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Abstract Signals of powerful ground transmitters at various places have been detected by satellites in
near-Earth space. The study on propagation mode, ducted or nonducted, has attracted much attentions for
several decades. Based on the statistical results from Van Allen Probes (data from October 2012 to March
2017) and DEMETER satellite (from January 2006 to December 2007), we present the ground transmitter
signals distributed clearly in ionosphere and magnetosphere. The observed propagation route in the
meridian plane in the magnetosphere for each of various transmitters from the combination of DEMETER
and Van Allen Probes data in nighttime is revealed for the first time. We use realistic ray tracing simulation
and compare simulation results against Van Allen Probes and DEMETER observation. By comparison we
demonstrate that the observed propagation route, with partial deviation from the field lines corresponding
to ground stations, provides direct and clear statistical evidence that the nonducted propagation
mode plays a main role, although with partial contribution from ducted propagation. The propagation
characteristics of VLF transmitter signals in the magnetosphere are critical for quantitatively assessing their
contribution to energetic electron loss in radiation belts.

Plain Language Summary The topic on signal propagation of ground-based VLF transmitter in
ionosphere and magnetosphere has attracted much attention in several decades. But the question about
the propagation mode (ducted or nonducted) has not been answered definitely due to lacks of direct
support from statistical satellite data. In this paper, the observed propagation route in the meridian plane
in the magentosphere for each of various transmitter from the combination of DEMETER and Van Allen
Probes data is revealed for the first time. Based on satellite observation and ray tracing simulation,
we provide a clear and strong proof that the nonducted mode of transmitter signal plays a main role.
The determination of the propagation mode will play a significant role in many fields, including the wave
propagation model development and electron population adjustment as radiation belt remediation, which
aims at lowering the damage of relativistic particles to the spacecraft and astronaut.

1. Introduction

Ground-based VLF transmitters have been utilized for long-distance communication and geo-location in past
decades (Swanson, 1983; Watt, 1967) and can penetrate through the ionosphere and propagate within the
plasmasphere. The related ionosphere disturbances, particle precipitation, wisp electron precipitation struc-
ture (Sauvaud et al., 2008), heating phenomenon, and wave propagation have also been studied (Bell et al.,
2011; Cohen & Inan, 2012; Gamble et al., 2008; Graf et al., 2009; Inan et al., 2007; Li et al., 2012; Marshall et al.,
2010; Parrot et al., 2007, 2009; Starks et al., 2008; Tao et al., 2010).

For propagation in the plasmasphere, two theories of wave propagation have been proposed, ducted and
nonducted. Sometimes, both can coexist. The former ducted mode requires the presence of density irregu-
larities, which enables the signal well confined along the field line. Such mode is more favorable for whistler
mode with frequency below than fce∕2 (fce is electron cyclotron frequency; Smith et al., 1960; Smith, 1961).
The nonducted mode does not require density irregularities. Instead, nonducted propagation takes place in
a smoothly varying medium.
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Table 1
VLF Transmitter Parameters Used in This Study

Frequency Power Geographic Geographic Geomagnetic Geomagnetic

Call sign (kHz) (kW) latitude (∘) longitude(∘) latitude(∘) longitude(∘)

NWC 19.8 1000 −21.82 114.17 −31.46 187.31

NPM 21.4 600 21.42 201.85 21.83 270.55

NAA 24.0 1000 44.65 292.72 54.32 6.46

DHO 23.4 500 53.08 7.61 53.63 93.28

GQD 19.6 500 54.9 356.73 57.21 83.42

HWU 18.3 400 46.71 1.25 48.56 84.31

NDT 22.27 32.00 130.82 23.06 201.44

NTS 18.6 38.47 146.93 −45.66 225.44

NLK 24.8 250 48.20 238.08 53.91 300.83

NLM 25.2 500 46.37 261.67 54.91 328.53

Cerisier (1974) demonstrated both ducted and nonducted modes from magnetospheric observation of arti-
ficial VLF waves, with only the latter mode below L ∼ 1.7. Clilverd et al. (2008) presented evidence to confirm
the nonducted propagation in the plasmasphere at low L (< 1.5) but claimed the transmitter signals become
highly ducted in the plasmasphere at higher L shell. These were based on the evidence that the power in con-
jugate region locates below f < fce∕2, that is, there is a lack of significant wave power above fce∕2. However,
the satellite observation also presents the evidence that some VLF transmitter signals has exceeded the half
gyroresonance frequency limit of ducted propagation (Foster et al., 2016; Ma et al., 2017).

For nonducted mode, Cerisier (1974) noted that for low-latitude transmitters (with L < 1.9), the final latitude
in the conjugate hemisphere tends to be greater than the initial one, while for transmitters at higher lati-
tudes (with L> 1.9), there are less changes between the initial and final latitude values. Because of this, only
looking at the comparison between initial and final L values at a fixed ionospheric altitude cannot differen-
tiate the propagation mode, ducted or nonducted, and therefore, different conclusions have been obtained.
There has been ample past work on observational evidence of coexisting ducted and nonducted propaga-
tion, including the conjugate ground observation of the NAA transmitter signals (e.g., Clilverd, Smith, et al.,
1992; Clilverd, Thomson, et al., 1992; Clilverd et al., 2008) and of VLF transmitter at Siple Station (e.g., Helliwell
& Katsufrakis, 1974; Helliwell, 1988). Despite simulation efforts of magnetospheric propagation and compara-
tive studies of ionospheric and magnetospheric signals of VLF transmitters in the past, a better understanding
of propagation route of VLF transmitter signals in the magnetosphere can be obtained by combining statisti-
cal observation of the signals from Van Allen Probes with propagation simulation in a more realistic magnetic
field model than a dipole field for such low L shells.

The determination of wave propagation, in particular, the variation of wave normal angles, for VLF transmit-
ters is necessary for the quantification of the contribution of VLF transmitters in radiation belt electron loss
(Bortnik et al., 2006; Gamble et al., 2008; Kulkarni et al., 2008; Rodger et al., 2010). Van Allen Probes with
elliptic orbits provides an opportunity to investigate the propagation characteristics of ground transmitters
from the ionosphere to the magnetosphere. Here we show propagation routes constructed directly from the
observation, and also reproduce the propagation routes by ray tracing simulation.

2. Observations
2.1. Introduction of Transmitter Signals and Satellite Data
The ground-based VLF transmitters distributed all over the world in the frequency range of 18–41 kHz has
been outlined in the work of Parrot et al. (2009). Here we list the main parameters in Table 1.

The low-altitude-orbiting DEMETER satellite (operating over 2005–2010) measures wave electric and mag-
netic fields (Berthelier et al., 2006; Lagoutte et al., 2006; Sauvaud et al., 2006). There are two data products of
electric power spectral density, one measuring the VLF wave from 78 Hz to 20 kHz with frequency resolution
19.5 Hz, labeled as 1132 application process identifier (APID) in the level-1 data, and the other one in the HF
range from 13 kHz to 3.3 MHz with frequency stepping 3.26 kHz, labeled as APID 1134.

The Van Allen Probes orbit (Mauk et al., 2013; operating since 2012) allows the spacecraft to continuously
monitor the region of space covering a large range of altitude including near the Earth where the VLF
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Table 2
The Frequency and Geomagnetic Longitude Ranges for Each VLF Transmitter Signals Measured by Satellites Used in This Work

DEMETER Van Allen Probes

Frequency Longitude λpeak λNb λSb λconj Frequency Longitude

Call sign (kHz) (∘) Data type (∘) (∘) (∘) (∘) channel (Hz) (∘)

NWC 19.59–19.98 180–195 1132 APID −28.00 −26.25 −30.67 32.41 19573 180–195

GQD 19.39–19.79 78–88 1132 APID 55.00 57.36 53.44 −37.77 19573 65–85

HWU 18.11–18.50 78–88 1132 APID 46.00 48.73 44.21 36.5 18657 70–90

NTS 18.42–18.81 222–228 1132 APID −44.00 −42.14 −45.83 44.57 18657 210–240

DHO 22.78–26.04 88–99 1134 APID 51.00 57.88 41.86 −38.04 23714 77–90

NPM 19.53–22.78 266–274 1134 APID 16.00 21.17 −11.45 −27.16 21544 264–276

NDT 19.53–22.78 197–205 1134 APID 18.00 24.99 6.66 −31.41 22603 195–212

NAA 22.78–26.04 355–16 1134 APID 50.00 59.15 35.89 −43.53 23714 0–20

NLK 22.78–26.04 294–304 1134 APID 51.00 56.82 42.54 −40.63 24879 294–306

NLM 22.78–26.04 322–332 1134 APID 54.00 58.44 43.75 −42.89 24879 322–334

ground-based transmitter signals are expected. Electromagnetic waves are measured by the Electric and Mag-
netic Field instrument Suite and Integrated Science (EMFISIS) waves instrument (Kletzing et al., 2013). For VLF
transmitter signal observation, we use the high-frequency receiver instrument of EMFISIS, which measures
spectra of one component of the wave electric field in the plane perpendicular to the spacecraft spin axis. The
observed spectra from high-frequency receiver are collected every ∼6 s and cover 82 logarithmically spacing
frequency bins over the frequency range 10–400 kHz.

After visual inspection of the wave measurement month by month over the corresponding magnetic longi-
tude range and over wave frequency range for the VLF ground transmitters (listed in Table 2) during the period
from October 2012 to March 2017, we have confirmed that all the transmitters (except NTS) listed in Table 1
have been broadcasting for that entire duration.

2.2. Global Map of VLF Transmitter Signal
A global map of the wave intensity measured by the VLF and HF electric field instrument on board DEMETER
satellite in geomagnetic coordinates is shown in Figures 1a–1d. The data used include survey and burst mode
over the 2-year period from January 2006 to December 2007. For data analysis below, we have excluded the
data in the magnetic longitude range (170∘–210∘) and the latitudinal range (−45∘ to 45∘) near the NWC sta-
tion during the months from July 2007 to December 2007 when the station turned off. The wave intensity
is averaged in each of the (1∘, 1∘) pixels along the geomagnetic latitude and longitude. Each pixel of Pan-
els (a) and (b) corresponds to APID 1132 data averaged over the frequency range between 16 and 20 kHz
for daytime and nighttime, respectively. Panels (c) and (d) show wave intensity distribution from APID 1134
data averaged over the frequency range between 16 and 26 kHz. A quasi Sun-synchronous orbit of DEMETER,
with the descending node at 10:30 LT and the ascending node at 22:30 LT, enables separation of data during
daytime and nighttime. The enhancement of wave intensity in local and conjugate hemispheres at DEMETER
altitude corresponding to each transmitter station listed in Table 1 can be apparently observed in the map,
and the transmitter positions are tagged with little black dots. The L-shell values have been labeled as black
lines in the panels from 1.2 to 4.0. We can find that there exists an obvious offset in L-values for the signal peaks
at the DEMETER altitude between the southern and northern hemispheres (for example, NWC). Additionally,
the diffraction ring pattern phenomenon (for example, Figure 1c) can be seen in the NAA, NLK, and NLM
signals in local transmitter hemisphere, which is similar to the reported NWC diffraction pattern (Sauvaud
et al., 2008).

In order to investigate the response of the transmitter signals in the magnetosphere, we sort VLF wave spec-
tral density measured by EMFISIS instrument on board Van Allen Probes over the time period of October 2012
to March 2017 below altitude 13,000 km into 200 geomagnetic latitude bins of equal spacing from−90∘ to 90∘
and 200 geomagnetic longitude bins of equal spacing from 0∘ to 360∘. The data are also sorted into the night-
time (MLT: 18:00 to next 6:00) and daytime (MLT: 6:00–18:00) maps, respectively, shown in Figures 1e and 1f.
The shown power spectral density has been averaged over the frequency range from 18,657 to 24,879 Hz
(seven frequency channels from EMFISIS measurement). Bursty lightning-generated whistlers, which are a
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Figure 1. Global map of average wave power spectral density. Distributing in the geomagnetic latitude and longitude
bins over the frequency range 16–20 kHz observed by DEMETER ICE APID 1132 (top), over the frequency range
16–26 kHz observed by DEMETER ICE APID 1134 (middle), and over 16–26 kHz from Van Allen Probes (bottom) during
nighttime (left) and daytime (right). APID stands for application process identifier. DEMETER data over January 2006 to
December 2007 and Van Allen Probes data over October 2012 to March 2017 are used. Ground transmitter locations are
also marked as black dots. The black solid lines in (a) denote the contours of L-shell values.

potential source of error for transmitter signal data analysis, are expected to contribute little because several
years’ data are averaged in each bin of geomagnetic latitude and longitude.

The emission signals from ground-based VLF transmitter stations NAA, NWC, NDT, NPM, NLK, and NLM are
all obviously visible as localized peaks on the wave power map constructed from Van Allen Probes data
(Figures 1e and 1f). Signals from GQD, HWU, and DHO stations, which are too close to see individual peaks,
mix together and appear as a single broad peak in the averaged wave power. Nevertheless, the three sta-
tions, which have different operating frequencies (see Table 1), can be distinguished by selecting different
frequency ranges.

2.3. 2-D Signal Distribution in Geomagnetic Latitude
Figure 2 shows the wave intensity distribution in the ionosphere measured by DEMETER as a function of geo-
magnetic latitudes. Narrow longitude and frequency ranges for each transmitter signal (shown in Table 2) are
selected to reduce the DEMETER signal contamination from the bad anti-aliasing filter problem. The selected
data are sorted into the bins of geomagnetic latitudes with equal spacing of 1∘ from −90∘ to 90∘ and then
averaged in each bin to obtain the latitudinal distribution. The selected longitude ranges for each transmitter
signal can be slightly different between the DEMETER and Van Allen Probes, due to azimuthal propagation
especially at the presence of azimuthal density gradient (Clilverd et al., 2008; Clilverd, Smith, et al., 1992;
Clilverd, Thomson, et al., 1992). In order to exhibit more accurately the wave intensity value in the local hemi-
sphere regions and the conjugate hemisphere regions detected by satellite, we utilize the VLF electric field
data (1132 APID data) with a higher frequency resolution to produce the wave intensity distribution for the
stations with frequency below 20 kHz. Due to the 20-kHz upper limit of VLF electric field frequency, we have
to use the HF electric field data (1134 APID data) to produce intensity distributions for the stations with fre-
quency larger than 20 kHz. In summary, the wave intensity distribution for stations NWC, GQD, HWU, and NTS
are produced from 1132 APID data, and the others left in the figure are from 1134 APID data. For a given sta-
tion, the wave intensity from 1132 APID data (the left panels) is relatively high by about 3 orders of magnitude
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Figure 2. The geomagnetic latitude distribution of wave power spectral density of VLF ground transmitter signals
measured by DEMETER satellite during nighttime (top panels) and daytime (bottom panels). (a and b)1132 APID data
with higher-frequency resolution, for NWC, GQD, HWU, and NTS signals with frequency below 20 kHz; (c and d) 1134
APID data with lower-frequency resolution, for NAA, DHO, NDT, NPM, NLK, and NLM signals with frequency above
20 kHz.

than that from 1134 APID data (the right panels) at nighttime. This is mainly because that the former intensity
is obtained by average on a narrower frequency range, and the latter are obtained by averaging over a wider
frequency range, which includes a larger percentage of background signals.

From Figure 2, we can see that there generally exists a pair of peaks for ground transmitter signal intensity,
one at latitude of the source hemisphere (λpeak), where a transmitter locates, and the other in the conjugate
hemisphere (λconj). One can also see that the peaks at the source hemisphere have finite extension over the
magnetic latitude, which can be denoted by the northward (λNb) and southward (λSb) boundaries, where the
signal intensity is dropped by a factor of 1∕e compared with the corresponding peak intensity. The obtained
characteristic latitudes are listed in Table 2 and will be used as the input parameters for ray tracing simulation
described in the next section. We can find that the NWC, NDT, and NPM signals with the lower latitude of
transmitter stations propagate poleward into the conjugate hemisphere, while the signals of DHO, GQD, HWU,
NAA, NLK, and NLM with higher latitude of stations propagate equatorward.

When comparing the signal intensity maps from DEMETER satellite at a fixed altitude in the ionosphere and
the Van Allen Probes orbiting near the equatorial region in the magnetosphere, we identify well the signals
from the same ground transmitters according to their geomagnetic longitude and operating frequencies (see
Table 2). So we will combine the two satellite data sets to display the propagation profile in the meridian plane
and then utilize the ray tracing model to simulate the propagation path, which can be directly compared
against the observed path.

3. Ray Tracing Simulation

Through combination of observed data from DEMETER and Van Allen Probes, we present the propagation
route of NWC signal in two-dimensional meridian plane, shown in Figure 3. The meridian distribution of the
transmitter signal is obtained by (1) projecting all the observed data corresponding to the NWC transmit-
ter frequency within a range of magnetic longitude (given by Table 2) centered near the station into the
meridian plane by keeping the radial distance invariant, (2) sorting them into 2-D bins of 200 equally spacing
Rxy(=

√
(x2 + y2)) from 0 to 2.6 RE and 200 equally spacing z from −1.9 to +1.9 RE, where x, y, and z are in
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Figure 3. Comparison of NWC signals from the combined DEMETER (1132 APID) and Van Allen Probes observations in
nighttime with the ray tracing simulation in the meridian plane. The cyan line represents International Geomagnetic
Reference Field magnetic field line passing the location of the power peak of observed NWC signal from DEMETER. Two
magenta solid lines denote ray paths originating from that location with initial wave normal directions at the edges of
the transmission cone. Another two pairs of magenta dashed lines denote ray paths originating from two other
locations, respectively, corresponding to the two latitudes with DEMETER-observed wave intensity 1∕e of the peak
intensity. Zoom-in plot of the black rectangular area illustrates the three locations above and corresponding
transmission cones (denoted by pairs of black lines).

geomagnetic coordinates, and then (3) evaluating averaged power spectral density within each bin. The signal
in conjugate hemisphere is shifted poleward across magnetic field lines, and in the magnetosphere gradu-
ally deviates from the original field line (in cyan) corresponding to the peak intensity at DEMETER altitude. As
the signal reaches the equator, such deviation increases by 0.5 RE from the original field line. At the conjugate
hemisphere, the signal observed from DEMETER altitude ends by deviation 4.4∘ (32.4∘–28.0∘) in magnetic
latitude north of the conjugate foot point of the original field line. Such observed propagation path clearly
demonstrates the nature of nonducted propagation.

To verify the nonducted propagation route, we simulate the NWC signal by ray tracing solver HOTRAY code
(Horne, 1989), with initial setup according to the DEMETER measurement at the southern hemisphere, where
the station is located, shown in Figure 3. The HOTRAY code is a ray tracing solver for electromagnetic and
electrostatic wave propagation in a magnetized plasma medium, which has been extended to allow arbitrary
magnetic field models and plasma density models. For near-Earth geospace medium of interest, we adopt a
diffusive equilibrium plasma density model (Bortnik et al., 2011, and references within), where the ionospheric
density peak of∼106 cm−3 remains at an altitude of 250 km and the plasmapause is set to a typical L = 4.5 with
a widthof0.3 RE (RE is the Earth radius). For the background magnetic field model, we used International Geo-
magnetic Reference Field (IGRF; Thébault et al., 2015), which is a more realistic representation than a dipole
magnetic field for the region of interest. Given limited azimuthal spread of transmitter signals (Figure 1), we
adopt 2-D ray tracing simulation in the meridian plane for simplicity.

Constrained from the observation, wave frequency is set by operating frequency of NWC station (=19.8 kHz).
For the selection of an initial ray location, we use the DEMETER signal peak location for the corresponding
VLF transmitter, denoted by its magnetic latitude λpeak. Such latitude is slightly different from the magnetic
latitude of NWC transmitter on the ground, because of subionospheric propagation. For choice of initial wave
normal vectors, we work out the transmission cone for that location, within which the signal can transmit from
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below the ionosphere to above. The transmission cone is aligned near the vertically upward direction and is
of narrow angular width (typically several degrees), depending on VLF transmitter frequencies and the launch
locations and a typical electron number density in nighttime E layer, which is set to a typical value 5×104 cm−3

(Helliwell, 1965, p. 65). The calculated transmission cone is used to determine two initial wave normal vectors,
one northmost pointing and one southmost pointing in that meridian plane.

The simulated ray paths are shown as the two magenta solid lines, the region enclosed by which denotes
the propagation spread originating from the signal peak with a finite size of transmission cone. According to
DEMETER observation (see Figure 2), the signal at the DEMETER altitude is an extended source instead of a
single point source, because of signal spread during the subionospheric waveguide propagation between the
Earth and the ionosphere. The spatial extension can be approximated by the region of DEMETER-observed
signal intensity demarcated by the two boundaries, northern and southern latitude (λNb and λSb), beyond
which the signal intensity drops below 1∕e of the peak intensity. For considering the extended source, we
perform ray tracing simulation for rays launched at each of the two boundary locations with two initial wave
vectors at the edges of the corresponding transmission cones. Their corresponding ray trajectories originating
from the two boundaries are denoted by two pairs of dashed magenta lines, respectively. The region covered
by the four dashed lines denotes propagation path spread over the spatially extended signal source from
DEMETER altitude for NWC station. For NWC station in Figure 3, the two magenta solid lines, representing
the paths from the power peak in the southern ionosphere, trace well partly with the route of intense NWC
signal in the magnetosphere observed from Van Allen Probes. The spreading of signal energy near the original
field line is also captured by the magenta dashed lines, which may be due to the finite extent of the signal
source in the DEMETER altitude. In addition, the ray tracing also predicts accessing points at the conjugate
hemisphere at the DEMETER altitude. The agreement between the combined DEMETER and Van Allen Probes
signal distribution with ray tracing simulation provides strong proof that NWC station signal mainly follows
the nonducted mode. We also note that some signal power can be close to the original field line near the
transmitter location, which suggests the coexistence of propagation in ducted mode. This is consistent with
the findings of Cohen et al. (2012). However, we did not find the corresponding power peak at the conjugate
point of the same field line, which supports the nonducted mode as primary propagation mode.

We also perform similar simulations for nine other stations and compare with observations in Figure 4. For
the observed wave distribution on the meridian plane, different upper limits of Rxy are used to account for
different altitude profiles for different stations. The upper limit is set to 2.6 RE for NPM and NDT (the same as
NWC); to 3.1 RE for NTS, GQD, HWU, and DHO; and to 3.5 RE for NAA, NLK, and NLM. We make the following
notes for characteristics of whistler mode propagation in the magnetosphere to understand the ray tracing
results as noted previously by Cerisier (1974).

• The curvature of magnetic field lines tends to refract wave normal direction outward.
• For the outward wave vectors, the group velocity has outward component for frequency f < 1∕2fce and has

inward component for f > 1∕2fce.
• Since VLF is generally above lower hybrid resonance frequency, no magnetospheric reflection takes place.

The agreement between observation and simulation for all stations are also seen in Figure 4 except NTS sta-
tion, which is turned off in 2008 and only can be observed by DEMETER. First, signal from stations at low
latitudes (NPM, NDT, and HWU) propagates outward, because wave frequency stays below fce∕2 at such low L
shell. Second, signal from stations at high latitudes (GQD, DHO, NAA, NLK, and NLM) experiences a net inward
propagation from the hemisphere where stations locate to the conjugate hemisphere; most of inward prop-
agation takes place near the equatorial region where f∕fce exceeds 1/2 and becomes highest at the equator.
The fine differences between simulation and observation may be due to (1) the simplified density model used
without local time dependence and (2) the extended width estimate of signal at DEMETER altitude is not accu-
rate enough when the DEMETER signal falls off slowly with latitudes away from the peak, for example, NPM
in Figure 2c. We also note that the use of IGRF magnetic field is necessary to account for the observation due
to the effect of South Atlantic Anomaly region, especially for GQD, HWU, and DHO stations.

Finally, we note that to determine the primary propagation mode, one should compare the power variation
envelope in the 2-D meridian plane with the coverage of ray paths from the transmitter source at DEME-
TER over a finite latitude extent and over a finite wave normal angle range (represented by magenta lines in
Figures 3 and 4). When a signal is observed by satellites at the field line connecting to a transmitter, it does
not mean the propagation mode is ducted. It can be as well due to nonducted propagation of a signal source
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Figure 4. Comparison of nine other ground transmitter signals from the combined DEMETER and Van Allen Probes observations in nighttime with the
corresponding ray tracing simulation in a similar format to Figure 3 (for NWC).

over the finite latitude extent in the ionosphere and over a finite wave normal angle range. Some disagree-
ment for GQD and HWU stations in Figure 4 is noted. This may be due to the fact that the two stations are at
close magnetic longitudes (83.4∘ for GQD and 84.3∘ for HWU) and have close operating frequency (19.6 kHz
for GQD and 18.3 kHz for HWU), which leads to some degree of data corruption in the analysis.

Here we summarize the propagation mode for VLF transmitters considered in this work. For NTS, which has
been turned off before Van Allen Probes launch, no signal is detected by them, which is just a good confir-
mation that the EMFISIS observations indeed correspond to VLF transmitter signals. DEMETER results alone
suggest both ducted and nonducted propagation. For GQD, HWU, and DHO, it seems that both ducted
and nonducted propagations are effective in illuminating the near-equatorial and conjugate regions. But
obviously, nonducted propagation is needed to explain magnetospheric signals. For NPM, EMFISIS results
correspond well to ducted and partially to nonducted propagation. For NDT, both DEMETER and EMFISIS illu-
mination correspond to nonducted. For NAA, NLK, and NLM, both the radially deep region of illumination
observed by EMFISIS and conjugate signal by DEMETER need the explanation by nonducted propagation.

4. Conclusion

In sum, we combine the observation from DEMETER satellite and Van Allen Probes and display the prop-
agation contour of ground-based VLF transmitters in the ionosphere and magnetosphere. The NWC, NDT,
and NPM signals with the lower latitude of transmitter stations propagate poleward into the conjugate
hemisphere. While the signals of DHO, GQD, HWU, NAA, NLK, NLM, and NTS with higher latitude of sta-
tions propagate equatorward. Although this propagation characteristics of VLF ground transmitter signal has
been investigated previously (Kulkarni et al., 2008), our ray tracing simulation has greater advantages in the
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following three aspects: (1) we use observed sources instead of hypothetical sources, (2) a more realistic
IGRF field than a dipole magnetic field is adopted, and (3) direct comparison with observation is made.
The agreement of propagation characteristics between satellite observation and ray tracing simulation
provides direct and clear statistical evidence that the propagation of VLF ground-based transmitters in mag-
netosphere is dominated by nonducted mode. Understanding the distribution of VLF transmitter signals
in the magnetosphere is critical for quantitatively assessing their contribution to energetic electron loss in
radiation belts.

References
Bell, T. F., Graf, K., Inan, U. S., Piddyachiy, D., & Parrot, M. (2011). DEMETER observations of ionospheric heating by powerful VLF transmitters.

Geophysical Research Letters, 38, L11103. https://doi.org/10.1029/2011GL047503
Berthelier, J. J., Godefroy, M., Leblanc, F., Malingre, M., Menvielle, M., Lagoutte, D., et al. (2006). ICE, the electric field experiment on DEMETER.

Planetary and Space Science, 54, 456–471. https://doi.org/10.1016/j.pss.2005.10.016
Bortnik, J., Chen, L., Li, W., Thorne, R. M., & Horne, R. B. (2011). Modeling the evolution of chorus waves into plasmaspheric hiss. Journal of

Geophysical Research, 116, A08221. https://doi.org/10.1029/2011JA016499
Bortnik, J., Inan, U. S., & Bell, T. F. (2006). Temporal signatures of radiation belt electron precipitation induced by lightning-generated MR

whistler waves: 2. Global signatures. Journal of Geophysical Research, 111, A02205. https://doi.org/10.1029/2005JA011398
Cerisier, J. C. (1974). Ducted and partly ducted propagation of VLF waves through the magnetosphere. Journal of Atmospheric and Terrestrial

Physics, 36, 1443–1467.
Clilverd, M. A., Thomson, N. R., & Smith, A. J. (1992). Observation of two preferred propagation paths for whistler-mode VLF signals received

at a non-conjugate location. Journal of Atmospheric and Terrestrial Physics, 54, 1075–1079. https://doi.org/10.1016/0021-9169(92)90073-T
Clilverd, M. A., Smith, A. J., & Thomson, N. R. (1992). The effects of horizontal ionospheric electron-density gradients on whistler mode

signals. Journal of Atmospheric and Terrestrial Physics, 54, 1061–1074. https://doi.org/10.1016/0021-9169(92)90072-S
Clilverd, M. A., Rodger, C. J., Gamble, R., Meredith, N. P., Parrot, M., Berthelier, J. J., & Thomson, N. R. (2008). Ground-based transmitter signals

observed from space: Ducted or nonducted? Journal of Geophysical Research, 113, A04211. https://doi.org/10.1029/2007JA012602
Cohen, M. B., & Inan, U. S. (2012). Terrestrial VLF transmitter injection into the magnetosphere. Journal of Geophysical Research, 117, A08310.

https://doi.org/10.1029/2012JA017992
Foster, J. C., Erickson, P. J., Baker, D. N., Jaynes, A. N., Mishin, E. V., Fennel, J. F., et al. (2016). Observations of the impenetrable barrier, the

plasmaspause, and the VLF bubble during the 17 March 2015 storm. Journal of Geophysical Research: Space Physics, 121, 5537–5548.
https://doi.org/10.1002/2016JA022509

Gamble, R. J., Rodger, C. J., Clilverd, M. A., Sauvaud, J. A., Thomson, N. R., Stewart, S. L., et al. (2008). Radiation belt electron precipitation by
man-made VLF transmissions. Journal of Geophysical Research, 113, A10211. https://doi.org/10.1029/2008JA013369

Graf, K. L., Inan, U. S., Piddyachiy, D., Kulkarni, P., Parrot, M., & Sauvaud, J. A. (2009). DEMETER observations of transmitter-induced precipita-
tion of inner radiation belt electrons. Journal of Geophysical Research, 114, A07205. https://doi.org/10.1029/2008JA13949

Helliwell, R. (1988). VLF Wave injection experiments from Siple Station. Advances in Space Research, 8(1), 279–289.
Helliwell, R. A. (1965). Whistlers and related ionospheric phenomena. Stanford University Press.
Helliwell, R. A., & Katsufrakis, J. P. (1974). VLF wave injection into the magnetosphere from Siple Station, Antarctica. Journal of Geophysical

Research, 79(16), 2511–2518.
Horne, R. B. (1989). Path-integrated growth of electrostatic waves: the generation of terrestrial myriametric radiation. Journal of Geophysical

Research, 94(A7), 8895–8909. https://doi.org/0148-0227/89/89JA-00197$\$05.00
Inan, U. S., Golkowski, M., Casey, M. K., Moore, R. C., Peter, W., Kulkarni, P., et al. (2007). Subionospheric VLF observa-

tions of transmitter-induced precipitation of inner radiation belt electrons. Geophysical Research Letters, 34, L02106.
https://doi.org/10.1029/2006GL028494

Kletzing, C. A., Kurth, W. S., Acuna, M., MacDowall, R. J., Torbert, R. B., Averkamp, T., et al. (2013). The Electric and Magnetic Field Instrument
Suite and Integrated Science (EMFISIS) on RBSP. Space Science Reviews, 179, 127–181. https://doi.org/10.1007/s11214-013-9993-6

Kulkarni, P., Inan, U. S., Bell, T. F., & Bortnik, J. (2008). Precipitation signatures of ground-based VLF transmitters. Journal of Geophysical
Research, 113, A07214. https://doi.org/10.1029/2007JA012569

Lagoutte, D., Brochot, J. Y., Carvalho, D. D., Elie, F., Harivelo, F., Hobara, Y., et al. (2006). The DEMETER science mission centre. Planetary and
Space Science, 54, 428–440. https://doi.org/10.1016/j.pss.2005.10.014

Li, X. Q., Ma, Y. Q., Wang, P., Wang, H. Y., Lu, H., Zhang, X. M., et al. (2012). Study of the North West Cape electron belts observed by DEMETER
satellite. Journal of Geophysical Research, 117, A04201. https://doi.org/10.1029/2011JA017121

Ma, Q., Mourenas, D., Li, W., Artemyev, A., & Thorne, R. M. (2017). VLF Waves from ground-based transmitters observed by the
Van Allen Probes: Statistical model and effects on plasmaspheric electrons. Geophysical Research Letters, 44, 6483–6491.
https://doi.org/10.1002/2017GL073885

Marshall, R. A., Newsome, R. T., Lehtinen, N. G., Lavassar, N., & Inan, U. S. (2010). Optical signatures of radiation belt electron precipitation
induced by ground-based VLF transmitters. Journal of Geophysical Research, 115, A08206. https://doi.org/10.1029/2010JA015394

Mauk, B. H., Fox, N. J., Kanekal, S. G., Kessel, R. L., Sibeck, D. G., & Ukhorskiy, A. (2013). Science objectives and rationale for the Radiation Belt
Storm Probes mission. Space Science Reviews, 179, 3–27. https://doi.org/10.1007/s11214-012-9908-y

Parrot, M., Inan, U. S., Lehtinen, N. G., & Pincon, J. L. (2009). Penetration of lightning MF signals to the upper ionosphere over VLF
ground-based transmitters. Journal of Geophysical Research, 114, A12318. https://doi.org/10.1029/2009JA014598

Parrot, M., Sauvaud, J. A., Berthelier, J. J., & Lebreton, J. P. (2007). First in-situ observations of strong ionospheric perturbations generated by
a powerful VLF ground-based transmitter. Geophysical Research Letters, 34, L11111. https://doi.org/10.1029/GL029368

Rodger, C. J., Carson, B. R., Cummer, S. A., Gamble, R. J., Clilverd, M. A., Green, J. C., et al. (2010). Contrasting the efficiency of radiation belt
losses caused by ducted and nonducted whistler-mode waves from ground-based transmitters. Journal of Geophysical Research, 115,
A12208. https://doi.org/10.1029/2010JA015880

Sauvaud, J. A., Maggiolo, R., Jacquey, C., Parrot, M., Berthelier, J. J., et al. (2008). Radiation belt electron precipitation due to VLF transmitters:
Satellite observations. Geophysical Research Letters, 35, L09101. https://doi.org/10.1029/2008GL033194

Sauvaud, J. A., Moreau, T., Maggiolo, R., Treilhou, J. P., Jacquey, C., Cros, A., et al. (2006). High-energy electron detection onboard
DEMETER: The IDP spectrometer, description and first results on the inner belt. Planetary and Space Science, 54, 502–511.
https://doi.org/10.1016/j.pss.2005.10.019

Acknowledgments
The authors would like to express their
sincere thanks for the provision of data
download of DEMETER Project. We
appreciate that all the Van Allen Probes
data are publicly available at
(http://emfisis.physics.uiowa.edu/Flight/).
This work is supported by the
APSCO-SP/PM-EARTHQUAKE, the China
Scholarship Council (201604190024),
the SER grant (XH12066), the NSFC
grant (41574139), the AFOSR grant
(FA9550-16-1-0344), the NASA grant
(NNX15AF55G), and the Natural
Environment Research Council (NERC)
Highlight Topic grant (NE/P01738X/1;
Rad-Sat).

ZHANG ET AL. GROUND TRANSMITTER PROPAGATION 5536

https://doi.org/10.1029/2011GL047503
https://doi.org/10.1016/j.pss.2005.10.016
https://doi.org/10.1029/2011JA016499
https://doi.org/10.1029/2005JA011398
https://doi.org/10.1016/0021-9169(92)90073-T
https://doi.org/10.1016/0021-9169(92)90072-S
https://doi.org/10.1029/2007JA012602
https://doi.org/10.1029/2012JA017992
https://doi.org/10.1002/2016JA022509
https://doi.org/10.1029/2008JA013369
https://doi.org/10.1029/2008JA13949
https://doi.org/0148-0227/89/89JA-00197$\LY1\textbackslash $05.00
https://doi.org/10.1029/2006GL028494
https://doi.org/10.1007/s11214-013-9993-6
https://doi.org/10.1029/2007JA012569
https://doi.org/10.1016/j.pss.2005.10.014
https://doi.org/10.1029/2011JA017121
https://doi.org/10.1002/2017GL073885
https://doi.org/10.1029/2010JA015394
https://doi.org/10.1007/s11214-012-9908-y
https://doi.org/10.1029/2009JA014598
https://doi.org/10.1029/GL029368
https://doi.org/10.1029/2010JA015880
https://doi.org/10.1029/2008GL033194
https://doi.org/10.1016/j.pss.2005.10.019
http://emfisis.physics.uiowa.edu/Flight/


Journal of Geophysical Research: Space Physics 10.1029/2018JA025637

Smith, R. L. (1961). Propagation characteristics of whistlers trapped in field-aligned columns of enhanced ionization. Journal of Geophysical
Research, 66(11), 3699–3707.

Smith, R. L., Helliwell, R. A., & Yabroff, I. W. (1960). A theory of trapping of whistlers in field-aligned columns of enhanced ionization. Journal
of Geophysical Research, 65(3), 40.

Starks, M. J., Quinn, R. A., Ginet, G. P., Albert, J. M., Sales, G. S., Reinisch, B. W., & Song, P. (2008). Illumination of the plasmasphere by terrestrial
very low frequency transmitters: Model validation. Journal of Geophysical Research, 113, A09320. https://doi.org/10.1029/2008JA013112

Swanson, E. (1983). Omega. Proceedings of the IEEE, 71(10), 1140–1155.
Tao, X., Bortnik, J., & Friedrich, M. (2010). Variance of transionospheric VLF wave power absorption. Journal of Geophysical Research, 115,

A07303. https://doi.org/10.1029/2009JA015115
Thébault, E., Finlay, C. C., Beggan, C. D., Alken, P., Aubert, J., Barrois, O., et al. (2015). International Geomagnetic Reference Field: The 12th

generation. Earth Planets Space, 67, 79. https://doi.org/10.1186/s40623-015-0228-9
Watt, A. D. (1967). VLF radio engineering. UK: Pergamon Oxford.

ZHANG ET AL. GROUND TRANSMITTER PROPAGATION 5537

https://doi.org/10.1029/2008JA013112
https://doi.org/10.1029/2009JA015115
https://doi.org/10.1186/s40623-015-0228-9

	Abstract
	Plain Language Summary
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


