, is shown in Fig. 8c. Before 15:00 UT,
the parameter varies predominantly in the interval [—0.5,
0.8], and it differs for two component pairs. At 15:00 UT it
changes to almost unity for both component pairs. This cor-
responds to a 77 /2 phase difference between the field-aligned
and each of the transversal components, indicating a large-
scale pulsation with a high fraction of transversal (Alfvén)
components. The interval of the /2 phase difference and
low R values is seen in Fig. 8 from 15:00 to 18:00 UT (i.e.
it coincides with the interval of low amplitude, high Q, and
spectral coherence of Pi3 pulsations in the magnetotail).

3.2.3 ULF waves in the magnetotail and on the ground:
the inter-hemispheric relationship

As the Cluster satellites were in the southern tail lobe, only
a footprint in the southern polar region can be calculated.
To understand how the magnetotail pulsations are related to
those recorded in the two polar cap ionospheres, the pul-
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sations recorded at Cluster have been compared with those
recorded in the southern Polar cap, and pulsations recorded
in the southern Polar cap have been compared with those
recorded at the northern polar cap. A time series of the pul-
sations registered simultaneously in the magnetotail at Clus-
ter 3 and in both polar cap ionospheres are presented in
Fig. 9a—c, and the spectral coherence for the pairs of com-
ponents (one ground, one magnetotail) are given in Fig. 9d—
f. Pi3s at the DRV station, which is nominally conjugated
with Cluster 3 during this time period, have a peak-to-peak
amplitude of about 2nT (Fig. 9a), and the maximal spectral
coherence (y?) at 1.5mHz (f;) exceeds 0.9 for both field-
aligned and transversal components (Fig. 9d). It is the maxi-
mal value among all of the satellite—ground pairs. Pulsations
at the VOS station, located deep in the southern polar cap,
are similar to the pulsations at Cluster 3 and at DRV. Their
peak-to-peak amplitudes reach 4 nT (Fig. 9b). The Cluster 3—
VOS spectral coherence for both components at VOS and the
field-aligned component at Cluster 3 is shown in Fig. 9e. It
reaches a spectral coherence of 0.7 at the frequency f1 and
is higher than the coherence between the pulsation at VOS
and the transversal components at Cluster (not shown here).
During this interval, the ground Pi3s are more intensive in
the Northern than in the Southern Hemisphere. Hence, the
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Figure 7. (a) Pulsations of the b)| component in the magnetotail,
recorded by Cluster 1 and 3 during the interval starting at 15:04 UT.
(b) PSD spectra for the 96 min interval starting at 15:44 UT (the
start instant of the window for which the spectra are calculated is
marked with a vertical dashed line). The change in pulsation regime
is marked using an arrow. Pulsations at Cluster 1 and 3 are shown
using the same colours in all panels.
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Figure 8. Time variations in (a) the parameter Q, (b) the spec-
tral field-aligned to transversal components’ spectral power ratio
R, and (c) the sinus of phase difference at Cluster 3. The change
in pulsation regime in the IMF (at 13:30 UT) and in )| at Cluster at
15:00 UT is marked by the arrows, similar to Fig. 7.
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peak-to-peak amplitude at NAL is about 25 nT (Fig. 9¢c). The
maximal coherence, y2 ~0.9, between the NAL and Cluster
pulsations is found for the b,—bn component pair (Fig. 9f).
The results show that there is clearly a high coherence be-
tween the pulsations observed in the magnetotail and those
in the polar cap ionospheres.

A time series of spectral power and coherence, in the 1.2—
1.9 mHz frequency band, for different pairs of components
for Cluster 3 and VOS is presented in Fig. 10. The VOS sta-
tion is taken because it is located deep within the polar cap
at any local time; thus, the influence of the cusp and auro-
ral activity is minimal. A decrease in spectral power at VOS
starts immediately after the “switch off” of IMF fluctuations
(this instant is shown using the dot-dashed arrow in Fig. 10).
However, the total decrease in spectral power in the iono-
sphere is not as severe as in the magnetotail. From 15:00 UT
(marked by the black solid arrow in Fig. 10), the spectral
power measured at VOS remains approximately constant, de-
spite the fact that the spectral power at both Cluster and in the
SW dynamic pressure (Psw) (Fig. 6b) has decreased signif-
icantly. As a result, the tail to ground (T-G) spectral power
ratio (Rt—g) during the interval from 15:00 to 18:00 UT is
high in comparison with the previous hours (Fig. 10b). The
spectral coherence is also higher than its average value dur-
ing the day, especially for the b (Cluster)-bx (VOS) com-
ponent pair (Fig. 10c).

A time series of spectral coherence, in the 1.2-1.9 mHz
frequency band, between Cluster 3 and 4 ground-based sta-
tions in the both hemispheres is shown in Fig. 11. The DRV
station is nominally conjugated to Cluster 3, the NAL station
is located in the Northern Hemisphere, and VOS and THL
are placed deeper in the southern and northern polar caps re-
spectively, as was mentioned above. The three columns of
Fig. 11 correspond to the three magnetic field components in
the magnetotail, and the four rows correspond to the four sta-
tions. The two g round horizontal magnetic components are
colour coded: by in green and bg in orange. The time inter-
val from 8:00 to 20:00 UT corresponds to hours from local
noon to midnight at the TRO station. The highest coherence
is found for the by (DRV)-b, (Cluster 3) component pair
and lasts for 2h, from 15:00 to 17:00 UT. During the inter-
val, a large-scale pulsation with a high fraction of transver-
sal (Alfvén) components in the spectral power is recorded in
the magnetotail. A high (% = 0.7) but short coherence max-
imum is also seen in the by (DRV)-b), (Cluster 3) compo-
nent pair. Time evolution similar to bx (DRV)-b,, (Cluster 3)
is found for the bg (VOS)-b|| (Cluster 3) and bg (VOS)-b,,
(Cluster 3) component pairs, although at somewhat lower ab-
solute values of 2. As is seen in the bottom two rows of
Fig. 11, during the 15:00-17:00 UT time interval, the aver-
aged coherence hardly exceeds 0.5 for all components for
Cluster 3-NAL and Cluster 3-THL (i.e. for stations located
in the northern polar cap). Generally, the averaged coherence
between magnetotail Pi3s and those observed in the northern
polar cap is lower than that for the southern polar cap, as is
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Figure 9. Pulsations in the magnetotail (Cluster 3) and in bN on
Earth. Pulsations at Cluster 3 and at one of the ground stations are
shown in panels (a)-(c). The component with the maximal coher-
ence at the f] frequency with the corresponding station is shown in
panels (a)—(c). In panels (a)—(c), the left and right y axes correspond
to Cluster 3 and the ground respectively. Spectral coherence for the
same satellite—station pairs are given in panels (d)—(f).
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Figure 10. Time variations in (a) spectral power, (b) the ground to
tail spectral ratio Rg_T, and the average (c¢) spectral coherence in
the 1.2-1.9 mHz frequency band for the 5| components at Cluster 3
and both horizontal components at VOS. Time instants with a de-
crease in the spectral power of IMF fluctuations and pulsations in
b at Cluster are marked with dot-dashed and solid arrows respec-
tively.
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expected, as the Cluster satellites are located in the southern
tail lobe.

The interrelation between the pulsations in the polar caps
and the magnetotail cannot be completely described by their
spectral coherences, as the magnetotail data were only avail-
able in the southern tail lobe for the studied event. It seems
possible to partly compensate for this with the analysis of
the coherence between the two polar caps and within each
cap. As ionospheric observations are available in the North-
ern Hemisphere at the NAL longitude (see Table 1), all pos-
sible pairs of horizontal components for two combinations of
stations (VOS-DVS in the Southern Hemisphere, and DVS—
NAL between the two hemispheres) were analysed. It should
be noted that the maximal coherence at high latitudes is pos-
sible not only for the corresponding components (Lepidi et
al., 1996); hence, the maximal coherence for two polar cap
stations can be found not between both meridional compo-
nents but between, for example, the meridional component
at the first station and the latitudinal component at the sec-
ond station. The results for the time interval from 08:00 to
20:00 UT are given in Fig. 12. A high coherence (y%>0.5)
is seen between the by component at VOS and the bg com-
ponent at DVS (Fig. 12a) and between the bg component at
VOS and both DVS horizontal components for the 15:00-
18:00 UT interval (Fig. 12b). Inter-hemispheric coherence
over the same time interval reaches a maximum for the by
components of DVS and NAL (Fig. 12c¢).

The results of the coherence analysis between the pulsa-
tions in the magnetotail and those observed by ground mag-
netometers in both the northern and southern polar caps show
that the Pi3 pulsations recorded after 15:00 UT are charac-
terised by a high coherence in both a space to ground sense
and inter-hemispherically. A possible interpretation of this is
summarised in the following.

A compressional/shear Alfvén wave in the magnetotail is
propagating predominantly in transversal/field-aligned direc-
tions respectively. A high coherence between the pulsations
observed by ground magnetometers in each polar cap demon-
strate that these waves exist in both tail lobes.

This leads to coherent pulsations in both polar caps
with a higher coherence between the meridional compo-
nents for nominally conjugated positions and a higher cross-
component coherence for the pulsations inside the southern
polar cap.

3.2.4 Electron density fluctuations in the ionosphere

To examine electron density fluctuations in the ionosphere
over different altitudes, EISCAT radar data have been used.
The background Ne level was high due to solar extreme ultra-
violet (EUV) ionisation, but the application of a low-bound
filter (see Sect. 2.2) allows the fluctuations of electron den-
sity AN, for each altitude to be calculated.

A time series of AN, centred in the F region (at h =
205 km), along with the bx component of the magnetic field
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Figure 13. (a) Pulsations in the bN component at NAL and fluc-
tuations of N in the altitude band from 190 to 220 km during the
interval starting at 15:44 UT; (b) the PSD spectra; (c) the spectral
coherence; and (d) the phase differences are shown.

Figure 12. Time variations in average spectral coherence in the 1.2—
1.9 mHz frequency band between two points in the southern polar
cap and between the southern and the northern polar cap stations:
(a) bN component at VOS-both horizontal components at DVS;
(b) bg component at VOS-both horizontal components at DVS;
(¢) by component at DVS—both horizontal components at NAL; at NAL is shown in Fig. 13a. The spectral power of both

(d) bg component at DVS—both horizontal components at NAL. time series is shown in Fig. 13b, their spectral coherence
The coherence of the corresponding components (NN and EE) is is shown in Fig. 13c, and the phase difference is shown in
shown in all panels using solid lines, and the cross-component (NE Fig. 13d. The analysis indicates a common spectral maxi-
and EN) coherence is shown using dot-dashed lines. The upper in- mum at f| = 1.5mHz (Fig. 13b) with a wide coherence max-
dexes indicate the number of a station in the station pair. The times imum with ymax 0.9 (Fig. 13c). The pulsations are in anti-

at which there is a decrease of the spectral power of the pulsations

- phase with one another, as is clearly seen from both the time
at Cluster are marked with an arrow.

series and the phase difference, which is nearly 7 at the f
frequency (Fig. 13d).
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Figure 14. (a) Dynamic altitude distribution of spectral coherence
between EISCAT N and NAL by in the 1.2-1.9 mHz frequency
band during the evening hours, (b) and the altitude distribution of
spectral coherence for the 15:44 interval.

Figure 14a shows the temporal variation in the spectral co-
herence, y2 (in the frequency band from 1.2 to 1.9 mHz),
between AN, and the by component of the magnetic field
over an altitude range covering the E and F regions of the
ionosphere (from 100 to 450 km). Before 16:30 UT, the high-
est spectral coherence is registered, with a maximum at
about 200 km. The same altitude of maximal coherence is
seen from 16:40 to 17:30 UT. Several spots of high coher-
ence were found at lower (~ 150km centred at 17:00 UT)
and higher (350 km around 16:30 UT and 420 km at 17:00-
17:30UT) altitudes. An altitude profile taken at 15:44 UT is
shown in Fig. 14b. Spectral coherence is high (y2> =0.5)
in the altitude range from 120 to 350 km, and the maximal
coherence is found at & = 205 km. This high coherence be-
tween the geomagnetic and N, pulsations can be a result
of modulated particle precipitation. The altitudes where the
highest coherence is found correspond to the penetration al-
titude of electrons with energies in the hundreds of electron-
volts (Kozyreva et al., 2007).

4 Discussion

Highly coherent pulsations in the Pc5 / Pi3 range were ob-
served in the magnetotail and inside the polar caps on 8 Au-
gust 2007. A spectral analysis of the IMF and SW parameters
indicated that the amplitude of pulsations of a similar fre-
quency had decreased significantly by 13:30 and 15:00 UT
respectively (Fig. 6). Observations made in the magnetotail
(by the Cluster satellites) and in the polar caps (by ground
magnetometers and the EISCAT radar) indicate that, at the
same time (15:00 UT), the Pc5 / Pi3 ULF characteristics in
this region changed. A most impressive feature of the pul-
sations in the magnetotail during the studied hours is a high
Q factor, with a central frequency of about 1.5 mHz and ex-
tremely high coherence between the two Cluster satellites.
The visible pulsations are almost in phase. At the same mo-
ment, the contribution of the b, and b, (transverse) compo-
nents to the total spectral power increases. The pulsations are
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also recorded in both polar caps by ground magnetometers.
A coherence analysis shows that the maximal coherence is
found for nominally conjugated positions in the magnetotail
and in the southern polar cap ionosphere as well as between
the two hemispheres for the transversal magnetic field com-
ponents in the magnetotail and the by in the ground magne-
tometer data. For non-conjugated positions in the same hemi-
sphere, the coherence is higher for the field-aligned compo-
nent in the magnetotail and bg in the ground magnetometer
data. This could mean that the wave is a combination of a
compressional mode and shear Alfvén modes contributing
predominantly to wave transport in the transversal and par-
allel direction to B respectively. The pulsations also show
a high coherence between variations in the electron concen-
tration, A N., and the ground magnetic bN component in the
northern polar cap ionosphere. The fact that it is registered in
the electron concentration could indicate modulated particle
precipitation into the ionosphere from the magnetotail.

These high-quality Pc-like pulsations in the magnetotail
probably correspond to some resonance magnetotail mode
and started after the external fluctuations had been switched
off. Thus, one can speculate that the pulsations in the mag-
netotail are usually masked by a higher-amplitude broad-
band ULF “noise” of extra-magnetospheric origin. The exis-
tence of quasi-resonance modes at open field lines has been
discussed by previous authors for different types of pulsa-
tions. Physically, they are related to the reflection of inho-
mogeneities in the distribution of the Alfvén velocity (e.g.
Pilipenko et al., 2005). Moreover, as discussed by Leonovich
and Kozlov (2018), the laterally inhomogeneous structure of
the nightside magnetosphere can also result in various reso-
nance and waveguide MHD modes in the Pc3-6 frequency
range.

It is interesting to note that the studied event perfectly
matches with the data set used in Yagova et al. (2017), who
showed that the parameter Q is higher for pre-substorm pul-
sations than for the typical polar cap Pi3s. However, given
the current data set, it is not possible to conclusively link this
ULF wave event to the substorm observed at 20:30 UT.

5 Conclusions

Geomagnetic pulsations with a frequency f1~ 1.5mHz
were registered on open field lines in both the northern and
southern polar caps during quiet, static, space weather condi-
tions on 8 August 2007. These pulsations were also observed
in the magnetotail with remarkably high quality and coher-
ence both in space and between the magnetotail and polar
cap on Earth. Moreover, the pulsations are seen simultane-
ously in the ionospheric electron density enhancements in
the northern polar cap.

The maximal coherence is found for nominally conjugated
positions in the magnetotail and in the southern polar cap
ionosphere as well as between the two hemispheres for the
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transversal magnetic field components in the magnetotail and
the meridional (bN) component in the ground magnetometer
data. For non-conjugated positions in the same hemisphere,
the coherence is higher for the field-aligned component in
the magnetotail and latitudinal (bg) component in the ground
magnetometer data. This indicates that the wave is a com-
bination of a compressional mode and shear Alfvén modes
contributing predominantly to wave transport in the transver-
sal and parallel direction to B respectively.
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licly available from the following sources: IMAGE (https://space.
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