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Key Points:

e A method based on the FDTD method and the EM superposition principle is proposed
to study the reflection of LEMP by the lower ionosphere

e The dominance of radiation from the horizontal or vertical equivalent current in
Fresnel zone determines the polarity of the first skywave

e The enhancement of the horizontal current density at ~90 km contributes to the
double-peak skywave for a westward propagation

Abstract

The polarity reversal of the lightning-generated first sky wave as a function of the
observation distance is studied using a novel approach combining the finite-difference time-
domain (FDTD) method and the superposition principle of electromagnetic waves. In this
method, the sky wave is generated by radiation from the induced current produced by the
motion of charged particles driven by the lightning-radiated electromagnetic waves in the
ionosphere. The horizontal and vertical components of the induced current density under the
daytime and nighttime ionospheric conditions are evaluated. Their different contributions to
the sky wave at different observation distances are analyzed in detail. Furthermore, a physical
explanation for the polarity reversal in the time domain is proposed. It is found that, for
relatively short observation distances (within ~200 km), the first sky wave is dominated by
the component generated by the horizontal equivalent current in the Fresnel zone, while for
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longer observation distances (larger than ~300 km), the first sky wave is dominated by the
component generated by the vertical equivalent current in the Fresnel zone. Since the
polarities of the sky wave components generated by the vertical current source and horizontal
current source are opposite, the polarity of the sky wave will reverse when increasing the
observation distance.

1 Introduction

The lightning-radiated electromagnetic pulse (LEMP) can be reflected by the lower
ionosphere (D region) and can propagate hundreds to thousands of kilometers in the form of
sky waves in the Earth-ionosphere waveguide (EIWG). The observed electromagnetic (EM)
fields at distant observation points contain therefore information on the source and on the
propagation path. Numerous models have been established to study the propagation of LEMP
in the EIWG, to infer the lightning current moment (e.g., Cummer & Inan, 2000; Li et al.,
2008) or the electron density profile in the ionosphere (e.g., Cummer et al., 1998; Cheng &
Cummer, 2005; Han & Cummer, 2010a, b; Shao et al., 2013). These models are mainly based
either on mode theory (e.g., Budden, 1988, Ferguson et al., 1989), ray theory (e.g., Jacobson
etal., 2009; Qin et al., 2017), or the finite-difference time-domain method (e.g., Cummer et
al., 1998; Berenger, 2005; Hu & Cummer, 2006; Marshall, 2012; Tran et al., 2017). Several
characteristics of the sky wave in the frequency domain and in the time domain have also
been obtained adopting these models.

Qin et al. (2017) proposed an improved ray theory and transfer matrix method-based
model to study the propagation of LEMP in the EIWG. Using this model, they studied the sky
wave characteristics of several lightning sferics observed in Central China. Specifically, they
examined the dependence of the waveform on the propagation directions in a frequency band
ranging from 3 to 150 kHz. Their results show that, for an eastward propagation of the EM
wave under nighttime conditions, the sky wave would be characterized by a double-peak
waveform. They attributed this feature to the magneto-ionic splitting phenomenon in the
lower ionosphere due to the Earth’s magnetic field. On the other hand, the influence of the
geomagnetic field on the sky wave was found to be less important during daytime.

Tran et al. (2017) studied the lightning’s full-bandwidth electromagnetic fields on the
ground surface at observation distances ranging from 50 to 500 km without considering the
geomagnetic field. They used a realistic return-stroke representation in their model and
examined, for the first time, the influence of the lightning’s source parameters on the sky
wave waveforms. They also compared the ionosphere reflection heights estimated using the
time intervals between the positive ground wave and the positive and negative parts of the
first sky wave. Their results showed that the mismatch between the estimated reflection
height and the reference height was less when using the negative peak of the first sky wave.
Therefore, they speculated that the negative part of the sky wave was due to the radiation
component and the positive part was due to the induction component of the electric field.

In the above simulation studies, an interesting characteristic of the first sky wave was
that its initial polarity was the same as that of the ground wave at relatively close observation
distances, reversing at larger observation distances, regardless of whether or not the
geomagnetic field was considered. The reversal distances were found to be about 200 km
and 300 km for daytime and nighttime ionosphere conditions, respectively (Tran et al., 2017).
Haddad et al. (2012) analyzed the wideband (from 16 Hz to at least 10 MHz) vertical electric
field of more than 500 first and subsequent return strokes acquired at observation distances
ranging from 10 to 330 km under daytime conditions. Somu et al. (2015) presented
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additional data acquired under nighttime conditions. Azadifar et al. (2017) and Mostajabi et
al. (2019) presented the simultaneously recorded current and electric field at 380 km
associated with a lightning strike to the Santis Tower. The data presented in these studies also
show the polarity reversal of the first sky wave. Smith et al. (2004) analyzed the vertical
electric field radiated by narrow bipolar pulses (NBPs) recorded by the Los Alamos Sferic
Array (LASA). They found that the leading-edge polarities of the reflections would reverse at
distance ranges of 150 to 200 km. The polarity reversal was attributed to quasi-Brewster
angle effects.

In fact, the polarity reversal in the time domain corresponds to the sign change (or
phase change) of the complex refection coefficients in the frequency domain from vertical
incidence to grazing incidence, as discussed by Wait and Walters (1963), Volland (1995),
Smith et al. (2004) and Said (2009).

In this paper, we propose another physical explanation in the time domain for the
polarity reversal of the lightning-generated first sky wave, using an approach that combines
the finite-difference time-domain (FDTD) method and the superposition principle of EM
waves. We first analyze the lightning-generated induced current in the ionosphere calculated
by the FDTD method. The current in the ionosphere is then taken as a new source and used to
simulate the sky waves at observation distances ranging from 100 to 400 km. Firstly, we
study the sky waves under typical daytime ionosphere conditions without considering the
geomagnetic field. The horizontal and vertical current density components in the ionosphere
are evaluated and their different contributions to the sky waves at different observation
distances are analyzed. The analysis provides a physical explanation for the polarity reversal
of the sky wave in the time domain. Furthermore, we test the validity of the explanation
under nighttime ionospheric conditions, in which the lower ionosphere is treated as a
magnetized and anisotropic plasma. The results and analysis presented in the following
sections will provide new insights into the understanding of the sky-wave waveform
characteristics.

2 Methodology

2.1 FDTD method for LEMP propagation

The lower ionosphere can be regarded as a cold magnetized plasma, which is full with
electrons, negative ions and positive ions. The coupling of the lightning electromagnetic
(EM) wave with these charged particles can be described by Maxwell’s equations along with
the Langevin equation, which can be expressed as (e.g., Hu & Cummer, 2006; Marshall,
2012)
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where
- n represents the three types of particles,
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- @y, :«/q,an/gomn Is the plasma frequency, q,, m, and N being, respectively, the
charge, mass and density of species n,

- @y, =|q,Bg |/m, is the gyrofrequency, B being the vector geomagnetic field,
- b is the unit vector in the direction of the geomagnetic field,

- v, is the collision frequency with neutral air,

- = ZJn is the total current produced by each charge species, and

- J.is the lightning current source.

The two-dimensional cylindrical finite-difference time-domain (FDTD) model
proposed by Hu and Cummer (2006) was used in the present study to simulate the
propagation of the lightning-radiated EM wave in the Earth-ionosphere waveguide (EIWG)
and to calculate the lightning-generated current in the ionosphere. A brief description of the
model will be presented in what follows. Figure 1(a) shows the geometry of the FDTD
model. The upper and right boundaries are surrounded by nearly perfectly matched layer
(NPML) absorbing boundaries (Cummer, 2003). The surface impedance boundary condition
(SIBC) is applied to the bottom boundary to include the propagation effect (Maloney &
Smith, 1992). The observation point is located at ground level at a horizontal distance d from
the lightning channel. Note that the positive direction of vectors is also shown in Figure 1(a).
The E-J method (Cummer, 1997), which collocates E and J in time and space is used (see
Figure 1(b)), since the stability condition for the magnetized plasma is the same as that in free
space when adopting this method. The components of the field and current density are
updated using matrix operations at each time step. In addition, in order to avoid stability and
accuracy problems, scaled values for H and J are used in each iteration. The Earth’s
curvature can also be considered by modifying the refractive index at different heights. More
details on this model can be found in Hu and Cummer (2006). In our simulation, the size of
the FDTD simulation domain is 410 km x 110 km. The grid size and the time step were set,
respectively, to Ar = Az = 250 m and At = 0.5 ps.

The electron density in the lower ionosphere is modeled by a two-parameter
exponential formulation (e.g., Bickel at al., 1970, Thomson, 1993),

N . (h) — 143 % 1013e—0.15h’e(ﬂ—0.15)(h—h’) (m—S) (4)

where h is the height above the ground in km, 4’ is the reference height of the ionosphere in
km, and  is a constant in km™. For the daytime ionosphere condition, 4 is set to 70 km and
S is set to 0.3 km'*; for the nighttime condition, /4’ is set to 85 km and f is set to 0.5 km™
(Han & Cummer, 2010a, b). The density of positive ions is set to the same value as the
electrons but with a minimum value of 200 cm for the daytime condition and 100 cm- for

the nighttime condition. The collision frequencies of the electrons (v, ) and ions (v, ) are
expressed as follows (Wait & Spies, 1964; Morfitt & Shellman, 1976; Cummer et al., 1998)

Ve (h) = 1.816 X 10lle*0.15h (Sil) (5)
v.(h) = 4.54x10°% 8" (s (6)

The lightning channel was modeled as a dipole with a height of 10 km, and the return
stroke current moment is given by (e.g., Hu & Cummer, 2006; Cummer et al., 1998)
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where lo= 20 KA, vo = 8x10" m/s, y = 3x10*s?, a = 2x10% s, and b = 2x10° s™%. The energy
of this current source is mainly distributed in the VLF range. The current is assumed to be
uniform along the lightning discharge channel, and it can be obtained by dividing the current
moment by the channel length. Figure 2 shows the current waveform along the channel.

Our FDTD codes were validated using the measured vertical electric field data
presented by Qin et al. (2017), see Appendix A for details.

2.2 A new method for the computation of the sky wave

The FDTD method described in the previous subsection allows us to simulate the
propagation of lightning-radiated EM waves within the Earth-ionosphere waveguide. For an
arbitrary observation point on the ground surface, the ground wave or the full wave
composed by the ground wave and the sky wave can be easily obtained using the FDTD
method. Then, the sky wave can be calculated by subtracting the ground wave from the
complete waveform. In what follows, we will refer to this method as the classical method.

In this section, we will propose another method to calculate the sky wave. The
lightning-radiated EM wave propagates into the ionosphere, and the charged particles
(especially the electrons) in the ionosphere will be accelerated by the electric field force. The
electrons collide with neutral molecules and the kinetic energy from the collision is converted
to molecules’ internal energy. The motion of charged particles also produces an induced
current in the ionosphere, which is expressed by Jiot in equations (2)-(3). These current
sources radiate in turn EM waves in space. The observation point on the ground surface is in
the region without sources. According to the superposition principle, the EM field at the
observation point is composed of the EM field produced by the lightning current, by the
current in the ionosphere, and by their image currents in the ground. The EM field produced
by the lightning current and its image current corresponds to the ground wave, while the EM
field produced by the current in the ionosphere and its image current corresponds to the sky
wave. According to this analysis, we propose a method based on the superposition principle
to calculate the sky wave. This method is divided into two steps:

(1) The lightning-generated current density in the ionosphere is computed using the
FDTD method, and the resulting current-density distribution is stored at each time step.

(2) The lightning source is removed from the FDTD method and the ionosphere
current density at each time step is loaded as the source in the FDTD method. The resulting
field waveform is computed at the observation point.

Jwot 1S the effective current density at the local position of the ionosphere. It is a three-
dimensional vector. If the Earth’s geomagnetic field is not considered, it only contains the
horizontal (@,) and vertical (a,) components. In the presence of the geomagnetic field, it also
contains a component in the direction of d,,. However, the component in the direction of d,,
contributes little to the vertical electric field on the ground (this can be readily confirmed by
assuming the current sources in the direction of d,, as small dipoles). Therefore, only the
horizontal (a,) and vertical (d,) components of Jwt Will be considered in this paper. In the
second step, the horizontal and the vertical current sources can be loaded separately into the
FDTD method so that the contribution of these two components to the sky wave can be
examined.
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It is worth noting that, in the second step, the ionosphere should be removed and,
except for the ground, the whole simulation domain should be treated as free space. If the
ionosphere’s charged particles were considered in the second step in addition to Jit, the
motion of these charged particles would produce additional current in the ionosphere,
resulting a different current density compared with that calculated in the first step. We will
validate this new approach by comparing its results with those obtained by the classical
method.

3 Results and analysis

3.1 Validation of the proposed method to compute the sky wave

Figure 3 shows the comparison of sky waves calculated using the classical method
and the proposed method for a typical daytime condition (4’ = 70 km and g = 0.3 km™)
without considering the Earth’s geomagnetic field. Figure 3(a) shows the calculated vertical
electric field at an observation distance of 200 km from the lightning channel. In addition, the
ground wave and the sky wave that are extracted from the complete waveform are also
presented in the same figure. Figure 3(b) shows the sky wave components generated by the
horizontal and vertical current sources in the ionosphere. The total sky wave is obtained by
summing up these two components according to our proposed method. It can clearly be seen
from Figure 3(c) that the calculated sky waves adopting these two methods are the same (the
difference is only 0.02%), thus validating our proposed approach based on the superposition
principle.

Figure 4 further shows a comparison of the results for a typical nighttime condition
(h"=85kmand g = 0.5 km™) considering the Earth’s geomagnetic field. The lightning-
radiated EM wave is assumed to propagate from West to East (eastward propagation). The
difference in peaks calculated by the classical method and our proposed method is about 3%,

which'is caused by the neglect of ]:,, and by numerical errors. This further validates our
proposed approach as a very good approximation even in the anisotropic case.

3.2 Ground wave

Figure 5 shows the simulated ground wave electric field at ground level for
observation distances ranging from 100 km to 400 km. The polarity of the ground wave
produced by a negative return stroke is negative according to the vector direction definition
shown in Figure 1(a).

3.3 Sky wave under daytime ionosphere conditions

In the VLF band, the reflection of the electromagnetic (EM) wave occurs
approximately at a height where (e.g., Ratcliffe, 1959; Said, 2009)

o, = ov, (8)

where  is the angular frequency of the EM waves, wp is the plasma frequency of electrons,
and ve is the collision rate of electrons in Equation (5). Both wpe and ve change with the
height. For a typical daytime ionosphere, the reflection height is ~70 km. At such heights, the
electron-neutral collision rate is much larger than the electron gyrofrequency. In this
situation, we can ignore the effect of the geomagnetic field and treat the ionosphere as an
isotropic medium. In addition, since the mass of the ions is much larger than that of the
electron, we will only consider the motion of the electrons and ignore the effect of ions.
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Figure 6 shows the scaled induced current density (JxAt/eo) at different heights (h)
and horizontal distances (d) under typical daytime ionosphere conditions. It can clearly be
seen that the initial peaks of the horizontal components of the current density are all positive
and the initial peaks of the vertical components are all negative. Since the induced currents
are produced by the electron motion driven by the electric field force, we can attribute the
polarity of the current density to the polarity of the lightning-radiated electric field at the
particular ionosphere height. For the negative return stroke case studied here, the lightning-
radiated electric field above the ground is composed of a positive horizontal component and a
negative vertical component. As a result, the horizontal component of the current density is
positive and the vertical component is negative. Note that all the polarities of the current
density or the electric field described in this paper refer to the polarity of the initial peak
(peak of the initial half-cycle).

Figure 7 shows the simulated sky wave at observation distances ranging from 100 km
to 400 km, at ground level. The red lines show the sky wave components generated by the
horizontal equivalent current in the ionosphere, which are all characterized by negative initial
peaks. The blue lines show the sky wave components generated by the vertical equivalent
current in the ionosphere, which are all characterized by positive initial peaks. The black
lines are the total sky wave. Note that the current density in the entire ionosphere was
considered in this calculation. It can clearly be seen that the initial polarity of the sky wave
turns from negative to positive as the observation distance increases. At an observation
distance of 100 km, the sky wave is dominated by the component generated by the horizontal
equivalent current. Thus, the total vertical electric field has a negative initial peak, of the
same polarity as the ground wave. However, when the observation distance is larger than
about 300 km, the sky wave is dominated by the component generated by the vertical
equivalent current in the ionosphere, resulting in a positive initial peak that is opposite to the
groundwave polarity.

In the following, we will present a more intuitive way to better understand the
different contributions of the vertical and horizontal equivalent current.

The sky wave is radiated by the currents in the ionosphere, especially by the currents
in the Fresnel zone. The range of the Fresnel zone can be estimated using the method
presented by Lay and Shao (2011), which found the Fresnel zone considering the phase
difference of different propagation ray paths. For a daytime ionosphere with a reflection
height of 70 km and an electromagnetic wave at 15 kHz, the estimated largest radius of the
Fresnel zone in the propagation direction (ar) is about 36 km for an observation distance of
100 km, and 120 km for an observation distance of 400 km. In the transverse direction (ay),
the estimated radii of the Fresnel zone are about 30 km and 45 km for observation distances
of 100 km and 400 km, respectively. In the following, we focus our analysis on the current in
the vertical cross section that is along the path from the source to the observation point.

The grid size in the FDTD model is 250 m, which is very short compared to the
wavelength in the VLF band (>10 km). Therefore, these current sources in the ionosphere can
be equivalent to Hertzian dipoles. For the problem studied here, the distances between the
dipoles and observation points at ground level are several hundred kilometers, which are
much larger than the wavelength in the VLF band. Therefore, we can approximately consider
only the radiation term of the field (far field) generated by the dipole on the surface of a
perfectly conducting ground. The vertical electric field radiated by a vertical dipole can be
expressed as (Uman et al., 1975)
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r> di{t-R/c)Az

E'(r,t)=-
(1) 27e,¢°R® dt

(9)

where I(t) is the equivalent current of the dipole at a considered point, Az is the grid size in
the vertical direction (equivalent length of the dipole), c is the speed of light, & is the
permittivity of free space, R is the distance from the dipole to the observation point, and r is
the horizontal distance from the dipole to the observation point. For a horizontal dipole, when
the observation point is within the vertical section crossing the dipole, the radiated vertical
electric field can be expressed as

rh  di(t—R/c)Ar
27¢,c°R® dt

EMNr,t)=— (10)

where Ar is the grid size in the horizontal direction, and h is the height of the dipole.

Figure 8 illustrates the contributions of a horizontal dipole and a vertical dipole
located at the central point of the Fresnel zone to the sky wave observed at ground level.
From the expression for the radiation component of the electric field from a small dipole, it
can readily be seen that the electric field at the observation point generated by a positive
horizontal current source has a negative vertical component. On the other hand, the electric
field generated by a negative vertical current source has a positive vertical component.
Assume the currents of these two dipoles are the same. It can be seen from figure 8(b) that, at
a short observation distance, since the zenith angle for the horizontal dipole (6h) is larger than
that for the vertical dipole (6v), the radiation of the horizontal dipole will be larger than that of
the vertical dipole according to the radiation pattern of the dipole (see Figure 8b). For larger
observation distances (see Figures 8(c) and (d)), the radiation from the vertical dipole is
dominant since 6y>6h.

The field at the observation point is not only related to the relative position of the
source and the observation point, but it is also determined by the derivative of the dipole
current as indicated by equations (9) and (10). In order to comprehensively consider these
factors, we define a “contribution factor” F defined as the ratio of the field peaks produced by
the horizontal dipole and the vertical dipole, which is expressed as follows according to
equations (9) and (10)

[dJ, (£) ]
| dt | r
—th(t)—peak h
dt

(11)

dd. (t) T dJ. (t) T o -
where {%} and {%} are the initial peaks of the current density time-derivative

associated with the vertical dipole and horizontal dipole, respectively. The parameter r is the
lateral distance from the dipole to the observation point, and h is the height of the dipole as

peak peak
shown in Figure 8. Let us define the first term ({dJ(;t(t)} /{ngt(t)} ) on the right-hand side

of Equation (11) as F1 and let us call it the “peak factor”. Similarly, let us define the second
term (r/h) as F2 and let us call it “geometry factor”.
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Figure 9 shows the calculated factors F (red lines), F1 (black lines), and F> (blue
lines) at two heights, 65 km and 70 km, both below the reflection height. Figures 9(a) and (b)
are the results for the field observation points on the ground at 100 km and 400 km,
respectively. The shadow region marks the horizontal range of the Fresnel zone. It can be
seen from Figure 9(a) that, for an observation distance of 100 km, all the factors F1, Fz> and F
are smaller than 1 in almost the whole Fresnel zone. This means, on the one hand, that the
current derivative of the horizontal dipole is larger than that of the vertical dipole at the same
position; on the other hand, even when the current moments of the horizontal dipole and the
vertical dipole are the same, the field radiated by the horizontal dipole is still larger than the
field radiated by the vertical dipole due to the difference in the relative position of the dipoles
relative to the observation point. These are the reasons why the sky wave at short observation
distances is dominated by the component produced by the horizontal current source in the
Fresnel zone. For an observation distance of 400 km (see Figure 9(b)), although the “peak
factor” (F1) at a height of 70 km is smaller than 1, the “geometry factor” (F2) is much larger
than 1, thus resulting in a “contribution factor” F larger than 1 over most of the Fresnel zone
region. In other words, for larger observation distances, the geometry factor makes the sky
wave be dominated by the component generated by the vertical current source (see also
figures 8(c) and (d)).

As mentioned earlier, the analysis above was focused on the equivalent current in the
vertical section that is along the path from the source to the observation point. Since the
distributions of the lightning-generated field and current are axisymmetric and the radius of
the Fresnel zone in the transverse direction is small, the current distribution in the Fresnel
zone can be approximately regarded as uniform in the transverse direction. Therefore, the
analysis presented above is sufficient to illustrate the importance of the horizontal equivalent
current regarding the sky waves at short observation distances and the importance of the
vertical equivalent current regarding the sky waves at long observation distances.

Figure 10 summarizes the explanation of the polarity reversal of the sky wave’s initial
peak with the increase in the observation distance. Let us discuss the vertical electric field
radiated by a negative return stroke. The vertical electric field component of the ground wave
IS negative (see Figure 10a). The skyward radiated electric field is composed of a positive
horizontal component and a negative vertical component (see Figure 10b). The induced
horizontal current density in the ionosphere is positive and the vertical current density is
negative (see Figure 10c). At short observation distances, within ~200 km, the sky wave is
dominated by the component generated by the horizontal equivalent current and, thus, the
initial polarity of the sky wave is the same as that of the ground wave (see Figure 10d).
However, when the observation distance is larger than ~300 km, the sky wave is dominated
by the component generated by the vertical equivalent current in the ionosphere, resulting in
a positive initial peak of the sky wave that is opposite to the groundwave polarity. The same
explanations can also be readily applied to the lightning-radiated azimuthal magnetic field.

3.4 Sky wave under nighttime ionosphere conditions

The lightning-radiated EM wave reflection height in the nighttime (~85 km) is higher
than that in the daytime. The electron gyrofrequency is much larger than the electron-neutral
collision rate for much of the reflection region (Jacobson et al., 2009). The lower ionosphere
becomes an anisotropic medium in this situation. Therefore, the waveform of the sky wave
will be different when the lightning-radiated EM wave propagates in different directions (e.g.
Jacobson et al., 2009, 2012; Qin et al., 2017). In the following, we will test the validity of our
proposed explanation taking into account the effect of the Earth’s geomagnetic field (Be).
The geomagnetic field is assumed to be 5x10° T. The geomagnetic inclination is set to 45°.
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In addition, positive ions and negative ions in the space are also taken into account in this
case.

Figure 11 shows the calculated induced current density in the ionosphere for typical
nighttime ionosphere conditions, and the LEMP is assumed to propagate from West to East
(eastward propagation) in this case. The angle ¢ between the horizontal component of Be and
the wave propagation direction equals 90°. The current density is the total current density
produced by the electrons, positive ions and negative ions. Actually, the current produced by
ions is much smaller than that produced by electrons. Figure 12 shows the sky wave
calculated on the ground surface at different observation distances ranging from 100 km to
400 km under the same conditions. Comparing with the results without considering the
Earth’s geomagnetic field (see the Supporting Information), it can be seen that the horizontal
current below 85 km diminishes considerably and the vertical current at 90 km increases
appreciably after considering the geomagnetic field and assuming the eastward propagation
of the LEMP. Therefore, at a larger observation distance (see figures 12c and d), the sky
wave is more significantly dominated by the component generated by the vertical current in
the Fresnel zone, compared with the results without considering the geomagnetic field. The
initial polarity of the sky wave reverses from negative to positive similarly to the results
without considering the geomagnetic field. The polarity reversal distance is ~200 km under
this condition. The analysis and explanation presented in section 3.3 are also valid for this
complex case.

Figure 13 shows the calculated induced current density in the ionosphere for typical
nighttime ionosphere conditions, and the LEMP is assumed to propagate from East to West
(westward propagation). Figure 14 shows the sky wave calculated on the ground surface.
Comparing with the results without considering the Earth’s geomagnetic field (see the
Supporting Information), it can be seen that the horizontal current density at 90 km greatly
increases (see Figure 13d). This leads to a larger contribution of the horizontal current source
to the sky wave. As the observation distance increases, the contribution of the vertical current
source to-the first sky wave increases in the same way as in the analysis in section 3.3. At
observation distances larger than 300 km (see figures 14c and d), both sky-wave components,
generated by the vertical current source and the horizontal current source, contribute to the
first sky wave significantly. The superposition of these two components produces the double-
peak sky wave. It is worth noting that these two sky-wave components have only “one peak”,
similar to the situation without considering the geomagnetic field. This further validates the
self-consistency of our explanation.

4 Summary and discussion

In this paper, we studied the phenomenon of the polarity reversal of the lightning-
generated sky wave using a time-domain method combining the FDTD method and the
superposition principle of electromagnetic waves. In the proposed method, we calculated first
the lightning-generated induced current in the ionosphere using the FDTD method. This
current was then taken as a new source and used to simulate the sky waves at observation
distances ranging from 100 to 400 km. The horizontal and vertical components of the induced
current density at different points in the ionosphere were presented and discussed. In
addition, the contributions of the horizontal and vertical current sources to the sky waves
were analyzed in detail. Furthermore, we proposed an explanation for the polarity reversal of
the sky wave with the increase in the observation distance.

At short observation distances (within ~200 km), the first sky wave is dominated by
the component generated by the horizontal current in the Fresnel zone. For longer observation
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distances (greater than ~300 km), the first sky wave is dominated by the component
generated by the vertical current in the Fresnel zone. Since the sky wave components
generated by the vertical current source and horizontal current source have opposite
polarities, the polarity of the sky wave will reverse as the observation distance increases. This
explanation is valid for both daytime and nighttime conditions. In addition, when the LEMP
propagates from East to West under nighttime conditions, the horizontal current density at 90
km increases due to the presence of the geomagnetic field. At observation distances larger
than 300 km, both the sky-wave components generated by the vertical current source and the
horizontal current source significantly contribute to the first sky wave. The superposition of
these two components produces the double-peak sky wave.

In this paper, we mainly focused on the relationship between the sky wave and the
induced current in the ionosphere. However, it is still unclear how the electron moves in the
presence of the geomagnetic field when the LEMP propagates in different directions. In
addition, the decomposition of the induced current in the ionosphere into equivalent
horizontal and vertical components does not mean that the current is strictly constrained in
these two directions. These two components are equivalent currents in the horizontal and
vertical directions. In view of the above, the explanation provided in the paper to the polarity
reversal of the sky wave cannot be considered as a comprehensive physical description, but is
convergent to an engineering explanation. However, this is the first explanation in the time
domain for the polarity reversal of the sky wave, and it gives us some new insights into the
reflection mechanisms from the lower ionosphere.

Finally, although our new proposed method was used to study the lightning-generated
sky wave in this paper, we believe this method can also be used to analyze other reflection
and scattering problems of EM waves.
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Appendix A: Validation of Our FDTD Codes

In order to validate our FDTD codes, we compared our simulated results with the
measured waveforms published by Qin et al. (2017). Figure Al shows the vertical electric
field at an observation distance of 189 km under nighttime conditions. The black line is the
measured data adapted from Figure 8b of Qin et al. (2017), and the red line is the result
calculated using our FDTD codes. We used the lightning source presented in Equation (12) of
Qinetal. (2017). The grid size was set to 100 m. In addition, the effect of the geomagnetic
field was considered. It can be clearly seen that our simulated result is in good agreement
with the measured waveform, thus validating our FDTD codes. Our simulated sky wave is a
little larger than the measured data. This can be attributed to the difference between the input
source and the actual lightning source and the numerical dispersion of FDTD. The latter
slightly reduces the peak of the ground wave. However, this does not have any influence on
the results and analyses in our paper.
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Figure 11. Similar to Figure 6, the scaled induced current density in the ionosphere at
different heights (h) and horizontal distances (d) for an eastward propagation case under
typical nighttime conditions.
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Nighttime, eastward propagation (¢=90°)
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Figure 12. Similar to Figure 7, the sky wave calculated on the ground surface at different
observation distances of (a) 100 km, (b) 200 km, (c) 300 km and (d) 400 km for an eastward
propagation case under typical nighttime conditions.
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Nighttime, westward propagation (¢=270°)
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Figure 13. Similar to Figure 11, the scaled induced current density in the ionosphere at
different heights (h) and horizontal distances (d) for a westward propagation case under
typical nighttime conditions.
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Figure 14. Similar to Figure 12, the sky wave calculated on the ground surface at different
observation distances of (a) 100 km, (b) 200 km, (c) 300 km and (d) 400 km for a westward
propagation case under typical nighttime conditions.

©2020 American Geophysical Union. All rights reserved.



T

T T T
—— Measured data in Qin et al. (2017)

1.04 —— Simulated result by our FDTD codes

0.5

Normalized E

d=189 km, h'=86 km, =0.8, =260 °
-0.5

0 160 260 360 4(50 500
Time (us)
Figure Al. The normalized vertical electric field at an observation distance of 189 km under
nighttime conditions (%’ = 86 km and 5 = 0.8 km™). The black line is the measured data

adopted from Figure 8b of Qin et al. (2017), and the red line is the result calculated using our
FDTD codes.
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