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A U W

Abstract: The aim of this work is to validate the China Seismo-Electromagnetic Satellite 01 (CSES-01)
Electric Field Detector (EFD) measurements through the analysis of the instrument response to
various inputs: (a) geomagnetic field variations, (b) plasma density depletions, and (c) electromag-
netic signals from natural and artificial sources such as Schumann resonance and VLF (Very Low
Frequency) antennas. The knowledge of the geomagnetic induced electric field vs x B (where v; is
the satellite speed and B and the local magnetic field), and the plasma variations effect, described by
the Orbit Motion Limited (OML) theory, are key parameters to determine the expected theoretical
values of the EFD sensors potentials data. Based on the CSES on-board measurements of plasma
parameters and geomagnetic field, a direct quantitative validation is presented. In addition, the
electromagnetic signals detection capability is checked but only qualitatively confirmed, since the
ionospheric complexity does not allow an accurate theoretical computation of waves modulation.
The quantitative comparison highlights the very good agreement between observed and theoretical
potentials values during average condition. Conversely, in case of strong electric fields, the OML
theory shows partial inability in reproducing the actual space plasma conditions resulting in a
reduced theoretical values reliability. Finally, both natural and artificial electromagnetic signals are
satisfactorily identified showing a reliable sensitivity in different frequency bands.

Keywords: electric field instrument; low earth orbiting satellite; plasma physics

1. Introduction

The China Seismo-Electromagnetic Satellite 01 (CSES-01) was launched on 2 February
2018 into a sun-synchronous, polar and Low Earth Orbit (LEO) at an altitude of 507 km
with an inclination of ~97° and a period of ~95 min to inspect natural electromagnetic
phenomena possibly related to earthquakes [1]. The Electric Field Detector (EFD) measures
the electric potentials of four spherical sensors with reference to spacecraft (S/C) potential,
located at the tip of four 4.5-m long booms, and derives the electric field in the frequency
range between about DC and 3.5 MHz [2]. Its working principle is the active double-probe
technique, so that the electric field (E) components are obtained as the difference between
the probes voltages divided by the distance d between the various probes pairs. It is worth
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reminding that E contains the spurious effect induced by the satellite motion in the Earth’s
magnetic field which has to be removed [3].

Figure 1 shows the EFD sensors position in the satellite orbit system. X;,Ys and Z; are
defined as: X; is the flight direction, Z; is directed from the satellite to the Earth, and Y;
completes the orthogonal right-handed system. It can be easily seen that, approximately;,
probe A lays in the X5 — Y; plane, and is directed opposite to Y;, probe B lays in the Z; — X;
plane, directed at 45° between the —X; and —Z; axes, and probes C and D are deployed
in the Xs — Zs and Zs — Y planes, respectively [2]. The distances among the 4 probes are
reported in Table 1.

Figure 1. Configuration of Electric Field Detector (EFD) on-board the China Seismo-Electromagnetic Satellite (CSES). The
reference frame (X, Ys and Zs; X; is directed along the satellite motion) is the satellite orbit system (see explanation in the
text). Adapted from Huang et al. [2].

Table 1. Distance between probes. Adapted from Huang et al. [2].

Probe b Probe c Probe d
Probe a 7315 mm 8329 mm 9566 mm
Probe b - 7647 mm 9298 mm
Probe ¢ - - 9394 mm

The electric field components in the S/C reference frame are evaluated along the
directions defined by the various sensors pairs, from the voltage differences:
1. Vi=V,-V,,
2. V=V.-V,
3. V3 = Vu - Vd.
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where V;, Vj, Ve, V; are the probes potentials. The electric field components are initially
computed in the satellite coordinate system and then rotated into the geographical reference
frame (X, Y and Z) (Huang et al. [2]).

The main goal of the EFD is to measure the ionospheric E field over a broad frequency
band with high sampling rates. The frequency bands (ULF, ELF, VLF and HF), with their
principal characteristics [2], are reported in Table 2.

Table 2. Characteristics of the EFD for the different frequency bands [2].

Sampling Resolution Sensitivity Dynamical FSpectral Spectra Time
Band Frequency-f (uVm™1! Rzzg?sggi Resolution
-fs 1
(Hz) (LVm™) Hz—12) Range (dB) (Hz) (s)
ULF
(Waveform) 125 1 0.1 120 - -
ELF 3
(Waveform) 5x10 1 0.1 120 - -
VLF
(Spectrum- 50 x 103 - 0.05 96 £5/2048 2.048
Survey)
VLF
(Waveform- 50 x 103 - 0.05 96 - -
Burst)
HF 5
(Spectrum) 10 x 10 - 0.1 96 fs/2048 2.048

The EFD data acquisition is performed in two observation modes (survey and burst)
as shown in Table 2. The burst mode is activated over specific regions to increase the
data collection. Such operational mode occur for about 2 h/day. In particular, in the ULF
(Ultra Low Frequency) and ELF (Extremely Low Frequency) bands, the EFD collects the
waveform electric field data along the whole orbit in survey mode. In the VLF (Very Low
Frequency) band, the survey mode continuously provides the power spectral density (PSD),
while waveform data is provided only in burst mode. Finally, at the HF band, EFD works
only in survey-mode, producing PSD values.

In this paper, the electric field data from the CSES EFD measurements have been
analyzed together with two other on-board instruments in order to validate the EFD
response to environmental variations. One instrument is the Langmuir probe (LAP) which
measures in-situ the ionospheric plasma parameters with a sampling period of 3 s in
survey-mode, and 1.5 s in burst mode [4]. The second instrument is the high precision
magnetometer (HPM) which measures the geomagnetic field from about DC to 15 Hz
providing both vector and scalar values [5]. In particular, magnetic field and plasma
data have been used to compute the expected EFD values according to the Orbit Motion
Limited theory ([6] and reference therein) and the impact of the magnetic field on the
sensors wiring (v X B effect). In addition, both natural and anthropogenic signals with well
known frequency characteristics have been used to check the EFD capability in detecting
electromagnetic oscillations. For these analyses, we have chosen a nightside orbit to reduce
the additional noise induced by the sunlight, thus to better evaluate the sensitivity of the
instrument.

2. Comparison between Expected and Measured Electric Field Values.

The sensors potential (also called “floating potential” V) used to compute the Electric
field, is the equilibrium point among currents collected by the probe ([2,3,7]). The equations
for the currents reported in Diego et al. [3] clearly show their dependence on the plasma
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density and temperature, except for the photo-electrons current that depends on probe
materials and sun light exposure (i.e., it is equal to zero in the nightside of the S/C orbit).
In addition, the bias current is directly injected by the EFD instrument electronics to
minimize the contact impedance between probe and plasma. Since the plasma parameters
are available as measured by the Langmuir probes (LAP) on-board the satellite, and both
photo-electrons and bias currents are known (zero and 500 nA respectively), it is possible
to compute the expected theoretical probe potentials values (called Vj,, hereafter) with its
sampling rate (i.e., about 0.3 Hz) [4].

EFD v X B Evaluation
10 b)

-55 35 -15 5 25 45

¢ 10 . d)
.
----- V\ka
z s S
> >
Y — .
55 35 -15 5 25 45 55 35 215 5 25 45
9 0 :
S s
>
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-55 35 -15 25 45

5
A ()

Figure 2. Upper panels (a, b, ¢, and d) show the probes potentials variations due to the vs x B
geomagnetic field effect. The red dotted line represents the computed vs x B. The lower panel (e)
shows the potentials when the computed vs X B. is subtracted from the measured value vs. the

geographic latitudes A.

The probe potentials are strongly dependent on the vs x B induced electric field (vs
and B are the spacecraft speed and the local magnetic field, respectively) that produces a
low frequency modulation on EFD measurements due to the slow changes of geomagnetic
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field along the satellite orbit. Since the booms attitudes, with respect to the magnetic
field, are different, each probe has a different and variable bias that must be carefully
computed along the orbit by using magnetic field measurements (e.g., High Precision
Magnetometer (HPM) on-board CSES) and the housekeeping data for velocity and attitude.
In the following subsections, the expected EFD potentials values have been inferred from
the plasma and fields variations. The results are compared to show the EFD data reliability
under both quiet and perturbed conditions. In order to easily compare the expected
theoretical values with the instrumental measurements, we selected an orbit characterized
by both quiet and perturbed conditions. We define as perturbed, a part of orbit where the
spacecraft experiences the occurrence of a strong electric field which can alter the electrons
collection by the probes (i.e., OML theory is no longer valid in describing the current
collected on the probe’s surface). The threshold value to identify such strong perturbation
has been computed by comparing the electrons thermal energy with that induced by the
electric field:

3
Ekb~Tg=q~Es-d, D)

where kj, is the Boltzmann constant, T, is the electron temperature, g is the electron charge,
d is the average probe distance, and E; is the corresponding threshold value electric field
that balances Equation (1). Therefore, using the typical value of the electron temperature
at CSES altitude (~2000 K average value as identified in Diego et al. [3] by using IRI
model) and d ~8 m, the thermal effects result to be dominant for electric field lower than
Es ~40 mV/m . Thus, we considered as unperturbed the case with electric field lower than
the threshold value of 4 mV/m (corresponding to ~10% of Ej).

On the other hand, we can define the perturbed cases when the electric field rises up
to few tens of mV/m so that the electrons flow starts to depend on the forcing field, until
the electrons collection is completely dominated by the electric effect for Es > 100 mV /m.
Figure 2 shows the CSES-01 night side orbit n. 029301 (14 August 2018), in which both the
quiet and perturbed conditions are encountered: the perturbation can be easily identified
as a sharp V; enhancement at ~10° of latitude. The strong potential variation is due to
the occurrence of a plasma bubble as described by [8]. Finally, the comparison between
measured and computed values is performed on the down-sampled EFD data (reduced at
0.3Hz by using a linear interpolation method).

2.1. Quiet Condition

The v5 X B is a low frequency contribution to the electric field measurements. The
upper panels (labelled with letters a to d) in Figure 2, clearly show that the various probes
potentials have different levels and shapes (clearly visible outside the perturbation that
occurs between ~5° and ~20° latitudes). The red dotted lines represent the computed
vs x B that perfectly fits the signals, except for the perturbed sector. In Figure 2e the vs x B
has been subtracted from the four Vy time series, thus showing that these have almost the
same trend in the quiet sectors. The upper panel of Figure 3 shows the amplitude of the
electric field components for both quiet (A < 5° and A > 20°) and perturbed locations
(57 < A < 20°). The lower panel shows the four V; along with the Vi, (green line) derived
from OML equations. Since the OML theory does not take into account perturbing fields,
Vineo can fit Vy only if the plasma parameters inputs (density and temperature) are reliable.
In order to verify the possible agreement between expected and measured EFD potentials,
we have computed their differences for the quiet period, as shown in Figure 4. The average
of each distribution is lower than 0.3 mV and the standard deviation (SD) lower than 5 mV,
confirming a very good agreement between V., and each probe potential.

In addition, to better understand the origin of the distributions width in Figure 4, we
have performed the cross correlation among various probes pairs by using data collected at
5 kHz (i.e., the sample rate of the lower band). In fact, assuming the plasma Ne and Te to be
constant within distance scales comparable with the sensors distances (see Table 1) all the
sensors should have the same V, once the vs x B effect is removed. Any differences among
the sensors V should be due to plasma oscillations induced by electromagnetic phenomena.
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According to such hypothesis, the cross correlation among various sensors is checked to
identify the oscillation coherence. The zero-lag peaks in Figure 5 allow to address the SD
amplitude to Vy variation such as electromagnetic oscillations superimposed to the average
values that are very close to the expected ones V.

EFD Electric field and Potentials without v X B
042 T T T T

() e e e o e s

_0.4 1 1 1 1 1 1 1 1 1 1
-20 -15 -10 -5 0 5 10 15 20 25 30

V (V)

Figure 3. The upper panel shows the three component of the electric field on the nightside low
latitude part of the CSES orbit n. 02930. The lower panel displays the four probes potentials along
with the computed Vjy,, (green line). A is the geographic latitude.
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Histograms of the V probes of the EFD without vst

300 300 , b)
250 250 :
200 200
150 150
100 100
50 50
0 0
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
AVa (V) AVb (V)
300 300
1 d)
250 250 !
200 200
150 150
100 100
50 50
0 0
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
AVc (V) AVd (V)

Figure 4. Distributions of the differences between probe potential V; and the expected value V}y,, for the various probes in

the quiet period. Panel labels (a, b, ¢, and d) indicate the probe used to compute the difference with the theoretical value.

Red vertical dashed lines indicate the mean value. Green vertical dashed lines indicate values at +/— one SD.

2.2. Perturbed Condition

The plasma depletion encountered at low latitude in Figure 2 is detected by both
Langmuir probes (LAP) and EFD instruments of CSES. The plasma density from LAP
measurements are abruptly reduced by about two orders of magnitude, that is, from about
10'° m~3 down to 108 m~3 or lower values in the central part of the plasma bubble and
reference therein [8]. The EFD sensors reach high positive values due to the increasing
ratio between the injected bias (fixed at 500 nA) and the collected plasma currents. In this
condition, the differences between V¢ and Vjy,, increase up to few Volts and the measured
V are, on average, about 3 times higher with respect to the Vy,,. This effect depends on the
induced unbalancing in ions and electrons collection on the probes, due to the electric field
effect on the electrons flow direction. In fact, according to the OML theory, the electrons
flow should be isotropic, thus the spherical sensors collect electrons on all their surface (i.e.,
477 - r?). On the other hand, when a strong electric field is present, the OML is no longer
valid in describing the electrons collection because their flow becomes more directional.
In the case of very strong fields (>100 mV/m) the flow is completely dominated by the
electric field direction, and the collecting surface on the probes is reduced up to a factor
four as for the case of ion collecting surface that, in OML, is considered to be simply the
cross section of the sphere under a unidirectional particles flow (i.e., 7t - r?).
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Cross Correlation analysis among EFD probes
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Figure 5. Cross correlation between six couples of probes potentials. The zero lag value represents the null shifting between

signals variations.

The EFD sensors potentials naturally change to balance the variation in particle fluxes
to obtain the total current, flowing on it, to be equal to zero (according to Kirchhoff’s nodal
rule). Thus, we can still consider EFD data as absolutely reliable. Conversely, the LAP
plasma parameters are computed with OML equations, therefore the electrons density is
underestimated due to the collecting surface, which is not easy to model and calculate.
The reduction of the electrons flow on the sensors regions parallel to the electric field,
result in a factor of ~2 decrease in the current collection (in case of several tens of mV/m)
to ~4 (for E; > hundred mV/m) as shown in the distributions of Figure 6. Note that
the distributions are not strictly Gaussian due to the lower number of samples used and
to the variable electric field occurred. Nevertheless, we used the SD to briefly evaluate
the range of induced discrepancy. The measured values are qualitatively in agreement
with the expected Vjy,, since the ratio between V; and Vy,, is on average ~3 inside the
plasma bubble.
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Figure 6. Distributions of the ratios between probe potential V; and the expected value V},, inside the plasma bubble for

the CSES orbit n. 029301. Red vertical dashed lines indicate the mean value. Green vertical dashed lines indicate the range

at one standard deviation.

3. EFD Capability in Observing Natural/Artificial Electromagnetic Signals

The EFD on-board CSES has been conceived to detect electromagnetic signals related
with various physical phenomena. In fact, the occurrence of anomalous signals with re-
spect to those induced by the Sun-Earth interaction e.g., References [9-13] or by man-made
electromagnetic waves (such as VLF transmitters, radio waves, and so on) and reference
therein [14] can represent a characteristic marker useful to develop lithosphere-ionosphere-
magnetosphere coupling models e.g., References [15,16]. Moreover, the sporadic modula-
tion of well known signals can be of great interest to evaluate changes in the ionospheric
electromagnetic propagation properties. For this reason, the EFD capability to detect both
natural and anthropogenic signals is extremely important. In the following sub-sections,
a sample of signals detection capability, for the above mentioned different kinds of e.m.
waves, is given.

3.1. Schumann Resonance

The investigation of the main phenomena taking place in the ionospheric cavity (i.e.,
electromagnetic sources, properties of the medium, and boundary conditions) has been
done via the Schumann resonance concept [17]. The Earth can be considered as a conducting
sphere, covered by the neutral atmosphere (dielectric layer). In the ionosphere, where the
conductivity is significant, any atmospheric electric discharge (such as transient luminous
event-TLE-, lightning, elves, and so on) can produce broadband electromagnetic waves
propagating between ground and the ionosphere. The electromagnetic modes supported
in such ionospheric cavity are both longitudinal and transverse. The former mode is
characterized by global and almost horizontal propagation, while the latter corresponds to
local and almost vertical propagation between the Earth’s surface and the ionosphere [17].
In general, lightnings produce standing waves whose wavelengths are directly linked
to the radius of the cavity. Their occurrence peaks over the continents (especially at low
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latitudes). Such phenomenon is called Schumann resonance and presents the following

eigen-frequencies:

c-(n(n+1))12
27w - R E !

where c is the speed of light, R is the Earth’s radius, and n = 1,2, 3,4 ... are the relative
eigen-modes [18]. The first four eigen-modes are, approximately, 7.8, 14.3, 20.8 and 33.3 Hz
and reference therein [17].

In order to identify possible signatures of the Schumann resonance in the EFD obser-
vations, the perpendicular electric field component (E | ) has been evaluated by rotating the
EFD data into the mean-field-aligned coordinate system [9] calculated using the CHAOS-6
model [19] as the reference magnetic field along the CSES orbit. A spectrogram of E |,
recorded on 10 August 2018 (nightside of the CSES orbit 2879), is reported in Figure 7.
The Schumann resonances were identified in Figure 7 as the horizontal black dashed lines
with peaks at about 7.8, and 15.0 Hz. As for the C/NOFS satellite [20] the resonances were
typically observed during every satellites orbit. Anyway, it is worth noticing that they
have been typically observed during nighttime conditions, suggesting that the resonant
wave energy cannot efficiently penetrate the more dense daytime plasma [20]. In order to
estimate wave propagation conditions in the cavity, we can compute the Q-factor, which is
defined as the ratio between the accumulated field power and the power lost in the oscilla-
tion period. Such Q-factor gives information about the ELF wave attenuation produced by
the electric field instrument measurements [17]. Following the Simoes et al. [20] approach,
we can evaluate Q for each Schumann peak detected as:

Qn :fn/Afn/ (3)

2

wy =

where Af, is the full width at half maximum of n-th peak n and f, is the frequency of the
relative peak. We obtained the following Q values: Q(7.8 Hz) =7.3; Q(15 Hz) = 3.2. These
values are consistent with those of both ground observations [21] and previous satellite
measurements [20].

CSES - EFD - Orbit 2879 - August 10, 2018
80 0.01

0.009
70

‘ 0.008
60 |

|8

|
_____________________________________________________ E—
-6:"t‘“HH“‘ w Wil j M I HHHH“ | 0 ZM‘H m M Hw | \‘\ } j ™

Figure 7. Spectrogram of electric field data in the frequency range between DC to 80 Hz for a nightside semi-orbit of the

CSES satellite. Geographic latitude is given on the X-axis. The horizontal black dashed lines with peaks at about 7.8, and

15.0 Hz represents the detected Schumann resonances.
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3.2. VLF Radio-Waves

Long-distance communication and submarines navigation are principally based on
ground-based VLF transmitters, whose frequencies are in the range 10-30 kHz. It is well
known that most of the ground VLF transmitters are located in a wide range of L-shell,
emitting radio signals with either an impulsive modulation or a 10-s period, and are
characterized by amplitudes between some kW and 1 MW and see Reference therein [22].
Because of the action of the ionospheric D region (i.e., due to collisions), the VLF radio
wave energy can be partially lost. Anyway, the remaining VLF signal can further propagate
through the ionosphere into the inner magnetosphere as a ducted whistler [23]. Past
space missions clearly observed VLF radio waves in both the ionosphere and the inner
magnetosphere e.g., References [14,24,25]. Parrot et al. [26] and Zahlava et al. [27],
using observations from DEMETER satellite made an accurate analysis of both the spatial
and temporal distribution of the electromagnetic field excited by the VLF transmitters.
Shen et al. [28] found VLF radio wave propagation anomalies associated to changes in the
environmental electric field during earthquake time both from ground-based VLF radio
receiver network and DEMETER satellite.

An example of CSES-01 detection of VLF ground transmitter signals is reported in
Figure 8, which shows the spectrogram of the electric field components recorded on 2
February 2019 between 18:27 UT and 19:02 UT close to the 19.8 kHz NWC transmitter
(North West Cape, Exmouth, Western Australia A = 21.81° S, ¢ = 114.165° E). The
transmitter frequency clearly appears at 19.8 kHz in the spectrogram at all the electric
field components. A huge increase in the power is recorded above the emitter, as expected
for ionospheric heating induced by the VLF transmitter and quite well observed by the
EFD [24,29,30].

Figure 9 shows the geographycal map of the total electric field power integrated for the
entire night-side semiorbit 2019 dataset, filtered at 19.8 kHz. The intense electromagnetic
field excited by NWC transmitters can be clearly observed in both the areas above the
transmitter and its geomagnetic conjugate hemisphere. The electric field response in the
conjugate hemisphere is mainly evident at L = 1.3-2.5 (where L is the Mcllwain parame-
ter [31]). This feature can be explained in terms of VLF waves of NWC propagation in both
ducted and non-ducted way. In fact, Kulkarni et al. [22] and Zhao et al. [24] indicate that
non-ducted VLF transmitter signals can reach the opposite hemisphere very close to where
a ducted signal could be reached, which means that ducted and nonducted propagation
modes cannot be separated at some L-shell. The amplitude of the VLF wave is relatively
smaller at the conjugate region if compared to the space region over the transmitters, due
to Landau damping effect occurring when it approaches the high wave normal angle [25].
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Figure 8. Spectrogram of the electric field components along the geographic North (upper panel),
East (middle panel) and vertical (lower panel) directions recorded on 2 February 2019 between 18:27
UT and 19:02 UT. X-axis reports the geographic latitude.
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CSES EFD: 19.8 kHz
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Figure 9. Geographic map showing the intensity of the total electric field recorded at 19.8 kHz by the EFD detector on board
CSES-01, average value of the 2019 data. The intensity is color coded according to the color scale on the right.

4. Discussion

The comparison between the expected and measured V; values (see Section 2) has
been performed after removing the spurious effect induced by the geomagnetic field on
the electric wires inside the booms (vs x B) during the satellite motion. Although the OML
theory, used to compute the Vj;,,, does not take into account the effect of electric and
magnetic fields, it provides reliable results until these fields do not alter significantly the
isotropic electron flux due to their thermal energy. On one hand, we can consider negligible
at ionospheric altitudes the magnetic field effect on the electrons collection by the probe
until its radius is comparable or lower than the Larmor radius. On the other hand, the
electric fields in ionospheric space can reach values capable of strongly perturbing the
electron fluxes. Therefore a statistically proven separation between quiet and perturbed
cases is needed. Results obtained during quiet periods of observation, with full applicability
of the OML theory description, highlight the reliability of both CSES Langmuir Probes
and EFD data. In fact, as shown in Figure 4, the differences between the four V¢ and Vi,
show average values lower than 1 mV. In order to better understand this result, we have to
consider that EFD V is directly measured as a result of the true particles densities while
LAP plasma density is obtained by the inversion algorithm of the electron current equation
of OML theory. In the quiet case, the derived plasma density LAP values are very close to
the actual ones. In fact, an hypothetical £10% error in LAP plasma density detection will
produce about £20 mV in Vjy,,,. In such case, the average value of the distribution shown
in Figure 4 would be about £20 mV as well.

A different scenario occurs when a strong electric field alters the isotropic electrons
collection (i.e., OML is no longer valid) as shown in the ratios distributions in Figure 6.
In such case, the expected value of Vy,, is computed with an intrinsic uncertainty due to
unknown equivalent probes collecting surface (i.e., the actual electrons flow on the probe).
In this case, we can only verify that the distributions shift is in the right direction and in
the predicted range as deducted by the geometrical considerations presented in Section 2.2.
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Concerning the electromagnetic signals detection, EFD shows valuable capability
of observing the first peaks of the ionospheric Schumann resonance quite well. In fact,
though generally weak in amplitude, such waves are a common phenomenon in the CSES
EFD data. Though sometimes faintly observable during the day, Schumann resonance
signatures are generally detected during the nighttime. The intensity of the first peak of the
electric field is ~0.4 mV/ Hz!/2, about three orders of magnitude lower than typical ground
based measurements e.g., References [17,32]. The difficulty to observe such a resonance
during the daytime on the space-based platform can be attributed to the day-side plasma
density being about one order of magnitude higher than at nighttime. Moreover, the
ionospheric layer (the top of the resonant cavity) is located at lower altitude in the day-side
part of CSES orbit [33]. The CSES altitude of ~507 km is well above the lowest altitudes of
the daytime ionosphere lower layer (~90 km). The above factors would contribute to a
dampening of the resonant wave energy reaching the satellite. Stratospheric Schumann
resonance measurements gathered on-board balloons show a scale height of ~25 km [34],
emphasizing that Schumann resonance signatures indeed decrease with altitude. In fact,
they showed that at 25 km during fair weather conditions, the electric field associated to
the Schumann resonance is about half of that observed on the ground despite the quiet
small atmospheric conductivity in the troposphere.

Finally, in agreement with Zhao et al. [24], CSES-01 satellite clearly recorded the
electromagnetic field enhancement excited by ground-based VLF transmitters. The elec-
tromagnetic field induced by NWC in the conjugate area is mainly distributed within
1.5 < L < 2.5. The full-wave simulation reported in Zhao et al. [24] showed that the peak
of the electromagnetic field basically coincides with the crossing point of the magnetic force
line from the bottom of the ionosphere to the conjugate region, indicating that these VLF
waves propagate in a ducted mode. The electromagnetic field of VLF signals in the conju-
gate area is smaller than that above the VLF transmitter because of Landau damping when
the wave approaches a high wave normal angle. These results show that the nightside
observation of electromagnetic field of CSES-01 satellite at VLF band is stable and reliable
(Figures 8 and 9).

5. Conclusions

This paper has been written with the purpose of validating the measurements of the
Electric Field Detector on-board CSES-01 satellite. For this purpose, low frequency (V¢
from ULF data), medium (ELF data), and high frequency (VLF data) have been used to
check the EFD capability in following the ionospheric plasma oscillations. The main results
are summarized as follows:

1. Comparison between V¢ and Vi, .

®  Quiet conditions: the results demonstrate the reliability and consistency of both
CSES LAP and EFD data. In fact, the difference measured between the four Vf
and the Vjy,, using the LAP density and the temperature observations (Figure 4),
show average values lower than 1 mV.

¢ Perturbed conditions: because of the presence of a strong electric field altering
the isotropic electrons collection, the OML theory is no longer valid and thus
the Vi, results are uncertain due to the change in the actual probes collecting
surface. As a consequence, we can only verify that the distributions shift is
in the right direction and in the expected range as derived by the geometrical
considerations.

2. Electromagnetic signals detection capability

¢  EFD shows a very good sensitivity resulting in the observation of the first peaks
of the ionospheric Schumann resonance, which is a common phenomenon in the
electric field data set, despite their very low amplitude.

e CSES-01 satellite observed stable and reliable electromagnetic field enhancement
excited by the NWC VLF transmitters whose peaks coincide with the crossing
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point of the magnetic force line from the bottom of the ionosphere to the con-
jugate region. Such a phenomenon confirms the ducted mode propagation of
these VLF waves.
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