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Abstract An approach for retrieving the leader channel charge density, leader current, ambient electric
field, and space charge along a leader channel path from ground observations with a complicated
ground condition was presented. With this approach, properties of two downward positive leaders (DPL1
and DPL2) struck at high‐rise buildings were studied based on electric and optical measurements made on
the roof of a 100 m high building in Guangzhou, China. It shows that the leader‐produced electric field on
the roof of the 100 m high building was about 4 times of that on flat ground. The 2‐D speed for both
leaders showed a general increasing trend as the leader going down, in the range of 1.8 to 32.3 × 105 and 1.7
to 46.9 × 105 m/s, respectively. The channel line charge density for both leaders showed firstly a
sharp increasing trend and then a decreasing trend as the leader going down, in the range of 0.4 to 8.6 and 0.4
to 15.2 mC/m, respectively. The current of the two leaders varied in the range of 0.7 to 5.4 and 0.7 to 4.6
kA, respectively. The ambient electric field (downward is positive) for both leaders showed an alternating
polarity along the leader path, in the range of−120 to +176 and−250 to +180 kV/m, respectively. The space
charge for both leaders showed also an alternating polarity along the leader path, in the range of −12.3
to +4.2 and −13.9 to +7.8 nC/m3, respectively, which may reflect the in‐cloud electric structure and the
corona charge distribution between the cloud and ground.

1. Introduction

A positive lightning discharge is defined as a flash transporting positive charge from cloud to ground, and the
one that is started with a downward positive leader (DPL) is called a downward positive discharge. Statistics
show that less than 10% of global cloud‐to‐ground discharge is positive (Rakov & Uman, 2005). Due to the
high current and large charge transferring to ground, positive lightning often causes more severe damage
to objects and systems than negative one (Idone et al., 1984; Le Boulch & Plantier, 1990; Nakahori
et al., 1982). Study of the property of DPL is critical for the protection of objects and systems against positive
lightning.

It is generally thought that a continuously moving positive leader is mainly comprised of leader tip, leader
channel, and streamer zone (Gorin et al., 1976). The moving speed of a positive leader may increase from
104 to 106 m/s with the average being about 105 m/s as it advances (Berger, 1975; Gao et al., 2014, 2020;
Idone, 1992; Kong et al., 2008; Rakov, 1999; Saba et al., 2008; Wada et al., 2003).

Besides the speed, the leader channel charge density is another important parameter for understanding
the mechanism of initiation and propagation of a leader. However, due to lack of methods to measure
the channel charge directly, there is little data on it. A traditional method for remote sensing of the leader
parameters in nature lightning is to estimate the leader charge and current from the leader electric and
magnetic field measurements based on reasonable electro‐static and magneto‐static approximations
(e.g., Krehbiel, 1981; Krider et al., 1977; Proctor, 1991, 1997; Thomson et al., 1985; Thottappillil
et al., 1997). But most results with this method are on the average leader current and charge density along
negative leader channels. Alternatively, the leader current and speed measured simultaneously could be
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used to estimate the line charge density of an upward positive leader (UPL), which shares some charac-
teristics with DPL. For example, from the ratio between the leader current and its speed, Lalande
et al. (2002) estimated the line charge density of UPL as about 500 μC/m during the late stage of the lea-
der propagation.

Chen, Zheng, et al. (2013) proposed an approach to estimate the leader charge density and leader current
from close‐distant electric field observation and high‐speed camera imaging of the leader channel made
on flat ground.With that approach, they estimated the line charge densities and currents of two UPLs during
rocket‐triggered lightning experiments, which were well consistent with the currents measured at the chan-
nel base. The average values of leader charge densities were 154.8 and 62.2 μC/m, respectively. The similar
method was used to calculate the line charge density of two downward negative leaders to flat ground and
the range of the line charge density was from −20 to −330 μC/m (Shen et al., 2018). The average line charge
density obtained for positive leaders in long gap experiment ranged in 20 to 50 μC/m (Les Renardieres
Group, 1977).

Besides experiments, there are many simulative studies of the positive leader with different models
(Becerra & Cooray, 2006; Chan et al., 2018; Dellera & Garbagnati, 1990; Mazur, 1989; Rubenstein
et al., 1995). In those models, the main leader properties including the leader channel line charge density,
leader current, leader channel potential gradient, and propagation speed can be self‐consistently
simulated.

In fact, the leader channel charge density is highly related to the preexisting ambient electric field profile
along the leader channel path. To understand the mechanism of leader initiation and propagation, it is cru-
cial to get knowing the ambient electric field profile associated with the event. Some balloon measurements
were done to record the corona current and vertical electric field under thunderstorms, fromwhich the aver-
age charge densities inside the thunderstorm, and hence, the electrical structure of the thunderstorm were
inferred (Byrne et al., 1983; Marshall & Rust, 1991, 1993; Schuur et al., 1991; Shepherd et al., 1996). And
some cloud charge models were built to present the relationships between the cloud charge, potential, ambi-
ent electric field, and the leader channel parameters (Bazelyan & Raizer, 2000;Chen, Gou, & Du, 2013; Iudin
et al., 2017; Mazur & Ruhnke, 1998; Xu & Chen, 2013).

In this study, an improved approach for estimating the leader channel charge density and current as well as
the associated ambient electric field and space charge of DPLs struck at high‐rise buildings from electric field
and high‐speed camera observations made on the roof of a building in a metropolis is proposed and prac-
ticed. Compared with previous studies, this approach can be used to analyze lightning discharges occurring
above a complicated earth boundary. Details of the approach and its application results are presented in fol-
lowing sections.

2. Lightning Data Acquisition

To study the characteristics of lightning discharges attaching to high‐rise buildings, the Tall‐Object
Lightning Observatory in Guangzhou (TOLOG) has been established by Lu et al. (2013). The main observa-
tion station was located on the roof of a 100 m high building that belongs to the Guangdong Meteorological
Bureau.

At the main observation station, two Lightning Attachment Process Optical Observation Systems (LAPOSs)
(Wang et al., 2011) were installed to observe the lightning events in the field of view. In 2015, several Photron
Fastcam high‐speed cameras with different configurations were installed at the main station to capture the
lightning channel images. In this study, all high‐speed images analyzed were obtained by one of these high‐
speed cameras, labeled as HC‐1. The HC‐1 had a monochrome sensor with a focal length of lens of 14 mm,
operated at a rate of 10,000 frames per second with an exposure time of 99.754 μs per frame, a recording time
of 50 ms per event and a 20% pretrigger time.

Besides, two slow antennas (SA1 and SA2) with different measurement ranges were installed at the main
station to measure the electric field changes during lightning flashes. Due to the small measurement range
(±100 kV/m) of SA1, the E field data observed by SA1 were saturated in the cases analyzed. Therefore, all E
field data used in this study were obtained by SA2, which had a measurement range of ±200 kV/m with a
bandwidth of 0.03 Hz to 2 MHz and a time constant of 6 s. The output of SA2 was digitized and logged by
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a DL850 data recorder with a digitalizing rate of 10 megasamples per second, a recording time of 1 s and a
10% pretrigger time. One channel of the LAPOS was used as the trigger source for both HC‐1 and SA2,
and SA2 could also be triggered by itself.

3. Data Analysis Method
3.1. Setup of Coordinates and Simulation Space

First, we need to define a 3‐D coordinate system that is used to retrieve the line charge density of a leader.
Figure 1a is an illustration of the 3‐D coordinate system we used. The origin of the 3‐D coordinate system
represents the projection point of the observation site on ground. The direction of X axis is to the east, the
direction of Y axis is to the north, and the direction of Z axis is straight up. Hob presents the height of the
observation site on the roof of a building, that is, the coordinate of the observation site is (0, 0, Hob). Hsp

represents the height of the strike point of a lightning flash at a building and SP′ is the projection point of
the strike point on ground. The horizontal distance between the observation site and the strike point is D.

Second, to simulate the leader‐produced electric field at the observation site, the subroutine for electrostatics
of the computer code COMSOL is adopted. Based on the strike points of the two DPLs to be analyzed and the
detection range of the instrument, a 10 km × 10 km × 10 km cube around the TOLOG observation station is
selected as the simulation space. The upper half of the simulation space is above the ground, and the lower
half space is chosen as the soil layer under the ground. By using Google Earth (2015), we find that there were
22 high‐rise buildings (including the observation building), of which the heights were higher than 100 m,
within the simulation space. These 22 tall buildings are digitized as 20m × 20m×H (H represents the height
of each tall object) block above the ground and the rest is simplified as flat ground. There is also a
0.5 m × 0.5 m × 0.5 m block around the slow antenna (SA2) installed on the roof of the observation building.
In the simulation model, the mesh element size for the 22 building blocks is 10 m and that for the SA2 block
is 0.1 m. To improve the accuracy of the simulated electric field at SA2, an additional 20 m × 20 m × 20 m air

Figure 1. (a) Setup of the 3‐D coordinate system for this study: The origin O and SP′ are the projection points of the
observation site and the lightning strike point on ground, respectively. Hob and Hsp are the heights of the observation
site and the lightning strike point, respectively. D is the horizontal distance from the observation site to the lightning
strike point. (b) Setup of the simulation space around the observation site: The sizes of the observation building, the
additional air block and the antenna block are 20 m × 20 m × 100 m, 20 m × 20 m × 20 m and 0.5 m × 0.5 m × 0.5 m,
respectively, and the corresponding mesh element sizes are 10, 1, and 0.1 m, respectively. The positive direction for E
field Ez is downward in this study.
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block, of which the mesh element size is 1 m, is added on the roof of the observation building. The additional
air block contains the antenna block, as shown in Figure 1b. The mesh element size of the rest space in the
simulation model ranges from 540 to 3,000 m, determined by COMSOL itself as the normal standard.

3.2. Basic Theory

In this section, some basic theories used in analyzing the observation data are introduced.
3.2.1. Relationship Between Electric Field Change and Leader Charge Density
For a lightning leader, the transferred line charge density along the leader channel is defined as λ = dQ/dl,
where dQ is the charge transferred from the cloud into a channel segment of length dl. In previous studies
(Chen, Zheng, et al., 2013; Shen et al., 2018), a basic assumption was that charges being added to the leader
tip were transferred directly from the electric source in cloud/ground and charges along the established
channel behind the leader tip kept unchanged as the leader developed, which is adopted in this study too.
For the electric field measurement at TOLOG, because the observation site is several kilometers away from
the cloud and the lightning channel, the electric charge source in cloud can be simplified as a point charge.
According to the principle of charge conservation, when a positive unit charge is transported directly from
the electric charge source in cloud to the leader tip, a negative unit charge is left in the cloud. As a result, the
transferred line charge density (λ) at the leader tip is related to the leader current (I) and the leader tip mov-
ing speed (v) as

λ ¼ dQ
dl

¼ Idt
vdt

¼ I
v
: (1)

In practice, it is impossible to measure the current along a downward leader channel directly and,
hence, cannot get the leader line charge density from the leader current measurement. On the other
hand, based on the study by Chen, Zheng, et al. (2013), the charges transported from the charge source
to a new leader channel segment above a flat ground can be estimated from the electric field measure-
ment on ground, which is much more achievable than the current measurement. However, for a light-
ning leader occurring in metropolis with crowded buildings, the Earth boundary condition around the
observation site is complicated, making the electric field measurement different from that above a flat
ground.

Taking account of the influence of the complicated ground condition, the vertical electric field change dEztip
at the observation siteHob in height, produced by the charge at the leader tip with a line charge density λ and
a small segment length dl centered at Htip in height and Dtip in horizontal distance to the observation site,
can be written as

dEztip ¼
k1 lð Þ × dQtip Htip −Hob

� �
4πε0 Dtip

2 þ Htip −Hob
� �2h i3

2
¼ k1 lð Þ × λdl Htip −Hob

� �
4πε0 Dtip

2 þ Htip −Hob
� �2h i3

2
; (2)

where k1(l) is a coefficient depending on the leader tip position (l) and the earth boundary and downward
direction of the electric field is positive.

As dQtip is transported from the charge source in cloud to the leader tip, the same amount of opposite charges
dQsource is left in cloud. Assume the height of the charge source in cloud isHsource and its horizontal distance
to the observation site is Dsource, the vertical electric field change dEzsource, produced by the point charge
dQsource is

dEzsource ¼ k2 lð Þ × dQsource Hsource −Hobð Þ
4πε0 Dsource

2 þ Hsource −Hobð Þ2� �3
2
¼ −k2 lð Þ × λdl Hsource −Hobð Þ

4πε0 Dsource
2 þ Hsource −Hobð Þ2� �3

2
; (3)

where k2(l) is another coefficient depending on the dQsource position (l) and the earth boundary.

In real cases, both dQtip and dQsource influence the observed electric field changes. The total observed vertical
electric field change as a function of the leader tip position (the time) at the observation site is
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dEob ¼ dEztip þ dEzsource ¼ λdl
4πε0

k1 lð Þ × Htip −Hob
� �

Dtip
2 þ Htip −Hob

� �2h i3
2
−

k2 lð Þ × Hsource −Hobð Þ
Dsource

2 þ Hsource −Hobð Þ2� �3
2

8><
>:

9>=
>;: (4)

To get the transferred line charge density at the leader tip, a simulation model has been built. In the model,
suppose that a unit positive charge is transferred from cloud to the leader tip position in a unit channel
length, the vertical electric field change due to this charge, dEsi, at the observation site is

dEsi=dl ¼ λ0
4πε0

k1 lð Þ × Htip − Hob
� �

Dtip
2 þ Htip −Hob

� �2h i3
2
−

k2 lð Þ × Hsource − Hobð Þ
Dsource

2 þ Hsource −Hobð Þ2� �3
2

8><
>:

9>=
>;; (5)

where λ0 is the unit line charge density and dEsi/dl can be calculated through the simulation subroutine.
As such, the transferred leader line charge density as a function of the leader tip position can then be
obtained by comparing the observed electric change with the simulated one as

λ lð Þ ¼ dEob

dl

� �
=

dEsi

dl

� �
· λ0: (6)

And the corresponding leader current as a function of the leader tip position can be estimated as

I lð Þ ¼ λ lð Þ · v Ið Þ (7)

3.2.2. Relations of Leader Charge Density, Ambient Electric Field, and Space Charge
Physically, it is the ambient electric field that determines the line charge density along the leader channel.
When a cloud is charged above a flat ground, an ambient electric field will be established between the cloud
and ground. For simplification, assuming the potential, φ(z), between the cloud and ground is horizontally
homogeneous, the vertical electric field, Ez(z), along a vertical path between the cloud and ground is given by

∂φ zð Þ
∂z

¼ Ez zð Þ; (8)

where the downward direction of Ez(z) is defined as the positive, which means a positive charge overhead
produces a positive electric field on ground.

If there are space charges that are horizontal homogeneously distributed around a vertical path between the
cloud and ground, the volume density of the space charge, ρ(z), along the vertical path is given by

divEz zð Þ ¼ ∂Ez zð Þ
∂z

¼ −
ρ zð Þ
ε0

(9)

The space charge refers to those charges previously existing in and out the cloud before the leader occur-
rence. It is the space charge that determines the ambient electric field which governs the leader process fol-
lowed. To study the profiles of the ambient electric field associated with the development of a downward
leader process, the above equations should be further modified. Many studies show that a leader channel
is composed of a core surrounded by a corona sheath. The leader core is well ionized and highly conductive
with a radius no more than a centimeter, while the corona sheath is highly charged with a radius up to tens
of meters. When the leader charge is deposited on the core, the charge creates a strong radial electric field
that pushes the charge away from the core, forming the corona sheath (Maslowski & Rakov, 2006).

Figure 2a shows a cylindrically symmetric structure of a DPL channel. As the leader propagates downward
from cloud, the potential along the leader channel core at a given time, t, is given by

φcore z; tð Þ ¼ φcloud − EL tð Þ × zcloud − zð Þ; (10)

where φcloud and zcloud are the potential and height of the leader origin in the cloud, respectively, and EL(t)
is the longitudinal electric field along the channel core (Bazelyan & Raizer, 2000; Chen, Gou, & Du, 2013).
Since EL(t) is usually small, it will be neglected in calculations in this study.
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The charge transferred from the cloud to the leader channel (λ) is mainly deposited in the corona sheath,
together with the preexisting space charge (ρ) there to balance the potential difference between the leader
core and the ambient. Assuming the preexisting space charge (ρ) is horizontally uniform (the ambient elec-
tric field is with only vertical component), then the transferred line charge density (λ) can be related to the
potential difference between the leader core and the ambient as

Δφ zð Þ ¼ φcore zð Þ − φambient zð Þ ¼ ∫
∞
0 E rð Þ · dr ≈ λ zð Þ

2πε0
: (11)

The ambient electrical field along the leader channel path is given by

Ezambient zð Þ ¼ ∂φambient zð Þ
∂z

¼ EL −
1

2πε0

∂λ zð Þ
∂z

(12)

And the volume density of space charges along the leader channel path is given by

ρ zð Þ ¼ −ε0
∂Ezambient zð Þ

∂z
: (13)

On the other hand, by assuming that the transferred line charge density (λ) is all deposited within the corona
sheath (in fact, some of transferred charge is out of the corona sheath as shown by Equation 11, this is one
limitation of definition of the corona sheath radius), then according to Gauss's Law, the net line charge den-
sity (λn) in the corona sheath is related to the radial electrical field (Er) at the cylindrical surface of the
equivalent corona sheath radius (Rs) as

∮SE Sð Þ · dS ¼ 2πRs zð ÞEr ¼ λn zð Þ
ε0

; and λn zð Þ ¼ λ zð Þ þ πR2
sρ zð Þ ¼ 2πε0ErRs zð Þ (14)

The physical solution of Rs for a positive leader (Er > 0, Rs > 0, λn > 0, and λ > 0) is

Rs zð Þ ¼
ε0Er 1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ρ zð Þλ zð Þ
π ε0Erð Þ2

s" #

ρ zð Þ ; ρ zð Þ ≠ 0

λ zð Þ
2πε0Er

; ρ zð Þ ¼ 0

:

8>>>>>><
>>>>>>:

(15)

where λ(z) is the leader line charge density transferred from the cloud into the leader corona sheath in the
leader process, ρ(z) the volume space charge density existed in the corona sheath before the leader process,
λn(z) the net leader line charge density deposited in the corona sheath in the leader process, Rs(z) the

Figure 2. (a) A schematic of the channel structure of a downward positive leader. (b) A schematic of the ambient potential and electric field profile above a high‐
rise building under a thunderstorm, where φcloud and φ0 are the cloud and ground potentials, respectively; the solid lines represent the ambient electric field and
the dashed lines represent the equipotential plane. The three arrows in the right represent the positive directions of z, l, and Ez, respectively.
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equivalent radius of the corona sheath, S the cylindrical surface area with the radius Rs and a length of
1 m, and Er is the radial electrical field at the corona sheath surface which is more or less equal to the
critical E field required to support a positive streamer propagation (Chan et al., 2018; Maslowski &
Rakov, 2006, 2013; Xu & Chen, 2013).

In this study, the Earth boundary is not flat but contains 22 high‐rise buildings, making the profiles of ambi-
ent potential and electric field different from that above a flat ground.

Figure 2b is a schematic of the ambient potential and electric field profiles around a building under a thun-
derstorm, where the potential of the cloud and earth boundary is φcloud and φ0, respectively. The solid lines
represent the ambient electric fields, while the dashed lines represent the equipotential planes. If there is a
space charge distributed in the space, it also affects the ambient potential and electric field.

When a DPL propagates downward, we suppose that the ambient potential gradient along its path is the
maximum and the ambient potential is normal homogeneous along its path. Then the transferred leader line
charge density along the leader channel can be related to the potential difference between the leader core
and the ambient as

Δφ lð Þ ¼ φcore lð Þ − φambient lð Þ ¼
λ lð Þ
2πε0

; (16)

where l represents the path along the DPL channel which starts in cloud and points downward. That is, “l”
is equivalent to “zcloud − z” and “dl” is equivalent to “−dz”, comparing to Equations 10–15. As a result, the
ambient longitudinal electric field along the leader path can be estimated as

Eambient lð Þ ¼ −
∂φambient lð Þ

∂l
¼ EL þ 1

2πε0

∂λ lð Þ
∂l

: (17)

And the volume density of the space charges along the leader channel path can be estimated as

ρ lð Þ ¼ ε0
∂Eambient lð Þ

∂l
: (18)

3.3. Practical Algorithm

Step 1. For a given DPL, by using high‐speed camera images with the 2‐D approximation method in Chen
et al. (1999), the 2‐D leader propagation channel trace, l, and the 2‐D propagation speed, v(t), can be
estimated. According to the lightning striking point and the 3‐D coordinate system mentioned in
section 3.1, the 2‐D leader channel trace can be transformed to a 3‐D coordinate sequence as l(x,
y, z).

Step 2. Since both HC‐1 and SA2 are triggered by the same channel of the LAPOS and synchronized with
the same GPS timer, the observed electric field as a function of time can be transformed to one as
a function of the leader tip position via the leader speed. With the 2‐D leader speed, v(t), the time
derivative of the vertical electric field, dEob(t)/dt, obtained with SA2 at the observation site can be
transformed to the channel length derivative of the electric field change, dEob(l)/dl, as

dEob lð Þ
dl

¼ dEob tð Þ
dt

·
dt
dl

¼ dEob tð Þ
dt

·
1

v tð Þ: (19)

Step 3. In the COMSOL model, the whole simulation space, including the 22 buildings mentioned in sec-
tion 3.1 (Condition 4), is adequately digitalized. Since the electric field observation site is several
kilometers away from the DPL, the leader channel can be simplified as a thin wire. The source
height can be fixed at a reasonable value, say 5,000 m high above ground in this study. Suppose that
as the leader propagates every 1 m along the leader channel, l (x, y, z), there is a unit positive charge
transported from the cloud to the leader tip with a unit negative charge left in the cloud. The vertical
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electric field change produced by this unit charge (λ0) and its induced charge on the earth boundary
at the observation site, dEsi(l)/dl, as a function of the leader tip position can be simulated with the
COMSOL model.

Step 4. The actual transferred leader line charge density along the leader channel, λ(l), can then be obtained
by the ratio of the observed electric field change, dEob(l)/dl, to the simulated unit charge‐produced
electric field change, dEsi(l)/dl, as shown by Equation 6. The leader current is then given by

Figure 3. High‐speed images of DPL1. Time 0 is set at the beginning of the return stroke, (a–p) captured before the
return stoke and (q) after the return stroke. The extent of view of each panel is from about 100 to 2,000 m height
above ground.
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Equation 7. In general, the resulted λ(l) will fluctuate significantly. This is because the resolution of
v(t) and dE/dt is at channel segment level of about 20 m or something like that, which does not
match with the element level (1 m) in the COMSOL model. To eliminate such an error, the
transferred leader channel line charge density λ(l) estimated should be integrated and averaged
over a certain channel length, say 20 m, before it can be used for estimating the ambient electric
field.

Step 5. To estimate the ambient electric field and the space charge along the leader channel path, the core‐
corona‐sheath structure of the leader channel should be adopted. With the transferred leader line
charge density, λ(l), the ambient electric field, Eambient (l), along the leader channel path can then
be estimated with Equation 17. Since the leader channel longitudinal electric field, EL(l), is generally
very small, it could be ignored in estimating Eambient (l). Similarly, to reduce the error due to the fluc-
tuation of the estimated ambient electric field profile, the ambient electric field should be averaged
for each 20 m over a certain channel length, say 60 m, before it can be used for estimating the
volume density of space charge along the leader path with Equation 18.

4. Results and Analysis

In this section, properties of two DPLs struck at two tall buildings in Guangzhou are investigated with the
approach presented above. The properties studied include the leader channel charge density, the leader cur-
rent, and the associated ambient electric field and space charge density along the leader channel path.

4.1. Case 1 (DPL1)

This was a DPL1 started cloud‐to‐ground lightning flash occurred at 15:53:58 LT on 13 August of 2015. Only
one return stroke was reported by local lightning location network with a peak current of +145 kA.

Figure 3 shows a series of high‐speed images of DPL1 captured by HC‐1 at the observation site. The strike
point of DPL1 was on the top of a tall building called Starry Winking. The height of this building was
156 m, and the horizontal distance from it to the observation site was about 1,550 m. As can be seen from
the figure, there are several bright protrusion parts along the leader channel. These might be some loops
related to 3‐D channel structure or some spark discharges due to local space charge pockets. Figures 4a
and 4b show the rebuilt 2‐D and 3‐D channels of DPL1, respectively.

From the 2‐D channel images of DPL1, the 2‐D propagation speed of DPL1 is estimated, as shown in
Figure 5a, where the blue line represents the raw data and the red line represents the ninth‐order polynomial
curve‐fitted speed. As can be seen from the figure, the leader speed increases from about 1.8 × 105 to
3.22 × 106 m/s as the leader goes downward from about 1,860 m high to 300 m high above the ground with
a mean value of 1.11 × 106 m/s. Limited to the sampling rate and space resolution of HC‐1, the 2‐D speed
estimated from the camera images is discontinuous, which may cause errors in the following calculation.

Figure 4. The 2‐D channel rebuilt from HC‐1 (a) and the channel in the 3‐D coordinates in the simulation model (b) for
DPL1. The horizontal distance from the observation site to the strike point is about 1,550 m.
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To eliminate such errors in the following calculation, the 2‐D speed is curve fitted. With the fitted speed
curve, the 2‐D channel length of DPL1 versus time is estimated, as shown in Figure 5b.

Shown in Figure 6a is the electric field changes observed for DPL1, where the two vertical dashed lines indi-
cate the start and end time of the calculation for the leader. Time 0 is set at the beginning of the return stroke,
which is synchronized with the high‐speed images. In practice, the time derivatives of the electric field
change is very sensitive to noises arisen during the experiment. In order to minimize this kind of influence,
the electric field waveform originally sampled with a time interval of 0.1 μs (sampling rate 10 MHz) is pro-
cessed by the method of five points moving average to filter out noises with higher frequencies. With the pro-
cessed electric field changes, the time derivatives, dEob/dt, and, hence, the channel length‐derivatives of the
electric field, dEob/dl, are obtained with Equation 19, as shown in Figure 6b.

As Step 3 in section 3.3, to simulate the electric field change rate, dEsi/dl, we assume that there is line charge
density of 1 C/m along the DPL1 channel, that is, when DPL1 extends downward every 1 m, 1 C positive
charge is transferred from the cloud source to the tip of the leader with 1 C negative charge left in the cloud
source. To estimate how the 22 buildings affect the electric field change produced by the leader at the obser-
vation site, four different kinds of ground conditions are adopted in the simulation: Condition 1—a flat
ground, Condition 2—only the observation building on ground, Condition 3—both the observation building
and the building being struck by DPL1 on ground, and Condition 4—all the 22 buildings on ground. In

Figure 5. (a) The 2‐D speed versus time for DPL1, the blue and red lines represent the observed and the curve‐fitted
speeds, respectively; (b) the 2‐D channel length versus time for DPL1, which is obtained from the curve‐fitted speed in
(a); time 0 is set at the beginning of the return stroke.

Figure 6. (a) The electric field changes produced by DPL1, the two vertical dashed lines indicate the start and end time of
the calculation; (b) the channel length derivatives of the electric field changes, dEob/dl, versus height, calculated
from the electric field shown in (a) and the curve‐fitted speed shown in Figure 5a for DPL1.
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Condition 1, due to lack of the observation building, the new observation
point is set at the projection point of the original observation site on
ground.

The simulated results with the four ground conditions are shown in
Figure 7, where the red, blue, purple, and green lines represent the dEsi/dl
simulated with Conditions 1 to 4, respectively. Since the simulated dEsi/dl
for Conditions 3 and 4 are too close to each other, a subpanel for them is
presented in the figure to show their difference at the height of 1,000 to
1,100 m.

As can be seen from Figure 7, the ratio of dEsi with (Condition 4) and
without (Condition 1) the 22 buildings on ground is about 3.5, indicating
that the 22 buildings together have a great influence on the electric field
measurement at the observation site during DPL1. Particularly, the ratio
of dEsi with only the observation building (Condition 2) to that of a flat
ground (Condition 1) is about 4, indicating that the site enhancement
due to the observation building plays the most important role in the elec-
tric field measurement. When the building being struck is added
(Condition 3), the simulated dEsi is about 10% less than that in
Condition 2. We guess that as DPL1 develops downward, the increasing
induced charges on the surface of the building being struck weaken the
electric field change at the observation site. With the all 22 buildings
(Condition 4) considered, the dEsi simulated is only about 3% less than
that in Condition 3, suggesting that the surrounding buildings have little
influence on the electric field measurement.

As Step 4 in section 3.3, with the observed dEob/dl in Figure 6b and the simulated dEsi/dl under Condition 4
in Figure 7, the leader channel line charge density and leader current versus the leader tip position of DPL1
are estimated based on Equations 6 and 7, as shown in Figures 8a and 8b, respectively.

The transferred leader line charge density (Figure 8a) for DPL1 has a minimum value of 0.4 mC/m andmax-
imum value of 8.6 mC/m with a mean value of 2.3 mC/m. The transferred line charge density is about 3.2
mC/m when it begins at the height of about 1,860 m and quickly reaches the maximum of 8.6 mC/m when
it goes down to the height of about 1,750m and then decreases continuously from themaximum of 8.6mC/m
to theminimum of 0.4mC/m as it goes down from about 1,750 to 300mhigh. It should bementioned that the
line charge density estimated here is the charge transferred from the cloud into the leader corona sheath to
balance the potential difference between the leader core and the ambient. The net charge left in the leader

Figure 7. The simulated channel length derivatives of the electric field
change, dEsi/dl, versus height along the DPL1 channel with a unit (1 C/m)
line charge density. Four curves represent the results under four ground
conditions: red curve for Condition 1—a flat ground, blue curve for
Condition 2—only the observation building on ground, purple curve for
Condition 3—both the observation building and the building being
struck by DPL1 on ground, green curve for Condition 4—all the 22
buildings on ground. The subpanel is to show the difference between purple
and green curves at the height of 1,000 to 1,100 m for easy reading.

Figure 8. (a) The estimated transferred leader line charge density versus leader channel height and (b) the estimated
leader current versus the leader tip height, for DPL1.
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corona sheath is this charge transferred plus the previously existed space charge along the leader channel
path. The previously existed space charge may be positive or negative ones where or there.

The leader current (Figure 8b) for DPL1 is in the range of 0.7 to 5.4 kAwith a mean value of 3.7 kA. It has the
minimum value of 0.7 kA when at the height of about 1,860 m and reaches the maximum value of 5.4 kA
when it goes down to the height of about 1,050 m and then decreases continuously to about 1.2 kA as it goes
to the height of about 300 m.

As Step 5 in section 3.3, the transferred leader line charge density estimated is integrated and averaged for
each 1 m element over a 20 m long channel segment, before it can be used to estimate the ambient electric
field along the DPL1 path. Similarly, the ambient electric field profile estimated is integrated and averaged
for each 20 m segment over a 60 m long channel length, before it can be used to get the volume density of the
space charge along the DPL1 path. As a result, the length of the leader channel path for which the ambient
electric field is estimated is a little bit shorter than that for the transferred leader charge density estimation
and that for the space charge estimation is a little bit shorter than that for the ambient electric field estima-
tion. The estimated profiles for the ambient electric field and the volume density of the space charge for
DPL1 are shown in Figures 9a and 9b, respectively.

As shown in Figure 9a, the ambient electric field along the DPL1 path varies in the range of −120 to
+180 kV/m. It starts with the maximum positive value of +180 kV/m at the height of about 1,860 m and
decreases quickly to zero as it goes to about 1,770 m (H1) high. After that, it further decreases to a negative
value and reaches the maximum negative value of −120 kV/m when it goes to about 1,620 m high and then
reverses to increase quickly to about −30 kV/m when it goes to about 1,400 m (H2) high. When below
1,400 m, the ambient electric field fluctuates in a small range of −55 to −20 kV/m.

As shown in Figure 9b, the volume density of space charge along the DPL1 path varies in the range of −12.3
to +4.2 nC/m3. There are two big space charge regions (BNR—big negative region and BPR—big positive
region) in the upper part of DPL1 path and two small space charge regions (SNR—small negative region
and SPR—small positive region) in the lower part of DPL1 path. The BNR is at the height of 1,620 (H3) to
1,800 m with a charge density of −12.3 to 0 nC/m3, the BPR is at the height of 1,210 (H4) to 1,620 m with
a charge density of 0 to +4.2 nC/m3, the SNR is at the height of 490 to 1,210 m with a charge density of
−0.7 to 0 nC/m3, and the SPR is at the height of 440 to 490 m with a charge density of 0 to +0.37 nC/m3.
This suggests that DPL1 started in a region above the BNR (1,800 to 1,620 m) and went downward through
the BPR (1,620 to 1,210 m), the SNR (1,210 to 490 m), and the SPR (490 to 400 m) in turn and finally attached
to the grounded building.

Figure 9. (a) Profile of the ambient electric field along the DPL1 path, estimated from the transferred leader line charge
density in Figure 8a; (b) profile of the volume density of the space charge along the DPL1 path, estimated from the
ambient electric field profile in (a). There are four obvious space charge regions: BNR—the upper big negative space
charge region, BPR—the upper big positive space charge region, SNR—the lower small negative space charge region, and
SPR—the lower small positive space charge region. H1–H4 are four special heights indicating the sign‐reversing heights
of the ambient electric field or the space charge profile.
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According to Equation 15, assuming the radial electric field in the corona sheath is equal to the critical E
field +500 kV/m required for positive streamer propagation, the equivalent corona sheath radius as well

Figure 10. (a) The estimated leader channel corona sheath radius and net line charge density versus height for DPL1;
(b) the estimated space charges within the channel corona sheath of DPL1 for the four space charge regions defined in
Figure 9b: Q1 for BNR, Q2 for BPR, Q3 for SNR, and Q4 for SPR. The black block represents the building struck by DPL1.

Figure 11. A comparison among leader parameters including (a) the leader channel path, (b) ambient electric field,
(c) volume space charge density, (d) 2‐D leader speed, (e) transferred leader channel line charge density, and (f) leader
current, along the DPL1 channel path. The two blue dashed lines at the height of 1,620 and 1,210 m represent the
boundaries between BPR, BNR, and SPR, respectively.
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as the net leader line charge density of the DPL1 channel are estimated, as shown in Figure 10a. The corona
sheath radius shows the same trend as the leader channel net line charge density of DPL1, ranging from 14 to
134 m. The net line charge density along the DPL1 channel has a range from 0.6 to 3.5 mC/m, which is smal-
ler than the transferred line charge density shown in Figure 8a. The peak values of both the corona sheath
radius and net line charge density appear at the height of about 1,650 m. This radius range of the corona
sheath estimated here is a little bit wider than that of some previous studies (e.g., Edens et al., 2014; Gao
et al., 2020). Furthermore, assuming the volume space charge density has a laterally uniform distribution
in the corona sheath region, the amount of space charges in the four space charge regions (BNR, BPR,
SNR, and SPR, defined in Figure 9b) existed in the corona sheath of DPL1 are estimated, as shown in
Figure 10b, where Q1 = −112 mC is for BNR (upper red), Q2 = +31 mC for BPR (middle blue),

Figure 12. High‐speed camera images of DPL2. Time 0 is set at the beginning of the return stroke. (a–w) Captured before the return stoke and (x) captured after
that. A segment of the channel was shadowed by cloud in panel (u). Contrast enhancement is performed on (a) and (b) for easy reading of the channel.
The extent of view of each panel is from about 100 to 3,100 m height above ground.
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Q3 = −3.2 mC for SNR (middle red), and Q4 = +0.05 mC for SPR (bottom blue), respectively. The black
block represents the building struck by DPL1.

Figure 11 is a comparison between the leader channel path, ambient electric field, volume space charge den-
sity, leader speed, leader channel line charge density, and leader current for DPL1. It shows clearly that there
are two big space charge regions (BNR and BPR) around 1,800 and 1,500 m high, respectively, which may
reflect the electric structure of the cloud. The positive maximum of the ambient electric field, +180 kV/m,
appears round 1,860 m high, which is the upper boundary of BNR. The negative maximum of the ambient
electric field, −120 kV/m, appears around 1,620 m high, which is the boundary between BNR and BPR. The
leader speed is the smallest of 105 m/s while the transferred leader line charge density is the maximum of
8 mC/m when within the BNR. As the leader goes into the BPR, the leader speed increases dramatically
to above 106 m/s while the transferred leader line charge density shows a stable decreasing trend.

4.2. Case 2 (DPL2)

This was another DPL2 started cloud‐to‐ground positive lightning flash occurred at 15:56:00 on 13 August of
2015. Only one return stroke was recorded by the local lightning location network with a peak current of
+163 kA.

Figure 12 shows a series of high‐speed camera images of DPL2 taken at the observation site. The strike point
of DPL2 was on the top of a building called Global Metropolitan Plaza. The height of the building was 326 m,
and the horizontal distance from the building to the observation site was about 2,800 m. In Figure 12u, there
is a segment of DPL2 channel shadowed by cloud so that the leader tip position cannot be obtained in this
frame. A straight‐line segment is used to replace this cloud‐shadowed channel part in all following analysis.
The rebuilt 2‐D and 3‐D channel for DLP2 are shown in Figures 13a and 13b, respectively.

From the 2‐D channel images of DPL2, the 2‐D speed of DPL2 is estimated, as shown in Figure 14a, where
the blue line represents the raw data and the red line represents the curve‐fitted speed. Since the channel tips
were shadowed by cloud in Figures 12u and 12v, the corresponding channel segment are replaced with a
straight line and the average speed for these two frames is estimated. As can be seen from the figure, the
speed of DPL2 shows an obvious increasing trend with the time. The speed ranges from 1.7 to
46.9 × 105 m/s with a mean value of 7.5 × 105 m/s as the leader goes down from about 3,080 to 326 m high.
Figure 14b shows the 2‐D channel length versus time for DPL2, which is estimated based the curve‐fitted 2‐D
speed shown in Figure 14a.

Figure 15a shows the electric field changes produced by DPL2 at the observation site. The two vertical
dashed lines indicate the start (−4.1 ms) and end (−0.1 ms) times of the calculation. Time 0 is set at the
beginning of the return stroke. The electric field change versus time is processed with the five‐point moving
method before it is converted to the channel length derivative of the electric field change versus time. The

Figure 13. The 2‐D channel rebuilt from HC‐1 (a) and the channel in the 3‐D coordinates in the simulation model (b) for
DPL2. The horizontal distance from the observation site to the strike point is about 2,800 m.
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calculated dEob/dl versus time for DPL2 is shown in Figure 15b. There is a critical height 825 m that the
polarity of dEob/dl is positive when above it and becomes negative when below it.

Similar to DPL1, simulations of the electric field change produced by a unit line charge density along the
channel of DPL2 at the observation site are performed under the same four ground conditions as for
DPL1. Figure 16 shows the channel length derivative of the simulated electric field change, dEsi/dl, for
DPL2 under the four conditions. As can be seen from the figure, the electric fields simulated under the four
conditions have the same trend that as the leader goes from about 3,000 m high downward, the dEsi/dl value
firstly increases and reaches its maximum around 2,000 m high and then turns to decrease and has its sign
reversed around 810 to 830 m high. This sign‐reversing height for dEsi/dl is very close to the sign‐revering
height of 825 m in Figure 15b for dEob/dl, indicating that the simulation is reasonable compared with the
observation. The little difference in the sign‐reversing height between the observation and the simulation
is due to partially the model simplification in the simulation and partially the data error in the observation.

The dEsi/dl value with all the 22 buildings considered (Condition 4) is about 3.4 to 3.6 times of that in
Condition 1 (flat ground). The dEsi/dl value with only the observation building considered (Condition 2)
is about 4 times of that in Condition 1, indicating that the observation building plays the most important role
in the electric field measurement. The ratio of dEsi/dlwith both the observation and struck buildings consid-
ered (Condition 3) to that in Condition 2 is about 0.9, indicating that the existence of the struck building
weakens the electric field change at the observation site by 10%. The dEsi/dl value in Condition 4 is less than

Figure 14. (a) The 2‐D speed versus time for DPL2, the blue and red lines represent the observed and the curve‐fitted
speeds, respectively; (b) the 2‐D channel length versus time for DPL1, obtained from the curve‐fitted speed in (a).
Time 0 is set at the beginning of the return stroke.

Figure 15. (a) The electric field change produced by DPL2, the two vertical dashed lines indicate the start (−4.1 ms) and
end (−0.1 ms) times of the calculation; (b) the channel length‐derivative of the electric field change, dEob/dl, versus
height, calculated from the electric field change in (a) and the curve‐fitted speed in Figure 14a for DPL2.
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that in Condition 3 by about 3%, indicating that other 20 buildings have
little influence on the electric field measurement.

As Step 4 in section 3.3, the transferred line charge density and leader cur-
rent versus the leader tip position for DPL2 are estimated based on the v(l)
in Figure 14a, dEob/dl in Figure 15b and dEsi/dl under Condition 4 in
Figure 16 with Equations 6 and 7, as shown in Figures 17a and 17b,
respectively. To avoid extremum values of the transferred line charge den-
sity and leader current near the critical height, only the channel part
above 870 m high is considered. The transferred line charge density of
DPL2 has a value of about 4 mC/m when it is at the height of about
3,000 m and then increases quickly to the maximum value of 15.2 mC/m
as it goes to the height of about 2,600 m. After that, it shows a generally
decreasing trend and reaches itsminimumvalue of 0.4mC/m at the height
of about 900 m, with a mean value of 3.4 mC/m. The leader current of
DPL2 ranges in 0.7 to 4.6 kA with a mean value of 2.3 kA.

Shown in Figures 18a and 18b are the estimated ambient electric field and
the space charge density along the path of DPL2, respectively. The ambient
electric field for DPL2 fluctuates in a large range of −250 to +180 kV/m
when it is above the height of 2,000 m and in a small range of −68 to
+32 kV/m when it is below 2,000 m. The volume space charge density
for DPL2 has three big space charge regions (BPR1 above 2,745 m, BNR
above 2,340 m, and BPR2 above 1835 m) in the upper part of the leader
channel and two small space charge regions (SNR and SPR) in the lower
part of the leader channel below 1,835 m. The maximum volume densities

for the three upper big space charge regions are +7.8 nC/m3 (BPR1), −13.9 nC/m3 (BNR), and +7.8 nC/m3

(BPR2), respectively, and that for the two lower space charge regions are−2.1 nC/m3 (SNR) and +0.9 nC/m3

(SPR), respectively. This suggests that DPL2 started above the MPR1 (3,000 to 2,745 m) and went downward
through BNR (2,745 to 2,340 m), BPR2 (2,340 to 1,835 m), SNR (1,835 to 1,250 m), and SPR (1,250 to 870 m)
in turn and finally attached to the grounded building.

Based on Equation 15, given the radial electric field in the corona sheath is equal to +500 kV/m, the leader
channel corona sheath radius and the leader channel net line charge density for DPL2 are estimated, as
shown in Figure 19a. The corona sheath radius shows the same trend as the channel net line charge density
of DPL2, ranging from 15 to 234 m. The net line charge density has a range from 0.4 to 5.8 mC/m, which is
smaller than the transferred line charge density shown in Figure 17a. The peak values of both the corona
sheath radius and net line charge density appear at the height of about 2,650 m. Assuming the volume space
charge density has a laterally uniform distribution in the corona sheath, the amount of space charges existed

Figure 16. The simulated channel length derivative of the electric field
change, dEsi/dl, versus height along the DPL2 channel with a unit (1 C/m)
line charge density. Four curves represent the results under four ground
conditions: red curve for Condition 1—a flat ground, blue curve for
Condition 2—only the observation building on ground, purple curve for
Condition 3—both the observation building and the building being struck
by DPL2 on ground, and green curve for Condition 4—all the 22 buildings
on ground. The subpanel is to show the difference between purple and
green curves at the height of 1,900 to 2,000 m for easy reading.

Figure 17. (a) The estimated transferred leader channel line charge density versus leader channel height and (b) the
estimated leader current versus the leader tip height, for DPL2.
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in the five space charge regions (BPR1, BNR, BPR2, SNR, and SPR in Figure 18b) within the corona sheath of
DPL2 are estimated, as shown in Figure 19b, where Q1 = +230 mC is for BPR1 (upper blue), Q2 = −460 mC
for BNR (upper red), Q3 = +104 mC for BPR2 (middle blue), Q4 = −21 mC for SNR (lower red), and
Q5 = +1.1 mC for SPR (lower blue), respectively. The black block represents the building struck by DPL2.

Shown in Figure 20 is a comparison of leader parameters for DPL2, including the leader channel path, ambi-
ent electric field, volume density of space charge, leader speed, transferred leader channel line charge den-
sity, and leader current as a function of the leader tip height. The three dashed lines represent the boundaries
between BPR1, BNR, BPR2, and SNR.

It can be seen that the ambient electric field has its maximum positive value (+180 kV/m) appeared at the
boundary between BPR1 and BNR (2,745 m high), and its maximum negative value (−250 kV/m) appeared
at the boundary between BNR and BPR2 (2,340 m high). The three big space charge regions (BPR1, BNR,
and BPR2), which are supposed to be inside the cloud with the bottom of BPR2 (1,835 m high) as the cloud
base, indicate that there can be strong variations of space charge distribution even within a small region of

Figure 18. (a) Profile of the ambient electric field along the DPL2 path, estimated from the transferred leader channel
line charge density in Figure 17a; (b) profile of the volume density of the space charge along the DPL2 path,
estimated from the ambient electric field profile in (a). There are five obvious space charge regions: BPR1—upper big
positive region 1, BNR—upper big negative region, BPR2—upper big positive region 2, SNR—lower small negative
region, and SPR—lower small positive region. H1–H6 are six special heights indicating the sign‐reversing heights of the
ambient electric field or the space charge profile.

Figure 19. (a) The estimated leader channel corona sheath radius and leader channel net line charge density versus
height for DPL2; (b) the estimated amount of space charges existed in the channel corona sheath of DPL1 for the five
space charge regions in Figure 18b, where Q1–Q5 are the space charges for BPR1, BNR, BPR2, SNR, and SPR,
respectively, and the black block represents the building struck by DPL2.
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the cloud. Both the leader current and transferred channel line charge density have their peaks appeared in
BNR and then have a general decreasing trend as the leader goes out BNR toward ground.

It is also noted that the DPL2 channel has its direction slightly changed four times as the leader goes in and
out the three main space charge regions, suggesting the distribution of in‐cloud space charges may affect the
leader propagation direction. The leader speed is the minimum of 1.7 × 105 m/s when it is in the BNR and
increases continuously when it goes out the BNR toward ground with the maximum of 4.69 × 106 m/s
appeared just before it strikes the building.

4.3. Error Analysis and Applicability of the Proposed Approach

There are many factors that may cause errors in the data analysis. First, since the observation site was in a
metropolis with crowded buildings, various electromagnetic interferences could cause errors in the observed
electric field. Second, the simplification of the crowded buildings and the cloud source position in the simu-
lation model could cause inaccuracies in the simulation result. Third, the simplification of physical relations
between leader parameters analyzed could cause errors in the estimation of the leader parameters. Fourth,
while electrostatic modeling is used in the analysis, the electric field we measured may include some induc-
tion and radiation field components, which may add errors to the results. For the two cases in this study, the
estimated percentage of the induction field to static field at the observation site is less than 0.2%, and that of
the radiation field to static field is less than 0.005%.

Figure 20. A comparison among leader parameters of the leader channel path (a), ambient electric field (b), volume
space charge density (c), leader speed (d), transferred leader channel line charge density (e), and leader current (f),
for DPL2. The three dashed lines represent the boundaries between MPR1, MNR, MPR2, and SNR at the heights of 2,745,
2,340, and 1,835 m, respectively.
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In addition to above factors, the main error in the calculation may come from the 2‐D channels and 2‐D
speeds of the two leaders. Since the 2‐D leader speed is usually smaller than the 3‐D speed, the use of
the 2‐D speed in the model could cause the leader charge density estimated being larger than the actual
value. To get more accurate estimation of the leader charge density, 3‐D information of the leader chan-
nel is necessary. In future, we expect to obtain more dual‐station optical observations of lightning dis-
charges to high‐rise buildings so that the 3‐D channel structure and 3‐D speed of leaders can be
reconstructed.

The proposed approach could be applied in situations where there is only one leader channel segment
advancing during a given time period so that one can make sure that the electric field change obtained in
the same time period is caused by that leader channel segment. In other words, this approach is suitable
for estimating the leader channel charge density and leader current for an unbranched and smoothlymoving
leader process, including downward negative dart leaders with no stepwise movements.

5. Summary

In this study, we proposed a simulation‐observation‐combined approach for investigating the properties of
various parameters associated with a downward leader striking a building based on optical and electric field
observations made in metropolis area. The parameters investigated include the leader channel charge den-
sity and current as the leader goes downward and the ambient electric field and space charge previously
existed along the leader channel path. With this approach, the spatial and temporal properties of two
DPLs (DPL1 and DPL2) obtained in Guangzhou city of China were investigated. Main results are as follows:

1. The 2‐D leader speed for both leaders shows a general increasing trend as the leader goes downward. The
speed of DPL1 ranges in 1.8 to 32.3 × 105 m/s with amean value of 11.1 × 105 m/s as the leader goes down
from about 1,860 to 300 m high and that of DPL2 ranges in 1.7 to 46.9 × 105 m/s with a mean of
7.5 × 105 m/s as the leader goes down from about 3,080 to 326 m high.

2. The transferred leader channel line charge density for both leaders shows a similar trend that it has firstly
a sharp increasing trend and then a decreasing trend as the leader goes downward. The transferred line
charge density of DPL1 ranges in 0.4 to 8.6 mC/m with the peak appearing at 1,750 m high, and that of
DPL2 ranges in 0.4 to 15.2 mC/m with the peak appearing at 2,635 m high. While the transferred line
charge density for the upper part of the leader channel is higher, that for the lower part of the leader
channel is comparable to most of previous results (e.g., Chen, Zheng, et al., 2013; Proctor, 1997; Shen
et al., 2018). The leader current of DPL1 ranges in 0.7 to 5.4 kA with a mean of 3.7 kA and that of
DPL2 ranges in 0.7 to 4.6 kA with a mean of 2.3 kA.

3. The ambient electric field for both leaders has an alternating polarity along the leader path. That for DPL1
has its positive maximum of +176 kV/m at 1,860 m high and its negative maximum of −120 kV/m at
1,620m high and varies in the range of−55 to−20 kV/mwhen below 1,400m. That for DPL2 has its posi-
tive maximum of +180 kV/m at 2,745 m high and its negative maximum of −250 kV/m at 2,340 m high
and varies in the range of−68 to +32 kV/mwhen below 2,000 m. There is another negative ambient elec-
tric field region above the height of 3,020m for DPL2, which is not seen for DPL1 probably due to the lim-
ited channel range observed. These results are well consistent with the magnitude of the electric field
obtained with balloon sounding measurements and model simulations in literature (Chen, Gou, & Du,
2013; Mazur & Ruhnke, 1998; Schuur et al., 1991).

4. The space charge density for both leaders has also an alternating polarity along the leader path. For
DPL1, there is a big negative space charge region (BNR) at 1,620 to 1,800 m high with a charge density
of −12.3 to 0 nC/m3 and a big positive space charge region (BPR) at 1,210 to 1,620 m high with a charge
density of 0 to 4.2 nC/m3, followed by two small negative/positive charge regions (SNR/SPR) below
1,210 m. For DPL2, there is a big positive charge region (BPR1) above 2,745 m with a charge density of
0 to +7.8 nC/m3, a big negative charge region (BNR) at 2,340 to 2,745 m high with a charge density of
−13.9 to 0 nC/m3 and another big positive charge region (BPR2) at 1,835 to 2,340 m high with a charge
density of 0 to +7.8 nC/m3, followed by two small negative/positive charge regions (SNR/SPR) below
1,835 m. The big space charge regions may reflect the complexity of electric structure in the cloud, and
the small ones may reflect the corona charge distribution in the space between the cloud and ground.
Qi et al. (2018) inferred that the positive charge center was about 4 km high for a positive discharge in
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Guangzhou. Some statistics showed that the thundercloud base in Guangzhou area was about 2 to 3 km
or less. All these are comparable with the present results.

5. The equivalent radius of the leader channel corona sheath is ranged in 14 to 134 m for DPL1 and 15 to
234 m for DPL2, respectively. The net leader channel line charge density is ranged in 0.6 to 3.5 mC/m
for DPL1 and 0.4 to 5.8 mC/m for DPL2, respectively. The amount of space charges existed in the corona
sheath for the four space charge regions for DPL1 are −112 mC (BNR), +31 mC (BPR), −3.2 mC (SNR),
and +0.05 mC (SPR), respectively, and that for the five charge regions for DPL2 are +230 mC (BPR1),
−460 mC (BNR), +104 mC (BPR2), −21 mC (SNR), and +1.1 mC (SPR), respectively.

6. The simulation shows that the building where the electric field is measured has the dominant impacts on
the electric field measurement. For the case in this study, the lightning‐produced electric field on the roof
of a 100m high building is about 4 times of that on flat ground. The existence of the building struck by the
lightning discharge makes the electric field about 10% less than without it. The existence of other sur-
rounding buildings makes the electric field about 3% less than without them.

7. Comparisons between the leader development and the space charge distribution suggests that the space
charge has certain impacts on the leader propagation direction. The DPL1 started above the BNR at 1,800
to 1,620 m high and went through the BPR at 1,620 to 1,210 m high and the SNR/SPR below 1,210 m in
turn toward ground. The DPL2 started above the upper BPR1 at 3,000 to 2,745 m high and went through
the BNR at 2,745 to 2,340 m high, the BPR2 at 2,340 to 1,835 m high and the SNR/SPR below 1,835 m in
turn toward ground.

Data Availability Statement

Data used in this paper are available at website (http://doi.org/10.5281/zenodo.3723979).
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