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Abstract: Very Low Frequency (VLF) waves radiated from ground-based transmitters are crucial
for long-distance communication and underwater navigation. These waves can reflect between
the Earth’s surface and the ionosphere for Earth—ionosphere waveguide propagation. Additionally,
they can penetrate not only the ionosphere but also the magnetosphere, where they interact with
high-energy particles in the radiation belt. Therefore, studying the spatial and temporal distribution
of VLF radio signals holds significant importance. Such research enables us to understand the
propagation characteristics of VLF signals, their interaction with radiation belt particles, and their
check for response to space weather and lithospheric activity events. In this paper, we investigate the seasonal
updates variations in the intensity of the Northwest Cape (NWC) transmitter (19.8 kHz) radio signals at
Citation: Cai, H; Zhao, S.; Liao, L; satellite altitude and the displacement of the electric field’s peak center. Our analysis is based on the
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the following: (1) There is no significant seasonal variation in the electric field strength within a
small area (2.5° radius) around the NWC transmitter. However, a clear seasonal variation in the
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1. Introduction

This article is an open access article Ground-based Very Low Frequency (VLF) waves, typically in the 10-30 kHz range,
distributed under the terms and ~ Can propagate back and forth between the Earth’s surface and the ionosphere and travel
conditions of the Creative Commons  long distances via the Earth-ionosphere waveguide (EIWG). During propagation, some of
Attribution (CC BY) license (https://  the wave’s energy can penetrate the ionosphere and propagate in a right-hand circularly
creativecommons.org/licenses /by / polarized whistler mode toward the top of the ionosphere and into the magnetosphere.
4.0/). Satellites can receive these signals [1]. However, when VLF waves penetrate the D/E
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region of the ionosphere, their energy is absorbed due to intense collisions. Still, some
energy can pass through the ionosphere and reach the magnetosphere. Here, the VLF wave
undergoes cyclotron resonance with electrons, leading to their precipitation. This process
is one of the mechanisms that cause the slow loss of energetic electrons in the radiation
belts [2-5]. Recent studies indicate that electron precipitation in the outer radiation belts is
primarily caused by chorus waves, lightning whistles, plasma hiss, and ground-based VLF
transmitter signals. Among these, the VLF waves radiated by the Northwest Cape (NWC)
transmitter located in Australia have a significant impact on electron precipitation in the
inner radiation belts at 100400 keV and 500-800 keV [6-12].

Numerous studies have demonstrated that the primary energy attenuation for up-
ward propagation of VLF waves occurs in the low ionosphere region. After passing
through the low ionosphere, the energy of these waves hardly attenuates [13-16]. The
low ionosphere is mainly affected by solar extreme ultraviolet radiation, which exhibits
significant seasonal, diurnal, and 27-day cyclic variations [17-20]. Additionally, it is subject
to changes from solar flare activity, atmospheric effects (such as lightning and aerosols),
precipitation of high-energy particles in the magnetosphere, and lithospheric activity (such
as earthquakes) [21-25]. Accordingly, variations in the low ionosphere directly affect the
spatial and temporal distribution of VLF radio signals penetrating the ionosphere. To quan-
titatively study the influence of the low ionosphere on VLF waves propagating through
the ionosphere, Cohen et al. (2012) [26] statistically analyzed the radiated energy distribu-
tion at satellite altitudes over 16 ground-based VLF transmitters, such as the NWC and
the NAA transmitters, as well as over the magneto conjugate region, using six years of
electromagnetic field data from the DEMETER satellite. They estimated the energy of
ground-based VLF transmitters reaching the top of the ionosphere and investigated the
dependence of the VLF radio signals on solar activity and geomagnetism at a range of
150 km for a period of six years. Némec et al. (2020) [12] comparatively investigated the
variation in the effect of the NWC transmitter on the plasma number density at the satellite
altitude and the plasma temperature in three modes of operation: continuously operating,
switching off, and keying operation of the NWC transmitter. They concluded that the
average plasma number density at the satellite altitude is essentially independent of the
operation of the NWC transmitter. In contrast, the average plasma temperature and the
plasma perturbations are closely related to whether the NWC transmitter is switched on.

However, there are still controversies about the propagation properties of VLF after
entering the ionosphere. One of the critical issues is whether the signals propagate as
ducted or non-ducted. Lehtinen et al. [13,14] concluded that VLF propagates in a whistling
mode along the geomagnetic field lines. In contrast, Clilverd et al. [27] argued that whether
or not ducted propagation is correlated with the L-shell value, VLF transmitters with L < 1.5
are dominated by non-ducted propagation, whereas VLF transmitters with 1.5 < L < 2.5 are
dominated by ducted propagation. Zhang et al. [28] suggested that ducted signals account
for only a minority of the propagation of ground-based VLF transmitters in the magne-
tosphere, while non-ducted modes dominate. Recently, the study by Usanova et al. [29]
also found that the signals from VLF transmitters between L-shells of 1.17 and 2.87 are
dominated by non-ducted propagation. Therefore, the propagation characteristics of VLF
waves in the ionosphere are still worth studying.

In summary, the study of the spatial and temporal distribution of ground-based VLF
transmitter radio signals in the ionosphere is crucial for understanding the propagation
characteristics of VLF waves penetrating the ionosphere and the perturbation of the iono-
sphere by solar activities. It is also of great significance for further analysis of the scattering
effect of electrons in the radiation belt by VLF waves and the study of sudden space weather
events or disasters such as solar flares, lower atmospheric activities (such as lightning and
aerosols), and lithospheric activities (such as earthquakes and volcanic eruptions). There-
fore, this study investigates the spatial distribution characteristics of the electric field excited
in the ionosphere by the NWC transmitter and its seasonal variation using the data from
the China Seismo-Electromagnetic Satellite (CSES). Furthermore, it thoroughly analyzes
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changes in the location of the peak center of the electric field, providing valuable insights
into the propagation characteristics of VLF waves within the ionosphere.

2. Data

VLF transmitters, such as the NWC transmitter located in Australia (21.82° S114.17° E),
play a crucial role in naval communications and are primarily used as naval military radars.
The NWC transmitter is a VLF transmitter operating in the Southern Hemisphere with a
radiated power of 1000 kW and a radiated signal frequency of 19.8 kHz, with a bandwidth
of 300 Hz. It typically operates continuously throughout the week, except for Monday
mornings when it is shut down. The transmission method used is minimum frequency
shift keying, ensuring stable and consistent operation. The NWC transmitter was active
from 2019 to 2021.

The China Seismo-Electromagnetic Satellite was launched in February 2018 with the
objective of establishing a space test platform for monitoring various aspects of the global
space electromagnetic field, including electromagnetic waves, ionospheric plasma, and
high-energy particle precipitation. It serves as a valuable tool for monitoring and fore-
casting the space environment and conducting scientific research on the Earth system [30].
Operating at an altitude of 507 km and an orbital inclination of 97°, the satellite follows a
sun-synchronous orbit, with descending nodes consistently occurring at 14:00 and 02:00
local time. With a revisit cycle of five days, the satellite is capable of continuous detection
within latitudes of up to 65° north and south at all times of the day. The satellite operates in
two modes: burst and survey. For this study, the electric field power spectral density data
in the VLF band from 2019 to 2021 were utilized, obtained in survey mode with a sampling
frequency of 50 kHz, a time resolution of 2 s, and a frequency resolution of 24.4 Hz [31,32].

The decision to exclusively utilize nighttime satellite observations in the article stems
from the NWC transmitter’s location at low latitudes. Daytime satellite observations in
equatorial regions often encounter significant noise interference problems. Therefore, to
ensure reliable data collection and minimize such interference, this study focused solely on
nighttime observations.

3. Spatial and Temporal Distribution of the NWC Transmitter Radio Signals

In order to investigate the spatial distribution of VLF radio signals penetrating the
ionosphere, we divided the geographic latitude and longitude into a 1° x 1° grid. Within
each grid, we calculated the average value of the electric field power spectral density at
the operating frequency of the NWC transmitter. This allowed us to obtain the spatial
distribution of the electric field at satellite altitude for the NWC transmitter. Figure 1
illustrates the spatial distribution of the electric field power spectral density radiated by the
NWC transmitter in different months, with geographic latitude and longitude. The unit of

the electric field power spectral density is expressed in lg (uV2~m_2-Hz’1) . From Figure 1,

several key observations can be made: (1) An electric field response occurs over the NWC
transmitter, spanning approximately 50° in longitude and 30° in latitude, forming a circular
pattern. (2) The center of the electric field signal of the NWC transmitter is shifted to the
northwest relative to the ground location of the NWC transmitter. This westward offset
in longitude is likely due to the Coriolis force resulting from the rotation of the Earth, as
well as the westward drag of aerosols at higher altitudes [33,34]. The northward shift in
latitude may be attributed to the propagation of VLF waves aligning with the geomagnetic
field [13]. (3) By comparing the power spectrum density distribution of the electric field
over the NWC transmitter in December 2019 and June 2020, it is evident that the strength
and coverage of the electric field are greater in June than in December. This indicates
potential seasonal variations that may influence the phenomenon.
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Figure 1. The figure illustrates the spatial distribution of the electric field power spectral density of
the NWC transmitter during nighttime in different months, as a function of geographic latitude and
longitude. The Northwest Cape (NWC) transmitter is represented by a light blue pentagram, while
the position of the NWC transmitter crossing point (which represents the position of the geomagnetic
field line at 80 km above the NWC transmitter at satellite altitude) is indicated by a green triangle.
The purple circle represents an area with a radius of 2.5° centered on the crossing point, while the
brown circle represents an area with a radius of 15° centered on the crossing point.

To further investigate the seasonal variation pattern in the strength of the electric field,
we divided the study area into two different sizes. Additionally, considering the close
proximity between the center of the electric field and the crossing point (which represents
the position of the geomagnetic field line at 80 km above the NWC transmitter at satellite
altitude) as depicted in Figure 1, we selected two spatial scales with radii of 15° (shown as
brown circles in Figure 1) and 2.5° (shown as purple circles in Figure 1), centered on the
crossing point. Subsequently, we conducted a monthly analysis of the electric field strength
over a span of three years.

3.1. Seasonal Variation Patterns of the Electric Field Strength

Figure 2 provides the monthly average of the electric field power spectral density in the
two study areas from 2019 to 2021. In the 15° radius area, represented by the green curve,
a clear seasonal variation pattern is observed. The power spectral density of the electric
field reaches its maximum in June, July, and August, corresponding to the winter months
in the Southern Hemisphere. Conversely, the minimum occurs in December, January, and
February, corresponding to the summer months in the Southern Hemisphere.

This differentiation in strength is due to the energy attenuation of VLF waves in the
low ionosphere during their propagation to the top of the ionosphere, with most of the
attenuation occurring below 120 km. After penetrating the low ionosphere, VLF waves
convert into whistling waves that propagate along the geomagnetic field line with minimal
energy decay. The electron density in the low ionosphere is primarily influenced by solar
extreme ultraviolet radiation. In summer, when the solar zenith angle is smallest and the
solar extreme ultraviolet radiation flux is highest, the degree of ionization of the lower
ionosphere increases, leading to a higher electron density. This results in increased energy
attenuation of VLF waves penetrating the ionosphere and a decrease in the strength of VLF
radio signals observed by satellites. In contrast, during winter, with the largest solar zenith
angle and lowest solar extreme ultraviolet radiation flux, the degree of ionization of the
lower ionosphere decreases, resulting in less energy attenuation of VLF waves penetrating
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the ionosphere. Consequently, the strength of satellite-observed VLF radio signals increases.
These findings are consistent with previous studies [19,20,35].
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Figure 2. Monthly plots illustrating the mean power spectral density of the electric field of the NWC
transmitter at night across various spatial scales. The green curve represents the 15° radius area,
while the black curve represents the 2.5° radius area. Additionally, the red straight line denotes
summer, and the blue straight line denotes winter.

On the other hand, the black curve depicts the 2.5° radius area, which does not
exhibit significant seasonal variations in the electric field power spectral density. This
finding aligns with the results reported by Cohen and Inan (2012) [26], who analyzed
the strength of the electric field within 150 km centered on the crossing point using the
DEMETER satellite. Their findings indicated that the strength of the electric field does not
vary with solar activity within this range. There are two possible explanations for the lack
of seasonal variation at smaller regional scales. Firstly, the center electric field strength
may be too strong to exhibit noticeable seasonal variations. Secondly, the operation of the
NWC transmitter may introduce a heating effect in the lower ionosphere, increasing the
electron temperature mainly within 250 km [36] and, consequently, decreasing the electron
density [12]. This leads to a reduction in the propagation attenuation of VLF within the
region, further minimizing the impact of seasonal variations in the electron density in the
lower ionosphere. As a result, the electric field power spectral density within the small
region over the NWC transmitter exhibits non-seasonal variations.
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3.2. Spatial Distribution of the NWC Transmitter Radio Signals

In this section, we aim to delve deeper into the spatial distribution of the NWC
transmitter radio signal. To achieve this, we focus on the orbit that is closest to the NWC
transmitter (approximately 1.2° west of the transmitter) and its revisited orbit data. Through
this investigation, we aim to identify the differences in the spatial distribution of the electric
field during the summer and winter seasons. Figure 3a,c,e, respectively, display the latitude-
based distribution of electric field power spectral density for the summer months of 2019,
2020, and 2021. Conversely, Figure 3b,d f, respectively, present the distribution of electric
field power spectral density with latitude for the winter months of 2019, 2020, and 2021.

Summer Winter
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Figure 3. The power spectral density of the electric field is depicted in a latitudinal distribution at
various times, along with the second-order difference map of the power spectral density of the electric
field (2019 to 2021 are shown in chronological order from top to bottom, with summer and winter from
left to right, corresponding to (a—f) in the figure, respectively). The latitudinal distribution is centered
on the latitude of the crossing point. The green curve represents the fitted line that corresponds to
the scattered data points represented by the grey dots. The blue curve represents the second order
difference of the green curve. The red vertical line represents the location of the identified centroid of
the electric field, while the brown line depicts the boundary of the identified “platform”.

To analyze the distribution of the electric field relative to the NWC transmitter crossing
point, the scattered gray points in the figure represent the power spectral density of all
measured data points, corresponding to the latitude difference from the NWC transmitter
crossing point. The green curve is a smoothed and fitted curve obtained from the scattered
data. From the green fitted curve in Figure 3, several observations can be made: (1) The
distribution of the electric field exhibits a north-south asymmetry, with higher strength
observed north of the peak compared with the south. The average power spectral density of

radio signals in the northern region is approximately 4.2 1g (pV2 m~2 -Hz_l), while in the

southern region, it is around 3.6 1g (uVZ-m’z-Hz_l) . (2) A comparison of the latitudinal
distribution curves of the electric field strength in different seasons reveals that the curve is
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flatter during winter compared with summer. In other words, the decay rate of the electric
field with distance is smaller in winter than in summer. (3) Additionally, interference from
wave modes mapped from the Earth-ionosphere waveguide is observed near 6° from the
NWLC transmitter crossing point during the summers of 2020 and 2021 [13,14,37].

Upon analyzing Figure 3b—d.f, a distinct “platform” in the electric field amplitude can
be observed within a specific range near the crossing point. This “platform” represents
a region where the power spectral density remains relatively constant with distance. To
quantify this range, we perform second-order differencing on the green curve in Figure 3,
resulting in the blue plot. The start and end locations of these “platforms” are determined
using second-order differencing, indicated by the brown vertical lines. Notably, these
“platforms” are predominantly observed during the winter season. In winter 2020, the
width of the platform is 3.7°, which is significantly broader than in other years. A similar
phenomenon occurs in the summer of the same year, albeit with a narrower width compared
with winter. This behavior resembles a saturation effect, which typically arises when the
electron density in the lower ionosphere is low. During winter nights, when the electron
density in the lower ionosphere is relatively lower, the ionospheric energy absorption
into the waves becomes negligible, resulting in a more extensive saturation zone. This
phenomenon explains the absence of noticeable seasonal variations in the electric field
within a 2.5° radius, as mentioned in the previous section, while revealing a seasonal
variation pattern within a 15° radius.

Furthermore, we conducted a detailed investigation into the variation in the position
of the electric field center. In situations where no “platform” is identified, we directly locate
the peak of the green line as the center of the electric field. However, when a “platform”
is detected, we consider the center of the “platform” as the position of the electric field
center (indicated by the red vertical line). The offsets for the winter and summer seasons
of 2019, 2020, and 2021 are illustrated in Figure 4. The electric field center offset displays
a noticeable seasonal variation, with a larger offset observed in summer compared with
winter. The center shifts toward the north from summer to winter, with an average offset
of approximately 0.3°. To examine the variation in the electric field center offset in more
detail, we introduce orbit data from the other side as a constraint.

1.2 T T
[l Summer
Il Winter

Southward offset(°)

2019 2020 2021
Date

Figure 4. Plot illustrating the latitudinal offset of the electric field center in relation to the crossing
point for the NWC transmitter in different years, categorized by seasons.
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3.3. Seasonal Variations in the Peak Shifts of the Electric Field Center

In the preceding section, we selected the orbit closest to the NWC transmitter on
the western side and examined the spatial distribution of signals in that satellite orbit,
leading to the discovery of the “platform”. To determine the shift of the center of the
electric field and changes in the size of the “platform”, we employed data from the other
side (approximately 3.6° east of the NWC transmitter) as constraints. By comparing the
spatial distribution of signals gathered from orbital data on both sides, we can further
analyze them.

In Figure 5, the left column displays the distribution of smoothed values of the electric
field power spectral density along the latitudinal offset for different orbits (the black
line represents the data from the west side of the NWC transmitter, while the green line
corresponds to the data from the east side) during different years in the summer season.
The middle column pertains to the winter season. Observations from the figure reveal the
following: (1) The east orbit never captures the “platform” of the electric field strength
observed by the west orbit, as the east orbit does not traverse the region where the electric
field “platform” exists, which is characterized by a constant strength regardless of distance.
(2) The peak of the electric field power spectral density is more pronounced in the western
orbit compared with the eastern orbit, attributed to the proximity of the electric field center
to the western orbit. The difference between the power spectral densities of the east and
west orbits is less significant in winter than in summer, due to the expanded “platform”
during the winter season. (3) The east orbit displays evident seasonal variations, with the
peak intensity consistently higher in winter than in summer. Conversely, the west orbit
does not exhibit this phenomenon. This observation provides further evidence that the
electric field at the NWC transmitter experiences no seasonal variations within a limited
region but displays seasonal variations beyond this region.

After incorporating data from the eastern orbit, we were able to determine that the
center of the NWC transmitter electric field lies between the eastern and western orbits.
To pinpoint the precise location of the center, we made several key determinations. Firstly,
based on previous research and Figure 1 of this paper, we assumed that the electric field is
a strictly circular region. Secondly, using the nearest track data on the west side in Figure 3,
we identified the location of the peak center of the electric field and used the geometric
plumbing theorem to determine the line where the center of the circle is located. Thirdly,
we determined the radius of the center of the circle by identifying the location of the same
electric field power spectral density value for the east and west orbits on the north side
(points A and B in the subplots of Figure 5). Finally, we obtained schematic diagrams of the
electric field center offset across seasons in each subfigure of Figure 5.

Our findings in Figure 5 indicate the following: (1) When the western orbital data fall
within the center of the electric field, the fitted curve exhibits a distinct “platform” as shown
in Figure 3. This indicates that the electric field power spectral density remains constant
and does not decay with distance inside the center of the electric field. (2) Throughout
the transition from summer to winter, the range of the electric field center expands. This
expansion is attributed to the decrease in electron density within the low ionosphere due
to the weakening of solar radiation during winter. (3) In the Southern Hemisphere, the
center of the electric field shifts in a northerly direction from summer to winter, and this
seasonal variation in direction may be related to the movement of the sun between the
Tropic of Cancer and the Tropic of Capricorn. The sun moves northward from summer to
winter, causing the center of the electric field to shift northward. (4) The propagation of
the NWC transmitter radio signals within the radiative centers is primarily dominated by
ducted signal propagation. However, an exception can be observed during the summer
of 2019, when the crossing point falls outside the center of the electric field. This suggests
that during this time, the NWC transmitter signal may have been primarily influenced by
non-ducted propagation.
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Figure 5. Plots of the latitudinal distribution of the power spectral density of the electric field and the
seasonal evolution of the center of the electric field (plots (a—c) are for 2019 to 2021, respectively, and
the latitudinal distribution is centered on the latitude of the NWC transmitter crossing point). The
green triangles show the position of the crossing point, the light blue squares indicate the position of
the NWC transmitter, and the pentagrams correspond to the relative peak positions of the electric
field centers in the respective orbits for each season. Points A and B in the figure represent the
locations of the same electric field power spectral density values in different orbits.

4. Summary and Conclusions

Due to contamination of the CSES dayside data over the NWC transmitter with a
wide bandwidth, this paper focuses solely on the CSES nightside data to examine the
spatial and temporal distribution of the NWC transmitter radio signals. While various
factors affect the nightside low ionosphere [38], the influence of solar radiation on the
nightside, particularly the late-night low ionosphere, remains poorly understood. Previous
studies have indicated significant seasonal variations in the D region of the nightside
ionosphere [18,19]. Specifically, during winter nights, the ionospheric height reaches its
peak, leading to lower electron densities in the D region. This is followed by spring
and autumn, with the lowest ionospheric height occurring in summer. Therefore, this
paper utilizes data from the CSES during nighttime from 2019 to 2021 to investigate the
relationship between the NWC transmitter electric field and solar activity on the night side,
as well as its unique spatial and temporal characteristics.

The following main conclusions were drawn from the study:

(1) Statistical analysis reveals a clear seasonal pattern in the NWC transmitter radio signal
within a radius of 15 degrees from the center of the crossing point. The signal is more
prominent in June, July, and August (winter) and smaller in December, January, and
February (summer). However, no seasonal pattern is observed within a small area of
a 2.5-degree radius from the center of the crossing point over the NWC transmitter.

(2) A “platform” region with a peak center is identified in the electric field over the
NWC transmitter. Within this region, the electric field power spectral density does
not significantly decay with distance. However, outside of this region, decay with
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distance becomes apparent, showing a north-south asymmetry. The average power
spectral density of the electric field is stronger in the north than in the south, and the
decay rate is slower in the north.

(38) Thereis a noticeable northward shift in the peak center of the NWC transmitter electric
field from summer to winter. Additionally, during the winter season, we observe an
expansion in the range of peak centers of the electric fields.

(4) Except for the summer of 2019, ducted propagation predominantly occurs in the
radiation center over the NWC transmitter. However, during the summer of 2019,
non-ducted propagation may dominate the VLF signals in the radiation center over
the NWC transmitter.
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