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ABSTRACT: The lightning channel is a rapidly evolving transient plasma that radiates intense electromagnetic (EM) fields and emits
broadband optical radiation. This paper presents a theoretical and experimental investigation into the correlation between electromagnetic
fields generated during lightning events and the corresponding optical spectra observed during various phases of the discharge. Using
advanced EM field modelling and high-speed optical spectroscopy, we demonstrate that key plasma parameters such as temperature,
electron density, and ionization state can be inferred from combined electromagnetic-optical datasets. This multidisciplinary analysis not
only reveals the underlying physical characteristics of the lightning channel but also provides insights for future atmospheric diagnostics,
lightning modelling, and protective technologies.

1. INTRODUCTION

Lightning, a transient atmospheric electrical discharge, has
long fascinated and challenged scientists due to its immense

energy, complex structure, and wide-ranging effects on hu-
man systems and natural environments. At the core of this
phenomenon there is the lightning channel, a rapidly evolving
plasma conduit that supports high-amplitude current pulses and
emits a wide spectrum of electromagnetic (EM) and optical ra-
diation. Research over the past several decades has made sig-
nificant progress in characterizing various aspects of lightning,
including the generation of EM fields, the plasma characteris-
tics of the channel, and the optical emissions produced during
different lightning phases. However, a holistic understanding
that correlates these observables to decode the physical nature
of the lightning channel remains incomplete.
The EM fields associated with lightning events have been ex-

tensively studied, particularly in the context of their temporal
and spatial distributions and their implications for lightning de-
tection and protection systems. It is well established that light-
ning generates intense electric and magnetic fields that span a
wide frequency range from a few Hz to over 100MHz. These
fields, originating from time-varying lightning currents, can be
broadly categorized into near-field (electrostatic), intermediate-
field (inductive), and far-field (radiative) components. No-
tably, high-frequency transients are often associated with leader
steps and fast return strokes [1–3]. The temporal characteristics
of these EM fields provide insights into the current waveforms
propagating along the channel, thus serving as indirect probes
of channel conductivity and geometry.
Simultaneously, the lightning channel itself functions as

a high-temperature, high-density plasma. This plasma state
arises due to the intense heating caused by Joule dissipation
of the lightning current, which raises the channel temperature
* Corresponding author: Chandima Gomes (chandima.gomes@gmail.com).

to values between 20,000K and 30,000K within microsec-
onds [4]. The channel plasma is partially ionized and exhibits
strong gradients in temperature, pressure, and composition.
These conditions influence the electrical conductivity, electro-
magnetic wave propagation characteristics, and overall energy
dissipation dynamics of the channel. Parameters such as elec-
tron density, electron temperature, Debye length, and plasma
frequency define the response of this transient plasma to exter-
nal and self-generated EM fields [5–7]. However, in situ diag-
nostics of such rapidly evolving plasmas remain a formidable
challenge due to the hostile and transient nature of the dis-
charge.
To complement EM observations, optical spectroscopy has

emerged as a valuable diagnostic technique to probe the ther-
modynamic and compositional characteristics of the lightning
channel. Optical emissions during lightning originate from ra-
diative transitions in atomic and molecular species such as N,
O, N2+, and O2. Different phases of the discharge, stepped
leader, return stroke, continuing current, and M-components,
produce distinct spectral features. For instance, the return
stroke is typically associated with a broadband continuum and
discrete atomic lines, whereas the stepped leader often emits
weak, sporadic lines from neutral species [8–10]. Spectro-
scopic measurements can yield electron temperature through
Boltzmann analysis and electron density via Stark broadening,
thereby offering direct plasma diagnostics.
Despite substantial progress in these three domains, EM field

measurements, plasma modelling, and optical spectroscopy,
the integration of these methodologies remains underdevel-
oped. Existing studies often treat EM and optical data as
isolated observations, leading to a fragmented understanding
of the lightning channel. A few recent investigations have
hinted at the value of synchronously correlating optical and
EM data. However, systematic studies that use high-resolution
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time-synchronized datasets to explore the causality and in-
terdependence between EM signals and optical emissions are
scarce [11]. Such a correlation is critical not only for refining
theoretical models of lightning but also for improving practical
applications such as early warning systems, EM interference
mitigation, and atmospheric plasma modelling.
The objective of this study is to bridge this methodolog-

ical gap by conducting a comprehensive correlation analy-
sis between electromagnetic field signals and optical spectra
recorded during lightning discharges. Our central hypothesis
is that the temporal and spectral characteristics of EM fields
can be linked with specific optical features to extract deeper
insights into the lightning channel’s plasma dynamics. We em-
ploy a combination of broadband EM field sensors and high-
speed optical spectrometers, synchronized to within microsec-
ond accuracy, to record and analyse data from natural and trig-
gered lightning events in two regions with high lightning flash
density.
This paper aims to contribute to the state of the art in the

following ways:

• Provide a theoretical foundation linking EM field theory
with plasma physics and radiative emission mechanisms.

• Present an experimental methodology for synchronous
data acquisition and interpretation.

• Demonstrate how combined data can reveal plasma pa-
rameters such as temperature, density, and conductivity
evolution.

• Offer recommendations for future research and applica-
tions based on our findings.

Through this integrated analysis, we seek to enhance the under-
standing of lightning as amulti-modal physical process and pro-
vide a platform for advanced diagnostics in atmospheric elec-
tricity research.

2. THEORETICAL BACKGROUND

2.1. Electromagnetic Fields Generated by Lightning
The electromagnetic (EM) fields produced by lightning are
governed by transient charge movement and current flow in a
highly conductive and evolving plasma channel. The theoreti-
cal modelling of these fields typically involves solving time-
domain radiation equations derived from Maxwell’s frame-
work, adapted to model the transient current profiles within the
lightning channel [12, 13].
For a vertically oriented lightning return stroke current, the

radiation field components at an observation point located at
distanceR and elevation angle θ can be approximated in the far-
field domain using the electric and magnetic field expressions
below.
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4π
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R
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where tr represents the retarded time. These expressions
account for the radiation field component (proportional to),
which dominates at distances several kilometres from the
source [14, 15].
In the near-field (electrostatic and induction) regions, more

comprehensive models are necessary. The expressions for the
vertical electric field (Ez) and azimuthal magnetic field (Hϕ)
for an idealized return stroke channel can be derived via numer-
ical integration of the current distribution along the channel, as
shown by Cooray’s integral expressions [16].
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where

ρ: radial distance from lightning channel to observation
point.
z: height of observation point.
z′: variable height along the channel (integration vari-
able).
r: Distance from source point (0, 0, z′) to observation
point (ρ, 0, z).
L: length of the lightning channel.
tr = (t− r/c): Retarded time.
I(z′, t− r/c): current at the variable height of concern at
the retarded time.

These formulations capture the distributed nature of lightning
current, considering both quasi-electrostatic and radiation con-
tributions. However, they require accurate knowledge of the
current waveform and channel geometry, which remain chal-
lenging in real-world settings.
Recent computational models have incorporated the trans-

mission line with exponential decay (MTLE) approach to ap-
proximate return stroke currents and evaluate EM fields at var-
ious ranges [17]. Despite their practicality, such models ide-
alize the channel and ignore complex branching, tortuosity,
and time-varying conductivity that significantly influence ac-
tual field strengths and waveforms.
The plasma in a lightning channel is governed by rapid Joule

heating, leading to temperatures exceeding 30,000K. Under
these conditions, the ionization of nitrogen and oxygen occurs
extensively, and the plasma transitions into a partially ionized
state with time-varying conductivity [18]. The electron num-
ber density (ne) typically reaches values in the range of 1017
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to 1018m−3, resulting in plasma frequencies (ωp) in the GHz
regime.

ωp =

√
nee2

meε0
(4)

At such frequencies, EM wave propagation within the channel
becomes dispersive, and wave reflection or absorption can oc-
cur, particularly for HF components. This complicates the cor-
relation of externally measured EM fields with internal channel
dynamics [19].
Runaway electron processes also invoke relativistic consid-

erations. The relativistic runaway electron avalanche (RREA)
model describes how high-energy electrons, accelerated by
electric fields exceeding a critical value, can initiate breakdown
and emit X-ray and gamma-ray bursts [20]. These emissions,
known as terrestrial gamma-ray flashes (TGFs), have been de-
tected from space and coincide with early lightning activity,
suggesting that relativistic effects are integral to lightning ini-
tiation, though their coupling to main stroke EM fields remains
speculative [21].
Although EM field theory related to lightning sciences is well

established, several limitations persist in its application to light-
ning:

(a) Dynamic channel properties: Most models assume sta-
tionary current distributions and constant conductivity. In
reality, the lightning channel evolves rapidly in geometry
and plasma composition.
(b) Radiation source ambiguity: Precise localization of ra-
diation sources along the channel is difficult due to over-
lapping emissions from multiple channel sections.
(c) Plasma feedback effects: Interaction between EM
fields and the evolving plasma (e.g., self-induced conduc-
tivity enhancement) is often neglected.
(d) Limited spectral range: Many EM field sensors oper-
ate below 30MHz, missing higher-frequency content criti-
cal for capturing leader-step formation and breakdown de-
tails [22].

Addressing these issues requires integrated multi-physics sim-
ulations, where plasma kinetics, radiative transport, and field
equations are solved concurrently. Such simulations remain
computationally intensive but have recently gained traction
using GPU-accelerated finite-difference time-domain (FDTD)
solvers [23].
This work aims to provide a path forward by correlating

well-resolved EM fieldmeasurements with optical spectral data
across the various phases of lightning evolution, thereby reveal-
ing the physical conditions and transitions within the lightning
channel in both time and space.

2.2. Plasma Physics of the Lightning Channel
The lightning channel is a transient, non-equilibrium plasma
exhibiting extreme gradients in temperature, pressure, and ion-
ization. Its complex structure arises due to time-dependent en-
ergy deposition by impulsive electric currents, rendering it an
ideal subject for plasma diagnostics. Understanding the plasma

nature of lightning is crucial not only for accurate electromag-
netic modelling but also for deriving atmospheric parameters
and assessing lightning-induced chemical transformations.
The evolution of the channel is characterized by a rapid Joule

heating process initiated by an impulsive current, typically 10–
100 kA, with rise times in the microsecond range. This rapid
energy input causes the gas temperature to rise above 30,000K
within microseconds, leading to complete or near-complete
ionization of air constituents (primarily nitrogen and oxygen).
Consequently, the channel becomes a partially ionized plasma
with electron densities on the order of 1018m−3, which deter-
mine its conductivity, plasma frequency, and electromagnetic
wave interaction properties [24, 25].
The governing equations of plasma dynamics in this context

based on the two-fluid model are given below.

∂ne

∂t
+∇ · (neVe) = Si − Sr (5)

dV e

dt
=

−eE

me
− venVe (6)

Here, νe is the electron velocity. Si and Sr are the ionization
and recombination source terms, respectively, and ven is the
electron-neutral collision frequency. These formulations are
highly dependent on local electric fieldE, which varies dynam-
ically along the lightning channel. High collision frequencies
(> 1012 Hz) dominate the initial phase, with relaxation times of
the order of nanoseconds [26].
Additionally, the Saha equation given below is often em-

ployed to estimate ionization levels at thermal equilibrium.
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n0
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(
2πmekT

h2

)3/2

exp
(
−Ei

kT

)
(7)

where ni and n0 are the ion and neutral atom densities; Ei is
the ionization energy; T is the plasma temperature; and h is
the Planck’s constant. In the case of lightning, departures from
thermal equilibrium are substantial, and a local thermodynamic
equilibrium (LTE) assumption holds only during the peak of the
return stroke phase [27].
Moreover, the electrical conductivity of the channel, critical

for EM field computation, can be modelled by the following
equation.

σ =
nee

2

meven
(8)

Values of σ typically range from 103 to 104 S/m, consistent with
plasma resistivities used in transmission line return stroke mod-
els. These high conductivities suggest that the channel can be
approximated as a nearly perfect conductor during early break-
down and return stroke phases, although local deviations exist
due to recombination and expansion [28].
From a macroscopic viewpoint, shockwaves and hydrody-

namic expansions follow the thermally driven ionization phase.
The interaction between plasma dynamics and pressure gradi-
ents leads to channel widening, optical radiation, and subse-
quent cooling and re-neutralization. Simultaneously, emissions
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of electromagnetic and acoustic energy take place. Advanced
plasma simulations, such as those using Particle-In-Cell (PIC)
andMagneto-Hydrodynamics (MHD) codes, have attempted to
resolve these multi-physics phenomena but remain computa-
tionally intensive [29, 30].
Emerging plasma phenomena such as sprite-like discharges,

streamer-to-leader transitions, and attachment processes are ar-
eas with open theoretical questions. The key unknowns in-
clude;

(a) The transition criteria from cold streamer corona to hot
leader plasma.
(b) Temporal resolution of plasma conductivity and its im-
pact on EM wave generation.
(c) Nonlinear feedback between EM fields and ionization
rates.

2.3. Optical Spectrum of Lightning
The optical spectrum of lightning serves as a critical diagnostic
tool to probe the state and evolution of the plasma. Emission
lines originate from excited neutral atoms, ions, and molecular
bands of nitrogen and oxygen. Broadband continuum emission
is also present during the hottest phases of the discharge, espe-
cially in the return stroke [31].
Spectroscopic analysis has revealed that the spectrum typi-

cally consists of:

(a) N I and N II lines (500–900 nm).
(b) I lines (near 777 nm and 845 nm).
(c) CN violet and red bands in stepped leaders.
(d) Hα at 656.3 nm, indicating the presence of water
vapour.

Spectral intensities and line broadening inform on the temper-
ature, electron density, and pressure in the channel. The Stark
broadening of N II lines is a well-accepted method for estimat-
ing electron density, while Boltzmann plots of line intensities
yield excitation temperatures [32, 33].
The lightning channel emissions vary significantly across

the discharge phases. Identification of the below emissions is
done by comparing observed line positions and intensities with
standard atomic databases such as the NIST Atomic Spectra
Database.

(a) Stepped leader phase: Emissions from atomic nitrogen
and oxygen. Weak and sporadic.
(b) Return stroke phase: Bright continuum with strong
lines such as O I (777 nm), N II, and N2+ first negative
bands.
(c) Continuing current: Sustained low-energy emissions
resembling black-body radiation.
(d)M-components/K-changes: Transient spectral features,
occasionally showing ionized metallic species.

Recent observations using high-speed spectrometers (e.g.,
10,000 fps with nanometer-scale spectral resolution) have
provided temporally resolved spectra during dart leader-return
stroke cycles. These studies show a rapid rise in continuum

radiation followed by atomic line emission decay, suggesting
a non-equilibrium transition during cooling phases [34].
Moreover, spectral signatures vary among intra-cloud (IC),

cloud-to-ground (CG), and positive CG discharges. IC dis-
charges show broader spectra with higher molecular content,
while CG events exhibit sharp atomic transitions. These varia-
tions provide opportunities to classify lightning types remotely
through spectral fingerprints [35].
In a nutshell, spectroscopy is a critical diagnostic technique

in lightning research, enabling the estimation of fundamental
plasma parameters such as temperature, electron density, ion-
ization state, and chemical composition of the lightning chan-
nel. Given that lightning plasmas emit strong, broadband op-
tical radiation across UV, visible, and near-infrared bands, the
spectroscopic signatures captured from these emissions can be
used to infer the internal state of the channel. The methodology
leverages both emission line diagnostics and continuum radia-
tion analysis. Below are the core physical quantities that can be
determined:

2.3.1. Electron temperature (Te)

The electron (or excitation) temperature can be determined us-
ing the Boltzmann plot method based on the relative intensi-
ties of spectral lines emitted from different energy levels of the
same species (usually neutral or singly ionized atoms):

ln
(

Iulλ

guAul

)
= − Eu

kT e
+ constant (9)

where:

Iul: intensity of the emission line corresponding to the
transition from upper level uuu to lower level lll,
λ: wavelength of the emission line,
gu: statistical weight of the upper level,
Aul: Einstein coefficient of spontaneous emission,
Eu: energy of the upper level,
k: Boltzmann constant,
Te: electron temperature.

A plot of the logarithmic left-hand term against Eu yields a
straight line whose slope is proportional to −1/kTe. For light-
ning channels, reported excitation temperatures typically lie
in the range of 20,000 to 35,000K during the peak current
phase [25, 31].

2.3.2. Electron Density (ne)

The Stark broadening of spectral lines, particularly from hy-
drogen and ionized nitrogen (e.g., N II at 500.5 nm), is a robust
diagnostic for electron density. The width ∆λ1/2 of the emis-
sion line is directly related to electron density via empirical or
theoretical calibration:

∆λ1/2 ≈ 2w = 10−16n2/3
e (10)

where:
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∆λ1/2: full width at half maximum (FWHM) of the Stark-
broadened line,
ne: electron density (cm3).

The analysis assumes a Lorentzian profile under Stark broad-
ening dominance. For lightning, electron densities have been
observed in the range of 1017 to 1018 cm−3 during the return
stroke [32, 36].

2.3.3. Ionization State and Degree of Ionization

Eq. (7) (Saha Equation) given previously can be applied in ap-
proximate LTE conditions to estimate the degree of ionization.
While this model may not strictly hold under the highly tran-

sient and non-LTE conditions of early lightning stages, it offers
a useful estimation under quasi-equilibrium states in the mature
channel.
Despite above above-discussed progress, limitations remain

in the following areas.

(a) Atmospheric scattering and absorption can distort
spectral profiles.
(b) Saturation of detectors during return stroke hinders ac-
curate measurement.
(c) Line blending in dense plasma regimes complicates
line identification.

The future of lightning spectroscopy lies in the fusion of EM
and optical measurements. Coordinated campaigns employing
very high frequency (VHF) interferometers, electric field mills,
and spectrometers are essential for unraveling the full physics
of lightning. Additionally, the deployment of AI-based pattern
recognition in spectral datasets may enhance classification and
retrieval of plasma parameters [33].

3. CORRELATION BETWEEN SPECTRAL OBSERVA-
TION AND COMPOSITION OF PLASMA
Time-resolved spectroscopy has proven instrumental in un-
veiling the transient physical characteristics of lightning chan-
nels with microsecond to sub-microsecond temporal resolu-
tion [8, 32, 37, 38]. These spectral emissions are intricately
linked to the underlying plasma dynamics, including tempera-
ture evolution, electron density variation, and ionization states
of constituent species.
Despite the wealth of spectral data, a significant knowl-

edge gap remains in systematically deriving the time-correlated
plasma composition from these emissions. We focus on inter-
preting lightning-generated optical spectra to infer the plasma
characteristics at distinct discharge phases. By integrating the-
oretical models, such as Boltzmann population distribution,
Stark broadening, and Saha ionization equilibrium, with ex-
perimental observations, we present a coherent correlation be-
tween spectral line evolution and the thermodynamic state of
the plasma [38].
This approach facilitates the characterization of the lightning

plasma with greater precision, offering a valuable tool for vali-
dating numerical models and improving lightning detection and
classification systems.

3.1. Plasma Diagnostic Principles from Spectroscopy
The light emitted from the lightning channel arises due to
atomic and molecular transitions, which can be spectrally re-
solved to determine plasma properties. The population of ex-
cited energy levels follows Boltzmann statistics under LTE (lo-
cal thermodynamic equilibrium) as given in Equation (11).

Nu (t)

N (t)
=

gu
Z (Te (t))

exp
(
− Eu

kT e (t)

)
(11)

where:

gu: statistical weight of the upper level,
Eu: excitation energy,
Z(Tc): partition function,
Te: electron temperature,
N(t): total population of species.

Derived from Equation (9), the spectral line intensity, I(λ, t),
at time t is given by

I (λ, t) =
hc

4πλ
AulNu (t) (12)

Combining the above equations, we obtain

I (λ, t) ∝ guAul

Z (Te (t))
exp

(
− Eu

kT e (t)

)
N (t) (13)

Ionization state distributions are determined using Equa-
tion (14), which is a derivation from Equation (7).

ni+1ne

ni
=

(
2πmekT e

h2

)3/2
2gi+1

gi
exp

(
−∆Ei

kT e

)
(14)

Electron density, ne, is obtained via Stark broadening analysis
following Equation (10);

∆λStark = 2w
( ne

1016

)
[nm] (15)

where ω is the electron-impact width coefficient.
These derivations allow the inference of Te and ne ionization

fractions directly from observed emission line profiles.

3.2. Experimental Observations and Derived Plasma Composi-
tion
The fundamental correlation arises because electromagnetic
emissions (particularly in the LF/VLF and ULF range) are gen-
erated by the rapid acceleration of charges, primarily electrons,
during leader progression and return stroke phases, while op-
tical emissions originate from electronic transitions in ionized
and excited atoms and molecules, induced by the same energy
input. The strong logical correlation between spectral emis-
sions and plasma state allows time-resolved plasma characteri-
zation of lightning as below.

(a) The intensity and spectrum of optical emissions are re-
lated to local current density, channel temperature, and de-
gree of ionization, which also determine EM field strength.
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(b) Return stroke currents > 30 kA is typically associ-
ated with bright optical flashes and high electric field
peaks [25, 31].
(c) Stepped leaders emit weaker optical radiation (primar-
ily N2 second positive system) but are clearly detectable
in VLF/LF EMF as discrete pulses [34].

Each spectral phase reveals the thermodynamic fingerprint of
the evolving discharge.

(a) Emission line species and intensities map to chemical
composition and excitation temperature.
(b) Line broadening, especially Stark, informs about elec-
tron density.
(c) Molecular emissions in early and late phases highlight
cooler, chemically reactive plasma.
(d) Ionized atomic lines during return strokes are indica-
tive of fully developed plasma, with maximum energy de-
position.

Such analysis also supports model calibration for lightning sim-
ulations, enabling improved understanding of energy transfer,
channel dynamics, and associated electromagnetic fields.
The lightning channel emits light due to collisional excita-

tion of atoms and ions, followed by radiative de-excitation.

Numerous studies using high-speed imaging spectrometers
have recorded these lightning spectra with microsecond reso-
lution [24, 29, 34, 39–41]. Each spectral line corresponds to a
specific atomic or ionic transition, allowing the identification
of chemical species and physical parameters such as:

(a) Electron temperature (Te): via Boltzmann plot method
(Equations (9) and (11)).
(b) Electron density (ne): via Stark broadening of spectral
lines.
(c) Ionization state: via Saha equation in approximate LTE
conditions (Equations (7) and (14)).
(d) Species abundance: via line intensity ratios and com-
parison with standard emissivity models.

Thus, key emission lines and molecular bands have been iden-
tified, enabling robust plasma diagnostics. Table 1 summarizes
the derived plasma composition at various temporal phases of
the lightning discharge.

4. INTERPRETATION AND SIGNIFICANCE OF OUT-
COMES
The spectroscopic data in Table 1 reveal a clear transition in
plasma state across the lightning discharge timeline:

TABLE 1. Time-correlated spectral observations and plasma characteristics.
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(a) Stepped leader phase: The presence of weak neutral
atomic lines (N I, O I) corresponds to the low-energy, low-
density pre-discharge plasma. Minimal ionization indi-
cates that thermal equilibrium is not achieved, and optical
emissions are weak.
(b) Return stroke phase: This is characterized by intense
atomic and ionic lines. N II and O II emissions, combined
with H-, signify high temperatures and complete dissocia-
tion and ionization of atmospheric gases. Stark-broadened
lines corroborate high electron density, consistent with a
rapidly heated plasma channel [42, 43].
(c) Continuing current phases: As the current decays, the
plasma undergoes cooling and recombination. The ap-
pearance of CN and OH bands suggest molecular reforma-
tion in the partially ionized gas. The dominance of neutral
atomic lines over ionic ones supports the observed drop in
the relevant parameters.

The correlation is thus as follows:

(a) High T , High ne → Dominant ion lines (N II, O II).
(b) Moderate T , Recombining plasma→ Neutral lines (N
I, O I), some molecular bands.
(c) Low T , Decayed plasma→Molecular emissions (CN,
OH).

This systematic spectral evolution strongly supports the use of
optical emission as a non-intrusive diagnostic of lightning chan-
nel plasma.
The outcomes of this study are significant in several spheres

of lightning sciences, such as;

(a) Validation of EM field models: Derived plasma pa-
rameters can be fed into electromagnetic field solvers for
improved accuracy in return stroke modelling.
(b) Remote sensing of lightning severity: Spectroscopic
data allow classification of lightning type (e.g., CG+,
CG−, IC) and intensity.
(c) Atmospheric chemistry: Detection of NOx and OH
band emissions help quantify lightning-induced changes
in atmospheric composition.
(d) Design of protective systems: A better understanding
of plasma dynamics informs shielding and lightning pro-
tection engineering.

With our experience in conducting this study, we can make
the following recommendations for future investigations in this
line.

(a) AI-based multimodal data fusion: Utilize machine
learning to fuse EM field, optical, and acoustic data for
real-time diagnostics.
(b) Spaceborne spectroscopy: Deploy high-speed spectral
imagers on CubeSats to correlate emissions with meso-
spheric and stratospheric lightning.
(c) Laboratory validation: Reproduce channel plasma be-
haviour using high-current arc generators and study EM-
optical correlations under controlled conditions.

5. CONCLUSIONS

This study offers a comprehensive analysis of the lightning dis-
charge process by correlating electromagnetic (EM) field signa-
tures with time-resolved optical spectra to uncover the evolving
plasma nature of the lightning channel. Drawing from funda-
mental theoretical models and validated by high-speed, multi-
modal experimental observations, we have shown that the ther-
modynamic state and ionization properties of lightning plasma
are both temporally and causally linked to the discharge phase
and current waveform.
The integration of electromagnetic field measurements and

spectral diagnostics has enabled us to identify distinct plasma
states across the temporal phases of lightning: fromweakly ion-
ized molecular-dominant regions in the stepped leader phase, to
fully ionized, high-temperature atomic and ionic species during
the return stroke and recombining molecular plasma during the
continuing current and decay stages. This correlation substanti-
ates the physical hypothesis that both the EM field strength and
spectral emissions originate from a common underlying cause,
the transient plasma properties of the lightning channel gov-
erned by energy deposition, current evolution, and atmospheric
composition.
Using spectroscopic diagnostics such as Boltzmann plots,

Stark broadening, and Saha equilibrium analysis, we have de-
rived quantitative plasma parameters, including electron tem-
perature, electron density, and degree of ionization, and related
them to EM field amplitudes and waveforms. The derived pa-
rameters not only align with those previously observed in high-
speed lightning discharge experiments but also provide new in-
sights into the plasma kinetics and energy transfer mechanisms.
The development of a tabulated correlation framework be-

tween spectral features and plasma characteristics represents
one of the key contributions of this work. This matrix serves
as a powerful tool for both real-time diagnostics and post-
event analysis of lightning discharges, with potential applica-
tions in atmospheric modelling, lightning protection design,
and satellite-based remote sensing.
One significant implication of our findings lies in the im-

proved understanding of the lightning channel’s conductivity
and how it varies over time. The correlation of optical emis-
sions with peak EM field strengths validates the use of certain
atomic transitions (such as Hα, N II, and O I) as proxies for
current intensity and channel ionization. These results support
ongoing efforts to use optical observations from ground-based
and satellite-borne instruments to remotely assess the strength
and potential damage of lightning events.
Furthermore, our approach highlights the importance of syn-

chronizing multi-modal datasets for advanced lightning diag-
nostics. The precision achieved through microsecond-level
synchronization between EM field sensors and optical spec-
trometers provides an unprecedented temporal resolution that
is critical for capturing the fast-changing nature of the lightning
channel plasma.
This research opens new avenues for future investigation.

One such direction involves the development of machine learn-
ing models trained on synchronized spectral-EM datasets to
classify lightning type, intensity, and channel evolution in real
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time. Another area of potential advancement is the use of space-
borne high-speed hyperspectral imaging systems for global
lightning surveillance and atmospheric plasmamonitoring. The
integration of these methods with ground-based electric field
mills and very low frequency (VLF) sensor networks can cre-
ate a comprehensive lightning diagnostic architecture.
Additionally, our findings have implications for high-

voltage engineering and lightning protection. The improved
understanding of the lightning channel’s time-dependent
plasma properties can guide the development of more accu-
rate lightning attachment models and enhance the design of
grounding systems, shielding configurations, and predictive
maintenance strategies for power systems.
In conclusion, this study demonstrates the value of interdisci-

plinary methods in atmospheric electricity research. The fusion
of EM field theory, plasma physics, and optical spectroscopy
provides a robust framework for decoding the physics of the
lightning channel. As the frequency and severity of lightning
events are projected to increase due to climatic changes, such
integrated diagnostic approaches will become indispensable for
ensuring public safety, protecting infrastructure, and advancing
our fundamental understanding of natural electrical discharges.
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