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Abstract We present a detailed analysis of a long-lasting quasiperiodic (QP) event observed
simultaneously by the low-altitude DEMETER spacecraft and on the ground by the instrumentation of the
Sodankylä Geophysical Observatory, Finland. The event was observed on 26 February 2008. It lasted for
several hours, and it was detected both in the Northern and Southern Hemispheres. The time intervals
when the event was observed on board the satellite and/or on the ground provide us with an estimate of
the event dimensions. When the event is detected simultaneously by the satellite and on the ground, the
observed frequency-time structure is generally the same. However, the ratio of detected intensities varies
significantly as a function of the spacecraft latitude, indicating the wave guiding along the plasmapause.
Moreover, there is a delay as large as about 13 s between the times when individual QP elements are
detected by the spacecraft and on the ground. This appears to be related to the azimuthal separation of the
instruments, and it is highly relevant to the identification of a possible source mechanism. We suggest that
it is due to an azimuthally propagating ULF wave which periodically modulates the azimuthally extended
source region. Finally, we find that at the times when the intensity of the QP event suddenly increases, there
is a distinct increase of the amplitude of Alfvénic ULF pulsations measured on the ground at high latitudes.
This might indicate that the source region is located at L shells larger than about 7.1.

1. Introduction

Whistler mode electromagnetic waves in the very low frequency (VLF) range observed in the inner mag-
netosphere sometimes exhibit a nearly periodic modulation of the wave intensity. The modulation period
may be from some tens of seconds up to a few minutes, and the events typically occur in the frequency
range from about 0.5 up to 4 kHz [Carson et al., 1965; Sato and Kokubun, 1980; Sato and Fukunishi, 1981;
Smith et al., 1998]. Such electromagnetic waves are usually called quasiperiodic (QP) emissions. Although the
emissions were extensively studied for already a few decades, their generation mechanism still has not been
satisfactorily explained.

QP emissions are known to be primarily daytime phenomenon [Morrison et al., 1994; Engebretson et al., 2004;
Hayosh et al., 2014]. Historically, they were classified using ground-based measurements into two classes,
called “QP emissions type 1” and “QP emissions type 2” [Kitamura et al., 1969; Sato et al., 1974]. The used
criterion was whether or not coincident ultralow frequency (ULF) magnetic field pulsations with a period
comparable to the modulation period of QP emissions were observed on the ground. If such pulsations were
observed, the events were classified as QP emissions type 1, if such pulsations were absent, the events were
classified as QP emissions type 2.

As for possible generation mechanisms of QP events, two principally different scenarios were suggested.
The first one, inspired by the ULF magnetic field pulsations observed along with QP emissions type 1, is
based on the idea of resonant conditions in the source region being periodically modulated by a compres-
sional ULF wave [Chen, 1974; Sato and Fukunishi, 1981; Sazhin, 1987]. A theoretical analysis suggests that
already rather minor ULF magnetic field pulsations might result in significant modulations of the wave growth
rate [Kimura, 1974]. However, one should note that although this generation mechanism assumes the pres-
ence of a compressional ULF wave, magnetic field pulsations observed on the ground are typically Alfvénic,
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NĚMEC ET AL. CONJUGATE OBSERVATIONS OF QP EMISSIONS 8790

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2016JA022968


Journal of Geophysical Research: Space Physics 10.1002/2016JA022968

i.e., noncompressional. Nevertheless, it is possible that the compressional pulsations responsible for the QP
modulation of the VLF wave intensity are limited only to the narrow equatorial region, and they are mode
converted to Alfvénic pulsations at larger geomagnetic latitudes [Němec et al., 2013a]. This possibility seems
to be partly supported by observations, as out of the three QP events observed by the Cluster spacecraft
close to the geomagnetic equator during the close separation campaign in summer 2013, compressional ULF
magnetic field pulsations were observed in two events [Němec et al., 2014].

The second suggested possible generation mechanism is based on the periodic wave generation in the
regime of relaxation oscillations [Bespalov and Trakhtengerts, 1976; Davidson, 1979]. A rigorous kinetic model
involving a flow cyclotron maser and taking into account variable shapes of the wave spectrum was subse-
quently developed [Trakhtengerts et al., 1986; Demekhov and Trakhtengerts, 1994; Pasmanik et al., 2004a]. The
model was also applied to explain some of the satellite observations of QP emissions [Pasmanik et al., 2004b].
As this mechanism does not require any modulating ULF wave, it could be used to explain QP emissions of
type 2. Nevertheless, it is important to note that the classification of QP emissions into type 1 and type 2
becomes significantly less clear when the satellite data are used in place of ground measurements [Tixier and
Cornilleau-Wehrlin, 1986]. In fact, it appears that both types of QP emissions might have the same generation
mechanism, and their distinction is thus rather questionable [Sazhin and Hayakawa, 1994].

Multipoint measurements of the same event are crucial to distinguish between spatial and temporal varia-
tions of the phenomenon. Such observations are typically rather difficult to gather, and a detailed analysis of
only a few such events has been performed up to now [Němec et al., 2013a, 2013b, 2014; Titova et al., 2015;
Němec et al., 2016]. Moreover, while ground-based measurements can provide important information about
temporal variations of an event [Smith et al., 1991; Manninen et al., 2012, 2013, 2014a, 2014b], spacecraft mea-
surements are crucial to obtain the information about the event spatial variability. It is thus beneficial to
combine the two types of measurements. When multipoint observations of a QP event are available, they
generally show that principally the same QP modulation is observed over a large spatial region [Němec et al.,
2013a, 2013b, 2014; Titova et al., 2015]. However, the times when individual QP elements (intensity maxima)
occur at different locations can differ by a few seconds. This can be likely explained by the unducted wave
propagation of the emissions and one of the observers being located closer to the source than the other
[Němec et al., 2014; Martinez-Calderon et al., 2016]. We note, however, that these time delays were obtained for
two points located at principally the same magnetic local time (MLT), separated by about 0.5RE radially. The
situation may be rather different when the azimuthal distance is concerned. Specifically, Němec et al. [2016]
used observations by multiple spacecraft to identify the time delays as large as about 15 s for the azimuthal
separations of the spacecraft about 25∘ in longitude. Curiously, they also reported that when a QP event is
observed simultaneously on the dawnside and on the duskside, its modulation period on the duskside is
about twice larger.

In any case, QP emissions are believed to be generated in the equatorial region, close to the plasmapause or at
even larger radial distances [Sato and Kokubun, 1980; Morrison, 1990]. Detailed wave analysis of satellite obser-
vations of these emissions [Němec et al., 2013a; Titova et al., 2015; Hayosh et al., 2016] as well as multistation
ground-based measurements [Gołlkowski and Inan, 2008] indicate that QP emissions propagate unducted.
However, there is an indirect evidence that the emissions may be guided along the plasmapause boundary
when propagating down to the low altitudes [Hayosh et al., 2016]. A ray tracing analysis of such a plasmapause
guiding suggests that the waves would be deviated toward lower geomagnetic latitudes at altitudes of a few
thousands of kilometers [Inan and Bell, 1977].

We present a detailed analysis of an exceptional long-lasting QP event observed simultaneously by the
low-altitude DEMETER satellite and by the ground-based instrumentation of the Sodankylä Geophysical
Observatory (SGO), Finland. The instrumentation is described in section 2. The obtained results are presented
in section 3, and they are discussed in section 4. Finally, section 5 presents a brief summary of the main results.

2. Data Set

DEMETER was a low-altitude spacecraft which operated between 2004 and 2010. It had an approximately cir-
cular orbit with an altitude of about 700 km. The orbit was nearly Sun synchronous, i.e., the measurements
were always performed close to either 10:30 LT or 22:30 LT. The instruments on board performed both wave
and particle measurements. These measurements were continuous at geomagnetic latitudes lower than 65∘.
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In the VLF range that we are interested in, frequency-time spectrograms of power spectral density of one elec-
tric and one magnetic field component were calculated on board. These spectrograms cover the frequency
range up to 20 kHz. The frequency resolution is about 19.53 Hz, and the time resolution is about 2 s. As the
magnetic field data suffer from a significant amount of interferences in the frequency range 1–8 kHz, only
electric field data will be used in the present study [Berthelier et al., 2006a].

The wave measurements on the ground are performed at the Kannuslehto station (67.74∘N, 26.27∘E, L ≈ 5.4)
operated by the Sodankylä Geophysical Observatory (SGO), Sodankylä, Finland. Two orthogonal magnetic
loop antennas oriented in the north-south and east-west directions are used. The size of the antennas is 10
by 10 m, and their effective area is 1000 m2. The emissions are band-pass filtered in the frequency range
0.2–39 kHz and sampled with the sampling frequency of 78,125 Hz. The receiver has a wide dynamic range
(up to 120 dB), and an exceptional sensitivity (approximately 0.1 fT). A more detailed description of the instru-
ment was given by Manninen [2005]. The magnetic field intensities are calibrated using the method described
by Fedorenko et al. [2014]. Fast Fourier transform (FFT) is performed to obtain power spectral densities of mag-
netic field fluctuations. These are then converted to power spectral densities of electric field fluctuations by
multiplying by the factor c2, where c is the speed of light. This is done in order to allow a direct intensity
comparison with the DEMETER electric field data.

Ground-based magnetometers of the IMAGE magnetometer chain in Finland and in Northern Scandinavia
provide continuous measurements of the three components of the ambient magnetic field [Tanskanen, 2009].
The time resolution of these measurements is 10 s. An important point is that the time resolution is good
enough to analyze the time scales shorter than the modulation period of the analyzed QP event; i.e., it allows
us to analyze magnetic field pulsations detected on the ground and possibly related to the occurrence of the
QP event.

3. Results

The QP event analyzed in this paper was observed by the ground-based instrumentation at Kannuslehto on
26 February 2008 between about 01:30 and 21:00 UT. However, it was not observed continuously, but with
gaps between about 06:10 and 10:40 UT and 13:20 and 17:00 UT. Moreover, the event was observed in eight
consecutive daytime half-orbits of the DEMETER spacecraft, and also in two nighttime half-orbits. An overview
of the situation is shown in Figure 1. It shows a map of locations in geomagnetic coordinates where the event
was observed. The location of the Kannuslehto station (Finland) is shown by the thick cross (geomagnetic
longitude of 119.96∘, geomagnetic latitude of 64.36∘). The individual curves shown in the figure correspond
to the projections of the DEMETER orbits relevant for the event observation. The thick red curves show the
positions of the spacecraft at the times when QP emissions were observed simultaneously by DEMETER and
by the Kannuslehto station. The thin orange curves show the positions of the satellite at the times when QP
emissions were observed only on the ground. Finally, the thick blue curves show the satellite positions at
the times when QP emissions were observed by DEMETER, but not on the ground. The Universal Time of the
beginning of each satellite half-orbit is shown. Note that during the daytime half-orbits, the satellite moves
from north-east to south-west, while during the nighttime half-orbits, the satellite moves from south-east
to north-west. The parts of the satellite orbits where the emissions were particularly well pronounced both
in DEMETER and ground-based data are marked by capital letters. These will be used for a detailed conju-
gate analysis. It can be seen that at the times when both DEMETER and Kannuslehto observe the emissions,
DEMETER can be as far as 102∘ in longitude. Curiously, there are times when the satellite is very close to the
Kannuslehto station, but the QP emissions are observed only by DEMETER.

A frequency-time spectrogram of 90 min of observations at Kannuslehto station is shown in Figure 2. The
wave power spectral densities expressed in electric field units are color coded according to the scale on the
right-hand side. The data were measured on 26 February 2008 between 10:40 UT and 12:10 UT. QP emissions
can be identified at frequencies between about 1000 and 2500 Hz. While in the lower frequency part the
QP emissions are hiss like and incoherent, individual QP elements are well pronounced at frequencies above
about 1500 Hz. Although these elements are not so intense in the beginning and at the end of the plotted
time interval, their intensity gradually increases toward the center.

Figure 3 shows a direct comparison between frequency-time spectrograms obtained by the DEMETER space-
craft and Kannuslehto station during the time intervals marked “A” and “B” in Figure 1. Figure 3a shows
a frequency-time spectrogram of power spectral density of electric field fluctuations measured by the
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Figure 1. Map of event locations in geomagnetic coordinates. The location of the Kannuslehto station where the
ground-based measurements were performed is shown by the thick cross (geomagnetic longitude 119.96∘, geomagnetic
latitude 64.36∘). The thick red curves show the positions of the DEMETER spacecraft at the times when QP emissions
were observed simultaneously by the satellite and on the ground. The thin orange curves show the positions of the
DEMETER spacecraft at the times when QP emissions were observed only on the ground. The thick blue curves show
the satellite positions at the times when QP emissions were observed exclusively by DEMETER. The start time of each
satellite half-orbit is shown at its beginning. Note that the daytime half-orbits are north-east to south-west, while the
nighttime half-orbits are south-east to north-west. The capital letters mark parts of the satellite orbits, where the
emissions were particularly well pronounced both in DEMETER and ground-based data. These are used for further
conjugate analysis.

Figure 2. Frequency-time spectrogram of power spectral density of magnetic field fluctuations (recalculated to electric
field units using the c2 factor, see text for more details) measured at the Kannuslehto station on 26 February 2008
between 10:40 UT and 12:10 UT. Wave intensities are color coded according to the scale on the right-hand side. QP
emissions can be seen at frequencies between about 1000 Hz and 2500 Hz. Individual QP elements are particularly well
pronounced at frequencies larger than about 1500 Hz. The QP elements are rather weak in the beginning and at the end
of the time interval, but their intensity gradually increases toward the center.
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Figure 3. (a) Frequency-time spectrogram of power spectral density of electric field fluctuations measured by the DEMETER spacecraft on 26 February 2008
between 10:46 UT and 10:53 UT (orbit part A in Figure 1). (b) Frequency-time spectrogram of power spectral density of electric field fluctuations measured by the
DEMETER spacecraft on 26 February 2008 between 11:11 UT and 11:24 UT (orbit part B in Figure 1). (c) The same as Figure 3a but for Kannuslehto magnetic field
measurements. (d) The same as Figure 3b but for Kannuslehto magnetic field measurements.

DEMETER spacecraft on 26 February 2008 between 10:46 UT and 10:53 UT. Frequency-time spectrogram of the
wave intensity measured at the same time by the Kannuslehto station is shown in Figure 3c. This time interval
corresponds to the time interval marked as A in Figure 1; i.e., DEMETER was rather close to Kannuslehto and
in the same hemisphere. Figure 3b shows a frequency-time spectrogram of power spectral density of electric
field fluctuations measured by the DEMETER spacecraft on 26 February 2008 between 11:11 UT and 11:24 UT.
Frequency-time spectrogram of the wave intensity measured at the same time by the Kannuslehto station is
shown in Figure 3d. This time interval corresponds to the time interval marked B in Figure 1; i.e., DEMETER was
located in the opposite hemisphere than Kannuslehto and by 72–102∘ westward.

Individual QP elements can be well distinguished in Figures 3a, 3b, and 3d. The QP elements in Figure 3c are
much weaker, and their low intensity nearly prevents their observation in the used color scale. Although the
lower frequency parts of the spectrograms differ significantly between DEMETER and Kannuslehto, individual
QP elements seem to reasonably agree, both in the frequency range and in the shape. There appear to be
some fine-scale differences in the inner structure of individual QP elements, but the limited frequency-time
resolution of the DEMETER data does not allow us to investigate these in great detail.

It is curious that the intensity of the QP emissions is so much different between DEMETER and Kannuslehto
during the interval A, when DEMETER is rather close. This is principally the same phenomenon as already seen
in the overall map in Figure 1, and it will be discussed in more detail in section 4. Moreover, it can be seen
that while the intensity of individual QP elements remains about the same in Figure 3d, the intensity of QP
elements observed by DEMETER in Figure 3b varies considerably. This is related to the latitudinal movement
of the satellite, and it will be discussed in more detail later.

It is interesting to compare the exact timing of individual QP elements between DEMETER and Kannuslehto
and to determine whether there is a detectable time delay between the two instruments or not. This is done
in Figure 4. We selected the frequency range between 1900 and 2000 Hz, and we plotted the power spec-
tral density in this frequency range as a function of time. Note that principally the same result is obtained
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Figure 4. (a) Time dependence of the power spectral density in the frequency range of 1900–2000 Hz corresponding
to the time interval from Figures 3a and 3c. The black curve and the scale on the left-hand side correspond to the
data measured by the DEMETER spacecraft. The red curve and the scale on the right-hand side corresponds to the
ground-based data measured at the Kannuslehto station. (b) The same as Figure 4a but for the time interval from
Figures 3b and 3d. The black and the red crosses mark the times of the beginnings/ends of individual QP elements as
observed by DEMETER and Kannuslehto, respectively.

independently on the chosen frequency band, as long as it is the frequency band which contains the QP
elements. Figures 4a and 4b correspond to the time intervals A and B, respectively; i.e., they are frequency
cuts from Figures 3a and 3c and 3b and 3d. The black curves and the scales on the left-hand side corre-
spond to the data measured by the DEMETER spacecraft. The data measured at the Kannuslehto station
are depicted using the red curves and the scales on the right-hand side. The red curve in Figure 4a is quite
noisy, as the wave intensity detected by Kannuslehto during this time interval was rather low. Nevertheless,
the four peaks in the wave intensity corresponding to the four distinct QP elements can be identified. The
times when these intensity peaks occur in DEMETER and Kannuslehto data are roughly the same, but a small
systematic time delay might be hidden in the noise. On the other hand, there is a clear time delay observable

Figure 5. Time delays between the detection of individual QP elements by
DEMETER and the Kannuslehto station as a function of frequency. The data
points marked by the same symbols of the same color were obtained for
the same time interval, but at different frequency ranges. The appropriate
parts of the satellite orbits shown in Figure 1 are marked by capital letters.
The negative sign means that DEMETER observed individual QP elements
later than Kannuslehto.

in Figure 4b. The red curve is system-
atically shifted toward earlier times as
compared to the black curve; i.e., the
individual QP elements are detected
first by the Kannuslehto station, and
then, with a distinct time delay, by the
DEMETER spacecraft. The black and
the red crosses in Figure 4b show the
beginning/ending times of individual
QP elements as observed by DEMETER
and Kannuslehto, respectively. These
were determined as the intensity min-
ima in between the QP elements,
and they will be used in the further
analysis.

In order to determine numerically
the time delays corresponding to the
dependencies from Figure 4, a correla-
tion analysis has been employed. The
obtained results are shown in Figure 5.
It shows the time delays between the
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Figure 6. Ratio of intensities of QP elements observed by DEMETER and
Kannuslehto during the time interval from Figure 4b. Individual color
symbols correspond to different frequency ranges, as described in the
insert of the figure.

detection of individual QP elements
by DEMETER and the Kannuslehto sta-
tion as a function of frequency. The
data points that are plotted by the
same symbols of the same color were
obtained for the same time interval,
but at different frequency ranges. The
used time intervals are marked by
capital letters, corresponding to the
parts of the satellite orbits shown in
Figure 1. It can be seen that dur-
ing the time intervals A and E, the
detected time delays were generally
very low, below the time resolution
of our analysis (approximately 2 s for
the DEMETER data and 1 s for the
ground-based observations). The time
delays detected during the time inter-
vals B, “C,” and “D” were significantly

larger, as large as about 13 s. The negative sign means that individual QP elements were observed by
DEMETER later than by Kannuslehto. Note that the time delay is principally independent of the frequency.
Also note that the analysis is performed only in the frequency ranges where the QP emissions are observed
with a sufficient intensity both in the DEMETER and ground-based data.

It is of interest to compare the intensity changes of the QP event as observed by DEMETER with the intensity
variation observed at Kannuslehto. The idea is that while the observations at Kannuslehto are performed at
a fixed location (only rotating along with the Earth), the DEMETER spacecraft moves significantly in the geo-
magnetic latitude over the course of a few minutes. While the intensity variations observed at Kannuslehto
are thus most likely related to the “real temporal variations” of the event, the intensity variations observed by
DEMETER are also affected by the spatial effects. We use the intensity observed at Kannuslehto as a normaliza-
tion factor, and we evaluate the variations of the normalized intensity of QP elements observed by DEMETER
as a function of the geomagnetic latitude. The obtained results are shown in Figure 6. The calculation was per-
formed separately for each 100 Hz wide frequency band. The time interval B was used in the analysis, as it is the
time interval with the largest number of well-pronounced QP elements. During this time interval, DEMETER
was located in the Southern Hemisphere, i.e., in the opposite hemisphere than Kannuslehto. The measure-
ments were performed during a daytime half-orbit when the spacecraft moved from the north to the south;
i.e., in Figure 6 decreasing latitudes correspond to increasing times. The results obtained for each of the ana-
lyzed frequency bands are plotted by a different color symbol, following the insert at the top left. Six distinct
QP elements can be distinguished in the DEMETER data during the analyzed time interval (see Figure 4b);
i.e., six intensity ratios were obtained for each frequency band. The intensity of a peak corresponding to a QP
element in a given frequency band is defined as the time integral of the wave intensity within the time range
corresponding to the duration of a QP element. The duration of a QP element is defined as the time interval
between the intensity minima, i.e., between a pair of consecutive same-color crosses in Figure 4b. Note that
according to this definition individual QP elements are adjacent to each other.

It can be seen that the results obtained for individual frequency bands are well consistent. The intensity ratios
are generally lower than 1, i.e., the power spectral density of electric field fluctuations detected by DEMETER
is generally lower than the power spectral density of electric field fluctuations detected by Kannuslehto. This
can be, at least in part, explained in terms of a different value of the refractive index. Specifically, while the
refractive index at the Kannuslehto station is principally equal to 1, the refractive index at DEMETER altitudes
is typically on the order of a few tens. Given that the waves penetrate through the ionosphere down to the
ground, we can infer their wave vectors to be nearly vertical. Considering the large geomagnetic latitude of
the observations, this means that the corresponding wave normal angles are rather small. For the analyzed
time interval and wave normal angles lower than about 60∘, the values of refractive index calculated using
the cold plasma theory [Stix, 1992], in situ measured plasma number densities [Berthelier et al., 2006b], and
International Geomagnetic Reference Field (IGRF) magnetic field magnitude are around 30. From the Faraday’s
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Figure 7. Modulation period (i.e., the time separation of two consecutive
QP elements) observed by Kannuslehto as a function of time. Individual
color symbols correspond to different frequency ranges, following the
insert at the top.

law it stems that the wave electric
field is related to the wave magnetic
field via a factor c∕n, where n is the
refractive index and c is the speed of
light. The same Poynting flux of the
wave would thus correspond to the
electric field power spectral density at
DEMETER being about n times lower
than at Kannuslehto. Even with a
Poynting flux propagated to the
ground lower by some 5 dB due to the
transionospheric attenuation during
the daytime [Graf et al., 2013], we can
still obtain the observed value. As the
refractive index at DEMETER altitudes
in the analyzed frequency range tends
to decrease with the wave frequency
(by about 10% for the wave frequency
of 2250 Hz as compared to the wave
frequency of 1850 Hz), this explana-

tion may be possibly also used to at least partly justify why the intensity ratios seem to be larger for higher
wave frequencies. The intensity ratio sharply increases at absolute values of geomagnetic latitude of about
35∘, and it gradually decreases toward larger geomagnetic latitudes. This indicates that the latitudinal range
where the penetration of QP emissions to the low altitudes of the DEMETER spacecraft is the most efficient.

The modulation period of a QP event, i.e., the time separation of consecutive QP elements, can significantly
evolve during the time duration of an event [Němec et al., 2013b; Manninen et al., 2013, 2014a]. The time
dependence of the modulation period of the analyzed event is shown in Figure 7. Ground-based data mea-
sured at the Kannuslehto station have been used, as these are—unlike DEMETER data—continuous in time.
Similarly to the aforementioned analysis, the modulation period has been determined independently in
100 Hz wide frequency bands. The results obtained for each of these bands are plotted by a different color

Figure 8. (a) Wave intensity detected at Kannuslehto in the frequency range between 1900 Hz and 2000 Hz as a function
of time. The vertical red lines mark the time interval when the intensity of the QP emissions suddenly increased.
(b) Variation of the magnetic field magnitude perpendicular to the ambient magnetic field detected by the IMAGE
magnetometer Ny-Ålesund, Norway (geomagnetic latitude 128.47∘ , geomagnetic longitude 75.87∘) as a function of
time. The magnetic field is a maximum at the time interval marked by the vertical red lines.
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Figure 9. Maximum of the magnetic field magnitude perpendicular to the
ambient magnetic field detected by the IMAGE magnetometers during the
time interval marked by the vertical red lines in Figure 8 as a function of
their geomagnetic latitude.

symbol, corresponding to the insert
at the top. Note, however, that the
modulation period is principally inde-
pendent of the frequency, as the
frequency-time shapes of consecu-
tive QP elements are typically rather
similar. It can be seen that while the
modulation period is roughly constant
in the beginning and in the middle
of the event, there are two sudden
increases of the modulation period as
large as about 100% at about 11:08 UT
and 11:34 UT. Moreover, there might
be an indication of the third modula-
tion period increase at the very end of
the analyzed event (about 12:02 UT).

The time variation of the intensity of
QP emissions detected at Kannuslehto
is analyzed in Figure 8a, which shows
the time dependence of the magnetic

field power in the frequency range between 1900 Hz and 2000 Hz by the black curve. It can be seen that the
wave intensity in the very beginning of the time interval was very low, and the QP modulation was rather
obscured. The intensity of the emissions then gradually increased, and the QP modulation became better pro-
nounced. The intensity of the QP emissions finally decreases toward the end of the analyzed time interval.
Importantly, a significant intensity increase is observed at about 11:08 UT, i.e., at the times roughly corre-
sponding to the time of the increase of the modulation period. The time interval when the intensity increase
is observed is marked by the red vertical lines.

It is interesting to investigate the variations of the magnetic field pulsations observed on the ground during
this time interval. This is done in Figure 8b. We have used the data from the IMAGE magnetometer network,
in this particular case the Ny-Ålesund magnetometer in Norway (78.92∘N, 11.95∘E). The magnetic field mag-
nitude detected on the ground corresponds primarily to the ambient magnetic field, but we are interested
in Alfvénic magnetic field pulsations. For this reason, we are interested in the variation of the magnetic field
magnitude perpendicular to the ambient magnetic field (determined as the average value during the time
interval of 1 h). The obtained time dependence is shown by the black curve. The magnetic field pulsations
have a period comparable to the period of the QP modulation, but its relation to the modulation period of
QP emissions is inconclusive. Nevertheless, it is noteworthy that the intensity of magnetic field pulsations is
maximal during the time interval marked by the red vertical lines.

This phenomenon is investigated in more detail in Figure 9. It focuses exclusively on the time interval marked
by the vertical red lines in Figure 8. Then, for each of the IMAGE magnetometer stations, it shows the maxi-
mum of the magnetic field magnitude perpendicular to the ambient magnetic field. The results are plotted
as a function of the geomagnetic latitude of individual magnetometer stations, which was found to be the
main controlling parameter. The maximum magnetic field magnitude is extremely large at high geomagnetic
latitudes, and it sharply decreases toward the equator. The increase thus seems to be limited to geomagnetic
latitudes larger than about 68∘. Converting the geomagnetic latitudes to L shells, assuming a dipole magnetic
field approximation, we can conclude that the increase is limited to L shells larger than about 7.1. Note that
using the IGRF and T89 [Tsyganenko, 1989] magnetic field models to better describe the real magnetic field
configuration would only slightly change this L shell estimate (to L ≈ 7.3).

4. Discussion

Multipoint observations of the same event are crucial to distinguish between spatial and temporal varia-
tions of the phenomenon. Moreover, the used combination of the low-altitude spacecraft and ground-based
measurements has certain considerable advantages. The ground-based measurements provide us with con-
tinuous observations of the event performed at the same location, and they therefore allow us to analyze
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temporal variations of the event. On the other hand, the DEMETER spacecraft samples a large geographic
region within a short time, and it therefore allows us to analyze the spatial variations of the event. The compar-
ison of the locations where the event was observed by DEMETER with the location of the Kannuslehto station
indicates that the event is limited to longitudes within about ±90∘ from the Kannuslehto station. Moreover,
sometimes the event is observed by DEMETER at locations very close to Kannuslehto, but it is absent in the
Kannuslehto data. This indicates that the waves may have difficulties penetrating from the DEMETER altitudes
down to the ground, which seems to be consistent with their unducted propagation [Němec et al., 2013a;
Titova et al., 2015; Hayosh et al., 2016].

The time delay between individual QP elements observed at different locations was identified by Němec
et al. [2014] using the observations performed by the Cluster spacecraft. The reported observations were per-
formed at about the same MLT, but they were separated by as much as 0.5 RE . The observed time delays
were on the order of a few seconds, and they were explained by the ray tracing analysis, considering the
unducted wave propagation. Conjugate observations of a QP event by the Van Allen Probes and THEMIS
spacecraft revealed the time delay as large as 15 s for azimuthal separations of about 25∘ [Němec et al., 2016].
It was argued that such a large time delay cannot be due to the propagation of the QP emissions. Instead,
it was suggested that the time delay might be related to the azimuthal propagation of a modulating ULF
wave. The time delays observed in the present study during the time intervals B, C, and D are close to 10 s;
i.e., they are also too large to be explained by the propagation of QP emissions themselves. Instead, follow-
ing Němec et al. [2016], we suggest that these time delays might be related to the azimuthal separation of the
DEMETER spacecraft and the Kannuslehto station, because of an azimuthally propagating compressional ULF
wave, which periodically modulates the source conditions in the source region. This mechanism would also
explain how principally the same QP modulation can be generated in an azimuthally extended region. Such
an azimuthally extended region seems to be necessary to explain the large azimuthal extent of the event,
as propagating whistler mode VLF waves tend to stay within the same magnetic meridian. We note that the
mechanism based on the azimuthal propagation of the modulating ULF wave also naturally explains why the
observed time delay does not depend on the frequency of the QP emissions. It would be further consistent
with apparent fine-scale differences in the inner structure of individual QP elements observed by the satel-
lite and on the ground. However, these might be possibly explained also by different propagation paths in
the dispersive plasma medium. Finally, we note that the ground-based observations may be affected by the
wave propagation in the Earth-ionosphere waveguide, which also acts to increase the spatial dimensions of
the event.

Let us discuss the time delays from Figure 5 in more detail. The time delay during the time intervals A and E was
close to 0. At these times, DEMETER was within about 30∘ in longitude from Kannuslehto. This corresponds
to the shortest distance of about 1700 km between the subsatellite magnetic footprint and Kannuslehto. The
waves can propagate in the Earth-ionosphere waveguide at such distances, and such a propagation would
explain the nearly coincident observation of individual QP elements by DEMETER and the Kannuslehto sta-
tion. We note that the attenuation of whistler mode waves that couple into the Earth-ionosphere waveguide
is expected to be rather large within the first few hundred kilometers [Nagano et al., 1982, 1986]. Experi-
mental analysis suggests that the attenuation rate close to the waveguide entrance point may be as high as
about 6–7 dB/100 km [Tsuruda et al., 1982; Machida and Tsuruda, 1984]. This large signal attenuation at short
distances can be understood in terms of heavily attenuated modes being more efficiently excited [Barr and
Stubbe, 1984], and it appears to be consistent with the low intensity of event A observed at the Kannuslehto
station. The analysis of the azimuth of arrival of these emissions shows that they are coming approximately
from the south-west or north-east (it is not possible to resolve the 180∘ ambiguity using the available data).
This roughly corresponds to the direction toward the DEMETER spacecraft, and it is consistent with the sug-
gested picture of the wave propagation in the Earth-ionosphere waveguide. However, after propagating such
a long distance in the Earth-ionosphere waveguide, the waves would be expected to have mostly linear
polarization [Tsuruda and Ikeda, 1979; Machida and Tsuruda, 1984]. The waves observed at Kannuslehto are
right-hand polarized. This might possibly be due to the polarization-distance dependence being more com-
plicated [Yearby and Smith, 1994]. Alternatively, the emissions might get spread over a larger region already in
the ionosphere, as suggested by the analysis of whistlers exiting the ionosphere at L> 6, although originally
ducted at L≈3–4 [Strangeways et al., 1983].

The time delay during the interval D is about −9 s while DEMETER was closer to Kannuslehto in longitude
than in event A. However, during this time interval, the spacecraft was located in the opposite hemisphere.
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The observations were performed on the nightside. DEMETER, which was located at later MLTs than
Kannuslehto by about 0.7 h (10∘ in longitude), observed the individual QP elements later. Attributing the
observed time delay to an azimuthally propagating ULF wave responsible for the QP modulation, we can esti-
mate its azimuthal speed to be about 1.2∘/s. This value is consistent with the value of about 1.5–2∘/s estimated
by Němec et al. [2016]. Moreover, this wave would propagate tailward, which is consistent with ground-based
statistical results [Olson and Rostoker, 1978; Chisham and Orr, 1997] and recent satellite observations
[Takahashi et al., 2015a, 2015b]. The longitudinal separation of the orbit parts B and C from the Kannuslehto
station is larger than for part D and roughly the same for both events, as are the observed time delays. A direct
conversion of the longitudinal separations and observed time delays to azimuthal speeds would for events
B and C give values of about 6.3∘/s and 5.9∘/s, respectively. However, their interpretation is complicated by
the fact that while DEMETER was located on the dawnside, Kannuslehto was on the duskside. It is thus well
possible that the (hypothetical) modulating ULF wave propagating tailward from the subsolar point would
start somewhere between the two observation points. This prevents the azimuthal speed of the wave prop-
agation to be properly determined. We note, however, that a modulating ULF wave starting exactly at the
subsolar point would not be consistent with the observed time delays, as during the time interval C DEMETER
is by about 40∘ in azimuth closer to the subsolar point than Kannuslehto, and yet it observes the individual
QP elements at later times. It is also noteworthy that even when DEMETER is located on the dawnside and
Kannuslehto on the duskside, the frequency-time structure of the event at the two observation points was
about the same. This contradicts the observations reported by Němec et al. [2016] of the modulation period
on the duskside being about twice larger than the modulation period on the dawnside. However, it might
possibly be due to the azimuthal separations in the present study not being that large, as compared to nearly
12 h of MLT separation in Němec et al. [2016]. Finally, we note once more that the interpretation of the time
delays calculated using ground-based data is complicated due to a possible propagation of QP emissions in
the Earth-ionosphere waveguide.

The latitudinal dependence of the intensity of QP emissions detected by DEMETER normalized by the inten-
sity of QP emissions detected at Kannuslehto exhibits an increase at absolute values of geomagnetic latitude
of about 35∘, and it slowly decreases toward larger geomagnetic latitudes. The normalization by the intensity
of QP emissions observed at Kannuslehto is assumed to be affected by the same propagation effects for the
entire duration of this analysis; i.e., it is considered to correspond to the real time variation of the intensity of
the event. The normalization of the QP intensities observed by DEMETER serves to remove this time variation,
and it allows us to analyze the spatial variation of the observed intensity. The obtained latitudinal dependence
of the intensity of QP emissions observed by DEMETER can be likely explained by the wave propagation from
the generation region located at larger radial distances. Specifically, Hayosh et al. [2016] reported for other
cases that the propagation directions of QP emissions at low altitudes suggest wave guiding along the plas-
masphere boundary, with a subsequent deviation toward lower latitudes at low altitudes. According to their
results, this deviation appeared to lead the wave primarily to geomagnetic latitudes lower than about 50∘.
This seems to be roughly consistent with our results.

The period of the QP modulation suddenly increased by as much as 100% around 11:08 UT and 11:34 UT. A
possible indication of the third increase of the modulation period was observed at the very end of the analyzed
time interval, around 12:02 UT. Although the total duration of the observations is not sufficient to demon-
strate this unambiguously, these observations might suggest that the increase of the modulation period is a
recurrent phenomenon which occurs every about 25 min. Manninen et al. [2013] and Manninen et al. [2014a]
reported observational evidence that a decrease in the modulation period might be related to substorm injec-
tions of energetic electrons. However, there were no substorms taking place during the time interval analyzed
in the present paper, and, moreover, we observe a sudden increase of the modulation period, not a decrease.
Unfortunately, we were not able to identify the cause of this modulation period increase.

The increase of the magnitude of Alfvénic magnetic field pulsations detected on the ground by the IMAGE
magnetometers at high latitudes at the times of the intensity increase of the QP emissions suggests that the
two phenomena might be related. There are, however, two principally different possibilities why this should
be the case. First, the QP modulation itself might be a result of the source region being periodically modu-
lated by the compressional ULF wave (see above). This ULF wave, compressional close to the geomagnetic
equator, might be mode converted to noncompressional Alfvén waves at larger geomagnetic latitudes. The
appropriate ULF magnetic field pulsations would be then detected by the magnetometers on the ground.
Alternatively, the ULF magnetic field pulsations might be generated in the ionosphere, due to periodic
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conductivity changes caused by energetic electrons periodically precipitating due to wave-particle inter-
actions in the source region of QP emissions [Sato and Matsudo, 1986]. Such periodic bursts of pre-
cipitating energetic electrons were observed along with the QP emissions [Gołlkowski and Inan, 2008;
Hayosh et al., 2013].

Both mechanisms seem to be capable of explaining the observed dependence. However, if the ULF pulsations
were generated by conductivity changes in the ionosphere, one might expect them to be spatially rather
limited, principally to the footprints of the magnetic field lines passing through the source region. On the
other hand, if the ULF pulsations were in fact a ground-based manifestation of the modulating compressional
ULF wave, their spatial extent could be significantly larger. Moreover, there would likely be no sharp on-off
transition, but a gradual decrease related to the wave attenuation/lower efficiency of the coupling to the
Alfvénic magnetic field line oscillations. The variation obtained in Figure 9 might be possibly consistent with
both these explanations. The increase of the magnitude of the Alfvénic magnetic field pulsations is limited to
geomagnetic latitudes larger than about 68∘, indicating that the QP emissions are generated at L shells larger
than about 7.1. We note that the source region located at large L shells would be consistent with no specific
extraordinary features identified in DEMETER particle data [Sauvaud et al., 2006] during the time of the QP
event (not shown), as these data are generally limited to lower L shells.

5. Conclusions

We presented a detailed analysis of conjugate observations of a QP event observed by the DEMETER
spacecraft and ground-based instrumentation at the Kannuslehto station, Finland. The observations were per-
formed on 26 February 2008. The event lasted for several hours, and it was detected over a large area both in
the Northern and Southern Hemisphere. We have shown that at the times when the event is detected simul-
taneously by the satellite and on the ground, the observed frequency-time structure is approximately the
same. However, the intensity of detected QP elements varied as a function of the geomagnetic latitude of the
observer, sharply increasing at about 35∘ and then slowly decreasing toward larger geomagnetic latitudes.
We suggested that this is due to the wave propagation from the source region located at larger radial dis-
tances, and the effect of the plasmapause guiding. Moreover, there was a time delay as large as about
13 s between the times when individual QP elements were detected on the ground and by the DEMETER
spacecraft. This time delay is too large to be explained by the propagation of whistler mode QP emissions. We
suggested that it might be related to an azimuthally propagating compressional ULF wave which is responsi-
ble for the generation of QP emissions. The azimuthal speed of this hypothetical ULF wave would have to be
on the order of a few degrees per second. Finally, at the times when the intensity of the QP emissions suddenly
increased, the amplitude of Alfvénic ULF magnetic pulsations measured on the ground at high latitudes was
a maximum. This behavior was not observed by magnetometers located at geomagnetic latitudes lower than
about 68∘. We argued that this indicates that the source region is located at L shells larger than about 7.1.
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