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ABSTRACT FDTD method has been widely used in calculations of electromagnetic fields produced by a
lightning return stroke and its effects on other systems. However, the traditional Pi-type distributed resistance
(R) – inductance (L) – capacitance (C) model representing a lightning return stroke is no longer suitable
for FDTD method. In this study, we propose a new type RLC model that consists of a current source
at the lightning channel base feeding a series of passive RLC loads above. The lightning return stroke
channel is divided into small segments; each segment is presented by a height-dependent R in series with
an L and in parallel with a C . With a current waveform measured for a return stroke in a rocket-triggered
lightning discharge as the current source, impacts of differentRLC settings on the channel current distribution
properties were studied. Results show that the value of R has a significant impact on the attenuation pattern
of both the current amplitude and propagation speed along the channel. Values of L andC have more impacts
on the rising and falling edge of the current waveform and current propagation speed along the channel. The
model was then applied to two sets of channel base currents and multi-station electric field measurements
from two return strokes in rocket-triggered lightning experiments. By fitting the simulated electric field with
the measured electrical field at each station, an optimal set of lightning channel RLC values for each of the
two return strokes were determined, and hence the current propagation speed and amplitude as a function of
the channel height were successfully estimated. The results show that both the current speed and amplitude
decreased exponentially with the increase of the channel height, which are well consistent with existing
optical observations and physical predictions in literature.

INDEX TERMS FDTD method, lightning return stroke, RLC model, rocket-triggered lightning, lightning
electromagnetic pulse.

I. INTRODUCTION
Lightning discharge has been widely studied since the 20th

century, of which the lightning return stroke is the most
studied process. Based on large amount of optical and elec-
tromagnetic measurements, scientists have proposed various
types of models for simulative studies of the lightning return
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stroke process [1]. Coming into 21st century, with the rapid
development in computing technique, the Finite-Difference
Time Domain (FDTD) method (a method to solve Maxwell
equations with numerical techniques) has been widely used
for the study of electrical effects caused by a lightning return
stroke on various systems or objects [2].
To simulate the lightning effects more realistically, an ade-

quate method representing a lightning return stroke in
3-dimension in FDTD method is important. A simple model
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is to use a perfectly conducting short vertical wire (∼200 m
long) with a lumped current source at its base to represent a
lightning return stroke channel in FDTD method [3]. A self-
defined current waveform is injected to the wire at its bottom.
The current waveforms at different heights along the channel
can then be simulated. Alternatively, the lightning return
stroke channel could be represented with a vertical phased
current-source array on a perfectly conducting plane. The cur-
rent sources in the array have the same current waveforms but
different phase delays. In both models, the current propagates
along the lightning channel without any attenuation and the
propagation speed is equal to the speed of light [3], which
is far different from a true lightning return stroke channel.
Nevertheless, such type of models has been widely used for
investigations of lightning return stroke effects with FDTD,
e.g. [4], [5], [6], [7], [8], and [9].

To better simulate the lightning current propagation veloc-
ity along the channel in FDTD, a model that a vertical per-
fectly conductingwirewith andwithout additional distributed
series of inductance was proposed [10]. Results of this type
of models showed that the current propagation velocity along
the channel could be altered by the inductance. However,
attenuation trends of the current amplitude and propagation
velocity along the channel were less pronounced. E.g.: [11]
and [12].
There are two other types of models that can better rep-

resent a lightning return stroke in FDTD simulations. One
is to use the dielectric material or medium to configure a
vertical antenna to represent a return stroke channel above
ground [13]. Another is to use a vertical wire coated by
fictitious material to represent a return stroke channel above
ground [14]. A recent research showed that these models
could simulate reasonably the current propagation speed and
the trend of change of the current amplitude along the light-
ning channel by choosing specific values of the permeability
and permittivity of the dielectric material [15]. However, they
still only yield a constant current propagation speed, and it
is a time-consuming work to configure a specific lightning
channel for a specific lightning case.

Nowadays, many researchers are using a vertical
current-source array to represent a lightning return stroke
in their FDTD simulations. The current sources at different
channel heights in the array are calculated based on the
Modified Transmission-LineModel (MTLM)with a constant
current propagation speed and a linear decay of current
amplitude along the lightning channel [16], [17], [18], [19].
The current waveform used in these model were either an
artificially generated Gauss waveform or from an analytical
representation of measured lightning current [20]. To certain
extents, this kind of models can represent a lightning return
stroke channel in 3D in FDTD simulations properly but
cannot realistically simulate the lightning current propagation
and attenuation properties along the channel.

Observations show that both the amplitude and propa-
gation speed of the lightning current attenuate nonlinearly
as it propagates along its channel, which can be simulated

with none of above models. On the other side, the current
speed along with the current peak largely determines the
initial peak of radiation field produced by a return stroke.
Therefore, it is quite necessary to have a model that can well
represent a lightning return stroke channel for accurate cal-
culations of lightning-produced electromagnetic fields with
FDTD method.

In this study, we propose and practice a longitudinal-
dependent resistance (R) -inductance (L) -capacitance (C)
model to present a lightning return stroke above a lossy
ground in 3D in FDTD simulations. The lightning channel is
simulated by a current source at the channel base with a series
of height-dependent RLC load above. With different settings
of RLC parameters for a given base current source, differ-
ent current propagation and attenuation properties along the
channel can be simulated. As such, a lightning return stroke
channel with different current properties can be simulated in
3D with a high flexibility and accuracy. With the model, dif-
ferent lightning current propagation and attenuation proper-
ties and their impacts on the lighting-produced electric fields
at different distances were investigated. The model was then
validated with and applied to the channel base currents and
associated multi-station electric field changes measured for
lightning return strokes in rocket-triggered lightning flashes
during the Guangdong Comprehensive Observing Experi-
ment on Lightning Discharge (GCOELD) [21]. For each of
the cases studied, by tuning the RLC settings and fitting the
simulated electric fields with the measured electric fields for
the measured channel-based currents, the current amplitude
and propagation speed as a function of the channel height
were successfully retrieved, which is a good indicator of the
high accuracy and practicability of the model we proposed.

II. METHODOLOGY
A. REPRESENTATION OF LIGHTNING RETURN STROKE
CHANNEL IN FDTD CODE
An illustration of representation of the lightning return stroke
channel in FDTD simulation is shown in Figure 1. The light-
ning channel is supposed to be H = 3000 m high above
ground in this study, which is divided into 10 m × 300 seg-
ments, corresponding to a FDTD grid size of 10 m × 10 m ×

10 m. Theoretically, the space resolution can be set to any a
smaller value than this. We take the 10 m value because it
is enough for the frequency bands of the current and electric
field measurements used in this study, meanwhile can signif-
icantly save the computing cost. The 1st segment is grounded
via a current source, and the 2nd and above segments are
a series of passive loads numbered from No.1 to No.299.
Each segment is equivalent to a passive load that consists of
a resistance (Ri) in series with an inductance (Li) and then
in parallel with a capacitance (Ci), where i = 1 to 299 is
the segment index. A real lightning return stroke current
waveform obtained from GCOELD is used as the current
source at the channel base, and the simulated electric fields
on ground are compared with the measured ones to validate
the model.
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FIGURE 1. An illustration of the representation of a lightning return
stroke channel in FDTD code.

We firstly presented the preliminary idea of this model at
an international conference held in 2018, but with no details
and accurate interpretation of the model [22]. As shown in
Figure 1, the lightning channel is excited by a current source
at the channel base. As the current propagates upward, the
charge deposits into capacitance due to the voltage drop cross
inductance and resistance at each segment of the passive
loads. The charge distribution and current propagation and
attenuation properties along the lightning channel can then
be simulated with adequate RLC values. While the capaci-
tance (Ci) in each segment is supposed to be the same (C0),
the resistance (Ri) and inductance (Li) in each segment are
supposed to increase with the increase of the channel height,
which is given by equations (1) to (3). By tuning the val-
ues of the resistance, inductance and capacitance, lightning
return strokes with different channel current properties can be
represented.

Ri = 1H · R0· (1 + 1H · 1R0%)i−1 (1)

Li = 1H · L0· (1 + 1H · 1L0%)i−1 (2)

Ci = C0 (3)

where, R0 (in�/m) and L0 (in µH/m) are the initial values for
the resistance and inductance, respectively, for the first pas-
sive load above the current source at the channel base. 1R0
and1L0 are the increasing rates (in percentage per meter) for
the resistance and inductance along the channel, respectively.
1H (in meter) is the length of each segment/passive load,
which is 10 m in this study. C0 (in µF) is the value of the
capacitance, which is the same for all segments. Determina-
tions of the values of these five parameters are explained in
detail in next session.

B. DETERMINATION OF LIGHTNING RETURN STROKE
CHANNEL PARAMETERS
In this height-dependent RLC model, determinations of the
five parameters are essential to properly represent a spe-
cific lightning return stroke channel in 3D. For the initial
values of the resistance R0, inductance L0 and capacitance
C0, the empirical and theoretical results in many previous
investigations on lightning return stroke modeling can be

referenced, e.g.: [10], [13], [23], and [24]. According to those
studies, R0 should be theoretically in the order of 3 �/m, and
L0 should be in the order of 1 µH/m. For the capacitance, it is
generally assumed to be about 7 pF/m in most of the Pi-type
RLC transmission line model for a lightning return stroke,
where the capacitance for each channel segment is grounded
and connected in parallel to each other [23], [24]. In contrast,
the capacitance for each segment in the present model is not
grounded and connected in series to each other. As such, the
theoretical value of C0 in the present model should be in the
order of (300 segments) times (7 pF) = 0.002 µF.
About the increasing rate of resistance and inductance

(1R0 and 1L0) and the capacitance (C0), as we know that
both the leader and return stroke channels are consisted of
a conductive core surrounded by a corona sheath. While the
resistance and inductance largely depends on the conduc-
tive core, the channel capacitance largely depends on the
dielectric property of the corona sheath. Both observation
and theoretical analysis show that the lightning return stroke
current decreases significantly in its amplitude and propa-
gation speed when it propagates upward along the channel.
From the point of view of physical process, the wave front of
a lightning return stroke current usually propagates upward
along the residual channel of a preceding downward leader.
The residual channel of a downward leader usually has a
thinner and cooler conductive core at upper parts of the
channel and a thicker and hotter conductive core at lower parts
of the channel. All these imply that the lightning return stroke
channel has an equivalent resistance and inductance that may
increase with the increase of the channel height. The values of
1R0 and 1L0 should be at such a level so that the amplitude
of the current pulse will be attenuated to a very low level
when it reaches the channel top to avoid obvious reflections
of current waves there, which are set to be about 0.05%/m in
this study. Since the dielectric property of the corona sheath
usually do not fluctuate significantly along the channel during
a given lightning event, the channel capacitance may be set as
a constant along the channel reasonably.

The actual values of the channel RLC in the model may
vary case by case, depending on how the lightning current
is distributed on the lightning channel. In another words,
we may simulate the current distribution property along a
specific lightning channel by tuning RLC values in certain
ranges, so that the modelled currents and electromagnetic
fields can well match with observations. In general, R0 plus
1R0 hasmore influences the current attenuation pattern along
the lightning channel, while L0 and C0 have more influences
on the current waveform and propagation speed. Detailed
analyses on how the RLC values affect the current propa-
gation properties and electric field waveforms at different
distances on ground are given in section III-A.

C. VERIFICATION AND APPLICATION OF THE LIGHTNING
RETURN STROKE MODEL
For verification and application of the model, two sets of
channel based current and on-ground vertical electrical field
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FIGURE 2. Lightning measurements and FDTD modelling settings.

measurements for lightning return strokes in rocket-triggered
lightning experiments during GCOELD were used [21]. The
measurements included lightning channel base currents mea-
sured at the rocket launcher position and on-ground multi-
station electric field changes at different distances ranged
from 1 km to 45 km around the rocket launcher, as shown
in Figure 2a. According to the measurement arrangements
and for reducing the computing cost, the FDTD calculation
space was set to 55 km (long)× 3 km (wide)× 3.1 km (high),
as shown in Figure 2b.

The lightning return stroke channel is supposed to verti-
cally stand on a flat ground with a soil layer thickness of
100 m. The electric field sensors were located at different
distances from the lightning channel based on the actual
situation during the rocket-triggered lightning experiments.
For a specific current measured at the channel base of a
lightning return stroke, the current channel distributions and
hence the lightning-produced electric fields at different dis-
tances on ground were calculated with different channel RLC
settings. The RLC setting whose outputs of the electric fields
best match with the electrical field measurements was then
considered as the best one to represent that lightning channel,

and the corresponding calculated current channel distribu-
tions were considered to represent the current propagation
and attenuation properties along the channel of that light-
ning return stroke. Detailed results and analyses are given in
section III-B.

III. MODELING RESULTS AND ANALYSIS
A. EFFECTS OF CHANNEL RLC SETTINGS ON CHANNEL
CURRENTS AND GROUND E-FIELDS
The model consists of five parameters: R0, L0, C0, 1R0
and 1L0. Reasonable value ranges of the five parameters
were discussed in section II-B. In this section, several sets
of specific parameter values around the reasonable value
ranges are chosen to make up different lightning return
stroke channels. With the same base current waveform, the
channel current propagation and attenuation properties under
different channel parameter settings are simulated with the
model. The lightning-produced electric fields (E-fields) at a
medium-close distance of 5 to 15 km, which usually consist
of obvious electrostatic, inductive, and radiative field com-
ponents, are well suitable to reflect the current propagation
and attenuation properties along a lightning channel. For this
sake, the E-fields at a distance of 8 km (corresponding to site
No.1) from the lightning channel base under different channel
parameter settings are calculated. The base current waveform
used in this section was measured for a return stroke occurred
at 18h29min (Beijing time) on 11 June 2015 from GCOELD,
which has a peak value of 9.2 kA. The ground conductivity
used in this section is the same 0.005 S/m, a typical value for
dry soil at GCOELD. We also tested the value of 0.05 S/m,
but the result showed little difference from the present one.
This is because that the E-field in a LF/VLF band is not so
sensitive to the soil conductivity in the range from 0.05 S/m
to 0.005 S/m. By comparing the results under different model
parameter settings, effects of the five parameters on the cur-
rent properties and the E-field waveforms are investigated.

1) THE EFFECT OF CHANNEL RESISTANCE R0 AND 1R0
Shown in Figure 3 are the modelling results of lightning
channel currents and ground E-fields for 3 different R0
values (4, 5 and 6 �/m) with the same L0 (0.5 µH/m),
C0(0.002 µF), 1R0(0.05%/m), 1L0(0.05%/m) and ground
conductivity (0.005 S/m) for the same channel base current
measured for a return stroke in GCOELD on 11 June 2015.
The current propagation speed is estimated based on the
timing of maximum change rate of the current rising front
at each segment along the lightning channel. As shown in the
figure, both the current amplitude and speed decrease expo-
nentially as it propagates along the channel upward, which
are well consistent with expectations. A larger R0 leads to a
larger decreasing rate of both the current amplitude and speed
along the channel, resulting in a smaller amplitude of the
E-field on ground. Increasing theR0 value has nomore impact
on the rising edge of the E-field waveform but makes the
falling edge of the waveform sharper. This means that a larger
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FIGURE 3. Modelling results of lightning channel currents and ground
E-fields for 3 different R0 values (4, 5 and 6 �/m) with the same L0
(0.5 µH/m), C0 (0.002 µF), 1R0% (0.05%/m), 1L0% (0.05%/m) and
ground conductivity (0.005 S/m) for the same channel base current
measured for a return stroke in GCOELD on 11 June 2015.

channel resistance causes a faster decreasing of the amplitude
and speed of the current along the channel, resulting in a

FIGURE 4. Modelling results of currents and E-fields for 3 different 1R0
values (0.01%/m, 0.05%/m and 0.1%/m) with the same R0 (4 �/m), L0
(0.5 µH/m), C0 (0.002 µF), 1L0 (0.05%/m) and ground conductivity
(0.005 S/m) for the same channel base current as in Figure 3.

smaller amplitude and a faster falling edge of the E-field
waveform.
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Shown in Figure 4 are the modelling results of channel
currents and ground E-fields for 3 different 1R0 values
(0.01%/m, 0.05%/m and 0.1%/m) with the same R0 (4 �/m),
L0 (0.5 µH/m), C0 (0.002 µF), 1L0 (0.05%/m) and ground
conductivity (0.005 S/m) for the same channel base current
as in Figure 3. It shows that a larger 1R0 leads to a larger
decreasing rate of current amplitude and propagation speed
at upper parts of the lightning channel. As a result, the
1R0 value has a little influence on the peak of the E-field
waveform (which is dominated by the radiative field), but a
big influence on the tail of the E-field waveform (which is
dominated by static field). A larger 1R0 leads to a smaller
amplitude of the tail of the E-field waveform.

2) THE EFFECT OF CHANNEL INDUCTANCE L0 AND 1L0
Shown in Figure 5 are the modelling results of currents and
E-fields for 3 different L0 values (0.5, 1 and 1.5 µH/m) with
the same R0 (4 �/m), C0 (0.002 µF), 1R0 (0.05%/m), 1L0
(0.05%/m) and ground conductivity (0.005 S/m) for the same
channel base current as in Figure3. It shows that the L0 value
has a little influence on the channel current distribution and
hence the ground E-field waveform. In general, a larger L0
value leads to a relatively higher peak and a slower rising and
falling edge of the current waveform, but the difference is
small. An obvious effect is that a larger L0 value leads to a
lower current speed at lower parts of the channel. As a result,
a larger L0 value results in a relatively smaller peak and a
slower rising and falling edge of the E-field waveform, with
no more influence on tail parts of the E-field.

Shown in Figure 6 are the modelling results of currents
and E-fields for 3 different 1L0 values (0.01%, 0.05%
and 0.1%/m) with the same R0 (4 �/m),L0 (0.5 µH/m),
C0 (0.002 µF), 1R0 (0.05%/m) and ground conductivity
(0.005 S/m) for the same channel base current as in Figure3.
It shows that changing the 1L0 value has a negligible influ-
ence on the channel current distribution and hence the E-field
waveform. Although different 1L0 values may lead to big
differences in inductance at upper parts of the channel, the
calculated E-field waveforms rarely show their differences
at least at this distance (8 km from the channel base). The
E-fields at further distances are given in part B of this section.

3) THE EFFECT OF CHANNEL CAPACITANCE C0
Shown in Figure 7 are the modelling results of currents and
E-fields for 3 different C0 values (0.001, 0.002 and 0.003 µF)
with the same R0 (4 �/m), L0 (0.5 µH/m),1R0 (0.05%/m),
1L0 (0.05%/m) and ground conductivity (0.005 S/m) for
the same channel base current as in Figure 3. It shows that
changing the C0 value has a little influence on the channel
current distribution and hence the E-field. In general, a larger
C0 leads to a relatively smaller peak and a faster rising and
falling edge of the current waveform, but the difference is
not obvious. An important effect is that a larger C0 leads to
a higher current speed along the whole channel. As a result,
a larger C0 results in a relatively smaller peak and a faster

FIGURE 5. Modelling results of currents and E-fields for 3 different L0
values (0.5, 1 and 1.5 µH/m) with the same R0 (4 �/m), C0 (0.002 µF),
1R0 (0.05%/m), 1L0 (0.05%/m) and ground conductivity (0.005 S/m) for
the same channel base current as in Figure 3.

rising and falling edge of the E-field waveform, with no more
influence on the waveform tail.
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FIGURE 6. Modelling results of currents and E-fields for 3 different 1L0
values (0.01%, 0.05% and 0.1%/m) with the same of R0 (4 �/m), L0
(0.5 µH/m), C0 (0.002 µF), 1R0 (0.05%/m) and ground conductivity
(0.005 S/m) for the same channel base current as in Figure 3.

In summary, the channel resistance plays a dominant role
affecting the current attenuation rate (both the amplitude and

FIGURE 7. Modelling results of currents and E-fields for 3 different C0
values (0.001, 0.003 and 0.005 µF) with the same R0 (4 �/m), L0
(0.5 µH/m),1R0 (0.05%/m), 1L0 (0.05%/m) and ground conductivity
(0.005 S/m) for the same channel base current as in Figure 3.

speed) along the channel. A larger R0 leads to a bigger atten-
uation rate of the current along the channel, while a larger
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TABLE 1. The site information of buildings where the 5 E-field are
installed on and the local site enhancement coefficient of the E-field
estimated.

1R0 leads to a much bigger current attenuation rate at upper
parts of the channel. The channel inductance and capacitance
have an ignorable influence on the current amplitude, but
an observable influence on the current waveforms and a big
influence on the current propagation speeds. A larger L0 leads
to a wider current waveform along the channel and a lower
current speed at lower parts of the channel, while a larger
C0 leads to a narrower current waveform and a faster current
speed along the whole channel.

B. APPLICATION AND VALIDATION OF THE MODEL
The model are applied to two sets of channel base current and
multi-station E-field measurements from two return strokes
in GCOELD for verification of the model. The base currents
were measured with a coaxial shunt of 1 m� (bandwidth
200 MHz) mounted at the rocket launcher site and recorded
on a digital oscilloscope at a sampling rate of 10 MS/s [21].
The E-fields were measured with a so-called Low-frequency
E-field Detection Array (LFEDA), which consisted of 9 sta-
tions, each station was equipped with a fast E-field antenna
having a bandwidth of 160 Hz to 600 kHz and a time constant
of 1 ms [25]. The E-field measurements from 5 out of the
9 stations are available for this study. Site information of the 5
E-field antennas is summarized in Table 1.

1) CASE 1
The channel base current of Case 1 was measured from
the first return stroke in a rocket-triggered lightning flash
occurred at 18h29min (Beijing time) on 11 June 2015 during
GCOELD, which has a current peak of 9234 A. By fitting
the calculated E-fields with the measured E-field at Site No.1
for this case, a reasonable set of lightning channel parameters
is found as: R0 = 4 �/m, L0 = 0.5 µH/m, C0 = 0.002 µF,
1R0% = 0.08%/m and 1L0% = 0.05%/m. It should be
mentioned that the sampling rate of both the current and
E-field measurements was 10 MHz. To ensure the accuracy
of the simulation results, all measurements and calculated
currents and E-fields presented here are processed with a
2 MHz low- pass filter.

FIGURE 8. (a) The measured channel base current (- Ground) and the
simulated current versus channel height, and (b) a comparison of the
measured E-field on building top (- Measurement) with the simulated
E-field on building top (- simulation site level) and that on ground level
(- simulation ground level) for Site No.1, for Case 1.

Shown in Figure 8(a) is the measured base current and
simulated current distributions along the lightning channel
for Case 1, which shows that the channel current attenuates
exponentially as it propagates along the channel upwards.
Shown in Figure 8(b) is a comparison of the measured
E-field on the building top with the simulated E-field on
the building top and that on the ground level at Site No.1
for Case 1. It is noted while the simulated E-field on the
building top is well fitted with the measured E-field there,
its amplitude is much bigger that of the simulated E-field on
ground level, which is due to the local E-field enhancement
on the building. To address this effect, we define two E-field
enhancement coefficients: the ratio of peak of the E-field
waveform on the building top to that on the ground level,
and the ratio of tail amplitude of the E-field waveform on the
building top to that on the ground level. The enhancement
coefficient for the E-field peak and tail for Site No.1 is the
same 1.34.

Similar to Site No.1, shown in Figures 9 are the compar-
isons of the measured and simulated E-fields for Site No. 5,
No.7, No.8 and No.9, respectively. The two enhancement
coefficients for the E-field peak and the tail for these sites
are estimated and listed in Table 1.
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FIGURE 9. A comparison of the measured E-field on building top with the
simulated E-field on building top and that on ground level, for (a) Site
No.5, (b) Site No. 7, (c) Site No. 8 and (d) Site No.9, for Case 1.

2) CASE 2
The channel base current of Case 2 was measured from
the second return stroke in a rocket-triggered lightning flash

FIGURE 10. (a) The measured channel base current (- Ground) and the
simulated current versus channel height, and (b) a comparison of the
measured E-field on building top (- Measurement) with the simulated
E-field on building top (- Simulation site level) and that on ground level
(- Simulation ground level) for Site No.1, for Case 2.

occurred at 18h22min (Beijing time) on 11 June 2015 during
GCOELD, which has a current peak of 10678 A. By fitting
the calculated E-fields with the measured E-field at Site No.1,
the reasonable lightning channel parameters found for this
case are: R0 = 3 �/m, L0 = 1.4 µH/m, C0 = 0.002 µF,
1R0% = 0.01%/m and 1L0% = 0.05%/m. It is noted the
values of resistance and inductance for this case are different
from those for Case 1, indicating the current attenuation and
propagation property for this case is different from that for
Case 1. Similar to Case 1, all measurements and calculated
currents and E-fields presented here are processed with a
2 MHz low- pass filter.

Shown in Figure 10(a) are the measured base current and
the simulated current distributions along the lightning chan-
nel for Case 2, from which the current attenuation rate and
propagation speed could be estimated. Comparisons of the
measured and simulated E-field for Site No.1, No.5, No.7,
No.8 and No.9 for Case 2 are shown in Figure 10 (b) and
Figures 11(a), (b), (c) & (b), respectively. The two E-field
enhancement coefficients for these sites for Case 2 are esti-
mated and listed in Table 1.

3) ATTENUATION PATTERNS OF CHANNEL CURRENT PEAK
AND PROPAGATION SPEED
According to the simulated current waveforms at different
heights along the channel shown in Figure 8(a) for Case 1 and
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FIGURE 11. A comparison of the measured E-field on building top with
the simulated E-field on building top and that on ground level, for (a) Site
No. 5, (b) Site No. 7, (c) Site No. 8 and (d) Site No.9, for Case 2.

Figure 10(a) for Case 2, variations of the current peak and
propagation speed versus the channel height are estimated,
as shown in Figures 12(a)&(b), respectively.

FIGURE 12. Attenuation patterns of (a) the current peak versus height
and (b) current propagation speed versus height, calculated with the
model for the two return strokes of Case 1 and Case 2.

As shown in the figure, the current peak attenuates expo-
nentially with the increase of the channel height for both
cases, but the attenuation rate is different case by case.
The current propagation speed also shows an exponentially
decreasing trend with the increase of the channel height for
both cases, but the speed and its decreasing rate are quite dif-
ferent between the two cases. The current speed for Case 1 is
about 1.74 × 108 m/s at ground level and then quickly
decreases to 0.86× 108 m/s at 500m high and 0.26× 108 m/s
at 2500 m high. Whilst the current speed for Case 2 is about
1.84 × 108 m/s at ground level and then decreases to 1.42 ×

108 m/s at 500 high and 0.89× 108 m/s at 2500m high.When
the current propagates higher than 2500 m, the current rising
front is too small and flat, therefore, there is no current speed
estimated after that height. Typical values of return-stroke
speed observed optically are in the range of 1.0 ∼ 2.0 ×

108 m/s [26], [27]. Our results are well consistent with the
optical observations of the lightning return stroke speed as
well as the physical modeling predictions in literature [28].

IV. CONCLUSION
A new RLC model for lightning return stroke channel rep-
resentation in FDTD code was proposed. In the model,
a lightning return stroke channel is represented by a current
source at the channel base in series with a height-dependent
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RLC load above the base. With a given base current and a rea-
sonable set of the channel RLCvalues, the model result shows
that both the current amplitude and propagation speed have
an exponentially decreasing trend along the channel upward,
which is well consistent with optical observations and physi-
cal predictions for lightning return strokes in literature.

With the current measured for a lightning return stroke
in a rocket-triggered lightning discharge during GCOELD,
impacts of various channel RLC settings on the current dis-
tributions along the channel were investigated. Results show
that the channel resistance plays a dominant role affecting the
attenuation pattern of both the current amplitude and propa-
gation speed along the channel. A larger channel resistance
leads to a larger current amplitude and speed attenuation rate
along the channel. The channel inductance and capacitance
have a little influence on the current waveform but a big influ-
ence on the current propagation speed. A larger inductance
leads to a wider current waveform along the channel and a
lower current speed at lower parts of the channel, while a
larger capacitance leads to narrower current waveform and
a faster current speed along the whole channel.

The model was then applied to two sets of channel base
current andmulti-station E-field measurements for two return
strokes in artificially triggered lightning experiments. By fit-
ting the measured and simulated E-fields, the optimal channel
RLC setting for each of the two return strokes were deter-
mined, and hence the current distribution pattern along the
channel were calculated. Results show that for both cases,
the current peak attenuates exponentially along the channel
upward, but the attenuation rate is different case by case.
The current propagation speed also shows an exponentially
decreasing trend along the channel upward for both cases,
but the speed value and changing rate along the channel are
quite different between the two cases. These results are well
consistent with optical observations of the lightning return
stroke propagation in literature.

There are at least two limitations of this model. 1) The
resistance and inductance along the lightning are supposed
to increase with the increase of the channel height linearly
and the capacitance is supposed to be a constant along the
channel, which may not reflect completely the real situation
of lightning return stroke channel. 2) The frequency band
we addressed in this study is limited to 2 MHz and the
ground conductivity is set to a constant of 0.005 S/m, which
is not good for examining the E-field response to various
soil conductivities. Further works are needed to address these
limitations.
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