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[11 Quasi-periodic (QP) emissions are electromagnetic emissions at frequencies of about
0.5-4 kHz that are characterized by a periodic time modulation of the wave intensity.
Typical periods of this modulation are on the order of minutes. We present a case study of a
large-scale long-lasting QP event observed simultaneously on board the DEMETER
(Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions) and the
Cluster spacecraft. The measurements by the Wide-Band Data instrument on board the
Cluster spacecraft enabled us to obtain high-resolution frequency-time spectrograms of
the event close to the equatorial region over a large range of radial distances, while the
measurements by the STAFF-SA instrument allowed us to perform a detailed wave
analysis. Conjugate observations by the DEMETER spacecraft have been used to estimate
the spatial and temporal extent of the emissions. The analyzed QP event lasted as long
as 5h and it spanned over the L-shells from about 1.5 to 5.5. Simultaneous observations of
the same event by DEMETER and Cluster show that the same QP modulation of the wave
intensity is observed at the same time at very different locations in the inner
magnetosphere. ULF magnetic field fluctuations with a period roughly comparable to,
but somewhat larger than the period of the QP modulation were detected by the fluxgate
magnetometers instrument on board the Cluster spacecraft near the equatorial region,
suggesting these are likely to be related to the QP generation. Results of a detailed wave
analysis show that the QP emissions detected by Cluster propagate unducted, with oblique
wave normal angles at higher geomagnetic latitudes.

Citation: Némec, F., O. Santolik, M. Parrot, J. S. Pickett, M. Hayosh, and N. Cornilleau-Wehrlin (2013), Conjugate
observations of quasi-periodic emissions by Cluster and DEMETER spacecraft, J. Geophys. Res. Space Physics, 118,

198-208, doi:10.1029/2012JA018380.

1. Introduction

[2] Quasi-periodic (QP) emissions are ELF/VLF electro-
magnetic emissions observed in the magnetosphere at fre-
quencies of about 0.5-4kHz, exhibiting a periodic time
modulation of wave intensity. The periods of this modulation
are generally above 10s, in contrast with 4-6s periods of
periodic emissions due to ducted whistler mode waves
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echoing along geomagnetic-field-aligned paths between oppo-
site hemispheres [Helliwell, 1965; Carson et al., 1965; Sazhin
and Hayakawa, 1994; Smith et al., 1998]. The QP emissions
appear to be essentially a dayside phenomenon [Ho, 1973;
Kimura, 1974; Morrison et al., 1994; Engebretson et al.,
2004] and they can be further classified, from ground observa-
tions, as QP emissions type 1 and QP emissions type 2, depend-
ing on whether or not correlated coincident ULF geomagnetic
pulsations are detected [Kitamura et al., 1969; Sato et al., 1974].

[3] Quasi-periodic events of type 1, which are closely cor-
related with coincident geomagnetic pulsations, are likely to
be caused by quasi-periodic fluctuations of resonant condi-
tions and wave growth in the wave generation region,
governed by the ULF magnetic field oscillations [Kimura,
1974; Chen, 1974; Sato and Fukunishi, 1981; Sazhin,
1987; Watt et al., 2011]. This wave generation region seems
to be located close to the equatorial plane in the outer magne-
tosphere [Sato and Kokubun, 1980; Sato and Fukunishi,
1981; Morrison, 1990]. A possible importance of high-
latitude (nonequatorial) magnetic field minima near the
magnetopause for the frequency spectra of the observed QP
emissions was discussed by Alford et al. [1996]. Tixier and
Cornilleau-Wehrlin [1986] have shown that the classification
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between QP emissions of type 1 and type 2 is not so obvious
in the space observations as on the ground, and they suggested
that both types of QP emissions might have the same gener-
ation mechanism. Quasi-periodic pulsations in precipitating
electron fluxes related to the generation of QP emissions were
considered by Coronity and Kennel [1970] and reported by
Gendrin et al. [1970a, 1970b]. A generation of quasi-periodic
magnetic pulsations in the ionosphere due to the quasi-
periodic modulation of precipitating electron fluxes has been
also considered [Bell, 1976; Sato and Kukubun, 1981; Sato
and Matsudo, 1986]. These magnetic pulsations can be sub-
sequently detected on the ground and explain some of the ob-
served magnetic field fluctuations related to the QP emissions
[Sato and Fukunishi, 1981]. QP events with a time duration
longer than 1h have been reported using single ground sta-
tions [Lanzerotti et al., 1986]. Nevertheless, they can last
for many hours at the same local time, being observed succes-
sively by several ground stations spaced in longitude as each
of them comes into the active region due to the Earth’s rota-
tion [Smith et al., 1991]. The occurrence statistics show that
QP emissions favor quiet geomagnetic conditions [Ho,
1973]. A case study of QP emissions detected on board
the Freja and the Magion 5 satellites was presented by
Pasmanik et al. [2004], along with possible scenarios for
their formation.

[4] We present a case study of QP emissions observed
simultaneously on board the DEMETER (Detection of
Electro-Magnetic Emissions Transmitted from Earthquake
Regions) and the Cluster spacecraft. Conjugate observa-
tions of the same event at several different points enable
us to distinguish between spatial and temporal variations.
Moreover, multicomponent measurements of the electro-
magnetic field allow us to perform a detailed wave analy-
sis of the emissions. Section 2 describes the satellites
and the data used in the study. The results that we
have obtained are presented in section 3 and discussed in
section 4. Finally, section 5 contains a brief summary.

2. DEMETER and Cluster Spacecraft

[s] DEMETER was a low-altitude satellite that operated
from 2004 to 2010. It had a circular polar orbit with an alti-
tude of about 660 km. The orbit was nearly Sun-synchronous,
i.e., the spacecraft was always located close to the local noon
(about 10:30 LT) or the local midnight (about 22:30 LT).
Among all the instruments on board, only the electric field
instrument will be used in the present study [Berthelier
et al., 2006]. In the VLF range this instrument provides us
with a power spectrum of one electric field component mea-
sured continuously at geomagnetic latitudes from —65° to
65°. The frequency resolution of the spectrum is 19.53 Hz
and the time resolution is 2.048 or 0.512s, depending on
the mode of operation.

[6] The four Cluster spacecraft, operated by the European
Space Agency, move in a close formation along an elliptical
orbit with a perigee of about 1.5Rg at geomagnetic latitudes
of about 40° and cross the geomagnetic equator at a radial
distance of approximately 6Ry (because the spacecraft orbits
changed over the duration of the mission, these are approxi-
mate parameters for the time period of interest). The Wide-
Band Data (WBD) plasma wave investigation instruments
on board the Cluster spacecraft were designed to provide

high-resolution measurements of both electric and magnetic
fields [Gurnett et al., 1997]. During the event investigated
in this study, the WBD instrument operated in a mode which
cycled between obtaining waveforms of one electric field
component measured in the spin plane of the spacecraft
for 42 s and waveforms of one magnetic field component
along the spin axis for 10s. In addition to the WBD ins-
truments, the STAFF-SA (Spatio-Temporal Analysis of
Field Fluctuations — Spectrum Analyzer) instruments acquired
information about power-spectral densities, mutual phases,
and coherence relations of three orthogonal magnetic field
components and two electric field components [Cornilleau-
Wehrlin et al., 1997, 2003]. The analysis is made on 27 log-
arithmically-spaced frequency channels between 8 and 4 kHz.
The data are preanalyzed on board with the time resolu-
tion for the studied event of 1s (for the power-spectral
densities) and 4 s (for the phases and the coherence), and
Hermitian spectral matrices 5 x5 are constructed, one
matrix per frequency channel and time interval. These can
be used to determine detailed wave properties [see, e.g.,
Santolik et al., 2003, and the references therein]. Finally,
the Cluster spacecraft are equipped with fluxgate magnet-
ometers (FGM) [Balogh et al., 1997, 2001] that provide
us with spin-averaged measurements of three components
of the ambient magnetic field with a sampling frequency
of 0.25 Hz.

3. Results

[7] A search for possible conjunctions between the
DEMETER and the Cluster spacecraft during the time inter-
vals when at least one of the WBD instruments was active
revealed a QP event observed simultaneously by DEMETER
and Cluster. According to the DEMETER data, the event
occurred on 13 April 2010 between about 04:30 UT and
09:15 UT. The WBD instruments on board the Cluster
spacecraft were active only on Cluster 2 and Cluster 4
and only for a part of the time interval of interest. As soon
as the WBD instruments turned on at about 07:52 UT on
Cluster 2 and at about 07:59 UT on Cluster 4, they started
to observe the QP emissions and observed them until about
09:25 UT, when they gradually faded. Unfortunately, the
electric field antenna on Cluster 2 was not functioning cor-
rectly beginning about 07:58 UT, so that only the 10 s long
snippets of the magnetic field data are available. Although
these cannot be effectively used for the analysis, they allow
us to confirm the presence of the QP emissions. In addition
to the WBD instrument, the STAFF-SA instruments were
active for a longer time period on board Cluster 4 and
Cluster 2. These have a poor frequency resolution at higher
frequencies, and their sensitivity to the QP emissions is there-
fore significantly lower. They observed the QP emissions
only between about 08:10 UT and 09:00 UT. It should be
noted that the geomagnetic activity on 13 April 2010 was
extremely low (daily Kp sum 50), but it had been higher
one day before (daily Kp sum 22+).

[8] Figure 1 shows frequency-time spectrograms of the
power spectral density of electric field fluctuations
corresponding to the QP event measured by the DEMETER
spacecraft. Figures la—1d correspond to one DEMETER
half-orbit, i.e., to about 35min of data spanning from
about 65° of geomagnetic latitude down to about —65° of
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Frequency-time spectrograms of power spectral density of electric field fluctuations measured

by DEMETER on 13 April 2010. Each of the four panels corresponds to one DEMETER half-orbit, i.e., to
approximately 35 min of data spanning from about 65° of geomagnetic latitude down to —65° of geomag-
netic latitude. QP emissions can be clearly distinguished in the right-hand parts of Figures 1a and 1b and
left-hand parts of panels Figures lc and 1d. Moreover, somewhat less pronounced QP emissions are seen

in the left-hand part of panel Figure 1b.

geomagnetic latitude. The emissions were observed during
“down-going” half-orbits, i.e., close to the local noon. The
frequency range spans from 0 to 3kHz and the universal
time, the L-value, and the geomagnetic latitude are provided
on the abscissa axis. QP emissions can be clearly distin-
guished in the right-hand parts of Figures la and lb and
the left-hand parts of Figures 1c and 1d. Moreover, some-
what less pronounced QP emissions are seen in the left-
hand part of Figure 1b. This shows that the occurrence of
QP emissions as observed by the DEMETER spacecraft
is limited to L-shells from about 1.5 up to 6. No similar
emissions were observed during the “up-going” half-orbits,
i.e., close to the local midnight. It should be noted that QP
wave activity was observed also several orbits before and
several orbits after the four orbits plotted in Figure 1. Never-
theless, it seems—at least as far as one can say from a limited
coverage of the DEMETER data—that this surrounding ac-
tivity was separated by calmer intervals, so that it is not clear
if it should be attributed to the QP event under study or to an-
other QP event starting shortly before/after. However, this

does not concern the topic of the paper, as it affects only
the estimate of the total time duration of the event.

[9] Frequency-time spectrograms of power spectral den-
sity of electric field fluctuations measured by the WBD
instrument on board the Cluster 4 spacecraft between
08:00 UT and 09:30 UT are shown in Figure 2. Figures 2a
and 2b correspond to 45 min of data. Cyclic 42 s data inter-
vals of electric field measurements have been dilated across
10s data intervals where the magnetic field had been mea-
sured instead throughout. The plotted frequency interval
spans again from 0 to 3 kHz, and the radial distance, the geo-
magnetic latitude, and the magnetic local time are shown on
the abscissa axis. The QP emissions are well visible since the
beginning of the plotted time interval. After 09:00 UT the
emissions cease gradually and the QP structure cannot be
identified anymore after about 09:25 UT. Individual elements
forming the QP emissions can be classified as rising tones
[Sato and Fukunishi, 1981]. The appropriate frequency
sweep rates (df/df) are not constant throughout an element,
but rather increase as a function of frequency.
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Frequency-time spectrograms of power spectral density of electric field fluctuations measured

by the WBD instrument on board Cluster 4 on 13 April 2010 close to the equatorial region at radial dis-
tances from about 3 to 6 Rg. QP emissions are observed for most of the plotted time interval, gradually
ceasing toward its end. Each of the two panels corresponds to 45 min of data.

[10] The period of the QP modulation (i.e., the time sepa-
ration between individual elements of the emission) deter-
mined from the Cluster 4 WBD data is shown in Figure 3.
It has been visually determined for five different frequencies,
with the results obtained for each of them being shown by a
different symbol. It can be seen that after 08:30 UT the time
separation between consecutive elements of the QP emission
does not depend on the frequency, but varies slightly over
the time, from about 40 to 60 s. In the beginning of the event,
between about 08:05 UT and 08:20 UT, the time separation
of the elements is somewhat larger and it may be as large
as nearly 2min. It should be underlined that although the
variation of the time separation of the elements is ob-
served, the time separation does not change abruptly, but
rather quite continuously.

[11] When analyzing the time separation between the QP
elements, an important question arises, whether the QP
structure corresponds to a purely temporal variation or if
the satellite location plays any important role, i.e., if the
modulation varies from place to place. Generally, this cannot
be distinguished by using a single satellite, but simultaneous
observations of the same event by two different spacecraft at
two different locations enable us to resolve this problem.
Figure 4 shows a comparison of frequency-time spectro-
grams of power spectral density of electric field fluctuations
observed by the DEMETER (Figure 4a) and the Cluster 4
spacecraft (Figure 4b). The plotted time interval and the fre-
quency range is exactly the same in both figures, but the
power scale is somewhat different in order to provide a good
contrast. Although most of the features in the spectrograms
are completely different, one can see that the QP elements
observed at frequencies close to 1600 Hz are rather similar
in both panels. Namely, the times and the frequencies of
the individual elements observed by DEMETER and Cluster

are nearly the same. Their intensity may substantially fluctuate
from element to element and it is generally different on the
two spacecraft. Taking into account that DEMETER was
located at a radial distance of about 1.1Rg and at geomagnetic
latitudes from about 50° to 60°, while Cluster 4 was located
close to the geomagnetic equator at a radial distance of about
5.3Rg, the agreement in the observed pattern is surprising.
[12] Although high-resolution electric field measurements
performed by the WBD instrument are not available for
Cluster 2 during this time interval, we can compare the mag-
netic field data measured by the STAFF-SA instruments on
board Cluster 2 and Cluster 4. Locations of Cluster 2 and
Cluster 4 spacecraft during the time interval when the QP
emissions were observed by the STAFF-SA instruments
are shown in Figure 5a by red and blue colors, respectively.
Cluster 2 was located at higher geomagnetic latitudes, while
Cluster 4 was located closer to the geomagnetic equator. The
difference in magnetic local time (MLT) between the two
spacecraft was very low, being less than 0.5h. Magnetic
field lines corresponding to L=4 and L=35 calculated us-
ing combined IGRF (International Geomagnetic Reference
Field) and Tsyganenko 89 magnetic field models are over-
plotted. Parts of the orbits corresponding to the 30 min long
time interval between 08:20 UT and 08:50 UT when the
QP emissions were exceptionally well pronounced are plot-
ted in bold. The corresponding L-values as a function of time
are plotted in Figure 5b, using the same color convention as
in Figure 5a. Figure 5¢ shows the power spectral density of
magnetic field fluctuations measured by the STAFF-SA
instruments during this time interval. We have selected the
23rd frequency band out of the total 27 frequency bands
of the instrument, i.e., the frequency band spanning from
about 1250 Hz up to 1575 Hz, which is approximately the
central frequency of the observed QP emissions. The values
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different frequencies.
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observed by Cluster 4 are plotted with a negative sign in or-
der to enable an easy visual comparison with the values ob-
served by Cluster 2. It can be seen that—although the values
of the power spectral density are somewhat different—the in-
tensity modulation observed by the two spacecraft is the
same. Namely, the maxima and minima of power spectral
density are detected at the same times by Cluster 2 and Clus-
ter 4. We have used the data from Figure 5c and a correlation
analysis to determine the optimal lag between the two time
series, i.e., to determine the average time delay between the
signals. The time resolution of the power spectral densities
measured by the STAFF-SA instruments is 1s. Within this
time resolution, no time delay between the signals ob-
served by Cluster 2 and Cluster 4 was detected (not shown).

[13] Having shown that the observed QP variations are
entirely due to a time modulation, and that the same pattern
is observed over a large region of the inner magnetosphere
(with possible short time delays that we are not able to
exclude with the available data set), it is reasonable to try to
estimate the dimensions of the affected region. The obtained
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Figure 4. Frequency-time spectrograms of power spectral density of electric field fluctuations during the
time interval when QP emissions were measured simultaneously by (a) DEMETER and (b) Cluster 4 on
13 April 2010. Both spacecraft observe the same QP structure.

202



NEMEC ET AL.: QUASI-PERIODIC EMISSIONS

'2: 1 1 1 1 1
0 1 2 3 4 5

sqrt (XgM + YEM)

o 45F
> E
T 4.0F
> E
4 F
3.0 E E
0 5 10 15 20 25 30
Time After 08:20 UT (min)
(c)
T T T T T
24107 E
1410° § E
vl_N
o 0 A
= H
c H
-1+10° | 3
2e10°® 3
1 1 1 1 1 3
0 5 10 15 20 25 30

Time After 08:20 UT (min)

Figure 5. (a) Locations of Cluster 2 (red) and Cluster 4
(blue) spacecraft during the time interval when the QP emis-
sions were observed by the STAFF-SA instruments on
13 April 2010. The parts of the orbits between 08:20 UT
and 08:50 UT, which is the time interval used for a correla-
tion analysis, are plotted in bold. Magnetic field lines
corresponding to L =4 and L =35 calculated using combined
IGRF and Tsyganenko 89 magnetic field models are over-
plotted. (b) L-values of Cluster 2 (red) and Cluster 4 (blue)
during the time interval used for a correlation analysis.
(c) Power spectral density of magnetic field fluctuations mea-
sured by the STAFF-SA instruments in the frequency range
from about 1250 Hz up to 1575 Hz. The values observed by
Cluster 4 are plotted with a negative sign in order to enable
an easy visual comparison with the values observed by
Cluster 2.

results concerning the spatial extent of the QP event are
shown in Figure 6. The black curves correspond to the
DEMETER data, the red curve corresponds to the Cluster 2
data, and the blue curve corresponds to the Cluster 4 data.
L-values and MLTs of the satellites between 04:30 UT and

09:30 UT are plotted in polar coordinates. The parts of the
satellite orbits where QP emissions were observed are plotted
in bold. Cluster spacecraft, coming from the dusk, started to
see the QP emissions as soon as the WBD instruments turned
on, i.e., as soon as the high-resolution wave measurements
were available. However, the emissions faded out well before
the end of the WBD measurements.

[14] The observations by Cluster performed close to the
equatorial region clearly demonstrate that the QP emissions
were observed at L-shells as large as L~5.5. As for the
lower boundary of the affected L-shells, the emissions were
observed by Cluster at L-shells as low as L ~3.25. More-
over, DEMETER observations show that at low altitudes
the QP emissions can be detected at L-shells as low as L
1.5. Nevertheless, it is important to note that the reason
why Cluster did not see the emissions at low L-values may be
a limited MLT extent of the QP event. Namely, during the time
mterval when Cluster was located at low L-values, it was also at
rather large MLTs. This limited MLT extent is in agreement
with previous statistical studies, which showed that QP emis-
sions occur predominantly on the dayside, with a maximum just
before noon and another in the afternoon [ Tixier and Cornilleau-
Wehrlin, 1986; Sazhin and Hayakawa, 1994]. The emissions
were observed between about 7.4 and 12.3h of MLT on
DEMETER, while they spanned between about 12.5 and 14.8 h
of MLT on Cluster. Assuming that the MLT extent of the
event does not change over time, one can estimate that the MLT
interval where the QP event occurred was at least about 7.5 h.

[15] Previously published results of QP emissions have
revealed that—at least in some cases—QP emissions were
associated with corresponding ULF variations of the geomag-
netic field [see, e.g., Sato et al., 1974; Sato and Fukunishi,
1981]. The fluxgate magnetometers on board the Cluster
spacecraft allow us to check for the presence of magnetic
field pulsations during the times when QP emissions are
observed. Data from Cluster 2 and Cluster 4 are available
for the time interval of interest. It is found that—apart
from the expected variation due to the spacecraft motion—
ULF magnetic field fluctuations are observed by Cluster 4
between about 08:50 UT and 09:10 UT. The amplitude of
these fluctuations is depicted in Figure 7. The values plotted
in the top and middle panels are the B, and B, components of
the ULF fluctuations in the GSE coordinates, respectively.
They were calculated from the measured magnetic field
components by subtracting the 5min boxcar average. No
similar fluctuations occurred in the B, component of the
magnetic field (not shown). Taking into account that during
the time of observation Cluster 4 was located close to the
equator, this means that the magnetic pulsations are approx-
imately transverse to the ambient magnetic field. Interest-
ingly, Cluster 2, which is located at comparable L-shells at
geomagnetic latitudes larger by about 10°, observed only
very weak magnetic pulsations limited to a short time inter-
val close to 08:55 UT (not shown). The bottom panel of
Figure 7 shows the frequency-time spectrogram of power
spectral density of electric field fluctuations measured by
the WBD instrument on board Cluster 4 for comparison.
It can be seen that the period of the ULF magnetic field pul-
sations is of the same order, but somewhat longer than the
period of QP elements. No exact one-to-one correlation
between the observed magnetic pulsations and the QP ele-
ments has been found.
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12h

18h

Figure 6. The extent of the analyzed QP event from
13 April 2010 as observed by DEMETER (black), Cluster
2 (red), and Cluster 4 (blue). L-values and MLTs of the satel-
lites between 04:30 UT and 09:30 UT are plotted in polar
coordinates. The parts of the satellite orbits where QP emis-
sions were observed are plotted in bold. Cluster spacecraft,
coming from the dusk, started to see the QP emissions as
soon as the WBD instruments turned on. However, the emis-
sions faded out well before the end of the WBD
measurements.

[16] Multicomponent measurements of the electromag-
netic field made by the STAFF-SA instruments on board
the Cluster spacecraft allow us to perform a detailed wave
analysis [see, e.g., Santolik et al., 2003, and references
therein]. The results obtained for the time interval when the
QP emissions were observed are shown in Figures 8 and 9
for Cluster 4 and Cluster 2, respectively. The top panel repre-
sents the power spectral density of magnetic field fluctua-
tions. The second panel shows the results obtained for the
planarity of polarization of the wave magnetic field obtained
by a singular value decomposition (SVD) method. Values
close to 1 correspond to the situation of a single plane wave,
while values close to 0 correspond to the situation when the
plane wave approximation becomes inappropriate. The third
panel represents the ellipticity of magnetic field fluctuations
obtained again by the SVD method. The absolute value of el-
lipticity is equal to the ratio of minor to major polarization
axes, i.e., values close to 0 correspond to nearly linearly
polarized waves and values close to 1 correspond to almost
circularly polarized waves. The sign corresponds to the
sense of polarization. A negative sign corresponds to left-
handed polarized waves, while a positive sign corresponds
to right-handed polarized waves. The fourth panel represents
the results obtained for the polar angles of the wave vector
directions with respect to the ambient magnetic field deter-
mined using SVD of the magnetic parts of the spectral matri-
ces. Taking symmetry into account, i.e., the fact that two
antiparallel directions cannot be distinguished when using
the magnetic field data only, the values of the polar angle
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Figure 7.
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(top and middle panels) Magnetic field fluctuations measured by the FGM instrument on board

Cluster 4 on 13 April 2010 around 09:00 UT, when the spacecraft was located close to the equatorial
plane. (bottom) Frequency-time spectrogram of power spectral density of electric field fluctuations mea-
sured by the WBD instrument on board Cluster 4 during the same time. The period of the ULF magnetic
field fluctuations is of the same order, but by a factor of about 1.6—1.7 larger than the period of QP

emissions.
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Figure 8. QP emissions from Figure 2 as observed by the STAFF-SA instrument on board Cluster 4 on
13 April 2010. The meaning of the individual panels is as follows: power spectral density of magnetic field
fluctuations, planarity of magnetic field fluctuations, ellipticity of magnetic field fluctuations, and polar angle
of the wave vector direction with respect to the ambient magnetic field.

range between 0° and 90°. The values close to 0° corre-
spond to a nearly field-aligned propagation, while the
values close to 90° correspond to a nearly perpendicular
propagation. The results of the wave analysis were calcu-
lated only for frequency-time intervals where the power
spectral density of magnetic field fluctuations was larger
than 8 x 10~ 'nT? Hz ', in order not to perform the analysis
for data intervals, which do not correspond to QP emissions.

[17] Several conclusions can be drawn from Figures 8
and 9. First, the planarity in the frequency-time intervals
corresponding to QP emissions is generally rather low. This
may either indicate that the Cluster spacecraft observe a
superposition of several different waves coming from differ-
ent directions, or it may be simply a result of rather low-
power spectral density of magnetic field fluctuations
corresponding to the QP emissions. The emissions are
right-handed and nearly circularly polarized. They are almost
field-aligned close to the geomagnetic equator, but at higher
geomagnetic latitudes the polar angle of the wave vector
direction with respect to the ambient magnetic field gradually
(for Cluster 4) or abruptly (Cluster 2) increases and the waves
become more and more oblique.

4. Discussion

[18] The presented case study of QP emissions observed
simultaneously on board the DEMETER and the Cluster
spacecraft takes advantage of a unique satellite constellation.

Moreover, we were fortunate enough to have the WBD
instruments on board Cluster 2 and Cluster 4 active during
the time interval of interest. Although the obtained multi-
point measurements are invaluable for our understanding
of the properties of QP emissions, it is clear that on a longer
run they need to be complemented by systematic surveys of
QP emissions observed by DEMETER and Cluster sepa-
rately. Such type of analysis will be done in the future.
Our preliminary results based on visual identification of
QP emissions in DEMETER data indicate that QP emissions
are observed in about 3% of daytime half-orbits, while they
are basically absent during the night. Note that we were
likely to miss events with the modulation periods lower than
about 10s or the frequency bandwidth lower than about
400 Hz, which however, taking into account the properties
of QP emissions, should not prevent us from identifying
most of them. Moreover, if the QP emissions occur, they
are generally observed both in the beginning and at the end
of the half-orbits, i.e., in two nearly geomagnetically conju-
gated areas.

[19] Simultaneous measurements at several well-separated
points allow us to directly distinguish between spatial and
temporal variations. The QP event of interest was observed
by the STAFF-SA instruments on board Cluster 4 and
Cluster 2 for a few tens of minutes (see Figures 8 and 9).
During that time Cluster 2 was about 10° of geomagnetic lat-
itude to the North from Cluster 4, being separated by about
0.5h of MLT and located at slightly lower radial distances.
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Figure 9. QP emissions observed by the STAFF-SA instrument on board Cluster 2 on 13 April 2010.
The meaning of individual panels is the same as in Figure 8.

Nevertheless, the observed QP modulation was—within the
experimental error—the same (see Figure 5). Similarly, the
same QP modulation was observed on board the Cluster 4
and the DEMETER spacecraft during the time when the QP
event was detected by both of them (Figure 4). This clearly
indicates that during the time duration of the event the same
QP modulation of the wave intensity is observed at very
different locations. This is in agreement with the results
obtained by Morrison et al. [1994] and Engebretson et al.
[2004], who reported that QP emissions observed simulta-
neously at two or more ground-based stations are synchro-
nized within the 1 s time resolution of the samples. However,
the observations on the ground might have been strongly
affected by the wave propagation in the Earth-ionosphere
waveguide. Consequently, these authors have suggested that
the emissions were likely to be generated in, and propagate
along, a particular duct. The identical signals observed at
great distances were then explained by the signal penetrating
the ionosphere at the base of the duct and propagating in the
Earth-ionosphere waveguide. It is clear that such a scheme
cannot explain our satellite-based results of the same QP
modulation being observed at several different points in
space.

[20] Nevertheless, this finding might be possibly explained
by the suggested generation mechanism based on ULF com-
pressional waves propagating close to the equatorial plane
[Kimura, 1974; Sato and Fukunishi, 1981], because such a
scheme naturally allows for waves with the same modulation
to be generated over a significant area of the equatorial plane.

In this sense the generation mechanism might be similar to
the mechanism suggested by Nemec et al. [2012] to explain
the properties of a large-scale Magnetospheric Line Radiation
event observed simultaneously on board the Cluster 1,
Cluster 2, and DEMETER spacecraft. Moreover, one should
consider that the QP emissions may propagate from the gen-
eration region at oblique wave normal angles, as is suggested
by the higher-latitude results depicted in the bottom panels of
Figures 8 and 9. The ducted-nonducted mode conversion
process may provide a means by which signals generated,
triggered, or amplified in small localized ducts can spread
into much larger regions of the inner magnetosphere [Smith
et al., 1984]. Moreover, raytracing studies suggest that if
guiding provided by the plasmapause is considered, the
waves deviate toward lower L-values at altitudes of a few
thousands of kilometers [/nan and Bell, 1977]. This may pos-
sibly help to explain why the QP emissions extend down to
very low L-shells on DEMETER (see Figure 6).

[21] Concerning the azimuthal extent of the QP event,
Figure 6 shows that the DEMETER satellite observed the
event at MLTs from about 7.4h up to about 12.3h. The
Cluster spacecraft observed the event at the very end of the
analyzed time interval, spanning the MLTs from about 12.5
up to 14.8 h. Assuming that the generation region of the QP
emissions is located at a fixed MLT, this would correspond
to the source spanning over as much as 7.5h in MLT. More-
over, the limited extent of the QP emissions in MLT is the
most probable explanation for why Cluster did not see them
before about 08:00 UT.
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[22] ULF magnetic field fluctuations detected by Cluster 4
close to the equatorial region and depicted in Figure 7 corre-
spond to the shear Alfvén wave with the wave vector parallel
to the ambient magnetic field. The period of the ULF oscil-
lations is larger than the period of the QP emissions by a fac-
tor of about 1.6—1.7. However, the mechanisms considered
for the generation of QP emissions based on the modulation
of VLF waves by geomagnetic pulsations generally involve
compressional fluctuations of the magnetic field with the
same period as the period of QP emissions [Kimura,
1974]. 1t is thus possible that the observed ULF magnetic
field fluctuations do not correspond to the modulating ULF
wave responsible for the QP generation itself, but rather to
the excited standing oscillations of local resonant field lines
[Sato and Fukunishi, 1981; Tixier and Cornilleau-Wehrlin,
1986]. In any case, the fluctuations seem to be limited to
the near-equatorial region, as they are observed by Cluster
4 located close to the equatorial plane, while Cluster 2
located at geomagnetic latitudes by 10° larger principally
fails to see them. This would be consistent with field
line oscillations at small even harmonics [see Figure 9 of
Takahashi and McPherron, 1982].

[23] Particle measurements that would allow us to deter-
mine the position of the plasmapause are not available. Nev-
ertheless, the measurements by the Whisper instrument
[Décréau et al., 2001] show that on its inbound path Cluster
2 did not encounter the plasmasphere before about 06:38 UT
and Cluster 4 did not encounter the plasmasphere before
about 06:26 UT, which corresponds to L-values of about
4.8 and 4.4, respectively. Assuming that the location of
the plasmapause did not change significantly during 2-3 h
between these measurements and the time interval of inter-
est, one can consider these L-values as the upper estimates
of the plasmapause location. Such a result is quite in agree-
ment with the empirical model by Carpenter and Anderson
[1992], which gives L, ~4.2. Consequently, the ULF mag-
netic fluctuations detected by Cluster 4 close to the equato-
rial plane seem to be located outside the plasmasphere, but
rather close to its outer boundary. As for their limited time
duration, it might be appealing to identify their beginning
with the Cluster 4 crossing of the plasmapause. They disap-
pear at about the same time as the QP emissions fade, indi-
cating that the two are indeed most probably connected.
Unfortunately, the QP emissions disappear before Cluster
4 crosses the geomagnetic equator, so that the data from
this specific region of extreme interest are not available.

[24] The results of a detailed wave analysis presented in
Figures 8 and 9 are—to the best of our knowledge—the first
measurements of propagation and polarization properties of
QP emissions close to their probable source region. The sec-
ond panels of the figures show that the planarity of polariza-
tion of the wave magnetic field is generally very low,
corresponding either to a situation of several concurrent
electromagnetic waves propagating from different direc-
tions, or to a low signal-to-noise ratio. It is not possible to
distinguish between these two possibilities using the avail-
able experimental data. However, given the low power spec-
tral density of magnetic field fluctuations corresponding to
the QP emissions, the latter explanation seems to be more
likely. Most importantly, the QP emissions appear to be
nearly field-aligned close to the geomagnetic equator and
they become more and more oblique with increasing

geomagnetic latitude. This indicates that their propagation
is primarily unducted.

5. Conclusions

[25] Results of a case study of QP emissions observed
simultaneously by the Cluster spacecraft close to the equato-
rial region at L-values of about 3.3-5.5 and by the low-
altitude DEMETER spacecraft have been presented. The
analyzed QP event lasted as long as 5h. Conjugate obser-
vations at several different points in space allowed us to
demonstrate that principally the same modulation pattern
is observed at L-shells from about 1.5 to 5.5 and over several
hours of MLT. This finding is particularly important, because
the observations are done in space and cannot be therefore
explained by propagation in the Earth-ionosphere wave-
guide, contrary to what was suggested by Morrison [1990]
and Engebretson et al. [2004]. Instead of that, the same
observed QP modulation must be linked to the generation
mechanism itself and/or the unducted propagation of QP
emissions in the magnetosphere. This is further supported
by the results of a detailed wave analysis, which show that
the QP emissions are probably generated in the equatorial
region (propagation parallel to the ambient magnetic field),
and at higher geomagnetic latitudes they propagate at oblique
wave normal angles. ULF magnetic field fluctuations with a
period roughly comparable to, but somewhat larger than the
period of the QP modulation were detected by the Cluster
spacecraft. They appeared to be limited to the vicinity of
the geomagnetic equator and were polarized principally in
the equatorial plane.
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