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Abstract 

In this study, we investigate how lightning-derived electric-field influences nonlinear ex-
citation dynamics in excitable systems. Cloud-to-ground (CG) lightning observations 
from the National Lightning Detection Network (NLDN), including event time, location, 
and peak current, were used to reconstruct realistic lightning-derived electric-field inputs. 
The electric field distribution was estimated from lightning peak current and propagation 
distance using a physical formulation, and discrete lightning events were converted into 
continuous time-dependent forcing signals through Gaussian kernel superposition while 
preserving their spatiotemporal organization. The resulting electric-field signals were 
then applied to the FitzHugh–Nagumo (FHN) model, where biologically inspired excita-
tion dynamics were simulated and analyzed using normalized external inputs. The simu-
lations demonstrate that temporally accumulated lightning-derived forcing induces non-
linear transitions between excitation regimes. Stronger peak-current inputs more readily 
exceed excitation thresholds and produce enhanced responses, including repeated excita-
tion events, whereas weaker inputs generate limited or sub-threshold responses. These 
results show that excitation dynamics depend not only on electric-field amplitude but also 
on the temporal accumulation and organization of lightning activity. Furthermore, a spa-
tially extended reaction–diffusion FHN model demonstrates that lightning-induced elec-
tric-field attenuation coupled with nonlinear dynamics can generate spatially propagating 
excitation structures. This physics-based framework provides a conceptual approach for 
linking naturally occurring electric-field environments with nonlinear excitable-system 
dynamics. Although the present model does not represent direct physiological coupling, 
it provides a foundation for exploring how structured environmental electric fields may 
influence threshold-dependent dynamical responses. 

Keywords: lightning-induced electric field; FitzHugh–Nagumo model; excitable systems; 
nonlinear dynamics 
 

1. Introduction 
Lightning is a global atmospheric electrical phenomenon associated with intense 

charge separation in convective storm systems. Although cloud-to-ground (CG) lightning 
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occurs over both land and ocean, its overall occurrence frequency is generally higher over 
land than over oceanic regions [1,2]. In contrast, oceanic lightning has been reported to 
exhibit a higher proportion of high peak-current events compared with land-based light-
ning [3]. Moreover, the high electrical conductivity of seawater reduces electromagnetic 
attenuation, potentially enhancing field propagation in coastal environments [4]. These 
characteristics suggest that lightning occurring over or near ocean surfaces may have 
greater potential to contribute to extreme transient electromagnetic forcing in coastal re-
gions, despite a lower total flash rate. Lightning generates transient electric fields whose 
magnitude depends on peak current, return-stroke dynamics, and propagation distance 
[5,6]. Previous studies have mainly focused on macroscopic effects such as electrical dam-
age, electromagnetic interference, and atmospheric ionization [6,7]. However, the re-
sponse of nonlinear excitable systems to weak and temporally structured environmental 
electric fields remains insufficiently understood. 

Excitable systems exhibit all-or-none responses, refractory behavior, and wave prop-
agation, and are widely observed in neuroscience, chemistry, and plasma physics. A ca-
nonical minimal model describing such behavior is the FitzHugh–Nagumo (FHN) system, 
originally developed as a reduction in the Hodgkin–Huxley (HH) model [7,8]. The FHN 
model captures essential threshold excitability using only two variables while preserving 
spike generation and recovery dynamics. A key advantage of this formulation is that it 
reproduces qualitative excitability without requiring detailed conductance-based param-
eterization or empirical scaling, making it suitable for systems driven by highly variable 
external inputs. In addition, its low-dimensional phase-space structure enables robust 
analysis of weak, transient, and spatially distributed forcing [9,10,11]. A major challenge 
in connecting atmospheric electric fields to excitable dynamics is the large separation of 
spatial and temporal scales. Therefore, lightning-derived signals are transformed into nor-
malized external inputs that preserve their temporal structure, allowing us to focus on 
dynamical excitation mechanisms rather than detailed biophysical coupling. 

Motivated by these considerations, this study employs the FHN model as a canonical 
excitable system to investigate how temporally and spatially structured lightning-derived 
forcing influences nonlinear excitation dynamics. While the primary focus is on lightning-
induced environmental forcing, the framework also provides a general basis for analyzing 
threshold-based responses in excitable systems as a conceptual extension. 

2. Materials and Methods 
2.1. Lightning Data Analysis 

Lightning data, including occurrence time, geographic location (latitude and longi-
tude), and peak current values, were obtained from the NLDN, which provides location 
and peak-current information for cloud-to-ground lightning flashes throughout the 
United States [12]. Previous studies have demonstrated the reliability and performance of 
the NLDN for quantitative lightning analyses [13,14]. The lightning image was acquired 
using an iPhone 14 Pro camera (Apple, Orland park, Illinois, USA) MATLAB (v2025) was 
used to process the lightning dataset, calculate lightning-derived electric fields, construct 
time-dependent external forcing signals, and perform numerical simulations of nonlinear 
excitation dynamics using the FHN model. The electric field, 𝐸ሺ𝑟ሻ, expressed in V/m, at a 
distance r from the lightning discharge was calculated as [15–17]: 𝐸ሺ𝑟ሻ = 𝐼peak𝑣2𝜋𝜀଴𝑐ଶ 1𝑟 , (1)

where 𝐼୮ୣୟ୩ denotes the peak current (kA), 𝑣 is the return-stroke velocity (1 × 10଼ m/s), 𝜀଴  is the permittivity of free space ( 8.85 × 10ିଵଶ F/m ), and 𝑐  is the speed of light 
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(3.0 × 10଼ m/s). The spatial distribution of the electric field was evaluated over distances 
ranging from 0.1 to 10 km from the discharge channel. 

2.2. Construction of Lightning-Derived External Forcing 

The time-dependent lightning-derived electric field, 𝐸(𝑟, 𝑡), was constructed using 
Gaussian temporal kernel superposition [18,19]: 𝐸(𝑟, 𝑡) = ∑ 𝐸௜௜ (𝑟)𝐺(𝑡 − 𝑡௜), (2) 

where 𝐸௜(𝑟) represents the electric-field contribution from the 𝑖-th lightning event. Since 
the NLDN dataset contains multiple lightning events with different peak currents and 
occurrence times, each event was treated individually, and the index 𝑖 denotes a single 
lightning event. The function 𝐺(𝑡 − 𝑡௜) represents the temporal influence of each light-
ning event and is defined as: 𝐺(𝑡 − 𝑡௜) = exp ቈ− (𝑡−𝑡௜)ଶ2𝜎௧ଶ ቉ , (3) 

where 𝑡௜ is the occurrence time of the 𝑖-th lightning event and 𝜎௧ controls the temporal 
width of the stimulus. This formulation converts discrete lightning events into a continu-
ous external forcing function, enabling the representation of temporally accumulated 
lightning activity. Gaussian kernel superposition is employed to transform discrete light-
ning events into a continuous forcing function while preserving the original temporal 
structure of the event sequence. This approach provides a smooth and physically con-
sistent representation of temporally distributed impulses and avoids artificial discontinu-
ities that may distort nonlinear dynamical responses. It also enables constructive overlap 
of temporally adjacent events, allowing the system to capture clustering-induced accumu-
lation effects in a controlled manner. 

2.3. FHN Model with Lightning-Derived Forcing 

The nonlinear response of an excitable system to lightning-derived external forcing 
was modeled using the FHN equations [7–10]. The external input, 𝐼௘௫௧(𝑡), was first de-
fined as a normalized forcing function derived from the lightning-induced electric field: 𝐼௘௫௧(𝑡) = 𝑠 ∙ 𝐸ത(𝑡), (4) 

where 𝐸ത(𝑡)  represents the normalized (dimensionless) envelope of 𝐸(𝑡) , where 𝐸(𝑡) 
denotes the temporally accumulated lightning-derived electric field, and 𝑠 is a dimen-
sionless scaling parameter used only to adjust relative excitation strength within the dy-
namical system (not to perform any physiological or unit-based conversion). The scaling 
factor is introduced to systematically vary the input amplitude while preserving the iden-
tical temporal structure of 𝐸(𝑡). This allows separation of temporal effects (event cluster-
ing and ordering) from amplitude effects (intensity of forcing), enabling identification of 
whether nonlinear excitation dynamics are governed primarily by time-structure depend-
ence or intensity-dependent threshold crossing behavior. The dynamics of the excitable 
system are governed by the FHN equations: 𝑑𝑣/𝑑𝑡 = 𝑣 − 𝑣ଷ/3 − 𝑤 + 𝐼௘௫௧(𝑡), (5) 

𝑑𝑤/𝑑𝑡 = 𝜖(𝑣 + 𝑎 − 𝑏𝑤), (6) 

where 𝑣 is the fast excitation variable and 𝑤 is the recovery variable. The parameters 𝑎, 𝑏, and 𝜖 determine the excitability regime of the system. The model parameters were set 
as 𝑎 = 0.7, 𝑏 = 0.8, and 𝜖 = 0.08. These values place the system in an excitable regime, 
allowing threshold-dependent nonlinear responses to transient external forcing. 
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Importantly, 𝐼 ୶୲(𝑡) does not represent a physically measured membrane current or a di-
rect conversion from atmospheric electric field units. Instead, it is a normalized external 
excitation term used to preserve the temporal structure of lightning activity within a low-
dimensional dynamical system framework. This formulation enables the investigation of 
nonlinear excitability under temporally structured forcing, including clustered and sto-
chastic-like lightning activity. It is important to note that temporal shifts observed be-
tween the external forcing 𝐸(𝑡) and the response variable 𝑣(𝑡) do not represent a phys-
ical propagation delay of atmospheric signals. Instead, they arise from the intrinsic dy-
namics of the FHN system, including nonlinear integration of past inputs and recovery 
(refractory) processes governing re-excitability. 

2.4. Numerical Implementation and Response Analysis 

The coupled FHN system was integrated using a fourth-order Runge–Kutta method 
with a time step of 𝛥𝑡 =  0.01 𝑠, which is sufficiently small to resolve both the external 
forcing and the intrinsic system dynamics. Simulations were performed over the full du-
ration of the lightning-derived input signal. The system was initialized at the resting state 𝑣(0) = 0, 𝑤(0) = 0, and parameter values were selected within the excitable regime to 
ensure threshold-dependent responses under external forcing. It should be noted that the 
time unit used in the present model is normalized and does not directly correspond to the 
physical microsecond-scale rise time of lightning return strokes. The aim is to preserve 
the relative temporal organization of lightning events rather than to reproduce absolute 
physical timescales. To characterize the system response, we computed the peak excita-
tion max 𝑣(𝑡), an energy-like measure ∫ 𝑣(𝑡)ଶ𝑑𝑡, and the number of spike events based 
on threshold crossings. This modeling framework provides a qualitative representation 
of how temporally structured lightning-derived forcing influences excitable system dy-
namics. The goal is not to reproduce detailed physiological or atmospheric microphysics, 
but to identify generic nonlinear response regimes emerging from the interaction between 
external forcing and intrinsic excitability. 

2.5. Spatially Extended Reaction–Diffusion FHN Model 

The spatial structure of the forcing was defined as: 𝐼௘௫௧(𝑟, 𝑡) = 𝑠 ∙ 𝐸(𝑡)𝐸௠௔௫ ∙ 𝐸(𝑟), (7) 

where 𝐸(𝑡) represents the temporally accumulated lightning-derived electric field that 
provides the temporal forcing, and 𝐸(𝑟) describes the spatial attenuation of the electric 
field. To investigate spatial propagation of excitation, the FHN model was extended to a 
reaction–diffusion system: 𝜕𝑣/𝜕𝑡 = 𝑣 − 𝑣ଷ/3 −𝑤 + 𝐼௘௫௧(𝑟, 𝑡) +  𝐷∇ଶ𝑣, (8) 

where 𝐷 = 0.15  is the diffusion coefficient. The recovery variable 𝑤  follows the FHN 
kinetics defined in Equation (6). 

3. Results 
3.1. Spatiotemporal Distribution of Lightning Events 

A lightning flash was recorded using a smartphone camera at latitude 26.48° N and 
longitude 81.95° W on 22 June 2025, at 21:11 UTC. The observation site is located near the 
coastline, enabling comparison between lightning activity over land and oceanic regions. 
Figure 1a shows a frame extracted from the recorded lightning video. Based on the ob-
served timing and azimuthal direction, the corresponding lightning event was identified 
using NLDN data. The lightning event corresponding to the recorded flash was identified 
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as a CG flash with a peak current of 65 kA. Figure 1b presents the locations of CG flashes 
reported by NLDN within a ±30 min window of the observed flash (20:41–21:41 UTC) and 
within the region 26.2–26.8° N and 81.5–82.3° W. The camera was located at 26.48° N, 
81.95° W, indicated by a diamond marker. A white circle denotes a 10 km radius centered 
at the camera location. Each lightning event is color-coded according to its occurrence 
time within 10 min intervals over the time window. Lightning activity is continuously 
distributed over both land and ocean regions, with events occurring across multiple loca-
tions throughout the observation period. In particular, the spatial distribution indicates 
that lightning activity is not confined to either land or ocean regions; however, it exhibits 
a mixed spatial structure in the coastal environment, where both types of discharges co-
exist within a short spatial scale. This mixed distribution provides a natural observational 
basis for comparing land- and ocean-influenced lightning characteristics under similar at-
mospheric conditions. Overall, the observed lightning activity exhibits both temporal 
clustering and spatial dispersion within the selected spatiotemporal window, suggesting 
that the system is not composed of isolated events but instead shows an inherently orga-
nized spatiotemporal structure. 

 

Figure 1. (a) The captured CG lightning occurring on June 22, 2025, at 21:11 UTC; (b) Locations of 
CG flashes reported by the NLDN on 22 June 2025 from 20:41:00 UTC to 21:41:00 UTC within the 
region bounded by 26.2–26.8° N and 81.5–82.3° W. The camera was located at 26.48° N, 81.95° W, 
represented by a white diamond in the figure. A white circle indicates a 10 km radius centered at 
the camera location. This coastal observation site enables direct comparison of land and ocean light-
ning activity under the same meteorological system. 

3.2. Peak Current Statistics 

Figure 2a presents the locations of CG flashes reported by NLDN within a ±30 min 
window of the observed flash (20:41–22:41 UTC) and within the region 26.2–26.8° N and 
81.5–82.3° W. Figure 2a corresponds to the same spatial and temporal window as Figure 
1a, with color coding representing peak current magnitude instead of time. Each lightning 
event is color-coded according to peak current magnitude: less than 50 kA, 50–100 kA, 
100–200 kA, and exceeding 200 kA. As shown in Figure 2a, higher peak current events 
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tend to occur more frequently over the oceanic region than over land. This tendency is 
consistent with previous studies reporting enhanced occurrence of high-current lightning 
over ocean regions [2–4]. This spatial tendency suggests that ocean-influenced lightning 
may contribute disproportionately to extreme electric-field forcing events despite lower 
overall flash density compared with land regions. 

Figure 2b presents a histogram of peak current values for CG flashes within the same 
spatial and temporal window as shown in Figure 2a. The peak current ranges from 1.0 kA 
to 248 kA, with a median value of 17 kA. This statistical distribution provides the basis for 
selecting representative amplitude levels used in the subsequent electric field calculations 
and nonlinear excitation simulations. 

 

Figure 2. (a) Locations of CG flashes reported by the NLDN on 22 June 2025 from 20:41:00 UTC to 
21:41:00 UTC within the region bounded by 26.2–26.8° N and 81.5–82.3° W. The camera was located 
at 26.48° N, 81.95° W, represented by a white diamond in the figure. A white circle indicates a 10 
km radius centered at the camera location. Colored dots indicate the peak current ranges of the CG 
flashes; (b) Histogram of peak current values of CG flashes occurring within the same spatial region 
and time window as in (a). 

3.3. Electric Field at Distance 

The electric fields generated by CG lightning were calculated using Equation (1) in 
Section 2.2. Based on the results in Sections 3.1 and 3.2, five representative peak-current 
values (17, 30, 65, 85, and 248 kA) were selected to capture both statistical variability and 
observed extreme events. Section 3.1 reports a directly observed CG lightning event rec-
orded on video with a reconstructed peak current of 65 kA. A temporally close but spa-
tially distinct flash within the same offshore storm system exhibited 85 kA, representing 
a high-intensity observed event. Section 3.2 shows that the dataset has a median value of 
17 kA and a maximum value of 248 kA, while 30 kA is commonly used as a standard CG 
peak current in previous studies [5,6]. Accordingly, the selected values represent distinct 
regimes: 17 kA as a median weak-to-moderate event, 30 kA as a literature-based reference, 
65 kA and 85 kA as observed high-intensity events, and 248 kA as an extreme case. As 
shown in Figure 3, the electric field profiles associated with all peak-current cases exhibit 
rapid spatial attenuation and effectively converge within approximately 10 km from the 
discharge channel. Beyond this distance, the field strength becomes negligibly small for 
the present modeling framework. Based on this physically constrained spatial decay, the 
subsequent analysis is therefore restricted to lightning events occurring within a 10 km 
radius from the observation point. These spatial electric-field profiles are used as external 
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forcing in the subsequent FHN-based excitable system analysis, linking observed light-
ning characteristics to nonlinear excitation dynamics. 

 

Figure 3. Electric field produced by the lightning peak current of 17 kA, 30 kA, 65 kA, 85 kA, and 
248 kA, respectively, at distances within 10 km. 

3.4. Temporal Accumulation of Lightning-Derived Forcing and Nonlinear Excitation Response 

To investigate the effect of temporal lightning clustering on nonlinear excitability, 
discrete NLDN lightning events were converted into a continuous external forcing func-
tion using Gaussian kernel superposition. To quantify the temporal structure of lightning 
activity, we applied a sliding 100 s window to the full 1 h NLDN dataset. The analysis 
shows a pronounced clustering behavior, indicating that lightning events are not uni-
formly distributed in time but instead concentrate within a distinct active period. This 
dominant 100 s window is used as the physically motivated forcing interval in the FHN 
model (Figure 4a). The use of a 100 s window reflects the empirically identified high-den-
sity clustering interval and is intended to isolate the regime in which temporally overlap-
ping events produce significant accumulation effects in the reconstructed forcing. To en-
sure consistency in the analysis of clustered lightning activity, the same 100 s high-density 
interval identified from the sliding-window analysis is used as the representative forcing 
segment for all simulations in this section. As shown in Figure 4a, the resulting E(t) reflects 
the temporal clustering structure of lightning activity, where overlapping events generate 
locally amplified input peaks. While individual lightning discharges contribute isolated 
perturbations, temporally adjacent events lead to constructive overlap of Gaussian kernels, 
producing nonlinearly enhanced forcing periods. As a result, the FHN system exhibits a 
strongly nonlinear response that depends on the temporal organization of the input rather 
than on isolated event amplitudes. The corresponding excitation variable v(t) follows the 
temporal structure of the forcing but exhibits transient suppression due to recovery dy-
namics. It is important to note that temporal differences between E(t) and v(t), including 
delayed or shifted peaks, do not represent a physical propagation delay of atmospheric 
signals. Instead, they reflect the intrinsic dynamics of the FHN system, including nonlin-
ear temporal integration of past inputs and recovery (refractory) processes governing re-
excitability. This indicates that the system acts not as a simple linear responder but as a 
history-dependent nonlinear integrator of temporally clustered inputs. In particular, 
densely clustered lightning periods produce significantly enhanced excitation responses, 
whereas sparsely distributed events result in near-resting behavior, revealing a clear sep-
aration between active and quiescent dynamical states. Importantly, this behavior sug-
gests that the system response is governed by a temporal clustering–induced regime tran-
sition, rather than a simple amplitude-response relationship typically observed in 
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periodically driven excitable systems. This highlights that stochastic-like environmental 
forcing can reorganize excitation dynamics into distinct dynamical states depending on 
clustering density. To further examine intensity effects in a controlled and physically in-
terpretable manner, the same temporally structured forcing was systematically scaled us-
ing five representative peak-current values 17 kA, 30 kA, 65 kA, 85 kA, and 248 kA, se-
lected to span the observed range of NLDN lightning intensities. As shown in Figure 4b, 
increasing peak current results in a monotonic enhancement of both excitation amplitude 
and firing frequency in the FHN system, indicating a robust dependence of system excit-
ability on input magnitude under identical temporal organization. 

In the low-intensity regime 17 kA, 30 kA, and 65 kA, the system consistently exhibits 
only a single excitation event followed by relaxation to a stable resting state. In this regime, 
the second response is strongly suppressed and remains near zero or slightly negative, 
forming an effectively subthreshold trajectory that does not recover sufficient excitability 
to trigger a second firing event. This behavior confirms that the system remains below the 
effective re-excitation threshold during the recovery phase, despite identical temporal 
forcing structure. In contrast, intermediate and high-intensity cases 85 kA and 248 kA ex-
hibit repeated threshold crossings and sustain multiple excitation events. This indicates 
that the external forcing amplitude is sufficiently large to overcome the intrinsic recovery-
induced inhibition of the FHN dynamics. Notably, both 85 kA and 248 kA cases show a 
distinct second excitation peak, demonstrating a reproducible transition from single spike 
to multi-spike firing regimes driven solely by intensity scaling. Importantly, the observed 
transition is not attributable to changes in temporal forcing structure but arises exclusively 
from amplitude modulation of identical Gaussian kernel superpositions. This isolates 
peak current as the governing control parameter for excitability modulation in the system. 
Furthermore, the persistence of suppressed or near-flat responses in low-intensity cases 
and the emergence of recurrent firing in high-intensity cases demonstrate a clear regime 
separation, supporting the interpretation of a threshold-governed nonlinear response ra-
ther than a linear scaling behavior. 

 

Figure 4. (a) Temporally accumulated lightning-derived forcing E(t), generated from the observed 
NLDN lightning event sequence using Gaussian kernel superposition, together with the corre-
sponding FHN excitation variable v(t), both shown in normalized amplitude form. The analysis is 
performed on a representative 100 s high-density lightning interval selected from the full dataset to 
capture the strongest clustering behavior; (b) Simulated FHN excitation responses under a fixed 
temporally clustered lightning-derived forcing E(t), uniformly scaled to represent five representa-
tive peak-current regimes (17, 30, 65, 85, and 248 kA), shown in scaled response form. The temporal 
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structure of the forcing is identical in all cases, allowing evaluation of intensity-dependent nonlinear 
excitation dynamics governed solely by amplitude modulation. 

3.5. Reaction–Diffusion Spatiotemporal Excitation 

The spatiotemporal response of the reaction–diffusion FHN model was analyzed un-
der external forcing derived from lightning electric field distributions associated with 
peak currents. Figure 5 illustrates the spatiotemporal evolution of the normalized excita-
tion variable 𝑣(𝑟, 𝑡), representing its distance–time dynamics under a spatially attenuated 
electric field consistent with lightning discharge physics. For consistency with Section 3.4, 
the same 100 s high-density lightning interval identified from the sliding-window analysis 
is used as the forcing input in the reaction–diffusion simulations. The results indicate that 
excitation is maximized near the source region, where the electric field intensity is highest 
due to the peak lightning current. As distance increases, the excitation amplitude de-
creases monotonically, reflecting the spatial attenuation of the lightning-induced electric 
field. This behavior is consistently represented in the heatmap as a gradual reduction in 
excitation intensity with increasing distance. However, the system response is not purely 
local. The diffusion term introduces spatial coupling between neighboring regions, result-
ing in the formation of a continuous excitation front. This is observed in the heatmap as a 
ridge-like propagation structure, where excitation is first generated near the source and 
subsequently propagates outward with a finite delay. The propagation pattern arises from 
the combined effects of electric-field attenuation, nonlinear reaction dynamics, and diffu-
sion-driven transport. At larger distances, where the electric field falls below the excitation 
threshold, the response becomes significantly weaker and temporally delayed, leading to 
attenuation of the propagating front. In addition, the response near 𝑟 = 0 remains lim-
ited despite the highest local forcing intensity. This is attributed to the intrinsic nonlinear 
saturation and recovery dynamics of the FHN system, governed by the cubic nonlinearity 
and recovery variable. As a result, the system operates in a subthreshold nonlinear regime 
in which the excitation amplitude remains bounded below unity. 

Overall, these results demonstrate that the spatiotemporal excitation structure 
emerges from the interaction between lightning-induced electric field attenuation, diffu-
sion-mediated spatial coupling, and intrinsic nonlinear recovery dynamics of the FHN 
model. 

 

Figure 5. Spatiotemporal excitation dynamics of the reaction–diffusion FHN model driven by light-
ning-derived external forcing. The color map represents the normalized excitation variable v(r,t) as 
a function of distance and time. The results show strong excitation near the source region, systematic 
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attenuation with distance, and the emergence of a diffusion-driven propagating excitation front 
ridge structure extending outward over time. 

4. Discussion 
This study examines lightning activity as a temporally and spatially structured 

source of electric field forcing acting on nonlinear excitable dynamics. Rather than treating 
lightning as a collection of independent stochastic events, the present framework shows 
that its spatiotemporal organization can be represented as continuous external forcing 
with embedded correlations in both time and space. This provides a physically grounded 
representation of lightning activity as an input capable of influencing threshold-depend-
ent dynamics in excitable systems. Using the NLDN dataset, we reconstructed electric-
field forcing functions that preserve the temporal sequence, spatial distribution, and peak-
current variability of cloud-to-ground lightning events. The analysis reveals pronounced 
clustering and spatial heterogeneity, with higher peak-current events preferentially oc-
curring over oceanic regions. These results indicate that atmospheric electric environ-
ments inherently contain structured variability, suggesting that lightning-derived forcing 
can be interpreted as a continuous field with both temporal and spatial organization. Sim-
ulation results show that excitation behavior depends not only on instantaneous input 
amplitude but also on temporal structure. In particular, temporally clustered lightning 
events generate cumulative effects that drive nonlinear transitions across excitation 
thresholds, indicating that system response reflects integration over input history. This 
introduces history-dependent dynamics into the excitable system. Reaction–diffusion 
analysis further demonstrates that spatial gradients in electric-field input interact with 
nonlinear reaction kinetics to produce propagating excitation structures. The FHN model 
was selected because it captures the essential properties of excitable media, including 
threshold behavior, refractoriness, and recovery, within a minimal mathematical frame-
work [7–9]. In this formulation, lightning-derived electric fields are treated as normalized 
external perturbations, enabling the study of general nonlinear response mechanisms in-
dependent of system-specific details. These findings suggest that natural atmospheric 
electric environments can act as structured external inputs that shape excitation dynamics 
through amplitude modulation, temporal accumulation, and spatial attenuation. 

Peripheral nociceptive systems such as dental pulp provide a representative example 
of biologically excitable media characterized by strong threshold dependence and tem-
poral integration. In particular, dental pulp C-fibers exhibit threshold-dependent activa-
tion and temporal summation properties, slow conduction properties, and pronounced 
temporal summation, making them sensitive to weak but temporally structured stimuli 
[20,21]. Under inflammatory conditions, excitability is further enhanced through chemical 
mediators and cytokine-related modulation [22,23], while tetrodotoxin-resistant sodium 
channels (Nav1.8 and Nav1.9) contribute to persistent excitability and altered threshold 
dynamics [24,25]. These properties are consistent with systems in which temporally accu-
mulated inputs modulate excitability through history-dependent integration. Dental pulp 
inflammation involves complex neuroimmune interactions that lead to peripheral sensi-
tization and altered nociceptor function [26,27]. However, it is essential to clearly define 
the scope of this comparison. The present model does not include ion-channel kinetics, 
intracellular biochemical signaling, membrane biophysics, or tissue-specific anatomical 
structure. Moreover, no quantitative correspondence is established between the FHN 
framework and experimentally measured dental pulp electrophysiological responses; 
therefore, no physiological prediction should be inferred. Accordingly, dental pulp noci-
ception is discussed strictly as a qualitative structural analogy rather than a biophysically 
grounded representation of pain physiology. The inclusion of dental pulp C-fiber dynam-
ics is motivated by their role as a canonical example of highly sensitive excitable media 
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exhibiting threshold-dependent firing and history-dependent integration, rather than im-
plying any mechanistic link to atmospheric electric phenomena. Their nonlinear response 
properties provide a conceptual reference for interpreting how temporally structured ex-
ternal forcing can reorganize excitation dynamics in generic nonlinear systems. From a 
modeling perspective, the present framework is intentionally abstract and is not designed 
to reproduce biological time scales, spatial scales, or physiological current magnitudes. 
Therefore, any correspondence between lightning-derived forcing and nociceptive dy-
namics should be interpreted as a qualitative analogy of dynamical structure rather than 
a quantitative mapping between systems. 

Future work may incorporate more detailed electrodynamic coupling, spatial heter-
ogeneity, and adaptive threshold mechanisms, enabling potential multiscale comparisons 
across atmospheric and biological excitable media. However, such extensions would re-
quire explicit biophysical modeling beyond the scope of the present minimal framework. 
From a broader perspective, these results suggest that lightning-generated electric-field 
environments act as structured dynamical inputs that influence nonlinear excitation be-
havior through the combined effects of spatial organization, temporal accumulation, and 
amplitude variability. 

5. Conclusions 
In this study, we developed a lightning-driven FHN framework to investigate how 

physically derived lightning-electric-field inputs influence nonlinear excitation dynamics. 
CG lightning flash data obtained from the NLDN, including actual event time, geographic 
location, and peak current values, were used to construct external forcing signals with 
preserved temporal and spatial characteristics of lightning activity. The results demon-
strate that lightning-derived electric field can generate distinct excitation responses de-
pending on the combination of input intensity and temporal organization. By incorporat-
ing lightning-event accumulation through Gaussian kernel superposition, the model re-
vealed that clustered lightning activity can produce nonlinear transitions in excitation be-
havior that are not predicted by isolated-event analysis. The use of representative peak-
current values of 17 kA, 30 kA, 65 kA, 85 kA, and 248 kA further demonstrated different 
response regimes associated with variations in lightning intensity. Furthermore, the reac-
tion–diffusion analysis demonstrated that lightning-derived external forcing, represented 
by the calculated electric-field input, can generate spatially structured excitation patterns 
through the interaction between spatial electric-field variation and nonlinear system dy-
namics. Overall, this study provides a general modeling framework for examining non-
linear responses of excitable systems under complex external forcing. The approach may 
be extended in future studies by incorporating additional atmospheric and environmental 
parameters to further investigate the relationship between lightning activity and nonlin-
ear response dynamics. 
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