
1. Introduction
The concept of terrestrial lightning discharge as a loss mechanism for energetic electrons in the Van Allen 
radiation belts was first speculated by Dungey (1963), and later confirmed by direct measurements from 
the S81-1 (SEEP) satellite (Voss et al., 1984, 1998). This phenomenon is referred to as Lightning-induced 
Electron Precipitation (LEP), in which the Very-Low-Frequency (VLF, 3–30 kiloHertz, kHz) waves emitted 
from a lightning discharge propagate in the whistler mode through the Earth's magnetosphere, scatter en-
ergetic electrons into lower mirroring altitudes in the radiation belts, and ultimately cause the precipitation 
of some trapped electrons into the upper atmosphere. As a strong coupling between the Earth's atmosphere 
and magnetosphere, LEP has been the main focus of various observational studies (e.g., Clilverd et al., 2002; 
Inan et al., 2010; Peter & Inan, 2007; Rodger, 2003) in the past few decades. Even long before the first space-
craft measurements, LEP has been investigated using radio measurements (Helliwell et al., 1973; Lohrey 
& Kaiser, 1979; Rycroft, 1973). The most effective approach of LEP observation is via the indirect measure-
ments of ionospheric electron density enhancements using subionospheric VLF remote sensing. VLF waves 
radiated from the Naval transmitters are well trapped within the waveguide formed between the ground and 
the sharp boundary in the lower ionosphere, and thus particularly sensitive to the electron density in the 
D-region ionosphere (60–90 km), a region that is frequently bombarded by LEP fluxes.

A major goal of previous and ongoing VLF observations is to estimate the size, fluxes, and spectra of LEP 
events, and thereby quantify the effects of terrestrial lightning on the radiation belt fluxes. Many of the 
pioneer works have been carried out by Inan et al. (1985); Inan and Carpenter (1986, 1987). The authors 
revealed that the phase and amplitude perturbations of VLF signals associated with LEP events (histori-
cally known as Trimpi events [Helliwell et al., 1973]), in most cases, can be explained using a whistler-in-
duced precipitation flux ranging from 410  to 210  erg/ 2cm /s. Using simultaneous measurements from mul-
tiple ground receivers, the size of LEP events has been estimated, by Johnson et al.  (1999) and Clilverd 
et al. (2002), to be as large as one thousand kilometers overhead the causative lightning discharge. Clilverd 
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et al. (2004) have further studied the relationship between VLF pertur-
bations and the peak current of the source lightning flashes, and pointed 
out that the amplitude change of typical Trimpi events is consistent with 
lightning peak currents of 70–250 kA. Rodger et al. (2005) have estimated 
the energy deposition via the LEP process into the middle atmosphere; a 
mean rate of energy deposition at L = 1.9–3.5 was found to be 3  410  
erg/ 2cm /min, with highs of 6  310  ergs/ 2cm /min above North America. 
Studies using the Holographic Array for Ionospheric/Lightning Research 
(HAIL) found that, for a 100-kA lightning discharge, the peak flux of pre-
cipitation electrons is on the order of 210  ergs/ 2cm /s (Peter & Inan, 2007). 
In general, the spatial scale of LEP ranges from several hundreds to one 
thousand kilometers, covering several degrees in latitude/longitude (e.g., 
Clilverd et  al.,  2002). As derived from ground VLF measurements, the 
displacement with respect to the lightning source is largely controlled 
by the geomagnetic field line, but primarily poleward shifted (e.g., Peter 
& Inan, 2007). Lightning-generated whistler waves can lead to precipita-
tion of energetic electron from both the inner and outer radiation belts: 
LEP events have been found to play a significant role in electron losses 
in the inner radiation belt (e.g., Bortnik et al., 2006a, 2006b; Claudepierre 
et al., 2020a, 2020b); LEP can also lead to electron losses from the outer 
radiation belt, for example, Trimpi events (Helliwell et al., 1973).

Due to the indirect relationship between VLF perturbations and the underlying D-region electron density 
variation, quantification of LEP fluxes using VLF measurements is by nature a nonlinear problem (Mar-
shall, Xu, Kero, et al., 2019). The amplitude and phase changes of transmitter VLF signals are controlled not 
solely by the electron density enhancement, but also by the geometry of the transmitter-receiver path, the 
ambient ionosphere along the path (e.g., Xu et al., 2019), and the collision frequency profile driven by the 
background atmosphere (Marshall, 2012). As such, the LEP fluxes as inversely derived from VLF measure-
ments are inherently ambiguous, with large uncertainties in the energy spectrum in particular. Besides VLF 
technique, LEP fluxes have been directly measured by in situ particle instruments, for example, the Solar 
Anomalous and Magnetospheric Particle Explorer (SAMPEX) (Blake et al., 2001) and the Detection of Elec-
tro-Magnetic Emissions Transmitted from Earthquake Regions (DEMETER) satellite (Inan et  al.,  2007). 
However, nearly all existing space-borne instruments can only resolve part of the loss cone angle (Marshall 
et al., 2020) and these measurements only provide a coarse estimate of the true precipitating flux.

Regardless of the specific causes, energetic electron precipitation (EEP) into the Earth's atmosphere, in 
general, has a significant influence on the ozone concentration in the upper atmosphere (e.g., Ran-
dall et  al.,  2007; Sinnhuber et  al.,  2012; Thorne,  1980) through the catalytic cycles of odd nitrogen 
( xNO  = [N] + [NO] + [ 2NO ]) (Rusch et al., 1981) and odd hydrogen ([ xHO ] = [H] + [OH] + [ 2HO ]) (Sol-
omon et al., 1981). Using 60 major EEP events measured during the solar cycle 23, Andersson, Verronen, 
Rodger, Clilverd, and Seppälä (2014) revealed that EEP strongly affects the ozone concentration and can 
cause up to 90% depletion at altitudes of 60–80 km. Turunen et al. (2016) have studied the chemical changes 
during a pulsating aurora event on November 17, 2012, and found a maximum reduction of 14% in ozone 
concentration at 75 km altitude. As for the chemical effects of LEP, Rodger et al. (2007) have performed de-
tailed atmospheric chemistry simulations using the mean LEP energy flux reported in Rodger et al. (2005), 
but rescaled using the Trimpi events observed at Faraday station, Antarctica (65.25S, 64.27W, L = 2.45) 
on April 14, 1994. The maximum changes in xNO  and xHO  concentration were found to be 0 1. % around 
80 km altitude, with a reduction of odd oxygen concentration by less than 0.1%, and thus the atmospheric 
chemistry effects were concluded to be insignificant (Rodger et al., 2007).

However, there exist large variations in the precipitation flux, ionization production, and occurrence rate 
of LEP events depending on the peak current of the parent lightning discharge, as well as the season, loca-
tion, and intensity of thunderstorm activity (Sousa, 2018). For example, Figure 1 shows the comparison of 
ionization production between the mean LEP ionization production used by Rodger et al. (2005); Rodger 
et al.  (2007), and our more recent LEP modeling results (Marshall, Xu, Sousa, et al., 2019). The colored 
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Figure 1. Comparison of the ionization production by lightning-
induced electron precipitation (LEP) between recent LEP modeling 
results (Marshall, Xu, Sousa, et al., 2019) using the wave-induced particle 
precipitation code (Bortnik, 2004; Lauben et al., 1999; Sousa, 2018) and the 
mean LEP ionization production (Rodger et al., 2005, 2007). The colored 
lines show the altitude profile of ionization production at L = 2 by a 
lightning source with a peak current of 100 kA at 35 magnetic latitude.
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lines (color-coded using time) show the ionization rate versus altitude produced by an LEP event over the 
first 10 s after a 100-kA lightning discharge at 35 magnetic latitude, as calculated using the Stanford WIPP 
code (Bortnik, 2004; Golden et al., 2010; Lauben et al., 1999; Sousa, 2018). This code explicitly simulates 
from first principles the entire LEP process from the source lightning discharge to precipitation fluxes in 
the upper atmosphere. This model framework has been extensively used to analyze LEP-associated VLF 
measurements (e.g., Inan et al., 2010; Peter & Inan, 2007), and more recently calibrated using X-ray meas-
urements by the Balloon Array for Radiation-belt Relativistic Electron Losses (BARREL) during possible 
LEP events (Marshall, Xu, Sousa, et al., 2019). In the first 5 s, the mean LEP ionization production used 
by Rodger et al. (2007) (possibly corresponding to a peak current smaller than 100 kA) is on average one 
order of magnitude lower than that produced by this simulated 100-kA lightning discharge (Marshall, Xu, 
Sousa, et al., 2019).

Another parameter that is critical for LEP-induced chemical effects is the occurrence rate of intense light-
ning flashes. The flash rate was estimated to be approximately 3.3 events per minute for the Trimpi meas-
urements at the Faraday station on April 14, 1994 (Rodger et al., 2007). A reexamination using the U.S. 
National Lightning Detection Network (NLDN) data (Cummins et al., 1998) reveals that this value is not 
representative of intense thunderstorms at lower latitudes. As will be shown in Section 3, the flash rate of 
lightning discharges with peak current larger than 50 kA could be as high as 50 per minute, as observed 
during an intense thunderstorm occurring around 23.5N, 97.5W on October 25, 2015 (see Figure 3). In 
addition, the duration of a single LEP event was assumed to be 0.2 s (Rodger et al., 2007) in the ducted 
case, whereas it can last up to 20 s or longer in the nonducted case (Bortnik, 2004; Marshall, Xu, Sousa, 
et al., 2019) due to multiple magnetospheric reflections between the conjugate hemispheres. Considering 
the high occurrence rate of LEP events (nearly once per minute globally) and potential chemical effects, the 
uncertainties in the LEP source (mostly from the uncertainties about the peak current of source lightning 
discharge, energy and pitch angle distribution of precipitation fluxes) motivate us to revisit the calculation 
of atmospheric chemical changes. In this paper, we present first-principles modeling results of LEP events, 
including the precipitation fluxes, ionization production, and chemical changes. We use three NLDN-re-
ported intense storms as extreme examples to quantify the chemical effects produced by LEP.

2. Numerical Simulations
In this study, we combine the WIPP-LEP simulations of LEP (Bortnik,  2004; Lauben et  al.,  1999; Sou-
sa, 2018), the Boulder Electron Radiation to Ionization (BERI) model (Xu et al., 2020), and the Sodankylä 
Ion and Neutral Chemistry (SIC) model (Turunen et al., 1996; Verronen et al., 2005), specifically in three 
steps. First, following the framework formulated by Lauben et al. (1999); Bortnik (2004), the WIPP model 
is employed to simulate LEP events produced by source lightning discharges at different magnetic latitudes 
and calculate the resultant precipitation fluxes at different observation locations (L values). Second, three 
intense storms are picked from the NLDN database for the years of 2013–2017 at the magnetic latitudes of 
30–50. Using the WIPP results obtained in the first step, we calculate the total ionization production by the 
precipitation fluxes induced by all lightning flashes in these storms (denoted as the cumulative ionization 
production hereafter). Finally, the cumulative ionization production is utilized as an external forcing in SIC 
simulations in order to quantify the atmospheric changes to constituents of interest. Similar to previous 
EEP studies (Turunen et al., 1996, 2009), the main focus of this study is the relative change in the molecular 
concentration of odd hydrogen, odd nitrogen, and odd oxygen ([ xO ] = [O] + [ 3O ]). In the following, we 
introduce the numerical models and the initial parameters used in these simulations.

The WIPP code was built upon the modeling work of Inan (1977), and has been refined through the past 
three decades of LEP modeling work at Stanford by Lauben et al. (1999); Bortnik (2004); Golden et al. (2010); 
Cotts (2011); Sousa (2018). The details of this code, as well as the most recent updates, can be found in 
Sousa (2018). In short, a standard WIPP-LEP simulation includes four steps (Bortnik, 2004; Marshall, Xu, 
Sousa, et al., 2019; Sousa, 2018): (a) The electromagnetic pulse (EMP) energy emitted by the return stroke 
current of a lightning discharge is calculated and mapped to the base of the ionosphere at 100 km alti-
tude, (b) We calculate the attenuation of lightning-emitted VLF waves during their propagation through the 
lossy ionosphere (100–1,000 km altitude) using the VLF attenuation curves (Graf, Spasojevic, et al., 2013; 
Helliwell,  1965), (c) Starting from 1,000  km altitude, we propagate each frequency component in the 
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plasmasphere using the improved Stanford ray-tracing program (Bortnik et al., 2006a; Golden et al., 2010). 
Each ray is tracked through the plasmasphere for 20 s due to multiple magnetospheric reflections, (d) We 
calculate the resonant wave-particle interactions between these waves and the radiation belt fluxes, and 
mainly focus on the modification to the pitch angles of trapped electrons near the loss cone edge.

The fluxes and spectra of radiation belt electrons are calculated using the AE8 model (Vette, 1991) and 
their pitch angles are assumed to be sine-distributed between 0 and 90 (Marshall, Xu, Sousa, et al., 2019; 
Sousa, 2018). Note that precipitation fluxes are strongly dependent on the assumption of the background 
fluxes and pitch angle distributions; the most important part of pitch angle distribution is the region near 
the loss cone angle; the uncertainty brought by the assumption of pitch angle distribution has been previ-
ously discussed in Marshall, Xu, Sousa, et al. (2019); our results were validated using Van Allen Probes data, 
as reported in Marshall, Xu, Sousa, et al. (2019). WIPP simulations are performed for lightning discharges 
at magnetic latitudes between 15 and 55 with 5 steps. For each magnetic latitude, the differential fluxes 
of precipitation electrons with energies between 10 eV and 10 MeV are calculated for different observation 
locations (L values). To quantify the maximum chemical effects, the location with the highest precipitation 
flux (as denoted in the upper panels of Figure 2) is used to calculate the ionization production and resultant 
chemical changes. It is important to emphasize that in the WIPP simulations, the precipitation fluxes scale 
linearly with the total input EMP energy, which is proportional to the square of lightning peak current. 
Following this relation, WIPP-calculated LEP fluxes can be readily rescaled to the NLDN-reported peak cur-
rent. This relation is close to that empirically determined by Clilverd et al. (2004), wherein the precipitation 
flux scales as the 2.3 power of lightning peak current.

Knowing the precipitation fluxes, we calculate the ionization production at altitudes below 150 km alti-
tude (the upper boundary of the SIC model) using the BERI model (Xu et al., 2020). This model is largely 
based on a lookup table of atmospheric ionization production by monoenergetic electrons with energies 
between 3 keV and 33 MeV, and pitch angles between 0 and 90. This lookup table was developed using 
physics-based Monte Carlo simulations (e.g., Lehtinen et al., 1999; Xu & Marshall, 2019), and allows rapid 
and accurate specification of ionization production by arbitrary precipitation energy and pitch angle distri-
bution in any atmospheric condition. In this study, we assume that the precipitation electrons of each LEP 
burst at 500 km altitude are isotropically distributed in pitch angles between 0 and 90. The mass density 
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Figure 2. (a) Differential flux of precipitation electrons with energies between 10 eV and 10 MeV at L = 2 due to a 100 kA lightning source at 30 magnetic 
latitude. (b) Ionization production at altitudes between 50 and 110 km by these precipitation electrons. The background atmospheric profile used in this 
ionization calculation is obtained using the date, latitude, and longitude of the 2015 storm reported by National Lightning Detection Network (see Section 3). 
(c) Electron density change in the D-region ionosphere produced by this lightning-induced electron precipitation event. Panels (d–f) show similar results, but 
for a lightning source at 35 magnetic latitude and precipitation fluxes at L = 2. Panels (g–i) show the results for a lightning source at 50 magnetic latitude and 
precipitation fluxes at L = 2.2. The background atmospheric profile used for the ionization calculation of panel (e and h) is obtained using the date and location 
of the 2017 and 2013 storm (see Section 3), respectively.
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profile of background atmosphere is calculated using the NRLMSISE-00 model (Tobiska & Bouwer, 2006) 
for the date, latitude, and longitude of the storms reported by NLDN (see Section 3).

Figure 2a shows WIPP modeling results of precipitation fluxes at L = 2 produced by a 100-kA lightning dis-
charge at the magnetic latitude of 30. The two peaks at 0.4 s and 1 s, as typical of satellite measurements 
of LEP events (Voss et al., 1998), are caused by the interaction between radiation belt electrons and the ini-
tial upward-going whistler waves and the reflected whistler waves, respectively. The ionization production 
by these precipitation electrons at altitudes between 50 and 110 km is shown in Figure 2b. The background 
atmospheric profile used in this ionization calculation is obtained using the date, latitude, and longitude of 
the 2015 storm reported by NLDN (see Figure 3). Using a 5-species chemistry model (Glukhov et al., 1992; 
Lehtinen & Inan, 2007), we have further calculated the electron density change in the D-region ionosphere, 
as shown in Figure 2c. Figures 2d–2f show similar results, but for a lightning source at 35 magnetic latitude 
and precipitation fluxes at L = 2, while Figures 2g–2i show those for a lightning source at 50 magnetic 
latitude and precipitation fluxes at L = 2.2. The background atmospheric profile used for the calculation 
of Figures 2e and 2h is obtained using the date and location of the 2017 and 2013 storm (see Section 3), 
respectively. Of note, the electron density variations shown in the bottom panels of Figure 2 are capable of 
reproducing the typical amplitude changes (0.5–2 dB) of transmitter VLF signal during LEP events (Peter 
& Inan, 2007). Moreover, the peak precipitation flux produced by the lightning discharge at 30, 35, and 50 
latitude is 0.06, 0.14, and 0.15 ergs/ 2cm /s, somewhat higher but not unreasonably different from the values 
suggested by Peter and Inan (2007).

Because of the dense electron density in the D- and E-region ionosphere, the lightning EMP energy is se-
verely attenuated during the daytime ionospheric conditions (Graf, Lehtinen, et al., 2013) and the resultant 
precipitation fluxes are considerably lower than nighttime (Sousa, 2018). Therefore, in this study, we mainly 
focus on those thunderstorms with high flash rates and large peak currents, occurring during local night-
time conditions. Given these criteria, three intense storms were chosen from the NLDN data for the years 
of 2013, 2015, and 2017 at the magnetic latitudes of 50.9, 32.1, and 35.7, respectively. The geolocation, 
temporal evolution, and peak current of lightning flashes in these storms are presented in Section 3.

The total ionization production during a thunderstorm is a key parameter in chemical simulations, and is 
calculated using all the flashes with peak current larger than 50 kA in the present study. A minimum value 
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Figure 3. National Lightning Detection Network (NLDN) measurements of lightning flashes between 00:00 and 02:30 UT on October 25, 2015 near 23.5
N, 97.5W. (a) Longitude and latitude of all lightning flashes with peak current magnitude larger than 50 kA. The rate of lightning flashes with peak current 
magnitude larger than 50 kA is 49.7 flashes per minute and the average value of peak current for these flashes is 99.4 kA. (b) Peak current of lightning 
flashes versus the occurrence time. The largest peak current recorded by NLDN was 443 kA at 01:08:08 UT. (c) Altitude profile of ionization production by the 
lightning flashes with peak current magnitude larger than 50 kA shown in panel (b).
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of 50 kA is used since it is close to what is needed to trigger Trimpi events (70 kA) with detectable iono-
sphere enhancements (Clilverd et al., 2004). Clilverd et al. (2002) also noted that, if the lightning peak cur-
rent is less than 45 kA, the chance of observing any Trimpi events is almost zero. We have checked that, if a 
lower threshold value is instead used, the cumulative ionization production would not change significantly 
since the LEP flux scales linearly with the square of lightning peak current. Specifically, for a given storm, 
we use the WIPP results at the corresponding magnetic latitude (upper panels of Figure 2) and rescale the 
ionization results (middle panels of Figure 2) using the peak current of all NLDN-reported lightning flashes 
(50 kA). The rescaled ionization production is then sorted using the NLDN-tagged time of each flash (see 
Figure 3b). Finally, these ionization results are summed together and we calculate the cumulative ioniza-
tion production versus altitude and time for each storm (see Figure 3c).

The cumulative ionization production is then used as an input into SIC chemistry simulations. SIC is a 
1-D atmospheric model that dynamically solves for the concentration of 16 minor neutral species and 72 
ionic species in the altitude range between 20 and 150 km with 1 km resolution (Turunen et al., 1996; Ver-
ronen, 2006; Verronen et al., 2005). Vertical motion of species is included as molecular and eddy diffusion, 
neglecting transport by prevailing neutral winds. The latest version of this model takes into account 389 
ion-neutral and neutral-neutral reactions, and 2,523 ion-ion and electron-ion recombination reactions. The 
background profile of neutral density used in SIC modeling is obtained from the NRLMSISE-00 model (To-
biska & Bouwer, 2006) using the daily average values of solar radio flux ( 10.7F ) and the geomagnetic activity 
index ( pA ). Note that horizontal mixing is not included in the 1-D SIC model; this effect will be investigated 
in our next-step study using global circulation simulations.

In this study, the neutral density profile is calculated using the specific date and location of each storm as 
reported by NLDN. Solar proton precipitation is provided as an optional external force in the SIC model, but 
not included in present simulations. The initial profiles of xHO , xNO , xO  are obtained by running the SIC 
model at the thunderstorm location for 5 days, prior to the LEP forcing with photoionization only. Chem-
ical changes are simulated for a period of 24 h starting from the first LEP event and stored every 1 min of 
simulation. An average ionization rate of the event is used. Two sets of SIC simulations are performed for 
each storm, one with and another without the LEP-induced ionization production. The simulation results 
obtained without applying LEP ionization are regarded as the baseline, against which we compute the rela-
tive changes in neutral species and therefore quantify the chemical effects.

All above-mentioned numerical models have been well validated in previous studies. The WIPP code has 
been extensively used to interpret LEP-modulated VLF signals (e.g., Peter & Inan,  2007), and lately the 
X-ray fluxes recorded by BARREL during possible LEP events (Marshall, Xu, Sousa, et al., 2019). Different 
from VLF measurements, X-ray measurements at balloon altitudes are directly linked to the precipitation 
fluxes and energy spectra of LEP bursts; WIPP results can fully explain the X-ray fluxes, temporal signature, 
and energy spectra measured by BARREL (Marshall, Xu, Sousa, et al., 2019). As for the BERI model (Xu 
et al., 2020), it shows good agreements with the parameterization method of Fang et al. (2010) in terms 
of the peak ionization rate and altitude, with a maximum difference of 20% among tests using different 
precipitation energy and pitch angle distributions. The SIC model has been employed for the estimation 
of atmospheric chemical effects due to a wide variety of external sources, including radiation belt electron 
precipitation (e.g., Turunen et al., 2016; Xu et al., 2018), solar eclipse (e.g., Xu et al., 2019), and solar proton 
events (e.g., Clilverd et al., 2005).

3. Results
3.1. Storm 1: October 25, 2015

The first storm in this case study occurred on October 25, 2015 at geographic latitudes between 22.5N and 
25.6N, and geographic longitudes between 96.0W and 98.5W, along the Caribbean coast of Texas/Mexico. 
Figure 3a shows the longitudes and latitudes of all lightning flashes with peak current magnitude larger 
than 50 kA recorded by the NLDN network between 00:00 and 02:30 UT, with color progressing in time 
from blue to red. The peak current and occurrence time of these lightning flashes are shown separately in 
Figure 3b. The black and colored dots show the lightning flashes with peak current magnitude smaller and 
larger than 50 kA, respectively.
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NLDN reported a total of 33,504 flashes from this region between 00:00 and 02:30 UT, 22 3. % of which had 
peak current larger than 50 kA (7,453 flashes). The flash rate of intense lightning discharges (50 kA) was 
approximately 49.7 per minute. The average value of the peak current for these 7,453 flashes was 99.4 kA 
and the majority were negative cloud-to-ground discharges. Out of the 33,504 flashes, the fraction of light-
ning flashes with peak current larger than 70 and 100 kA was approximately 11.2% (3,748 flashes) and 6.4
% (2,157 flashes), respectively; the largest peak current was 443 kA at 01:08:08 UT, likely associated with 
large-scale high-altitude luminous events, for example, elves (e.g., Marshall et al.,  2010) or sprites (e.g., 
Pasko et al., 1997).

The magnetic latitude corresponding to the center of this storm is approximately 32.1N, as calculated us-
ing the International Geomagnetic Reference Field (IGRF) model (Thébault et al., 2015). Thus, we use the 
WIPP-calculated precipitation fluxes produced by the lightning discharge at 30 magnetic latitude (Fig-
ures 2a and 2b) for the ionization calculation. The LEP-produced ionization profile in Figure 2b is rescaled 
using the peak current of the lightning flashes (colored dots with peak current  50 kA) shown in Figure 3b, 
sorted using the NLDN-tagged occurrence time (Figure 3b), and then summed together. Figure 3c shows 
the cumulative ionization production via all LEP processes during this 150-min storm.

These ionization results are then used as the forcing input to the SIC model in order to calculate the atmos-
pheric chemistry response. Figure 4, from top to bottom, presents the relative change in the concentration 
of electrons, xNO , xHO , and xO  produced by all the LEP events in storm 1. This figure specifically shows 
the percentage difference between the simulation results obtained with (denoted as forcing in Figure 4) and 
without (denoted as control in Figure 4) applying the cumulative ionization production during this storm 
((forcing  control)/control × 100 [%]). The cumulative ionization production between 00:00 and 02:30 UT 
is marked using white dashed lines in this figure. The electron density is dramatically enhanced, by three 
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Figure 4. Sodankylä Ion and Neutral Chemistry modeling results of the relative changes in (a) electron, (b) xNO , (c) 
xHO , and (d) xO  concentration produced by all the LEP events in the 2015 storm. Sunrise time: 12:30:27 UT. This figure 

specifically shows the percentage difference between simulation results obtained with (denoted as forcing) and without 
(denoted as control) applying the cumulative ionization production (Figure 3c). The cumulative ionization production 
between 00:00 and 02:30 UT is marked using white dashed lines in these panels.
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orders of magnitude in the D-region ionosphere, as seen in Figure 4a. This level of electron density change 
is close to previously reported results (e.g., Peter, 2007, Figure 5.2). The maximum change of xNO  concen-
tration, due to the LEP-induced ionization, is approximately 67% at 80 km altitude. xNO  is relatively stable 
and these changes can persist for a long time; about 37% of the excess xNO  production remains at the end 
of this 24-h simulation period (see Figure 4b).

Different from xNO , the xHO  change is considerably smaller and non-monotonic. xHO  concentration in-
creases by 8 1. % at the altitudes near 78 km, and decreases by 1 2. % at 82 km altitude after the LEP forcing 
at 06:52 UT. Above 82 km, the xHO  change is very small because of the limited abundance of water vapor 
in this altitude range (Turunen et al., 2016). A reduction of 2.8% is predicted for the xO  density around the 
local minimum in the mesospheric ozone profile, 82 km altitude. However, because of the solar radiation 
and enhanced photochemistry during the sunrise (Verronen, 2006), the xHO  concentration is shortly en-
hanced (see Figure 4c) and the xO  concentration returns to the background value around 12:00 UT (see 
Figure 4d).

3.2. Storm 2: August 22, 2013

Lightning at higher magnetic latitudes projects to higher L-shells in the radiation belts, and thus has the po-
tential to impact fluxes in the heart of the radiation belts and produce more intense precipitation signatures. 
To investigate the LEP effects at higher latitudes, the second case study is performed for the thunderstorm 
occurring on August 22, 2013 at geographic latitudes between 41.8N and 43.0N, and longitudes between 
96.5W and 100.0W, in northeastern Nebraska. Nebraska is well known for producing uncommonly in-
tense positive lightning discharges (e.g., Stolzenburg, 1994). The magnetic latitude of this storm is  50 9.

N and the NLDN lightning data from 01:34 to 04:54 UT are used. Similar to Figure 3, Figure 5a shows the 
temporal evolution of lightning flashes with peak current magnitude larger than 50 kA and Figure 5b shows 
the peak current versus occurrence time for these flashes. The WIPP results corresponding to a lightning 
source at 50 magnetic latitude (Figure 2h) are utilized for the calculation of cumulative ionization produc-
tion, as shown in Figure 5c.

Compared to the baseline runs, the relative change in xNO , xHO , and xO  concentration is 67%, 12%,  
and 2% , respectively, as shown in Figure 6. The xO  change in this case is smaller than that of the first 
storm, the xNO  change is comparable, and the xHO  change is slightly higher. Note that the relative change 
of these neutral species is somewhat sensitive to the baseline conditions, for example, the season, location, 
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Figure 5. Similar to Figure 3, but for the National Lightning Detection Network reported lightning flashes near 42.4N, 98.7W between 01:34 and 04:54 UT on 
August 22, 2013.
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and background atmospheric condition of baseline simulations. On average, the cumulative ionization pro-
duction in the second storm is notably less than that of the first storm since the peak current and flash rate 
are lower. In the second storm, 2,390 lightning flashes with peak current larger than 50 kA were detected 
by NLDN and the flash rate was 12.0 events per minute, a quarter of that for the first storm. The average 
value of peak current for these flashes (50 kA) was 92.1 kA, which is also 7.3% lower than the first storm 
(99.4 kA). Out of these 2,390 flashes, the number of flashes with peak current larger than 70 and 100 kA was 
1,585 and 775, respectively, and the largest peak current reported by NLDN was 308 kA.

Atmospheric chemical changes, in essence, are positively related with the cumulative ionization production 
during a thunderstorm for a given atmospheric condition, which is largely controlled by the LEP fluxes and 
lightning flash rate if the dependence on the precipitation energy spectrum is not considered. As explained 
in Section 2, the precipitation flux of a single LEP event is linearly proportional to the square of lightning 
peak current. The lightning flash rate can enhance or diminish the cumulative effects of ionization produc-
tion during a thunderstorm. Thus, these two parameters can be roughly considered as a proxy for the extent 
of ionization and chemical effects produced by thunderstorm activity via LEP processes. It is important to 
note that the fluxes of LEP bursts are also dependent on the L-shell from which lightning whistler induces 
electron precipitation, that is, the availability of energetic electrons in the radiation belts, as well as their 
pitch angle distribution.

3.3. Storm 3: May 29, 2017

For the completeness of this case study, a third storm is chosen at a magnetic latitude between the first two 
storms, at  35 7. N. This storm took place on May 29, 2017 at geographic latitudes between 25.5N and 28.2
N, and longitudes between 96.0W and 100.5W, near the U.S. and Mexico border along the Caribbean coast. 
The NLDN data between 04:29 and 09:59 UT are used for the chemistry simulation. The geolocation, peak 
current, and ionization production by the lightning flashes in this storm are shown in Figure 7. A total of 
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Figure 6. Similar to Figure 4, but for the National Lightning Detection Network reported lightning flashes near 42.4
N, 98.7W between 01:34 and 04:54 UT on August 22, 2013. Sunrise time: 11:51:14 UT.
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440,266 lightning flashes were identified by NLDN to originate from this storm, and the fraction of lightning 
discharges with peak current greater than 50 kA, 70 kA, and 100 kA was 2.5% (11,148 flashes), 0.9% (3,971 
flashes), and 0.4% (1,753 flashes), respectively. These flashes were mostly negative cloud-to-ground dis-
charges. The rate of lightning flashes with peak current larger than 50 kA was 33.8 flashes per minute, with 
the average value of the peak current (flashes  50 kA) being 77.6 kA and the largest value being 292 kA.

Given the NLDN-reported flash rate and peak current, it is not unexpected that this storm leads to the 
largest chemical changes among all cases, as evidenced in Figure 8. SIC modeling results show that LEP-in-
duced ionization results in notable xNO  and xHO  changes: the xNO  concentration is more than doubled at 
altitudes between 76 and 84 km, with a maximum enhancement of 156% at 80 km; the xHO  concen-
tration increases by 66% around 78 km altitude compared to the control runs. The xO  change in this case 
closely follows that of xHO : at altitudes between 77 and 83 km, the xO  concentration reduces by more 
than 3% and the maximum reduction is approximately 5% at 79 km altitude.

4. Conclusion and Discussion
In this study, using a suite of well-validated LEP and atmospheric ionization models, we have calculated 
the precipitation fluxes and ionization production by lightning flashes at different magnetic latitudes. We 
have performed case studies for three intense storms in the years from 2013 to 2017 at magnetic latitudes of 
30–50 using NLDN-reported lightning data. Using SIC modeling of atmospheric changes, we have further 
quantified the relative changes in the electron, xNO , xHO , and xO  concentration due to the LEP events in 
these storms.

Because of LEP-induced ionization, the xNO  and xHO  concentration at altitudes between 75 and 85 km is 
enhanced by up to 156% and 66%, respectively, during these storms. The maximum reduction in ozone 
concentration is approximately 5%, as driven mostly by the catalytic reaction cycles of xHO . These atmos-
pheric changes are one order of magnitude larger than those suggested by Rodger et al.  (2007), mainly 
because of the variation in lightning flash rate and thunderstorm intensity. The mean LEP ionization pro-
duction used by Rodger et al. (2007) was calculated using a mean precipitation energy flux of 2  310  ergs/

2cm /s (Rodger et al., 2005), as required to explain Faraday Trimpi measurements. The chemical simulation 
of Rodger et al.  (2007) was conducted using the Trimpi events observed at the Faraday station on April 
14, 1994, corresponding to a Trimpi rate of 3.3 events per minute. However, as shown in Section 3, the 
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Figure 7. Similar to Figure 3, but for the National Lightning Detected Network reported lightning flashes near 27.3N, 98.3W between 04:29 and 09:59 UT on 
May 29, 2017.
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NLDN-reported lightning peak current and flash rate for the three storms reported herein are orders of 
magnitude higher.

The three storms investigated in this study do not represent the most intense cases on a global scale, albeit 
stronger than majority of the thunderstorm activity in North America. According to space-borne measure-
ments of lightning activity, north and central Argentina is the region that hosts the most intense convective 
storms on the Earth (e.g., Houze et  al.,  2015). As outlined above, the atmospheric effects are positively 
related with the intensity of thunderstorm activity, and it is conceivable that the chemical effects of Argen-
tinian storms could be even more dramatic. On the other hand, Argentinian storms occur at low magnetic 
latitudes, corresponding to the inner radiation belt, where the available fluxes of electrons for precipitation 
may be lower.

The main findings of our study are not contradictory to those of Rodger et al. (2007), but more complemen-
tary. The main difference between the ionization calculation of Rodger et al. (2007) and Marshall, Xu, Sou-
sa, et al. (2019) is that Rodger et al. (2007) modeled LEP events in the ducted case, while Marshall, Xu, Sou-
sa, et al. (2019) modeled the LEP process in the nonducted case due to multiple magnetospheric reflections; 
the energy and pitch angle distribution of LEP fluxes are different. The main focus of Rodger et al. (2007) is 
the average LEP effects produced by lightning discharge at high magnetic latitude, while this study mainly 
focuses on the LEP effects at relatively lower latitudes and in extreme cases, which have not been previously 
investigated. This study represents the first step of a series of studies toward better understanding on the at-
mospheric chemical effects brought by LEP. The main goal is to evaluate the immediate effects produced by 
LEP against other known ionization sources. The next-step study is to quantify the indirect effects produced 
by LEP events using a 3D global circulation model. Future studies can also aim at comparing the chemical 
effects reported in this study with ground- and/or space-based measurements.

A 5% ozone depletion at 75–85 km altitude is comparable to that produced by other EEP processes, for 
example, microburst precipitation (Seppälä et  al.,  2018), EMIC-driven electron precipitation (Hendry 

XU ET AL.

10.1029/2021JD034914

11 of 15

Figure 8. Similar to Figure 4, but for the National Lightning Detected Network reported lightning flashes near 27.3N, 
98.3W between 04:29 and 09:59 UT on May 29, 2017. Sunrise time: 11:42:58 UT.



Journal of Geophysical Research: Atmospheres

et al., 2021), as well as pulsating auroras (Turunen et al., 2016). Compared to other types of energetic par-
ticle precipitation (EPP), a single LEP event is considerably shorter in duration and lower in precipitation 
fluxes. LEP produced by a 100-kA lightning discharge has a peak energy flux ranging from 210  (Peter & 
Inan,  2007) to 110  ergs/ 2cm /s (Marshall, Xu, Sousa, et  al.,  2019), while typical values for the precipita-
tion flux associated with visible aurora are 0.1–10 ergs/ 2cm /s (Meng, 1976; Rees, 1992). Nevertheless, with 
thousands of lightning flashes repetitively occurring within a short time window of a few hours, that is, an 
intense thunderstorm, the cumulative effects are pronounced, and the ionization production and chemical 
changes become accordingly amplified.

An xO  change of several percent is more significant than it appears since the occurrence rate of LEP events 
globally is overwhelmingly higher than other EPP processes. The global lightning flash rate ranges from 
several tens to one hundred per second (Rakov, 2016), although not all flashes are sufficiently charged to 
give rise to radiation belt precipitation. Using Trimpi measurements, a representative value of the mean 
LEP rate at the Faraday station was found to be 0.79 per minute (Rodger et al., 2004). Rodger et al. (2003) 
have further estimated the global LEP rate using lightning observation data. An average value was suggested 
to be 0.18, 0.29, and 0.35 per minute at the L value of 2.4, 2, and 1.7, respectively. These values however, 
as noted by the authors, should only be considered as the lower bounds (Rodger et al., 2003) since not all 
LEP events cause significant VLF changes, due to the interference of waveguide modes and the nonlinear 
relation between the electron density enhancement and VLF perturbation.

As in the 1D chemical simulation, the ozone reduction is mainly due to the immediate effects of xHO  var-
iation. Because of self-dissociation, xHO  has a relatively short lifetime and its effects on the ozone concen-
tration are highly localized in space and time (Turunen et al., 2016). Andersson, Verronen, Rodger, Clilverd, 
and Wang (2014) have shown that the global distribution of nighttime OH is mostly influenced by EEP 
events at high latitudes, whereas lightning discharge and associated LEP event occur more frequently at low 
latitudes. As such, the ozone reduction due to xHO  changes produced by LEP events could be insignificant. 
Present results also show that, due to LEP ionization, the xNO  concentration could be enhanced by as high 
as 156% in the mesosphere, but their effects on the ozone layer are not captured by the present chemistry 
simulation. In the context of LEP events, the xNO  effects could become even greater than what is predicted 
in the present study for a single thunderstorm if we take the global occurrence rate into account, although 
lightning activity tends to be more intense and frequent during summer times at low- and mid-latitude 
regions (Sousa, 2018). From this consideration, the long-term global chemical effects of LEP events may be 
potentially important, but have been largely overlooked in previous studies.

To quantify these effects, the ionization results presented in Figure 2 can be rescaled using the lightning 
peak current reported by real time lightning-monitoring network, for example, the World Wide Lightning 
Location Network (WWLLN) (Dowden et al., 2002). The lightning data can be converted into altitude pro-
files of ionization production by LEP events, and then incorporated into global atmospheric chemistry 
and transport models such as the Whole Atmosphere Community Climate Model (WACCM) (Verronen 
et al., 2016). Future studies can thereby take the latitudinal and seasonal variation of thunderstorm activity 
into account, and aim at assessing the long-term global chemical effects produced by LEPs.

Data Availability Statement
The simulation data and analysis codes used to generate all figures and results in this study are available at 
https://doi.org/10.5281/zenodo.4599480.
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