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Abstract We report simultaneous observation of ELF/VLF emissions, showing similar spectral and
frequency features, between a VLF receiver at Athabasca (ATH), Canada, (L = 4.3) and Van Allen Probes A
(Radiation Belt Storm Probes (RBSP) A). Using a statistical database from 1 November 2012 to 31 October
2013, we compared a total of 347 emissions observed on the ground with observations made by RBSP in
the magnetosphere. On 25 February 2013, from 12:46 to 13:39 UT in the dawn sector (04–06 magnetic
local time (MLT)), we observed a quasiperiodic (QP) emission centered at 4 kHz, and an accompanying
short pulse lasting less than a second at 4.8 kHz in the dawn sector (04–06 MLT). RBSP A wave data showed
both emissions as right-hand polarized with their Poynting vector earthward to the Northern Hemisphere.
Using cross-correlation analysis, we did, for the first time, time delay analysis of a conjugate ELF/VLF event
between ground and space, finding +2 to +4 s (ATH first) for the QP and −3 s (RBSP A first) for the pulse.
Using backward tracing from ATH to the geomagnetic equator and forward tracing from the equator to
RBSP A, based on plasmaspheric density observed by the spacecraft, we validate a possible propagation
path for the QP emission which is consistent with the observed time delay.

1. Introduction

Extremely low (ELF) and very low (VLF) frequency waves are two of the most common naturally occurring
plasma waves. They propagate in the whistler mode along the geomagnetic field lines, away from their source
near the equatorial region of the magnetosphere [e.g., Lauben et al., 2002]. These waves have been previously
classified according to their spectral features and include, among others, emissions which are incoherent like
hiss, discrete such as chorus, or periodic or quasiperiodic [Helliwell, 1965]. As these waves propagate, they can
resonate with energetic particles in the radiation belts, regulating the electron population and thus playing
a significant role in radiation belt dynamics [e.g., Meredith et al., 2003; Miyoshi et al., 2003, 2015; Horne et al.,
2005; Lyons et al., 1972; Bortnik and Thorne, 2007; Němec et al., 2014; Hayosh et al., 2013].

Since the 1950s, there have been several experiments and theoretical studies on ELF wave and VLF wave
propagation, as comprehensively reviewed by Barr et al. [2000]. Even though waves can propagate over long
distances, they are believed to still contain information regarding their emission and generation mechanisms.
Therefore, by using the characteristics of ELF/VLF waves in remote locations, we can try to deduce the prop-
erties of wave/particle generation mechanisms. Using the POLAR/PWI wideband receiver, Lauben et al. [2002]
found that the propagation of chorus waves can remain parallel to the geomagnetic field lines, indicating
that even in the absence of field-aligned cold plasma density enhancements, there are sufficient favorable
conditions for wave particle interactions. Using simultaneous observations made by four Cluster spacecrafts
near the geomagnetic equator during a geomagnetically disturbed period, Santolik et al. [2003a] analyzed the
propagation and time-frequency properties of nighttime chorus. They found a similar propagation direction
from observed time-frequency delays and from Poynting flux calculations based on electric and magnetic
measurements. Using ray tracing analysis, Chum and Santolík [2005] and Santolík et al. [2006] studied the tra-
jectories of chorus waves propagating obliquely and the possibility of divergence of the wave normal angle
during these trajectories. They found that deviation of the initial wave vector from the magnetic field line can
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determine if the wave is more likely to reach the ground or be reflected into the plasmasphere, contributing
to plasmaspheric hiss, or into the magnetosphere. None of these previous studies of ELF/VLF wave propaga-
tion observed by satellites compared their observations with ground-based measurements. Recently, Titova
et al. [2015] observed a conjugate quasiperiodic (QP) event, during a substorm, between the ground station of
Kannuslehto, Northern Finland, (L = 5.3), and Radiation Belt Storm Probes (RBSP) A. QP are wideband whistler
mode waves in the very low frequency (VLF) range, characterized by a periodic modulation of their wave
intensity, usually longer than the two-hop whistler group delay [e.g., Helliwell, 1965; Kitamura et al., 1968]. They
are mostly observed on the dayside [e.g., Sato et al., 1974; Martinez-Calderon et al., 2015b], lasting from a few
minutes to several hours and with periods of several seconds to minutes [e.g., Hayosh et al., 2014]. They have
been divided into two categories, type 1 if they are found to be related to geomagnetic pulsations with a sim-
ilar time period and type 2 if the emissions have no correlation [e.g., Sazhin and Hayakawa, 1994; Kitamura
et al., 1968; Sato et al., 1974]. Titova et al. [2015] used wave measurements to calculate the probable location
of the source of the emission (at L ∼ 4) and determine that the slow variations in frequency range and drift are
of a temporal nature. They focused particularly on the characteristics of the source region and on the evolu-
tion of the energy and pitch angle of the energetic electrons observed simultaneously on board RBSP A and
did not discuss the propagation properties of the observed QP emission.

In this study, we present a VLF/ELF event showing a QP emission simultaneously observed on the ground by
a VLF receiver located at subauroral latitudes in Athabasca (Canada) and in space by RBSP A on 25 February
2013. Our goal is to use this rare event to study the propagation properties of a VLF/ELF emission at subau-
roral latitudes, from the inner magnetosphere where RBSP A was located, all the way to the ground station
of ATH. Making use of in situ observations from both locations, satellite and ground, we performed wave
and propagation analyses, presenting the first results of a time delay analysis and subsequent ray tracing
simulations between these two locations. We have successfully reproduced the observations using ray tracing
with a cold plasma density distribution evaluated from RBSP A data. We show that the ray tracing can explain
the observed time delay. The resulting solution highlights the importance of the plasma density distribution
solution in the propagation of the observed QP emission.

2. Observations

Ground-based measurements were made with a delta-type loop antenna located at subauroral latitudes at
the Athabasca University Geophysical Observatory (54.60∘N, 246.36∘E, magnetic latitude (MLAT) = 61.2∘N,
L = 4.3). The receiver has two cross vertical loops, each with 10 turns and a 16 m2 area, providing the
north-south and east-west magnetic field variations with a high sampling rate of 100 kHz. These data are
recorded continuously at 10 min intervals along with riometer data and GPS time signal with a 1 μs accuracy.
More details on this system are explained by Ozaki et al. [2008], Shiokawa et al. [2014], and Martinez-Calderon
et al. [2015a].

We used both survey and continuous waveform burst mode data from the Electric and Magnetic Field Instru-
ment Suite and Integrated Science (EMFISIS) waves instrument on board RBSP A [Kletzing et al., 2013]. The
survey mode includes a high-frequency spectrum and a set of spectral matrices containing the three axis cor-
relations of the electric and magnetic field components every 6 s bin averaged between 2 Hz and 12 kHz. The
continuous burst mode provides, in addition to the standard set of matrices, continuous waveforms for 5.968 s
between each 6 s survey data set. This data set allowed us to obtain power spectral density and multicom-
ponent wave analysis of ELF/VLF events. To obtain in situ cold plasma density at the time of the observation,
we measured the upper hybrid resonance band using the electric field data from the high-frequency receiver
(HFR) of EMFISIS [Kurth et al., 2015].

Using a database of ELF/VLF emissions observed at ATH, from 1 November 2012 to 31 October 2013
[Martinez-Calderon et al., 2015b], we compared the waves observed on the ground with those observed in the
magnetosphere by the RBSP A and RBSP B. During a 1 year period, ATH observed a total of 347 ELF/VLF emis-
sions, with 77 cases of which the footprints of RBSP A and/or B were located within 1000 km from ATH. These
possible conjugate cases were found using the Conjunction Event Finder of Miyashita et al. [2011]. However,
only a single case showed the same spectral and frequency features both at ATH and RBSP A.

2.1. Conjugate Observation
From 12:46 to 13:39 UT on 25 February 2013, a clear quasiperiodic (QP) emission centered around 4 kHz was
observed simultaneously at ATH and by RBSP A. Figure 1 shows a 10 min interval from 13:00 UT to 13:10 UT
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Figure 1. Power spectral density of the quasiperiodic event observed on 25 February 2013 from 12:46 to 13:39 UT. A
10 min snippet of the QP emission observed at (a) ATH and (b) RBSP A (survey mode).

during this conjugate event. The power spectral density (PSD) from 0 to 5 kHz as seen by the receiver at ATH is
shown in Figure 1a and as seen by the EMFISIS wave instrument on board RBSP A (survey mode) in Figure 1b.
Bu, Bv , and Bw are the magnetic field components in the UVW scientific coordinate system aligned with the
EFW booms of the satellite, with w being the spin axis [Kletzing et al., 2013]. Both figures show the emission
centered at ∼4 kHz with a periodicity of 25–40 s and with a one to one correspondence of the QP elements.
We note that the wave intensity at ATH is approximately 1 to 2 orders of magnitude stronger compared to
RBSP A. A polarization analysis showed that the emission at ATH was strongly right-hand polarized and thus
directly incoming from the ionosphere without reflection. At the time of the event, Pc4 and Pc5 geomagnetic
pulsations were observed on the rapid-run magnetograms (4 s averages) from the induction magnetometer
(64 Hz sampling) located at ATH and nearby fluxgate magnetometers.

Figure 2a gives the geographic location of ATH (red triangle) and the footprint of RBSP A (blue line) during the
conjugate event. At the closest point, corresponding to 12:46 UT, both locations were separated by approxi-
mately 300 km and at the farthest point, at 13:39UT, by 1270 km. During the event, ATH and RBSP A were on
the dawnside. Figures 2b and 2c give the position and direction of RBSP A (blue line) during the conjugate
event from 12:46 to 13:39 UT as function of the geocentric solar magnetospheric (GSM) coordinate system.
Figure 2b shows the meridional plane, while Figure 2c shows the equatorial plane. RBSP A was located inward
(L = 3.65) from the field line of ATH (L = 4.3) and approximately 11∘ north of the geomagnetic equator. The
position of ATH is marked by a red triangle in both figures: both the ground station and the satellite were on
the dawnside. Using the frequency of the upper hybrid resonance provided by the EMFISIS HFR (not shown),
we determined that RBSP A was passing through or inside of the plasmapause at the time of the observation.

The intensity of the event triggered RBSP A to capture 54 s of continuous waveform burst mode providing
high time resolution samples from all three axes of magnetic field sensors. Figure 3 shows the resulting PSD
calculated from the (a) EMFISIS waveforms and from (b) ATH data, for frequencies between 3 and 5 kHz, for a
total observation period of 60 s. On both figures, we observe the same QP element spanning approximately
30 s and centered at 4.1 kHz. We note that there is another emission at higher frequencies, a short pulse (SP)
lasting less than a second, between 4.5 and 5 kHz, that is also visible at both locations. This pulse can be seen
at approximately the 51 s mark for RBSP and at the 52 s mark for ATH, as indicated by the magenta arrows.
The SP does not seem to be a whistler since there is no frequency dispersion. It could possibly be a triggered
emission, but we are unable to corroborate its origins at this time. However, we are interested in the fact that it
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Figure 2. (a) Map showing the location of the ground station of ATH (red triangle) and the footprint of RBSP A (blue line)
at the moment of the conjugate event. (b and c) The location of RBSP A in the magnetosphere.

was detected at both locations together with the main QP emission, improving the validity of the propagation
analysis.

2.2. Propagation Analysis
Using the electric and magnetic field components from the continuous burst data and initial intensity of the
magnetic field (B0) from the flux gate magnetometer of the EMFISIS instrument, we made a wave propagation
analysis. We found that the QP and the SP shared the same characteristics: both were right-hand polarized
and had a planarity close to ∼25% (not shown for brevity). Figure 3c shows the results of the angle between
the Poynting vector and B⃗0, giving an indication of the wave propagation when it encountered RBSP A. We
calculated the Poynting vector from the EB cross spectra as described by Santolik et al. [2001]. We note that the
gap shown in this figure around 4 kHz is due to an interference line in the electrical field data measurements
used to determine the Poynting flux. Both the QP element and the SP are in blue indicating that the Poynting
vector is parallel to the magnetic field, meaning earthward toward the Northern Hemisphere. Figure 3d shows,
in the same format, the angle between the wave vector k⃗ and B⃗0, with 𝜃Bk =0∘ for both parallel and antiparallel
directions with respect to B⃗0. We estimated the wave vector from the singular value decomposition of the
spectral matrices as detailed in Santolík et al. [2003b]. The QP shows a wave angle close to 𝜃Bk =40∘ ∼50∘ with
slightly lower values for SP. This is in agreement with previous results suggesting that as the wave gets farther
away from the source, the wave vectors gradually deviate from the B⃗0 direction reaching oblique angles of up
to 60∘ at ±10∘ above and below the magnetic equator [e.g., Santolik et al., 2003a]. We would like to note that
even though survey mode data were available between 12:55 UT and 13:40 UT, the QP was very weak; thus,
we have decided to concentrate on the Poynting and wave vector information from the burst mode.

To have more information on wave propagation from the magnetosphere to the ground, we performed a
cross-correlation analysis that allowed us to estimate the degree of correlation between the signals from
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Figure 3. One minute close-up of a QP element observed on 25 February 2013 from 13:00 to 13:01 UT, showing spectra
at (a) ATH and (b) RBSP A (54 s of burst mode), as well as (c) Poynting and (d) wave vector angles. Magenta arrows
indicate the position of the short pulse in all panels.

ATH and RBSP A as a function of the time delay between them, as shown in Figure 4. The maximum of the
cross-correlation function gives the time delay (lag) for which the two signals are the best aligned: the loca-
tion of the maximum of the correlation coefficient being positive (negative) means that ATH (RBSP A) saw the
emission first. Since the signal from RBSP A has a lower sampling rate of 35 kHz, we interpolated both in fre-
quency and time to match the 100 kHz sampling rate of ATH. In the case of the QP element, we calculated the
time delay by shifting the QP element for the (1) full length of burst mode data and (2) only for the duration
of the element. In both cases we used a 100 Hz frequency box, first centered at 4 kHz and then 4.2 kHz, in
both ATH and RBSP A data. We calculated the maximum value of the cross-correlation coefficient using two
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Figure 4. Example of a cross-correlation result for the (a) QP emission and the (b) short pulse.

separate methods: Spearman’s rank correlation and Pearson’s linear correlation using a similar approach as
Santolík et al. [2005]. In case (1) we obtained a time delay of +2.13 to +3.77 s, and for case (2) we found +2.21
to +3.85 s. Figure 4a shows an example of the cross correlation, calculated using a 100 Hz box for 4 kHz, as
a function of the time delay between the north-south magnetic field component at ATH and Bw component
of RBSP A, the delay corresponding to the maximum correlation being indicated in the top left corner. The
maximum has a positive time delay in the case of the QP emission, suggesting that ATH saw the VLF emission
before RBSP A did. In the case of the SP, we made a similar analysis using a 100 Hz frequency box centered at
4.85 kHz and 4.95 kHz, and a time frame of 10 to 25 s comprising the entirety of the pulse. We obtained a time
delay of −3.16 to −3.30 s, using both Spearman and Pearson’s coefficients. Figure 4b, in the same format as
Figure 4a, shows an example of the cross-correlation coefficient for the frequency box centered at 4.85 kHz
and a time frame of 25 s. Contrary to the results obtained for the main QP emission, RBSP A observed the SP
before ATH. The time delay values obtained for this conjugate study are consistent with propagation times for
whistlers originating at similar L shells [e.g., Lichtenberger, 2009] and those calculated for structured ELF hiss
[e.g., Santolik et al., 2003a].

3. Discussion

On 25 February 2013, we observed a very rare conjugate event with the same spectral and frequency features
on the ground and in space, accompanied by a shorter emission, lasting less than a second and at higher
frequencies, of unknown source. The study of this conjugate event has produced interesting observational
facts: (1) simultaneous observation of a QP emission accompanied by a short pulse (2) intensity of the emission
detected by RBSP A is 1 to 2 orders of magnitude lower than the one detected at ATH (3) even if the QP and the
SP are simultaneously observed at both locations; the main QP emission was observed first by ATH, but the
SP was detected first by RBSP A. Since the location of the origin of the SP emission is unknown, we decided to
concentrate on reproducing the propagation for the main QP emission by assuming that the observed time
delay can be explained by a single reflection of the emission from an equatorial source. We consider two ray
tracing simulations for the whistler mode waves, the first one back traces the ray from ATH to its probable
source location in the geomagnetic equator and the second one follows the ray from the source to the location
of RBSP A.

We made preliminary studies using the standard Diffusive Equilibrium (DE) model [Schunk and Nagy, 2009]
with a dipole model; however, the results gave unrealistic path and group delay values. We then included a
density profile gradient by introducing a plasmapause with different widths and locations. Even though these
simulations only considered these two parameters of the plasmapause, the results varied greatly, suggesting
that as expected, density is one major factor that significantly changes the ray path. We proceeded to fine
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tune the simulations by modifying the values of the plasma temperature (T = 500, T = 700, and T = 800 K)
and found that even though the ray path differed from case to case, the source location remained globally
the same. A detailed explanation of the procedure and results is given in Martinez-Calderon [2016].

As the density model distribution plays a fundamental role in ray tracing, we utilized HFR data from the EMFISIS
instrument to identify the upper hybrid resonance frequency [Kurth et al., 2015] and obtain a manually fitted
cold plasma density profile. Figure 5a shows the manually fitted density profile (blue line) compared with
the previously mentioned standard DE model (yellow line) [Schunk and Nagy, 2009] with a plasmapause from
L = 5 to L = 7 (maximum Kp index of 1+ in the previous 24 h). We observed a few small density peaks
from L = 3.5 to L = 4.9 that we assume represent plasmaspheric ducts close to the observation time of the
conjugate event. The location of RBSP A at the time of the event is shown by the gray dashed vertical line and
corresponds to a localized decrease of the plasma density suggesting that the observed QP waves propagated
in a depletion duct. Figure 5b shows the fitted density distribution in colored background in the meridional
plane. Since RBSP was too close to the equator, we could not fit the data with latitudinal dependence, and
therefore, the density distribution along the latitudinal plane is taken from the empirical model of [Denton
et al., 2004].

For our ray tracing simulation we assume that the trajectory of the wave is invariant to time reversal. In order
for the wave to penetrate the lower layers of the ionosphere, the back tracing starting point above ATH should
be such that the wave vector k⃗ is approximately perpendicular to the ground [Santolik et al., 2009]. We also
assume that the source of the QP emission is punctual and located at the geomagnetic equatorial plane;
thus, the ending point of the back trace is the intersection of the ray and the equatorial plane. However, since
RBSP A was located approximately 11∘ north of the equator, we also consider this difference when taking into
account the time delay calculated previously.

We found the source of the emission to be located at relatively low latitudes, L=3.4, inward from the L shells of
ATH and RBSP, and with a final angle between the wave vector and the magnetic field line of 𝜃Bk ∼ 60∘. Previ-
ous propagation studies of both chorus and ELF hiss [e.g., Chum and Santolík, 2005; Santolík et al., 2006] found
that in cases of unducted propagation, large wave vector angles at the equatorial source are needed if the
waves are to penetrate the ionosphere. Thus, our results suggest that the waves that propagated directly to
ATH did so in an unducted manner. This correlates with previous observations that found that QP waves asso-
ciated with ULF pulsations observed by Cluster and DEMETER spacecraft propagated unducted with oblique
wave normal angles at higher latitudes [i.e., Němec et al., 2013a, 2013b]. The first ray from the source region to
ATH is illustrated by the red line in Figure 5b, the red triangle indicates the position of ATH, and the gray arrows
represent the direction of k⃗. The time gap between the arrows being constant (0.09 s and 0.24 s for red and
blue ray, respectively), a longer (shorter) distance between the arrows is indicative of the increase (decrease)
of group speed.

The propagation from the source to RBSP A is calculated by assuming a punctual source symmetric at the
equator, implying that the initial k⃗ of the waves propagating to the Southern Hemisphere should remain close
to 120∘. Thus, we sent the waves to the Southern Hemisphere with an initial k⃗ from 104∘ to 180∘ in 1∘ steps. The
trajectory for this ray must have an ending point as close to the actual position of RBSP A as possible, meaning
L = 3.65 and a magnetic latitude of 10.3∘, and also has to reflect the time delay calculations, meaning a group
delay between 2.2 and 3.8 s when the wave encounters the satellite. We found that these criteria were met
only for an initial wave vector of k⃗ ∼ 105∘. The resulting wave trajectory corresponds to the dark blue line in
Figure 5b, with the dark blue star representing the position of RBSP A at the time of the event. We suggest
that the source is constantly emitting waves, some of them propagate unducted to the Northern Hemisphere,
directly detected by ATH, while others propagate to the Southern Hemisphere where they are reflected and
likely trapped in a depletion duct, as reflected by the density profile, allowing them to be detected by RBSP
A. The existence of this small density duct close to the location of the spacecraft is essential in order to obtain
the desired group time delay. As a consequence, the final wave vector value has a relatively small significance
since when in a duct, the final direction of the wave vector is very variable.

At the time of the event, RBSP A was located in a depletion duct as shown in Figure 5a. Using on-board mea-
surements of the B field at the minimum-|B| point, we found that the half gyrofrequency (0.5fce) during the
entirety of the event was between 6.0 < 0.5fce < 24.3 kHz and had a value of approximately 0.5fce=12.9 kHz
at the time of the QP element. Using Tsyganenko model T01 [i.e., Tsyganenko, 2002a, 2002b], we calculated the
field line of ATH 0.5fce= 4.02 kHz. This correlates with previous studies suggesting that at small wave normal
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Figure 5. (a) Cold plasma density as a function of Re; yellow line shows the density profile from the diffusive equilibrium
model with a plasmapause from L = 5 to 7, while the blue line shows the manually fitted RBSP model. (b) Ray tracing
results showing the back trace from ATH (red line) to the source and then the forward trace from RBSP A to the source
(blue line).

angles with respect to B⃗o [Santolik et al., 2003a], whistler mode waves with frequencies between 0.5fce and fce

propagate in ducts of depleted cold plasma [e.g., Bell et al., 2009; Haque et al., 2011].

4. Concluding Remarks

In summary, we were able to reproduce, for the first time, ELF/VLF wave propagation based on observa-
tional data and with adequate correlation of multiple factors, i.e., spacecraft location, time delay, and Poynting
vector. The results of the ray tracing solution presented in this paper indicate that we can accurately repro-
duce the propagation of the observed waves using current ray tracing models. We found that QP waves
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emitted from the same source propagated to the Northern Hemisphere, unducted until they reached the
ground at ATH, and also to the Southern Hemisphere, where they reflected and entered a duct allowing
them to be detected by RBSP A. These unique results emphasize the importance of actual in situ cold plasma
measurements, provided here by RBSP A, in order to accurately reproduce the propagation of VLF/ELF waves.

We have successfully reproduced the observations using ray tracing and a cold plasma density model manu-
ally fitted from RBSP A data. We show the ray tracing solution that corresponds the best to the observations
and time delay calculations supporting the accuracy of current ray tracing models as well as the important
role played by plasma density.

On the other hand, the time delay for the SP cannot be explained if we assume the same propagation as the
QP emission. We believe that the source of the SP is located elsewhere in the Southern Hemisphere, and as
it propagates through the field line it reaches RBSP A’s location first, then continues until being detected by
ATH. This is consistent with the calculated time delay from the RBSP A to ATH.

We also found that at subauroral latitudes, the likelihood of conjugate events showing the same frequency
and spectral properties between the ground and space remains fairly low (only 1 event out of 77 conjugate
RBSP passes). However, we could not determine if this is the consequence of the method employed to select
the events or if it is related to ionospheric or magnetospheric propagation of the waves. This could be the
subject of future work.
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