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Abstract: Lightning is one of the major environmental threats to aircraft. The lightning strikes during
flying are mostly attributed to aircraft-triggered lightning. The first step toward designing suitable
protective measures against lightning is identifying the attachment locations. For this purpose,
oversimplified approaches are currently employed, which do not represent the associated discharge
phenomena. Therefore, in this work, a suitable model is developed for simulating the inception and
propagation of bi-polar leader discharge from the aircraft. Modeling of leader discharges requires
field computation around the aircraft, which is carried out employing the Surface Charge Simulation
Method (SCSM) combined with sub-modeling, which ensures the best accuracy of field computations
near nosecone, wingtips, etc. A DC10 aircraft model is considered for the simulation. Simulations
are performed for different pairs of leader inception points on aircraft using the developed model.
Subsequently, corresponding ambient fields required for stable bi-polar discharge from aircraft are
determined. These values are in the range of measured ambient fields reported in the literature. In
summary, the present work has come up with a suitable model for simulating the bi-polar leader
inception and propagation from the flying aircraft. Using the same, a detailed quantitative description
of the discharge phenomena from the aircraft is provided.

Keywords: lightning; lightning strike to aircraft; surface charge simulation method; bi-polar leader
discharge; positive leader discharge; negative leader discharge

1. Introduction

Since the early age of aviation, lightning strikes have been proven to be hazardous
to aircraft. It is estimated that on average, a commercial aircraft gets struck by lightning
once in every 1000 flight hours, which is approximately equivalent to once in a year [1].
The effect of a lightning strike on aircraft spans from minor damages (i.e., burn marks
on the skin, creation of holes, local deformation of parts, etc.) to complete destruction of
aircraft (due to damage to fuel tanks, an explosion of the air–fuel mixture, destruction of
internal circuitry, etc.). Hence, the threat caused by lightning needs serious consideration.
Adding on to it, in modern aircraft, fiber-glass, carbon fiber, etc., materials are being in-
creasingly employed due to their higher strength to mass ratio. However, due to their poor
conductivity, the stroke current can lead to structural damage and higher field diffusion
in the interior regions. In addition, extensive use of sensitive electronic equipment has
further escalated the risk due to lightning strikes. According to National Oceanic and
Atmospheric Administration, lightning strikes cost approximately two billion dollars for
airline operators, excluding repair expenses [2]. Therefore, lightning protective measures
have become an inextricable part of modern aircraft design.

A lightning strike on aircraft can occur in two possible ways. Bi-directional leaders
can get initiated from aircraft in a high ambient field created by cloud and stepped leader.
This type of aircraft-initiated lightning is responsible for almost 90% of the recorded cases so
far [3]. The other rare event is the aircraft intercepts a descending lightning leader from
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the cloud. Hence, considering the higher probability of the former type of attachment, this
work will only be confined to aircraft-initiated lightning strikes.

Several in-flight measurement programs have provided insight into the phenomena
associated with a lightning strike on aircraft. NASA’s Storm Hazard Program (F-106B
aircraft, 1978–1986) [4–6], USAF/FAA Lighting Characterization program (CV-580 aircraft,
1984–1987) [7,8], ONERA/CEV Transall Program (C-160 aircraft, 1984, 1988) [9,10], and
most recently the EXAEDRE project (Falcon 20 aircraft, 2016–2019, France) [11] are the major
programs which were conducted to gather data on lightning strike. In all these programs,
instrumented aircraft have been flown intentionally in and around the thundercloud to
record the electric field and currents at selected locations preceding to and during the
lighting strikes. Some recorded videos [10] have provided more clarity on the mechanisms
involved in lightning attachment to aircraft.

Based on the descriptions provided by these research programs [4,7,9,11], and sub-
sequently by several researchers [10,12], a schematic representation of the bi-polar leader
discharge from a flying aircraft is shown in Figure 1. Under the influence of the lower
negative charge center of the cloud and the associated negative descending leader, positive
charges majorly appear on the top portion (indicated by the red plus sign) and the negative
charges on the bottom part (indicated by the negative blue sign) of the aircraft (Figure 1a).
The field due to the charge separated will compensate for the ambient field (Ec) so as
to ensure the equipotentiality of the aircraft. The distribution of these bi-polar charges
depends on the relative orientation of aircraft with respect to the ambient field. Depending
on the aircraft geometry, these charges distribute themselves on the aircraft. As a result,
field intensification happens at the extremities like wing tips, vertical stabilizers, nosecones,
etc. From these locations, corona discharges set in once the total electric field exceeds the
critical value for corona inception (Figure 1b). If the spatial field strength is sufficiently high,
the corona discharge gets converted to a streamer. The positive and negative streamers
are shown as red and blue colored cone-shaped regions in Figure 1b respectively. In this
particular example, for the purpose of illustration, it is assumed that the positive discharge
is incepted from the tip of the vertical stabilizer and negative discharge from the nosecone
of the aircraft. Subsequently, the streamers get converted to leaders, and the bi-polar leader
discharge sets in from the aircraft (Figure 1c). Generally, the inception points of positive
and negative leaders are called the Entry point and Exit point respectively (Figure 1c).
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Figure 1. Schematic showing inception and propagation of connecting leaders from a flying aircraft
(a) Distribution of the induced charges on the aircraft surface under the influence of negative am-
bient field (upward directed), (b) Inception of positive leader discharge from the vertical stabilizer.
Subsequently, (c) inception of negative leader discharge from the nosecone

Most of the recorded incidents of lightning strikes on aircraft suggest that the inception
of the positive leader occurs before the inception of the negative leader. Once the positive
leader propagates a few tens of meters, the negative leader initiates from the location where
the negative field intensification is maximum ([12]). In the schematic sketch (Figure 1c),
the negative leader is shown to be incepted from the nosecone of the aircraft. Once the
leaders with both the polarities appear, the bi-polar leader discharge continuously grows
until the bridging occurs between the upward leader and descending stepped leader.
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Depending on the lightning attachment points and resulting current distribution,
the aircraft surface can be classified into different zones. This part of designing is called
“Zoning” where the outer surface of aircraft is divided into well-defined regions (1A, 1B,
1C, 2A, 2B, 3 as suggested in [13]) depending on how they experience different phases of
lightning stroke. This study in this paper only deals with identifying the initial attachments
points on aircraft, which fall under Zone 1A and 1B.

Several methods for the zoning of aircraft have been developed in the last few decades.
In 1989, British Aerospace (BAe) proposed a method of zoning of aircraft [14] based on
the Rolling Sphere Method (RSM) [15] which is an empirical method based on the Electro-
geometrical method (EGM) [16]. EGM, which was developed for lightning protection of
transmission lines, was later modified to RSM for lightning protection of grounded objects.
RSM is a well-recognized and widely used method for lightning protection of grounded
objects. In RSM, a sphere with a radius of striking distance (calculated from prospective
return stroke current) is rolled over the objects to determine the probable locations for
lighting strike [15]. In 1999, the Society of Automotive Engineers (SAE) published a
regulatory document, “ARP5414A” [13] regarding the zoning of an aircraft. In this standard,
the approach involved in RSM for grounded objects has been extended for the zoning of
aircraft. In the literature [13], apart from RSM, the similarity principle has been suggested
where zoning was conducted based on zone data available from previously certified aircraft.
This method is entirely qualitative and only applicable for aircraft with similar geometries.
Field-based approaches for zoning and zoning based on laboratory testing on a scaled model
of aircraft or isolated parts of aircraft have been mentioned in this literature [13] as well.
In 2012, Lalande et al. proposed a probabilistic method of zoning of aircraft [17] based
on previous methodologies (RSM, similarity principle, laboratory testing). These existing
methods for zoning are highly simplified and do not include different aspects of long air gap
breakdown. For a more accurate assessment, the inception and propagation of bi-directional
leaders from aircraft need to be taken into account. None of these aforementioned methods
have considered the discharge mechanisms involved in lightning attachment in detail.
In view of the above, this work aims to develop a model for bi-polar discharge from aircraft,
which will lead to the identification of lightning attachments points.

Experimental works have been reported in the literature on bi-polar discharge from
floating objects in laboratory gaps. In 1995, Rizk came up with an analytical model [18]
for the breakdown of long laboratory gaps (5, 8 m), including a floating conductor un-
der applied switching impulse. Subsequently, in 1998, Castellani et al. also presented
experimental data on discharge from a floating object placed in a 10.5 m long plane–plane
gap [19,20]. Most recently, Jiachen Gao et al. [21] reported breakdown voltages of a gap of
2 m in the presence of floating rods and spheres.

The sequence of events associated with lightning initiation from aircraft is well estab-
lished and widely accepted. However, due to the complexity involved in the discharge
mechanism, literature on modeling of discharge from aircraft is rather difficult to find.
Therefore, this work focuses on the development of a suitable macroscopic model for
bi-polar discharge from aircraft prior to aircraft-triggered lightning strikes. Discharge
from a flying aircraft involves both positive and negative leader discharges. Invariably,
models for lightning attachment are developed based on laboratory findings. Therefore,
detailed literature surveys on positive and negative leader discharges in long air gaps are
carried out.

2. Modeling of Bi-Polar Discharge from Aircraft
2.1. Modeling of Positive Leader Discharge

Positive discharge in long air gaps starts with the initiation of a positive corona
followed by positive streamer bursts with a common stem. If the existing ambient field
is increasing or sufficiently high, the streamer grows, and the corresponding charge flow
causes heating of the stem to more than 1500 K. Due to this thermalization of the stem, it
gets converted to a leader [22]. Several such intermittent leaders emerge and vanish before
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a stable leader propagation gets established. This stable leader propagates continuously
with a positive streamer zone ahead of it.

Over the years, several models for positive leader discharge have been proposed.
Hutzler’s model for leader propagation [23], the Critical radius criterion [24,25], Critical
streamer length criterion [26,27], empirical model [28,29], and thermo-hydrodynamical model [22]
are the few mentions. In 2006, using the findings of Gallimberti et al. [22,30], Becerra
and Cooray proposed a physical model [31] called the self consistent leader inception model
(SLIM). This model was validated for leader discharges in laboratory gaps [31], connecting
leader inception from grounded objects [31] and for rocket triggered lightning [32] as well.
The SLIM needs significant computational resources. To reduce that, a simplified model is
also suggested in [31]. This simplified method was successfully implemented on grounded
structures [33,34]. For inception and propagation of positive connecting leader from aircraft,
this simplified model [31] is considered.

In Figure 2, a schematic of positive leader discharge from an electrode is shown (at the
top) along with a corresponding distance–voltage diagram (at the bottom). The distance–
voltage diagram includes the potential distributions along the discharge axis at different
instants of discharge growth. The blue color curve (Pback) in distance–voltage diagram
(Figure 2) represents the background potential distribution. Once, the streamer appears, it is
represented with a straight line (P(0)) with a slope set to the positive streamer gradient [31].
Each green and red color curve (P(i) for ith leader increment) represents the potential
distribution for leader length at one instant, where the red part corresponds to the positive
streamer. The leader itself is represented by a straight line (green color with the slope set to
the leader gradient.
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Figure 2. Schematic of positive leader growth and the corresponding axial potential distributions as
described in [31].

The steps involve in this model ([31]) are explained with the reference of Figure 2.

• Adding up ambient potential and reaction potential due to induced charges on aircraft,
total potential distribution (Pback in Figure 2) is obtained.

• A straight line with a slope of 450 kV/m is considered as streamer section (such as
P(0) in Figure 2). Streamer charge is computed from the area between background
potential distribution and modified potential distribution (Equation (1)) [30,31].

Qstr = KQ
∫ l(1)st

0
(Pback − P(0)) dx (1)

where x is the distance along the discharge axis. KQ is the geometrical factor whose
value is taken as 4× 10−11 C/V·m.
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• If Qstr ≥ 1µC, positive discharge starts with an initial length of 5 cm. The correspond-
ing potential drop along the leader length is calculated using Rizk’s equation [31],

V(i)
ldrop = l(i)L E∞ + x0E∞ ln [

Estr

E∞
− Estr − E∞

E∞
e−

l(i)L
x0 ] (2)

where l(i)L is the leader length at ith step, Estr is gradient of positive streamer,
E∞ = 30 kV/m is the final quasi-stationary leader gradient, and x0 = 0.75 m is the
time constant.

• In subsequent steps, the incremental streamer charge (4Q(i)
str) is again calculated

from the area between two consecutive potential distributions. Subsequently, the
incremental leader length is evaluated.

4Q(i)
str = KQ

∫ l(i−1)
st

l(i−2)
L

(P(i−1) − P(i−2)) dx (3)

4l(i)L =
4Q(i)

str
qL

(4)

where P(i) is the potential distribution at tth instant in presence of leader and streamer
both (Figure 2). qL = 65 µC/m, is the charge per unit length of positive leader [31].

• The modified leader length at ith instant is calculated as l(i)L = l(i)L +4l(i)L .

A more elaborated explanation of different aspects of this positive leader model is
available in [31].

2.2. Modeling of Negative Leader Discharge

Unlike positive leader discharges, negative leader discharges are more complicated
physical phenomena. The first phase of negative discharge is the formation of a negative
corona if the field value at the electrode exceeds a critical level. Once the corona attains its
critical volume, i.e., contains a critical amount of negative charges, a space stem appears at
the tip of the discharge [19,35]. This space stem initiates bi-directional streamers called a
pilot system involving a positive streamer towards the electrode and a negative streamer
ahead of the discharge, as shown in Figure 3(II). Injection of these streamer charges heats
up the space stem and converts it into bi-directional space leaders. When the positive
space leader reaches the primary negative leader tip, all the streamer charges flow to the
electrode through the discharge channel resulting in a sudden elongation of the main
negative leader [35]. This phase is observed as a highly illuminated channel in recordings
of laboratory discharge [35]. Again, a negative streamer is formed ahead of the newly
formed extension of the negative leader (Figure 3(IV)), followed by the formation of a space
stem. These inter-step processes keep on repeating, which results in step-wise elongation
of negative discharge.

-Vapplied-Vapplied-Vapplied-Vapplied

Electrode

I. II. III. IV.

Positive 

tream

Positive

space 

leader
Negative 

space 

leader

Primary

negative

leader

Space

stem
Negative 

space 

streamer

Positive 

space 

streamerNegative 

streamer

Figure 3. Schematic representation of stages of negative leader discharge.
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Despite having substantial experimental data (Les Renadieres [35], Castellaniet al. [19,20]),
research on the physical model of negative leader discharge is limited. In 1994, Bechh-
iega et al. [36] developed a theoretical model for negative leader discharge. Subsequently,
Mazur et al. [37], L. Arevalo, and Cooray [38] came up with physical models for negative
discharges. The RLC linear circuit model for negative discharge was presented by Rako-
tonandrasana et al. [39] and most recently, in 2019 Zixin Guo, Rakov et al. [40] proposed
a simplified model for negative leader propagation. Because of ease of implementation
and requirement of less computational resources, this model [40] is considered for negative
leader inception and propagation from aircraft. This model is validated in [40] for different
laboratory gap discharges.

For the negative leader discharge, a different distance–voltage diagram can be drawn
as shown in Figure 4. The background potential distribution prior to negative discharge is
shown as V(0)

back (black curve). Once, the primary negative streamer appears, it is shown with
a straight line (blue line, P(0)) with a slope set to the negative streamer gradient. The inter-
section between V(0)

back and P(0) provides the axial extension of the negative streamer and
it is also the position at which the space stem (shown with a black dot) appears. The po-
tential distributions for different space leaders lengths are labeled as P(0), P(1), P(2), P(3).
Positive (red line) and negative space streamers (blue line) are represented with straight
lines with slope set to their respective streamer gradient. The space leaders are shown with
horizontal lines (dashed), while the primary negative leader is shown with a black (dashed)
line in the distance–voltage diagram (Figure 4).

Vback
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Vback
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(3)lL
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Figure 4. Illustration of graphical method for negative discharge development on distance–voltage
diagram as described in [40].

The steps involved in this model [40] can be briefly stated with the reference of
distance–voltage diagram shown in Figure 4 as follows,

• Like a positive streamer [31], negative streamer charge is also calculated from the
area between background potential (Vback) and potential distribution modified by
negative streamer (P(0), Figure 3) which is represented as a straight line with a slope
of 750 kV/m in Figure 4.

Qstr = KQ ·
∫ lss

0
(V(0)

back − P(0)) dx (5)

• If Qstr ≥ 0.8 µC [19], the pilot system starts from the boundary of the negative streamer
followed by inception of space leaders.

• Space leaders are represented with horizontal lines (zero leader gradient [40]) in

Figure 4. Corresponding space streamer charges (∆Q(i)
strp and ∆Q(i)

strn) are computed
from the area between the potential distributions as shown in Equation (6). Subse-
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quently, the incremental space leader lengths (∆l(i)PSL and ∆l(i)NSL) are calculated from
the incremental space streamer charges (Equation (6)).

∆Q(i)
strp = KQ ·

∫ l(i−1)
psl

l(i−1)
L

(P(i−2) − P(i−1)) dx

∆Q(i)
strn = KQ ·

∫ l(i−1)
nstr

l(i−1)
nsl

(P(i−2) − P(i−1)) dx

∆l(i)PSL =
∆Q(i)

strp

qPSL
; ∆l(i)NSL =

∆Q(i)
strn

qNSL

(6)

where P(i) is the potentil distribution along discharge axis at ith instant. qPSL = 53.1 µC/m,
qNSL = 166.7 µC/m [40] are the charge per unit length for positive and negative space
leaders respectively.

• The space leader length are update by adding the incremental leader lengths.

l(i)PSL = l(i−1)
PSL + ∆l(i)PSL; l(i)NSL = l(i−1)

NSL + ∆l(i)NSL; (7)

• When the positive space leader tip reaches the primary negative leader i.e., l(i)L +

length(i)psl ≥ lss (Figure 4) the length of the negative leader jumps suddenly, and a step-
ping process is completed. The corresponding negative leader length is calculated as,

l(i+1)
L = l(i)L + l(i)PSL + l(i)NSL (8)

• Again, these steps are followed for new extension of main negative leader.

2.3. Electric Field Computation

As explained in previous Sections (2.1 and 2.2), modeling leader inception and propa-
gation requires computation of the field around the aircraft. Because of the involvement
of complex geometries, an analytical solution is not feasible. Therefore, an appropriate
numerical computational methodology must be chosen for field computation.

The electric field distribution during the attachment can be considered as quasi-static
because of the negligible contribution from the time-varying magnetic field. Hence, Pois-
son’s equation (∇2φ = −ρ/ε) needs to be solved in space where the charge density at
the RHS arises due to corona and streamer charges. As this problem is an open geometry
problem, boundary-based methods appear to be more appropriate over domain-based meth-
ods. Hence, considering applicability and accuracy, the surface charge simulation method
(SCSM) [41,42] is employed for computation of field and potential.

In the SCSM, the surface of the geometry is divided into surface elements. The point
collocation scheme of the SCSM is employed where the residues (Ri), i.e., the difference
between computed potential (φ̃) and known potential (φknown) is forced to zero at the center
of each surface element.

Ri = (φ̃i − φi
known) = 0 ; f or, i = 1 to np, (9)

where np is the number of surface elements. The condition of Equation (9) provides a set of
linear equations by solving which the unknown charge densities on surface elements can
be obtained. Steps involved in field computation using the SCSM are described in [41,43].

2.3.1. Salient Features of Bi-Polar Leader Discharge from Aircraft

Aircraft skin is considered to be conducting. For both metallic and aircraft in composite
elements, it is worth recalling that the composite parts are covered with aluminum/copper
mesh to provide conducting path for the lightning current. Therefore, a cruising aircraft
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acts as a floating conductor whose potential is not known beforehand. Hence, another
condition of zero net charges on aircraft is brought into the potential co-efficient matrix,
and then it is solved for both the unknown aircraft potential and surface charges. Details of
this method are available in [41,42].

Unlike grounded objects or excited laboratory electrodes, the potential of the air-
craft changes with increments in connecting leader lengths and also with the change in
the ambient field. Hence, after each stage of leader propagation, the modified potential
distribution needs to be re-calculated, which requires modeling of connecting leaders.
Connecting leaders (of either polarity) are modeled using several segments with cylindrical
charge distribution whose density is considered to be varying linearly within each seg-
ment. Boundary conditions are imposed on each leader segment based on corresponding
leader gradients as suggested in the adopted models for the positive [31] and negative
leader [40]. For every new leader segment, one row and one column are appended to the
main potential coefficient matrix. This augmented matrix forms the new SCSM potential
co-efficient matrix by solving which modified charge distribution due to connecting leaders,
and corresponding aircraft potential is obtained.

For this work, a commercial aircraft model McDonnell Douglas DC-10 (dimensions:
length—55.55 m, wingspan—47.35 m, height—17.86 m) was downloaded from [44]. It
should be noted that the radome of the actual aircraft is built with non-metallic materials
to provide transparency to the antenna communication. For protection of the radome,
several segmented metallic diverter strips are installed on it. Due to the unavailability
of the number and dimensions of the diverter strips for this particular aircraft model,
the radome portion is also considered as a conducting structure like the rest of the aircraft.
The outer surface of this aircraft model is discretized into 11,000 triangular surface elements
using MeshLab software. This results in the formation of an 11 k × 11 k co-efficient matrix
in the SCSM.

The potential distribution around the DC10 aircraft, cruising at the altitude of 500 m
from the ground under a uniform ambient field of 50 kV/m (in a vertically upward
direction) is illustrated in Figure 5.

Figure 5. Equipotentials around DC-10 aircraft under uniform ambient field.

2.3.2. Accurate Evaluation of Local Field Using Sub-Modeling

The total electric field gets significantly enhanced at sharp edges and corners of aircraft
like nose cones, vertical stabilizers, wing tips, etc., which can initiate connecting leaders.
The radius of curvature at edges and corners is typically in the order of a few centimeters,
and in some places, it is even less. Therefore, local field intensification caused by these
regions gets weakened within a meter. For precise modeling of these highly localized
perturbations, Sub-modeling [43] is employed. In this method, a critical region of original
geometry is remodeled, and an artificial boundary is constructed around it. The potential of
this boundary is evaluated from the solution of the original problem. All the field compu-
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tations inside the sub-model are performed using the charge simulation method (CSM) [45]
by considering the imposed boundary conditions. The sub-model is employed at the
very initial stage of discharge, where the critical regions majorly govern the field distri-
bution. Once the discharge propagates by significant length (i.e., one meter of leader
length), the sub-modeling is removed, and subsequent calculations are performed using
the original discretization.

A sub-model with a shape of truncated ellipsoid (major axis—3–4 m and minor axes—
1–2 m) is employed around the critical regions (Figure 6). The maximum error in computed
potential on the sub-model is kept below 0.1% which ensures sufficiently accurate local
modeling of edges and corners.

sub-domain

Sub-modeling

at nosecone

Sub-modeling

at the tip of 

vertical 

stabilizer

Figure 6. Schematic showing sub-modeling at two extremities of the aircraft. In the enlarged view of
sub-models, the green colored regions are the surrounding ellipsoidal domains and the blue colored
regions are parts of the aircraft.

A 3.5 m long axis is considered in normal direction from the tip of vertical stabilizer
where sub-modeling is also employed. Potential distributions along the axis evaluated
using both the original discretization and sub-model are presented in Figure 7.
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Figure 7. Comparison of computed potentials along axis

From Figure 7, it can be seen that the sub-model provides a more detailed distribution
of potential as compared to the original geometry.

2.4. Steps Involved in Simulation

According to the existing literature [25,26,29,31], for grounded objects, 2–5 m length
of positive connecting leader ensures a stable propagation. However, for aircraft, it is seen
from the in-flight measurements [4,7,9] that at least 10 m of positive leader length is required
for the inception of negative leader from other extremities. Therefore, the simulation needs
to be performed until both the connecting leaders attain significant lengths. Sequences of
steps involved in the simulation of bi-directional leader discharge are,

1. The simulation begins with the identification of the locations on the aircraft where
the condition for positive [31] or negative [40] corona inception is reached. Once the
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locations of corona onset are identified, criteria for the inception of the initial leader
section are checked.

2. From the locations of leader inception, discharge paths are determined by tracing
the direction of the electric field. Initial leader extensions are considered along the
corresponding discharge axis.

3. Modified potential distribution is computed, including the newly formed connecting
leader segments (Section 2.3).

4. Subsequently, at the locations of leader inception, corresponding incremental positive
and negative leader lengths are obtained.

5. If, at any location, the incremental leader length decreases in a few consecutive steps
and becomes less than 5 mm, it is considered an unsuccessful leader inception. Further
computation at that location is terminated.

6. For the other locations where significant leader increment is obtained, steps 3, 4, and 5
are performed until a stable bi-polar discharge from the aircraft gets established.

Details of the simulation steps are shown in a flowchart in Figure 8.
For both the field computation using the SCSM and subsequent leader inception and

propagation, codes are written in MATLAB-R2017b. The simulation time is typically 24–30 h
on a computer with Intel Core i5− 8400CPU @ 2.80 GHz and 64 GB RAM with Ubuntu
operating system.
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Figure 8. Detailed flowchart for the proposed model.

3. Simulation Results for DC-10 Aircraft

The locations of connecting leader inception points depend on the aircraft’s orientation
relative to the ambient field. There are specific ranges of permissible pitch, yaw, and roll
angles. At the same time, the ambient field due to the lightning leader could be in many
directions. For understanding the different steps involved in the inception and propagation
of the bi-polar leaders, certain variables need to be fixed. With the intention of clearly
identifying the steps, the aircraft is considered to be in a cruising position. However,
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the direction of the ambient field is not constrained. Kindly note that the model developed
is not limited to any particular aircraft orientation.

Bi-polar leader inception happens due to distortion of the ambient field around the
aircraft. The ambient field might be caused by cloud charges, approaching leaders, or a
combination of these. As a first step towards modeling the inception and propagation of
the bi-polar leaders from the aircraft, instead of any specific source, static and uniform
ambient field (~E0) distribution is considered. This would help in segregating the influence
of different participating factors. Inception points for positive and negative leaders depend
on the relative orientation of the ambient field with respect to the aircraft. Depending on
the local field intensification for different directions of the ambient field, some probable
leader inception locations are marked on the aircraft (Figure 9). In the same, the aircraft
extremities are named with some letters which will be used in the following discussion
to denote the corresponding location. Subsequently, simulation is carried out as per the
details provided in Section 2.4.

Figure 9. Aircraft orientation used in simulation and obtained inception points of connecting leaders
from aircraft

In this study, four different events (Cases-A, B, C, and D in Table 1 of bi-polar leader
inception from a aircraft cruising (roll, pitch, and yaw angles are 0, as shown Figure 9) at an
altitude of 500 m are considered. The ambient field directions (refer to Table 1) are chosen in
such a way that distinct pair of inception points (marked in Figure 9) is obtained. For Case-A,
equipotentials on a bisecting xz plane around the inception locations, at different instants
are shown in Figure 10. This clearly indicates how the background field gets distorted
during the propagation of connecting leaders from aircraft.

Figure 10. Equipotential plots at four different instances of bi-polar leader propagation from aircraft
in Case-A of Figure 11. (a) Prior to discharge initiation, (b) −ve leader just incepted from nosecone
with a step-length of 2.5 m and +ve leader length— 5 m, (c) +ve leader length—9.5 m and −ve leader
length—4.6 m, (d) +ve leader length—15.7 m and −ve leader length—7.8 m.
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Propagation of connecting leaders and the corresponding change in aircraft potential
for all the cases (Cases-A, B, C, and D) are shown in Figure 11. Results for four different
pairs of inception locations are provided in this figure. The figures in the top row i.e.,
Figure 11a–d display the orientation of the aircraft relative to the ambient field considered
and corresponding propagation paths of the bi-polar leader of the aircraft in different cases.
The figures in the bottom row i.e., Figure 11e–h show the variation in connecting leader
lengths (blue and red curves) and corresponding variation in aircraft potential (black curve).
In these figures, the left y-axis corresponds to the length of connecting leaders while the y-
axis at the right represents the percentage change of aircraft potential (%∆Vaircra f t). It should
be noted that the time axis shown in Figure 11, is a pseudo time scale that is determined in
such a way that the velocity of the positive connecting leader throughout the simulation
period remains within the range of 2× 104 to 106 m/s. The percentage changes in aircraft
potential (%∆Vaircra f t) in Figure 11 are calculated with respect to the magnitude of aircraft

potential just prior to leader initiation (Vinitial) i.e., % ∆Vaircra f t =
Vaircra f t−Vinitial
|Vinitial |

× 100.
Where Vaircra f t is the potential of aircraft at any instant after leader initiation.

It is worth mentioning that aircraft potential is always negative as the ambient field
is considered to be negative (directed upward). Hence, in the subsequent explanations,
an increase in aircraft potential refers to a more negative potential of aircraft and vice versa.

Analysis of Propagation of Connecting Leaders

Case-A in Figure 11 is considered as a reference event for describing the phenomena
involved in bi-directional leader propagation. In this case, the positive leader incepts from
the tip of the vertical stabilizer prior to the negative leader from the nosecone (Figure 11a).

As the positive leader elongates, it deposits negative charges on the aircraft causing
aircraft potential to increase, which is indicated as P to Q in Figure 11e. This slows down
the growth of the positive leader (encircled in Figure 11e) and, on the other hand, facilitates
the inception of the negative leader from the nosecone. Once the negative leader appears,
aircraft potential decreases (Q to R in Figure 11e) due to the deposition of positive charge,
which causes a rapid increase in positive leader length. As the positive leader propagates,
the aircraft potential again increases (R to S in Figure 11e) and thereby slowing down its
growth until stepping occurs at the negative leader discharge at the nosecone. This cycle
keeps on repeating in subsequent propagations.

It is worth mentioning that if during the retarding phase (P-Q or R-S in Figure 11e)
of positive leader progression, the negative leader does not incept, the positive discharge
would have been choked, resulting in unsuccessful leader inception from aircraft. Hence,
stable uni-polar discharge from a cruising aircraft is non-viable as it always needs support
from the discharge of opposite polarity.

The critical field required for positive leader inception and propagation is less com-
pared to the negative leader [22]. Therefore, in most of the recorded events of lightning
strikes to aircraft [46], positive leader inceptions were reported to occur prior to the neg-
ative leader. This is also observed in Cases-A, B, and D (Figure 11). However, the local
field intensification around the inception location strongly influences the inception and the
initial phase of leader propagation from aircraft. Therefore, for some specific directions
of the ambient field, the negative leader might get incepted earlier. This phenomenon is
observed in Case-C (Figure 11g) where the first significant increment occurs in negative
leader length. A smaller radius of curvature at the wing tip than the nosecone provides an
earlier elongation of the negative leader. Once the leader grows, the effect of the local radius
of curvature gets weaker, and the positive leader propagates faster than the negative leader.

If sufficient field intensifications occur at multiple locations of aircraft, multiple posi-
tive or negative leader inceptions can happen. Such phenomenon is observed in Case-D
where multiple negative leaders (nosecone and wing tip) incept at different instants of
discharge (Figure 11d). First, the positive leader starts propagating from vertical stabilizer
(VSF, Figure 9). Then a negative leader incepts from the nosecone, followed by the inception
of another negative leader from the wing tip (Figure 11h). The direction of the ambient
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field (Table 1) is more aligned to the negative leader from the wing tip than the nosecone
resulting in stable propagation from the wing tip. On the other hand, the negative leader
from the nosecone gets choked off after 3.5 m of propagation due to the lack of spatial
field strength.

Figure 11. Four cases with different relative orientations of ambient field with respect to aircraft are
considered. In all the cases, position and orientation of the aircraft have been kept same as mentioned
in Section 3. Inception points and discharge paths of the connecting leaders for Case-A, B, C, D are
shown in (a–d) respectively. Corresponding bi-polar leader progression from aircraft and variation of
aircraft potential are shown in (e–h).

Table 1. Minimum ambient field (~E0) required for stable bi-polar discharge from DC-10 aircraft for
different positive and negative leader inception locations (Figure 11). Corresponding difference in
ambient potential (∆Vpn) between the leader inception locations are also tabulated.

Cases
Locations of

Leader Inceptions
Components of

~E0 (kV/m)
~E0

(kV/m)
∆Vpn
(MV)

+ve −ve Ex Ey Ez
A. VSR NC 22.6 0 82.5 85.6 2.37
B. NC EM −52 0 94.4 108 2.34
C. NC LW −37 37 110 122 2.33
D. VSF LW/NC * 0 18 133 134 2.3
E. RW LW 0 55 101 115 2.38

NC * represents inception of an unstable negative connecting leader from the nosecone. It gets choked after 3.5 m
of propagation.

4. Ambient Electric Field Required for Stable Bi-Polar Discharge from Aircraft

After the inception of bi-polar leaders from the aircraft, their growths depend on the
net field at the tips of the leaders. Generally, the ambient field required for the inception is
higher than the ambient field required for propagation. Further, the ambient field created
by the cloud and descending leader is maintained for large spatial extensions and thereby
ensuring continuous growth. Based on the simulation results on DC-10 aircraft, it is seen
that typically 10–20 m of positive and negative leader propagation is required to ensure
a stable bi-polar discharge from aircraft. Simulations are carried out following the steps
described in Section 2.4. Minimum ambient fields (~E0) obtained for stable bi-polar leader
discharge from DC10 aircraft are given in Table 1. It includes several pairs of leader
inception locations as shown in Figure 11. Corresponding ambient potential differences
(∆Vpn) between the pair of leader inception locations are also mentioned in Table 1. It can
be seen that the magnitude of ~E0 varies significantly for different pairs of leader inception
points. These higher ambient field values mentioned in Table 1 might not be established by
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the cloud charges alone. However, in the presence of an approaching descending leader,
the ambient field can reach that range.

The ambient field values reported in Table 1 are for cruising aircraft. However, dur-
ing takeoff and landing, due to changes in aircraft orientation, the ambient field required
for stable bi-polar leader inception will differ from the case of cruising aircraft. For instance,
ambient fields evaluated for three different pitch angles (i.e., the angle between the axis
along the fuselage and horizontal axis) corresponding to landing and takeoff are shown
in Table 2. The directions of the ambient field are considered the same as Case-A (for
landing) and Case-B (for takeoff). It can be seen that for a fixed direction of the ambient
field, aircraft with a higher pitch angle require less ambient field for the inception of stable
bi-polar leader discharge. However, the component of the ambient field along the positive
and negative leader inception points increases with pitch angle. As a result, the ambient
potential difference (∆Vpn) between the leader inception points increases.

Table 2. Dependency of the minimum ambient field required for the bi-polar discharge inception on
the aircraft orientation for different pitch angles.

Pitch Angle
(Degree)

Locations of Leader Inceptions
and Direction of Ambient Field

~E0
(kV/m)

∆Vpn
(MV)

Landing
2 Same as

Case-A

79 2.55
5 70 2.57
8 67.5 2.61

Take-off
5 Same as

Case-B

83.6 2.59
10 70 2.83
15 62.3 3.05

In Table 3, ambient field values measured before the lightning strike on aircraft in
different research campaigns [7,9,11] and the dimensions of aircraft used in these campaigns
are provided.

Table 3. Ambient electric fields measured before lightning initiation (Eamb) from different instru-
mented aircraft. Corresponding ESTP values are the corrected ambient fields at STP which are directly
quoted from the respective literature.

References Aircraft Length
(m)

Wingspan
(m)

No. of
Events

Altitude
(km)

Eamb
(kV/m)

ESTP
(kV/m)

[7,8,10,12] CV580 22.76 28 33 ≤6 25–87 32–172
[9,10,12] C160 32.4 40 16 4.2–4.6 44–75 77–131

[11] Falcon 20 17 16.2 1 8.4 80 194

The DC-10 aircraft model, considered for this study, is larger than these aircraft.
The geometry of aircraft strongly influences the bi-polar discharge from aircraft [12,47].
Moreover, during the measurement, the orientation of the aircraft, and leader inception
locations are also not explicitly mentioned in the literature. Even though more details are
required for a precise comparison, it is worth noting that the ambient field at the stable
bi-polar leader inception, as predicted by the model, is in the close range of the measured
ambient fields corrected to STP (ESTP).

5. Discussion

This work develops the model for bi-polar leader inception and propagation from
aircraft based on available positive and negative leader models. Different discharge param-
eters used in the simulation exercises reported in Sections 3 and 4, correspond to STP (20 ◦C
temperature, 1 atm pressure). However, the atmospheric conditions change with altitude.
Further, the movement of the aircraft causes a very localized change in ambient conditions
like air density and pressure around the aircraft. All these influence the inception and
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propagation of connecting leaders from aircraft. Therefore, this section aims to provide a
pertinent review of these factors.

5.1. Atmospheric Conditions

Atmospheric conditions such as relative air density and humidity have a strong
impact on the leader discharges [22]. Commercial aircraft are usually not flown inside a
thundercloud. Hence, they get struck by cloud-to-ground lightning, typically at an altitude
of ≤6 km. Within this range of altitude, the atmospheric conditions vary significantly. All
the data presented in Tables 1 and 2 are based on streamer and leader parameters suggested
at STP. To obtain the results corresponding to flying conditions, atmospheric factors must
be brought in. Streamer gradients (determine the streamer charges) and charge per unit
length of leader (ql , related to the rate of energy input at the head of a leader, decides leader
speed) are the two most impactful parameters for leader discharge. Streamer gradients have
a strong correlation with air density and humidity, which is readily available in [48,49].
On the other hand, the charge per unit length of a leader (ql) varies significantly with
water content in the air [22], but its relationship to air density is not clearly reported in
the literature. Further, the local humidity at flying altitude is difficult to anticipate as it
strongly depends on the vicinity of a thundercloud. Hence, the same ql values ([31,40]),
suggested for discharges at standard conditions are used in subsequent computations. So,
only including air density correction for streamer gradients, minimum ambient field (~E0)
for stable bi-polar discharge for Case-A (Figure 11) are recomputed for six different altitudes
(Table 4). Relative air densities at different altitudes are obtained from the International
Standard Atmosphere (ISA, [50]), and corresponding streamer gradients are calculated
as suggested by the authors of [49] keeping the absolute humidity constant at 5 gm/m3.
The first row of Table 4 corresponds to streamer gradients at STP. As compared to the
critical field provided in Table 1, a significant reduction (4–40%) can be observed in Table 4
for altitude of ≤6 km.

Table 4. Minimum ambient field required for stable bi-polar leader inception (inception locations
and direction of ambient field are same as Case-A of Table 1) from a cruising aircraft with air-
density correction for streamer gradients (E+ve

str , E−ve
str ) corresponding to different altitude. Absolute

humidity—5 gm/m3 for all the altitudes.

Cruising Altitude (m) Relative Air Density E+ve
str

(kV/m)
E−ve

str
(kV/m)

~E0
(kV/m)

0 1 450 750 85.6
500 0.95 419 698 83.3
1000 0.9 397 661 77.4
2000 0.82 355 592 69.8
4000 0.67 281 469 61
6000 0.54 220 367 51

5.2. Aircraft Speed

For most commercial aircraft, takeoff and landing speeds remain in the range of
66–80 m/s while the cruising speed could be as high as 246–250 m/s. Here, two aspects
need consideration. At one of the attachment points, the discharge has to elongate so it has
to be connected with the aircraft. At the other end, the connecting leader sweeping on the
surface would tend to modify the local field disturbance caused by the aircraft. As reported
in [12], the measured velocity of the upward positive leader from rocket-triggered lightning
is between 2× 104 to 106 m/s. Considering this velocity range, it will take approximately
500 µs to simulate a few tens of meters of connecting leaders. Based on the aforementioned
aircraft velocity and simulation time, the shifting distance (250 m/s × 500 µs =12.5 cm) can
be found to be less than a few tens of centimeters, whose effect can be considered negligible.

Due to the movement of the aircraft and relative airflow, variation of local air pressure
and formation of vortices (usually trail from wing tips) occur around the extremities of a
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flying aircraft. Typically, the local pressure tends to increase around the leading extremities
like the nosecone while it decreases at the trailing extremities like the wing tip, empennage,
etc. These localized variations of pressure, and air density in the vicinity of probable
leader inception locations might influence the inception of connecting leaders from aircraft.
However, no efforts could be made in this work in that direction.

6. Summary

Noting that more than 90% of the strike to the aircraft is due to the aircraft-initiated
lightning, the present work, based on the works on impulse breakdown of long air gaps,
has constructed a model for simulating the inception and propagation of the bi-polar
leaders from the aircraft. It involves a detailed calculation of the associated electric field by
employing the surface charge simulation method (SCSM) and sub-modeling. The inception and
growth of the leaders are based on computationally efficient models. For the numerical
simulation, the model of a DC-10 aircraft, which is readily available in an online source,
is considered.

The simulation results indicate that under the action of a negative leader and the
negative charge center in the cloud, a positive upward leader usually appears first (in most
of the cases), which is followed by a negative downward leader.

It is shown that stable unipolar leader propagation is not possible without the support
of an opposite polarity leader from the other side of the aircraft.

The minimum ambient field required for stable inception of bi-polar leaders from
aircraft is strongly dependent on the orientation of the aircraft relative to the direction of
the ambient field. Variation of air density and humidity with the flying altitude strongly
impacts the bi-polar leader discharge from the aircraft. The higher flying altitude favors
the initiation and propagation of bi-polar discharge from aircraft.

This work finds its application in two places. Firstly, it supports modeling the leader
phase of the cloud-to-ground lightning involving an aircraft and quantifies the associ-
ated phenomena.

Secondly, it finds a serious application in the zoning of the aircraft for lightning
protection. Identifying the initial attachment points (i.e., Zone-1A) of the aircraft is the first
step for aircraft zoning. As most of the lightning strikes are dominated by the connecting
leaders from the aircraft, the bi-polar discharge model proposed here is employed to
identify Zone-1A. Unlike the usually employed and very conservative approaches for the
identification of Zone-1A, a better quantification approach is presented.

In this work, some initial attachment points are identified on the aircraft which shows
that Zone-1A is more limited than what is predicted by the rolling sphere method (which is a
widely followed method for zoning) and hence provides a means for optimized design of
the lightning protective measures.
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