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Abstract Measurements of electromagnetic waves in space plasmas are an important tool for

our understanding of physical processes in this environment. Inter-calibration of data from different
spacecraft missions is necessary for combining their measurements in empirical models or case studies.
We show results collected during a close conjunction of the Van Allen Probes and Arase spacecraft.

The inter-calibration is based on a fortuitous case of common observations of strong whistlers at
frequencies between a few hundred hertz and 10 kHz, which are generated by the same lightning
strokes and which propagate along very similar paths to the two spacecraft. Measured amplitudes of
the magnetic field fluctuations are the same within ~14% precision of our analysis, corresponding to
1.2 dB. Currently, archived electric field measurements show twice larger amplitudes on Arase compared
to Van Allen Probes but they start to match within ~33% precision (2.5 dB) once the newest results on
the interface of the antennas to the surrounding plasma are included in the calibration procedures.

Ray tracing simulations help us to build a consistent scenario of wave propagation to both spacecraft
reflected by a successful inter-calibration of the polarization and propagation parameters obtained from
multicomponent measurements. We succeed in linking the spacecraft observations to localizations

of lightning return strokes by two different ground-based networks which independently verify the
correctness of the Universal Time tags of waveform measurements by both spacecraft missions, with an
uncertainty better than 10 ms.

1. Introduction

Direct in situ measurements of electromagnetic waves in space plasmas are crucial for explaining physical
processes not only in the plasma environment of the Earth (D. Gurnett et al., 1966; Mosier & Gurnett, 1969),
including the important region of the Van Allen belts (Horne et al., 2005; Thorne et al., 2013), but also in
the environments of planets in the Solar System (D. Gurnett et al., 1996, 1981, 1983) and in the interplan-
etary space (D. Gurnett & Kurth, 2008). Modern instrumentation designed for these measurements often
includes multicomponent measurements, usually composed of tri-axial magnetic search coil sensors and
two or three electric antennas. Long electric antennas are used in the spin plane of spin-stabilized spacecraft
while the electric field component along the spin axis is measured by shorter antennas or not measured at
all. The receivers are designed to yield data on intensity, polarization, and propagation properties of the
observed waves.

Examples of recent or current spacecraft missions with these capabilities include the Plasma wave instru-
ment on the Polar spacecraft (D. A. Gurnett et al., 1995), the Spatio-Temporal Analysis of Field Fluctua-
tions instrument on the Cluster spacecraft (Cornilleau-Wehrlin et al., 1997; Cornilleau-Wehrlin et al., 2003),
FIELDS instrument on the Magnetospheric Multi-scale spacecraft (Torbert et al., 2016), the Search Coil Mag-
netometer and Electric Field Instrument on the Time History of Events and Macroscale Interactions during
Substorms spacecraft (Roux et al., 2008; Bonnell et al., 2008), the Electric and Magnetic Field Instrument
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Suite and Integrated Science (EMFISIS) Waves instrument on Van Allen Probes (Kletzing et al., 2013), and
the Wave Form Capture (WFC) of Plasma Wave Experiment (PWE) with the Magnetic Field Experiment
(MGF) onboard the Arase spacecraft (Kasahara et al., 2018; Matsuda et al., 2018; Matsuoka, Teramoto, No-
mura, et al., 2018; Miyoshi, Shinohara, & Jun, 2018).

All these instruments were carefully calibrated before the launch but the space environment is different
from the laboratory conditions, and some calibration activities can only be done while in flight. The in-
struments are also very sensitive and their performance can degrade with time in orbit. Therefore, in-flight
inter-calibration between different missions are needed to ensure consistent results, especially if data from
different missions are combined to build empirical models for space weather applications (e.g., Meredith
et al., 2018), or if common measurements are used in case studies.

As a recent example, following the first results of Santolik et al. (2018) for another chorus case, Colpitts
et al. (2020) showed conjugate observations of very weak whistler mode chorus observed by Arase PWE
instrument and EFW instrument on Van Allen Probes during a close conjunction of the two spacecraft on
August 21, 2017. Based on their results, comparison of measured amplitudes at Arase with Van Allen Probe
B is impossible, as uncalibrated data in arbitrary units were used. Comparison with Van Allen Probe A in
their Figure 4 shows very different power spectral densities on the two spacecraft reaching ~0.1 pT?/Hz for
EFW on Van Allen Probe A and only ~5 x 10~* pT?/Hz for PWE on Arase. This intriguing measurement
clearly demonstrates the usefulness of the inter-calibration of the two instruments.

The in-flight inter-calibration becomes possible when the two spacecraft are at very close separations, ide-
ally comparable to the wavelength of the measured waves. This is rarely possible, taking into account that,
for example, the typical wavelengths at frequencies of hundreds of hertz to several kilohertz can be on the
order of units to tens of km. Spacecraft orbits usually exclude such extremely close conjunctions and we,
therefore, should not always expect an exact match of their measurements when they approach to separa-
tions of hundreds or thousands of wavelengths. Even in such a situation, the inter-calibration can be done
if the measured waves propagate to the two spacecraft from the same source and if their propagation paths
are reasonably similar.

In this article, we describe such an event when Van Allen Probes are in a close conjunction with Arase, and
both the EMFISIS Waves instrument on Van Allen Probes and the Plasma Wave Experiment on Arase detect
intense whistlers generated from the same lightning strokes and having propagated along approximately the
same path to the two spacecraft. In Section 2, we describe the instrumentation, the data selection procedure,
and we introduce the analyzed event. Section 3 brings an overview of wave observations during the relevant
part of the Van Allen Probes orbit based on the survey mode data set and describes the analysis techniques.
In Section 4, we show results based on the burst mode waveform data sets of Van Allen Probes and Arase.
Section 5 is devoted to determination of the source lightning strokes, using ground-based networks, and
to a discussion based on ray tracing simulations, Section 6 discusses the electric field measurements, and,
finally, Section 7 briefly summarizes the results and their consequences for future work.

2. Data

The EMFISIS Waves instrument onboard the Van Allen Probes (Kletzing et al., 2013) measures three or-
thogonal magnetic field components by search coil sensors, two electric field components in the spin plane
by two double probe antennas having lengths of 100 m tip to tip, and a spin axis electric field component
using a 14 m long antenna. The resulting six-dimensional signals are sampled at 35 kHz and recorded by
a six-channel waveform receiver (WFR) in various possible instrument modes. The maximum duration of
continuously recorded snapshots is 5.968 s with a 32 ms gap between successive captures during the Con-
tinuous Waveform Burst mode intervals.

The sampled six-dimensional signals are also processed onboard by a Fast Fourier Transform (FFT) proce-
dure based on 0.468s long waveform snapshots repeated every 6s. The resulting complex spectra are pro-
cessed onboard to form averaged Hermitian spectral matrices 6 X 6 in 65 approximately logarithmically
distributed frequency bins between 2 Hz and 12 kHz, with the increasing number of averaged matrices at
higher frequencies and no averaging below 30 Hz. Additionally, a single electric field component is recorded
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Figure 1. Projections of orbits of the Van Allen Probes A and B (shown by cyan and blue lines, respectively, as RBSP-A
and RBSP-B), and Arase (shown by a red line as ERG) onto a Z-Y plane of the solar magnetospheric coordinates. The
plot corresponds to a time interval of 2 h, with arrows plotted along the orbits with an interval of 10 min, and with
color-coded circles showing the final position of the three spacecraft at 8:32 UT on August 14, 2017.

by a high-frequency receiver in a frequency range of 10-500 kHz. This measurement is used to determine
the plasma density (Kurth et al., 2015) from the measured upper hybrid resonance frequency and the ambi-
ent magnetic field strength measured by the EMFISIS fluxgate magnetometer.

The PWE instrument onboard the Arase spacecraft (Kasahara et al., 2018) measures three orthogonal mag-
netic field components by search coil sensors, and two electric field components in the spacecraft spin
plane by two double probe antennas, which have a length of 32 m tip to tip (Kasaba et al., 2017). From
the various data products of this instrument, we have selected the data of the waveform capture receiver
which records waveforms of two electric and three magnetic field components with a sampling frequency of
65,536 Hz. The burst mode of this receiver can yield continuous waveforms with a duration of 8-200 s (Mat-
suda et al., 2018). These waveforms from PWE/WFC onboard Arase can be analyzed using ISEE_3D that is
an interactive plasma wave analysis tool (Matsuda, Miyoshi, et al., 2021). The characteristics of the antenna
impedance of Arase using the in situ measurements have been reported by Matsuda, Kojima, et al. (2021).

For the inter-calibration of the EMFISIS Waves instrument onboard the Van Allen Probes and the PWE
instrument onboard Arase, we have selected observations of lightning generated whistlers (Storey, 1953),
as they usually propagate as planar waves and their propagation is easier to analyze compared to linear or
nonlinear wave emissions of whistler mode hiss or chorus generated by plasma instabilities in the magne-
tosphere. We have used a list of 69 close conjunctions of the two spacecraft between June 13, and December
30, 2017 and we have selected cases, where the high cadence waveforms of electric and magnetic field fluc-
tuations were measured by both instruments at the same time and where the waveform records contained
intense whistlers. We have excluded cases where separate whistlers followed each other very rapidly, so that
it would be difficult to identify the source lightning discharges. We have also excluded cases with diffuse
whistler traces for which the dispersion would not be well defined. This procedure resulted in a down selec-
tion of six candidate cases from which we have selected the observations recorded on August 14, 2017 for
our inter-calibration analysis.

Figure 1 shows projections of parts of orbits of the Arase and Van Allen Probes spacecraft on the Y-Z plane
of the solar magnetospheric coordinates, together with the position of the three spacecraft at 8:32 UT on
August 14, 2017. At that time the three spacecraft were located close to the geomagnetic equator at slightly
different radial distances ranging from 2.65 Earth radii (R;) for Arase, through 2.85 R, for Van Allen Probe
B,t0 3.89 R, for Van Allen Probe A. The spacecraft was located in the afternoon sector, at very similar mag-
netic local times of 16.3,17.1, and 16.4 h for Arase, Van Allen Probe B, and Van Allen Probe A, respectively.
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Figure 2. Results of analysis of the survey mode data of the EMFISIS Waves instrument onboard the Van Allen

Probe A spacecraft between 7:00 and 10:00 UT on August 14, 2017. (a) Total power spectral density of electric field
fluctuations obtained as the trace of the electric spectral matrix 3 X 3; (b) total power spectral density of magnetic

field fluctuations obtained as the trace of the magnetic spectral matrix 3 X 3; (c) angle between the wave vector and

the vector of the background magnetic field; (d) azimuth of the wave vector measured from the outward direction

in the plane of the local magnetic meridian (e) signed ellipticity of the magnetic field polarization; (f) planarity of

the magnetic field polarization; (g) angle between the spectral estimate of the Poynting vector and the vector of the
background magnetic field; (h) plasma density obtained from the upper hybrid resonance frequency. Proton cyclotron
frequency and one half of the electron cyclotron frequency are over plotted in panels (a—g). Vertical black line indicates
the interval selected for the waveform analysis in Section 4.

3. Overview of Observations

Figure 2 presents an overview of 3 h of observations of the EMFISIS instrument on Van Allen Probe A,
centered at 8:32 UT on August 14, 2017. We have analyzed the survey mode spectral matrices in order to
determine not only the amplitudes of the observed electromagnetic waves but also their polarization and
propagation properties. The total power spectral density of the electric field fluctuations (Figure 2a) has
been obtained as the sum of the three power spectral densities obtained from the three orthogonal electric
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antennas. A similar procedure has been used for the total power spectral density of the magnetic field fluc-
tuations in Figure 2b.

The direction of the wave vector has been characterized by two spherical angles (Figures 2c and 2d): 6, rep-
resents the angle between the wave vector and the vector of the background magnetic field obtained from
the EMFISIS fluxgate magnetometer, while ¢, characterizes the azimuth of the wave vector with respect to
the background magnetic field. We have used the singular value decomposition (SVD) technique (Santolik
et al., 2003) to obtain these angles. The same technique has been used for the estimator F;, of the planarity
of magnetic field fluctuations (Figure 2f), representing a measure of the validity of the assumption of the
presence of a single plane wave. We have used a similar SVD technique to estimate the signed ellipticity E;
of the magnetic field fluctuations in Figure 2e (Santolik et al., 2002). The angle 6, between the Poynting vec-
tor and the vector of the background magnetic field (Figure 2g) has been obtained by a spectral technique
(Santolik et al., 2010). Finally, the plasma density in Figure 2h has been estimated from the observed upper
hybrid resonance frequency and the background magnetic field strength (Kurth et al., 2015).

Van Allen Probe A moved from the apogee of its orbit to its perigee during the interval presented in Fig-
ure 2, with globally increasing plasma density from the plasma trough to the plasmasphere. The character of
the observed electromagnetic waves also changed during this transition. In the first half of the interval, we
observe a combination of right hand polarized exohiss at several hundreds of Hz propagating parallel to the
magnetic field lines mostly toward the geomagnetic equator, with linearly polarized equatorial noise having
wave vectors perpendicular to the local field line. Properties of both types of waves are consistent with their
propagation in the cold plasma whistler mode. In the high plasma density region during the second half
of the analyzed interval, we often observe short bursts of right-hand polarized waves which correspond to
lightning-generated whistlers. They propagate from both the northern and southern hemispheres, often
with wave vectors at small angles from the local background field line.

Figure 3 shows results from the same time interval but obtained by Van Allen Probe B, which dives sooner
into the dense plasmaspheric region than Van Allen Probe A. Nevertheless, the detected types of electro-
magnetic waves, their polarization, and propagation properties remain the same. This especially includes
observations of similar signatures of intense lightning generated whistlers, which occur on Van Allen Probe
B already after 8:00 UT.

4. Conjugate Measurements by Arase and Van Allen Probes

Figure 4 presents an example of results of a detailed analysis of the continuous waveform data captured by
Van Allen Probe B in this region, showing an interval of 3 s from 08:32:37 UT on August 14, 2017. Data from
the shorter spin axis electric antenna are not used in the analysis, in order to avoid interferences and inter-
pretation issues linked to this antenna. Signals from three magnetic antennas and two spin plane electric
antennas are analyzed by a 512 point FFT, yielding a frequency resolution of 68.4 Hz. The data segments
are overlapped by 90% of their duration before the analysis, allowing thus for smoother results as a function
of time. Resulting spectral matrices are then analyzed by the same methods as the survey mode data in
Figure 2.

Spectrograms in Figures 4a and 4b show a pair of intense whistlers arriving with a mutual time separation
of ~60 ms around 08:32:37.700 UT and dispersing to lower frequencies for the following 900 ms, while al-
ways keeping the same mutual time separation. The whistlers are followed by a hissy intensification about
1 s later (marked as “R1”) and by a weaker hiss interval after another 1 s (marked as “R2”). The whistlers
propagate at small angles of 15°-30° from the local magnetic field line (Figure 4c), with wave vectors slight-
ly inclined outward from the Earth (Figure 4d), while the hiss intervals contain waves propagating at high
wave vector angles (e.g., Hartley et al., 2018).

The analysis techniques that we use for obtaining the wave vector directions are based on the determination
of the normal direction to the plane of polarization of the magnetic field fluctuations (Santolik et al., 2003).
The results, therefore, do not distinguish between two antiparallel possibilities for the normal directions
and assume that the magnetic field fluctuations are well confined in a single plane. High planarities (Fig-
ure 4f) of the whistlers and of initial parts of the hiss intervals validate this hypothesis, and, as we can expect
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Van Allen Probe B 14 Aug 2017 EMFISIS survey
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Figure 3. The same as in Figure 2 but for the survey mode data of the EMFISIS Waves instrument onboard the Van
Allen Probe B spacecraft. Note that the intensification feature in panel (a) near 9:20 UT is an artifact with no physical
relevance.

in the analyzed frequency range, all these waves also propagate in the right hand polarized whistler mode
(Figure 4e), as shown by ellipticity ~1.

Obtained spectral estimates of the direction of the Poynting vector (Figure 4g) can be used to determine the
direction of wave propagation without ambiguity. In this case, when we do not use the direct measurements
along the spin axis antenna, the third electric field component is calculated from measurements of the two
electric antennas and three magnetic antennas using the Faraday's law in the spectral domain (Santolik
et al., 2003). The results indicate that whistlers came to the equator from the southern hemisphere with
the Poynting vectors nearly parallel to the direction of the background magnetic field, while the hiss inter-
val “R1” came from the northern hemisphere, being most probably triggered by the first magnetospheric
reflection of the original whistlers. The weaker hiss interval “R2” then probably corresponds to the second
reflection on the south from the spacecraft position.
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Figure 4. Results of analysis of the continuous burst mode data recorded in the frequency band below 12 kHz by

the EMFISIS instrument onboard the Van Allen Probe B on August 14, 2017 during 3 s from 08:32:37 UT. The same
quantities as in panels (a-g) of Figure 2 but based on spectral analysis of waveform records, and with only two spin-
plane electric field antennas in panel a. Time of the source lightning return strokes detected by ground-based lightning
detection networks GLD 300 (G) and WWLLN (W) (see Section 5) is indicated by black vertical lines. The resulting
group times from ray-tracing analysis at frequencies of 2, 4, 6, 8, and 10 kHz are indicated by black squares for both
lightning strokes G and W. Magnetospheric reflections are annotated by “R1” and “R2”.

As the pair of intense whistlers propagates below one half of the electron cyclotron frequency with wave
vectors that are only slightly inclined from the local magnetic field line outward from the Earth (Figures 4c
and 4d) and well below the Gendrin angle, we can expect a source at magnetic field lines which are slightly
closer to the Earth than Van Allen Probe B. It would therefore be surprising to detect a similarly strong pair
of whistlers on Van Allen Probe A, which is located even further out from the Earth at radial distances of
more than one Earth radius larger. Indeed, Figure 5 shows only extremely weak pair of whistlers on Van
Allen Probe A but with the same distinct time separation as on Van Allen Probe B. However, the frequency
interval is limited and dispersion is very different owing to the propagation in a weaker background magnet-
ic field at larger radial distances. Polarization and propagation analysis by the same methods as in Figure 4
again reveals right hand polarized whistler mode waves propagating from the southern hemisphere, this
time at larger angles of the wave vectors from the local magnetic field line. The large separation distance be-
tween the two spacecraft does not allow any comparison between their measurements nor inter-calibration
of Van Allen Probe A and Arase.
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Figure 5. The same as in Figure 4 but for the continuous burst mode data recorded by the EMFISIS instrument
onboard the Van Allen Probe A.

Fortuitously, Van Allen Probe B and Arase are at much lower separations at that time, Arase being closer
to the Earth where we can expect the source magnetic field lines for the observed whistlers. Figure 6 shows
results of analysis of the waveform data from the PWE instrument onboard the Arase spacecraft. We have
used the same time interval and the same analysis techniques as in Figure 4. The observations are very
similar to the results from the Van Allen Probe B. The two whistlers arrive only slightly (by ~40 ms) later
but with the same characteristic time separation of 60 ms, and the hiss intervals “R1” and “R2” are also
detected. We observe the same pattern of Poynting vector directions in Figure 4g.

Polarization properties in Figures 6e and 6f are also very similar to the results from Van Allen Probe B
shown in Figures 4e and 4f, respectively. Significant differences are only obtained for wave vector directions
in Figures 6¢ and 6d, compared to results in Figures 4c and 4d. On Arase, wave vectors are at a larger angle
from the local magnetic field, reaching 35°-50° and, noticeably, they are inclined in the direction inward
to the Earth. This means that, on Arase and Van Allen Probe B, the wave vectors are found on the opposite
sides of the local magnetic field line in the plane of the local magnetic meridian.

In spite of the differences in the obtained wave vector directions, it is very likely that Arase and Van Allen
Probe B recorded electromagnetic waves coming from the same lightning sources. As the two spacecraft are
in a close conjunction we can also expect that the detected whistlers propagated along reasonably similar
paths (see a discussion below) and that they should have approximately the same intensities of their electric
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Figure 6. The same quantities as in Figure 4 but calculated from measurements of the PWE instrument on board the
Arase satellite during the same time interval.

field and magnetic field fluctuations. The recorded data can be therefore used for the inter-calibration of the
two data sets. Figure 7 shows the line plots of the average power spectral densities during the time intervals
of Figures 4 and 6. We have used a frequency band from 5.5 to 6.5 kHz. The results in Figure 7a shows that
Arase detects approximately 4 times (by 6 dB) larger electric field power spectral densities of the observed
whistlers compared to Van Allen Probe B. This corresponds to twice larger electric field amplitudes on
Arase. Figure 7b demonstrates that measurements by the tri-axial magnetic field search coil sensors give
very similar results on the two spacecraft. The magnetic field power spectral densities match within 30%
(1.2 dB), corresponding to 14% for the measured magnetic field amplitudes.

5. Discussion on the Differences of Obtained Wave Vector Directions: Source
Lightning Strokes and Backward Ray Tracing Simulation

Knowing now that the source lightning discharges for both whistlers must be located in the southern hem-
isphere, we can verify if these lightning strokes exist in the records of ground-based lightning location net-
works. We also know that the whistlers propagate at frequencies below one half of the electron cyclotron
frequency with wave vectors at small angles from the local magnetic field line. We can therefore expect that
they propagate in a magnetospheric duct with an increased density near the magnetic field lines passing
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Figure 7. Comparison of the power spectral densities from (red) Arase PWE instrument, and (blue) Van Allen
Probe B EMFISIS Waves instrument. Average power spectral density has been calculated in a 1 kHz band centered at
6 kHz, within the time intervals of Figures 4 and 6, from (a) measurements of two spin plane electric antennas; (b)
measurements of the three orthogonal search coil antennas.

through the two spacecraft. We have searched the area within 2,000 km around the spacecraft geomagnetic
foot points in the southern hemisphere. These locations for the Van Allen Probe B and Arase spacecraft are
respectively found at geographical coordinates 40.9°S, 128.7°E and 39.0°S, 119.4°E, both being situated in
the Indian Ocean, close to the southern coast of Australia.

We have found a strong negative return stroke with a peak current of —134 kA in the Global Lightning
Data set GLD360 (Rudlosky et al., 2017; Said et al., 2010). This stroke was localized very close to the Van
Allen Probe B footprint, at geographical coordinates 40.5°S, 130.6°E (approximately 1,000 km southwest
from Adelaide, Australia), and occurred at 08:32:37.188 UT, as it is marked by a vertical line with the letter
“G” in Figures 4-6. Sixty milliseconds later, at 08:32:37.248 UT, another strong lightning discharge with
an equivalent peak current of 205 kA (Hutchins, Holzworth, Brundell, et al., 2012; Hutchins, Holzworth,
Rodger, et al., 2012) was again detected at a very close location, 40.4°S, 130.6°E, by the World Wide Light-
ning Location Network (WWLN). The time of this second stroke is marked by a vertical line with the letter
“W” in Figures 4-6. The same letters are then used also to mark the whistler traces corresponding to these
two strokes. Interestingly, none of the two networks detected both strokes, probably owing to the disturbing
presence of saturated waveforms, strong ionospheric reflections, or radiation from recoil leaders (Cum-
mins, 2000) recorded by separate stations of the network in connection with these strong discharges. Such
complex signals may sometimes cause difficulties to automated detection procedures developed for opera-
tional lightning location service.

With the known time of the source lightning, we can not only validate our assumptions on propagation
of whistlers but also independently verify the onboard time tagging for the two spacecraft. Whistlers are
traditionally analyzed by calculating their dispersion coefficient from the observed time delays at different
frequencies, assuming that the group speed linearly increases as a function of the square root of frequency.
This assumption is only valid for frequencies much lower than the frequency of the local maximum of the
group velocity, which is at one quarter of the electron cyclotron frequency. In our case, the whistler frequen-
cies exceed safe limits of this assumption and a more complex approach is necessary. We have therefore
used a backward ray-tracing simulation procedure based on an earlier technique of Cerisier (1970) with a
dipole magnetic field model and a diffusive equilibrium model of the plasma density distribution. The pro-
cedure includes an additional adaptive integration step algorithm with verification of the Wentzel-Kram-
mers-Brillouin (WKB) approximation of the geometric optics (Santolik et al., 2006, 2009).

The diffusive equilibrium plasma density model is necessarily only a crude representation of the real dis-
tribution but it is sufficient to demonstrate the observed effects after some adjustments: we have arbitrarily
added a small field-aligned duct, characterized by a 5% increase of the plasma density over a width of 0.1
Earth radii centered on a magnetic field line at L = 2.8. This duct is located between Arase at L = 2.57
and Van Allen Probe B at L = 2.85. Such a small density variation is well below the resolution limits of at
least 10% for the method of Kurth et al. (2015) and thus it is not observable experimentally. However, it is
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Figure 8. Backward ray tracing simulations from the locations of the (blue dot) Van Allen Probe B and (red dot) Arase spacecraft. (a-c) Color-coded projections
of simulated rays on the plane of local magnetic meridian at magnetic local time of 16h for three selected frequencies of 2, 6, and 10 kHz; the density duct
position and width are indicated by a thick gray line. (d-f) Angle of the wave vector from the local magnetic field line as a function of the simulated group time,
for the same three frequencies, color-coded for the two spacecraft.

sufficient for ducting of the whistler mode waves at all five analyzed frequencies of 2, 4, 6, 8, and 10 kHz,
representing the observed bandwidth of whistlers.

Figures 8a-8c show examples of results for three of these frequencies (2, 6, and 10 kHz). The blue-colored
rays start at the location of the Van Allen Probe B spacecraft and the simulations are initialized using a
wave vector inclined by 20° inward from the local field line and directed to the South. This corresponds to a
direction antiparallel to a representative wave vector direction based on Figures 4c and 4d. The simulation
then runs backward from the spacecraft to the source and the wave vector direction is updated during the
accumulation of the group delay as it is shown in Figures 8d-8f. With a model exospheric temperature of
1,000 K, we needed to adjust the plasma density model to 70% of a measured value of 1,800 cm~3 obtained
by Van Allen Probe B from local measurements of the upper hybrid resonance frequency, in order to ac-
count for inaccuracies in the unknown density distribution along the duct. With this modified plasma den-
sity model, we have added the total group delays at the five simulated frequencies to the times of the two
source return strokes, as they were obtained from the ground-based lightning location networks. The result-
ing times then fit well the observed whistlers as we demonstrate it by over plotted black squares in Figure 4.

The red-colored rays in Figures 8a-8c have been obtained using a similar simulation procedure but initial-
ized at the position of the Arase spacecraft with a representative reverse wave vector inclined by 40° out-
ward from the field line and directed to the South. The observed whistler traces in Figure 6 are again well re-
produced by simulated group delays at five frequencies, added to the observed times of the source lightning
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strokes, and represented by the over plotted black symbols in Figure 6. The best fit is obtained for a density
model adjusted to 44% of a locally measured density of 3,600 cm~2 on Arase (Kumamoto et al., 2018), owing
again to inaccuracies of the model density distribution.

Our simple ray tracing simulation thus leads to a plausible explanation of the differences in the azimuth of
the wave vector on the two spacecraft: As the observed wave vector angles are, at each analyzed frequency,
below the Gendrin angle (which is between 57° and 84° on Van Allen Probe B and between 64° and 85° on
Arase), the azimuth of the wave vector is the same as the azimuth of the Poynting vector (Gendrin, 1961; D.
A. Gurnett & Bhattacharjee, 2012). Then, for a duct located between the two spacecraft, Arase must observe
inward inclined wave vectors, being located closer to the Earth than the duct, and Van Allen Probe B should
observe outward inclination of the wave vector, in order for the waves to reach the spacecraft located farther
out from the Earth than the duct. Therefore, the waves propagate from their source lightning in the duct,
they reflect back and forth from its plasma density gradient (see Figures 8d-8f), still fulfilling the WKB
approximation with wavelengths of several km, until they can escape from it in a lower density region,
reaching both receiving spacecraft.

The two source lightning strokes were independently time tagged by ground-based lightning detection net-
works. WWLLN has an absolute timing accuracy of 50 us (Jacobson et al., 2006), while the GLD360 net-
work has a timing accuracy of 10-60 ps (Said & Nag, 2014). Together with the above-described ray tracing
analysis, this allows us to verify the correctness of the time tags attributed to measurements of the Van
Allen Probe B and Arase spacecraft. The experimental time resolution of the dispersed whistler traces,
resulting from the frequency-time analysis of their measured waveforms allows us to confirm that the time
tags on both spacecraft correspond to UT with an uncertainty better than approximately 10 ms. This value
is consistent with the average slope of the observed whistler trace of approximately —100 Hz/10 ms, char-
acteristic for frequencies around 3 kHz. The uncertainty below 10 ms is also consistent with the observed
times of peaks in whistler intensities at five analyzed frequencies in Figures 4 and 6, compared to the the-
oretical times of arrival of signals at these frequencies, derived from the measured time of source lightning
discharge and simulated group delays (overplotted in Figures 4 and 6). The root-mean-square values of the
five differences between the theoretical and experimental times of arrival are 7.2 ms for Van Allen Probe B
and 4.3 ms for Arase.

6. Discussion on the Differences of Obtained Electric Field Amplitudes

We have shown that the analyzed whistlers indeed propagated along very similar paths (Figure 8) from their
independently identified source strokes to both Arase and Van Allen Probe B. The final escape from the duct
to different directions represents only a small part of the propagation path and did not cause differences of
the observed amplitudes of the magnetic field fluctuations on the two spacecraft (Figure 7). The remaining
unexplained observation of approximately twice larger amplitudes of the electric field measurements on
Arase compared to the results from Van Allen Probe B can be hypothetically related to differences in wave
vector directions measured by the two spacecraft. Higher inclinations of the wave vector from the direction
of the background magnetic field, as they are observed on Arase, imply a higher ratio of the amplitude of
electric field fluctuations to the amplitude of magnetic field fluctuations (E/B) carried by the whistler mode
waves. The cold plasma theory (Stix, 1992; D. A. Gurnett & Bhattacharjee, 2012) together with the meas-
ured wave vector directions and plasma density should be sufficient to estimate these effects. However, this
theory indicates the inability of differences in wave vector angles to explain the observations: estimated E/B
ratios on Arase and Van Allen Probe B are 3.1% and 3.7% of the light speed, respectively. This result shows
a small difference of obtained E/B ratios, which are even lower on Arase than on Van Allen Probe B, owing
to a larger plasma density that was locally measured on Arase.

The different observed electric field amplitudes can be also explained by differences in the measured com-
ponents of the fluctuating electric field vector: as we only use measurements by antennas in the spin plane
of the two spacecraft, differences in the directions of the spin axis might cause that different 2D projections
of the same electric field are measured on each spacecraft. A rough estimate of this possible effect relies on
the attitude control strategy of both spacecraft: their spin axis was kept within 20° from the sunward direc-
tion, causing the maximum difference of electric field amplitudes by a factor of ~1.3 (2.3 dB), which is not
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sufficient to explain the observations. The situation gets more complex if the electric field has a different
polarization on the two spacecraft. The cold plasma theory (Stix, 1992) predicts for the measured plasma
densities and wave vector directions, and for the frequency band from Figure 7, that the ellipticity of the
electric field polarization should be similar on the two spacecraft: around 0.7 on Arase, and 0.9 on Van Allen
Probe B.

Finally, the observed differences of the electric field measurements can be explained by a mismatch in cali-
bration of the signals from the electric field sensors, linked to variations of the antenna-plasma impedances
as a function of the density of the surrounding plasma medium. Preliminary results of a refined analysis
based on the technique of Hartley et al. (2017) show that, for the measured density of 1,800 cm~2 and for
a frequency of 6 kHz (as in Figure 7), the Van Allen Probes spin plane antennas give smaller electric field
amplitudes, by a factor C,, ~ 0.84 with respect to the correct amplitude of fluctuations of the ambient electric
field. Similarly, a new technique of Matsuda, Kojima et al. (2021) shows that the Arase electric antennas,
for the measured plasma density of 3,600 cm~3, yield higher amplitudes with respect to the correct value by
afactor C, ~ 1.3. These corrections are not included in Figures 4-7, in which we use the currently archived
Level 2 data from both spacecraft, calibrated using the amplitude and phase transfer functions which de-
pend on frequency but not on the ambient plasma density.

A combination of both these corrections gives a factor of C,/C,, = 1.55 that we should expect between the
measured Van Allen Probe B and Arase electric field amplitudes. This correction brings the observed ampli-
tudes from twice lower values on Van Allen Probe B compared to Arase to a factor of only C,/(2C,) = 0.77.
The amplitudes therefore match within a 33% uncertainty (2.5 dB), which could be further linked to the
above-discussed differences in attitude of the two spacecraft.

7. Conclusions

Using a fortuitous case of conjugate observation of strong whistlers by the Van Allen Probe B EMFISIS
Waves instrument and by the Arase PWE instrument, we succeeded to compare measurements of electro-
magnetic waves by the two instruments with the following conclusions:

1. Magnetic field search coil measurements are well inter-calibrated within 30% for power spectral densi-
ties (1.2 dB), corresponding to a 14% precision of the amplitude inter-calibration

2. Currently archived electric field measurements show by a factor of 4 larger values of power spectral den-
sities, corresponding to twice larger amplitudes on Arase compared to Van Allen Probes. This difference
decreases down to an uncertainty of 33% (2.5 dB) once the most recent results on the antenna-plasma
interactions are taken into account for both spacecraft. Corrections of measurements of the electric field
fluctuations for the antenna-plasma impedance should be therefore added to the calibration procedures
in the future

3. The polarization and propagation parameters have been determined from multicomponent measure-
ment of electromagnetic field fluctuations and from determination of mutual phases and coherences
between the measured components on each spacecraft. These parameters compose a consistent picture
based on ducted propagation of whistler waves in a small plasma density enhancement, which is below
the resolution of density measurements, and which is localized along the magnetic flux tube passing
between the two spacecraft. The waves escape from this duct in the equatorial region with wave vectors
inclined to both inward and outward directions, reaching the Arase and Van Allen Probe B spacecraft,
respectively. The consistency of this pattern validates the inter-calibration of the multicomponent meas-
urements on both spacecraft

4. Convincing link of observed whistlers to the records of two different ground-based lightning localiza-
tion networks completes the above-described propagation scenario. It also allowed us to independently
confirm the correctness of the Universal Time tagging of waveform measurements by both the EMFISIS
Waves on the Van Allen Probe B spacecraft and the PWE instrument on the Arase spacecraft, with an
uncertainty better than 10 ms
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