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A B S T R A C T   

Calibrated measurements of lightning optical emissions are critical for both quantifying the impacts of lightning 
in our atmosphere and devising detection instruments with sufficient dynamic range capable of yielding close to 
100% detection efficiency. However, to date, there is only a limited number of investigations that have 
attempted to take such calibrated measurements. In this work, we report the power radiated by lightning in both 
visible and infrared bands, assuming isotropic emission, and accounting for atmospheric absorption. More 
precisely, we report peak radiated power and total radiated energy in the combined visible plus near-infrared 
range (VNIR, 0.34–1.1 μm), around the Hα line (652–667 nm), and for the 2–2.5 μm infrared band. The esti-
mated peak power and total energy radiated by negative cloud-to-ground return strokes in the VNIR range is 130 
MW and 20 kJ, respectively. Additionally, we detected peak radiated powers of 12 and 0.19 MW in the Hα and 
infrared bands, respectively. We cross-reference the optical data set with peak current reported by a lightning 
detection network. The resulting trend is that optical power emitted around the Hα line scales with peak return 
stroke current according to a power law with exponent equal to 1.25. This trend, which should be approximately 
true across the entire visible spectrum, can be attributed to the plasma negative differential resistance of the 
lightning return stroke channel. We conclude by discussing the challenges in performing calibrated measure-
ments of lightning optical power in different bands and comparing the results with previously-collected data with 
different experimental setups, observation conditions, and calibration methods.   

1. Introduction 

Photodiodes offer a unique way to view optical phenomena as they 
can provide both luminosity and optical power measurements radiated 
by rapid processes, such as the lightning return stroke, which traverses 
the atmosphere at a fraction of the speed of light in a vacuum. The use of 
calibrated photodiodes to measure optical power is called radiometry, 
and this technique has helped the lightning research community quan-
tify the amount of energy radiated by lightning in the visible range 
(Krider et al., 1968; Guo and Krider, 1982; Paxton et al., 1986; Krider, 
1992). These studies cross-referenced the radiated power measurements 
in both the early stages and late stages of the return stroke with labo-
ratory spark experiments, computational simulations, and mathematical 
models. In addition, integration of previous high-speed streak photog-
raphy measurement also verified the early-stage photodiode data (Jor-
dan and Uman, 1983). Photodiodes are still in use due to their capability 

of responding well to extremely high sampling rates. Their main 
disadvantage is that they integrate the optical luminosity in the entire 
field of view, which makes it difficult to retrieve the source spatial dy-
namics, or to isolate a particular physical process. This can be alleviated 
by looking at the irradiance of a small channel section during rocket- 
triggered lightning (Quick and Krider, 2017). Recently, Carvalho et al. 
retrieved the spatiotemporal dynamics of triggered lightning return 
strokes by stacking up an array of photodiodes (Carvalho et al., 2014; 
Carvalho et al., 2015; Carvalho et al., 2018). 

The most recent investigations into optical power using photodiodes 
were done by Quick and Krider (2013); Quick and Krider, 2017 for both 
natural and rocket-triggered lightning. Their 2013 article is focused on 
natural lightning and uses a broadband visible photodiode that is similar 
to the one used in this investigation, with approximate uniform response 
in the visible plus near-infrared ranges (0.4–1 μm), hereafter referred as 
the VNIR range. By assuming isotropic emission with no atmospheric 
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absorption, Quick and Krider (2013) reported mean values for peak 
radiated power and total emitted energy for negative and positive 
flashes to ground, and for VNIR pulses associated with intracloud (IC) 
discharges. Negative cloud-to-ground (−CG) flashes were further 
discriminated into 3 categories: first strokes, subsequent strokes with a 
new ground connection, and subsequent strokes that re-illuminated a 
preexisting channel. For −CG flashes they reported median radiated 
power values of 18, 11, and 4 GW, and total emitted energies of 3.6, 3.5, 
and 1.2 MJ in the three aforementioned categories, respectively. Posi-
tive CGs (+CGs) radiated about the same peak VNIR power (19 GW on 
average), but had higher energy output (9 MJ on average). A compa-
rable peak radiated power was inferred despite +CGs having twice as 
large average peak currents (43 kA for positive versus  − 21 kA for 
negative first strokes). VNIR light pulses associated with a cloud illu-
mination had lower average amplitudes, of about 3 GW and 1.5 MJ. At 
first glance, Quick and Krider’s article presents an ideal opportunity for 
comparison with the VNIR values reported here. However, in the Dis-
cussion section we spend considerable effort making the case that direct 
comparisons with Quick and Krider’s work are not straightforward, 
largely due to differences in the detectors. 

Infrared data of the lightning return stroke is particularly sparse in 
the literature. The main results in the community were obtained with 
high-speed photography using a FLIR camera and were only published 
recently (Ding et al., 2020; Ding et al., 2021; Ding and Rakov, 2022). 
These papers focus their investigation on negative-lightning stepped 
leaders and provide broadband (3–5 μm) infrared measurements with 
relative intensity. Without proper calibration, high-speed cameras can 
only provide relative intensity measurements. But when coupled with a 
prism or grism, they can provide valuable spectral information. Recent 
investigations using high-speed spectroscopy in the visible range have 
quantified the return stroke channel plasma properties with 1.5 μs 
temporal resolution (Walker and Christian, 2019; Taylor et al., 2022) 
and its variation along the channel height (Boggs et al., 2021). However, 
return stroke spectroscopy was not the subject of Ding et al.’s in-
vestigations. These authors used the infrared camera to analyze in detail 
the physical processes taking place near the tip of negative stepped 
leaders coming to ground (Ding et al., 2020). To the best of our 
knowledge, it remains to be determined how much energy a lightning 
flash emits in infrared. Infrared radiometry is challenging and subject to 
selecting photodiodes that view within atmospheric transmission win-
dows. Fig. 1 shows the transmission of visible and infrared light through 
the atmosphere indicating that there are numerous windows where 
infrared lightning observations are, in principle, possible. This paper 
focuses on the 2–2.5 μm band, as there are no major atomic and mo-
lecular lines in this region and optical transmission is equivalent or 
better than in the visible range (Laux et al., 1995; Traub and Stier, 
1976). Our expectations are that, in the longer term, extending radi-
ometry to infrared bands will improve our understating of lightning 

processes that take place at plasma temperatures between 5,000 and 
20,000 K, i.e., at lower temperatures than the return stroke itself. Some 
potential applications include: studying the intricate dynamics of 
plasma decay and reactivation taking place near the leader tip (Ding 
et al., 2020), ascertaining the presence and role of molecular emissions 
in leader processes (Kieu et al., 2021), and probing the temporal evo-
lution of the lightning channel temperature based on band-integrated 
photometric measurements (Pérez-Invernón et al., 2022). 

For many years lightning detection from space has been done 
exclusively in the near-infrared portion of the electromagnetic spectrum 
(Christian et al., 2003), and has only recently been extended to other 
bands (Pérez-Invernón et al., 2022). The Geostationary Lightning 
Mapper (GLM) onboard of the GOES-R satellites observes lightning in a 
single narrow band around the 777.4±0.5 nm oxygen triplet line, which 
has been the standard in the field since its predecessors (Goodman et al., 
2013). The Atmosphere and Space Monitor (ASIM) instrument onboard 
of the International Space Station, on the other hand, has three channels 
observing at 180–230 nm, 337±2 nm, and 777.4±2.5 nm, respectively 
(Neubert et al., 2019). Space-based observations are a powerful tool to 
quantify the effects of lightning in a global scale. But the first step to 
create a correspondence between optical energies measured from space 
into the potential impacts of lightning in our atmosphere, is to develop 
an understanding of the relationship between optical and electrical 
properties of lightning flashes. Investigations such as the work of Quick 
and Krider (2013); Quick and Krider, 2017 have paved the way, but are 
still limited to the VNIR portion of the optical spectrum. In this inves-
tigation, we present energy and power estimates in visible and infrared 
bands. The goals are to augment our research community’s knowledge 
on the power radiated by lightning in the VNIR range and to provide 
novel estimates of energy emission in the 2–2.5 μm infrared band. The 
optical recordings are cross-referenced with the Earth Networks Total 
Lightning Detection Network (ENTLN) data to provide the relationship 
between emitted power and peak current. 

2. Methodology 

2.1. Experimental setup 

On August 10, 2021, we collected radiometric data from the Lang-
muir Laboratory mountain-top facility located in central New Mexico, 
USA (33.98◦ N, 107.18◦ W, 3.3 km altitude), using 3 separate radiom-
eters. Fig. 2 shows the geometry of the observations, while Fig. 3 shows 
the instrument response and atmospheric transmission for each radi-
ometer. The two photodiodes operating in the visible plus near-infrared 
(VNIR) range (Thorlabs model PDA100A) were pointed out of a glass 
window, as shown in Fig. 2a. The photodiodes operated in the 652–667 
nm and 341–1098 nm bands, and hereafter they are simply referred to as 
the “Hα” and “VNIR” channels, respectively. The spectral responsivity of 

Fig. 1. Atmospheric transmission of visible and infrared light as a function of wavelength. Optical transmission was calculated through 10 km of atmosphere at the 
location and elevation of Langmuir Lab (3.3 km above mean sea level in central New Mexico) using MODTRAN (Berk et al., 2014). The 3 bands studied here are 
highlighted in blue, red, and yellow. 
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the Hα and VNIR photodiodes is shown in Fig. 3a. No filtering is done for 
the VNIR radiometer, and thus it also includes the near-infrared band up 
to 1 μm, similarly to what was done by Quick and Krider (2013) and 
Quick and Krider (2017). The Hα radiometer is built by including a 10 
nm FWHM bandpass filter centered around 660 nm (Thorlabs FBH660- 
10). The Hα line appears to span ∼50 nm in the spectrum collected by 
Walker and Christian (2017, Fig.2), thus our radiometer may not collect 
all of the energy corresponding to this particular hydrogen transition. 

Additionally, Walker and Christian (2017) show that there are two 
singly-ionized nitrogen lines very close to this band, which may also 
contribute to the total luminosity measured with our Hα radiometer. 

The infrared radiometer was built using a Thorlabs PDA10DT 
photodiode and it is referred to simply as the “infrared” channel here-
after. Fig. 2a shows that, differently from the VNIR radiometers, it was 
pointed through a sapphire window that was set in a metal plate. The 
sapphire window allowed infrared radiation to transmit to the 

Fig. 2. (a) Equipment setup. The Hα and VNIR radiometers look through a glass window, while the infrared radiometer looks through a sapphire window. The field of 
view of each photodiode is shown to scale. (b) Lightning occurrence on August 10th, 2021 between 19:44 and 20:58 UTC. The pentagon at the center of the 
concentric circles represents the position of Langmuir Lab, while the concentric circles mark varying distances from the lab. IC flashes are represented by stars, while 
CGs are represented by circles. If data was captured by all three radiometers the symbol is colored yellow, if data was only captured by the Hα and VNIR radiometers 
it is colored blue, and if the data was only captured by the Hα radiometer then it is colored red. All of the positions are reported by ENTLN. 

Fig. 3. (a-b) Responsivity of the VNIR (a) and infrared (b) radiometers. (c) Atmospheric transmission as a function of distance for the three bands of interest. The red 
(a) and yellow (b) traces show the combined effects of the detector response and filter used. The transmission, shown in panel (c), was obtained by convolving the 
detector response in panels (a) and (b) with the atmospheric transmission calculated with MODTRAN (Fig. 1) and and taking an average across the band of interest. 
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photodiode across the entire range shown in Fig. 3b. Both glass and 
sapphire windows are about 2-mm thick. The Thorlabs PDA10DT 
photodiode detects radiation in the 1–2.6 μm range. We limit the 
responsivity to the atmospheric transmission window of 1,988–2,559 
nm with the aid of a filter. The resulting spectral responsivity is shown in 
Fig. 3b. 

As shown in Fig. 2a, each radiometer had a unique field of view 
(FOV) dictated by the lens used to focus light onto the detector. Both the 
Hα radiometer and the broadband VNIR radiometer used an N-BK7 
plano-convex lens while the infrared collection lens was a CaF2 plano- 
convex lens. The Hα radiometer had the largest FOV (22.2◦) due to the 
25.4 mm focal length lens and 25.4 mm lens diameter, so it was used as 
the automatic trigger for the system. The broadband VNIR radiometer 
was the next largest with a focal length of 100 mm and lens diameter of 
50.8 mm, which gave it a 5.8◦ FOV. Finally, the infrared radiometer had 
the smallest FOV (2.8◦) due to its 12.7 mm lens diameter and 20 mm 
focal length. As demonstrated in Fig. 2b, the scattering of visible light 
allowed for the VNIR photodiodes to capture events outside of their field 
of view. Fig. 2b is described in detail in the Results section. 

All data was collected with a Picoscope model 5442D and recorded 
to a local computer. This experiment was designed to run in an auto-
mated manner without an operator present during the observations. 
Once the Hα photodiode detected a nearby flash, the entire system 
triggered and 1 s of data was saved. The one-second interval was broken 
down into 200 ms of pre- and 800 ms of post-trigger data. The Picoscope 
traces were stored with 10 μs temporal resolution (or 100 kHz sampling 
rate). This is much lower than the maximum bandwidth of the Picoscope 
(200 MHz). The sampling rate was roughly set as the minimal value 
required to capture the pulse waveshape within the bandwidth of the 
photodiodes, which were 2.4 MHz, 5.9 kHz, and 150 kHz, for the VNIR, 
Hα, and infrared photodiodes, respectively. Thus, the only radiometer 
that has a bandwidth lower than the sampling rate is the Hα. This 
happened due to the high gain setting chosen (70 dB). However, as it can 
be seen in Fig. 4, there is no significant loss of information when 
comparing the Hα traces with the detections of the other radiometers. 
The Hα trigger level was empirically determined to trigger off of nearby 
lightning return strokes, but in practice it also detected some IC flashes, 
as determined via comparison with Earth Networks Total Lightning 
Detection Network (ENTLN) data. 

2.2. Alignment with ENTLN data 

In order to measure source power in the VNIR and infrared bands, we 
need the approximate distance between source and observer. This dis-
tance was determined from lightning location data collected by ENTLN. 
Optical data was saved with local computer time information in the 
Picoscope software, accurate to the minute. To align the optical re-
cordings with ENTLN’s GPS time-stamped data, a comparison was per-
formed for flashes with multiple strokes present in both data sets. 
Leveraging the fact that two interstroke intervals are rarely identical, the 
photodiode data could be matched to the ENTLN data, as shown in 
Fig. 4a. 

Algorithmically, the alignment process was done by looking at all 
strikes that happened in the area within a minute of the radiometer data. 
Since the time difference between strikes should be preserved for both 
data collection systems, only the first strike in a flash had to be aligned to 
determine which strikes correlated with a peak in the photodiode data. 
The final decision was made by determining which alignment choice 
corresponded to the smallest time between other corresponding strikes, 
such as shown in Fig. 4a. This could be done for all flashes with multiple 
Hα peaks and strikes. An average (AVG) and standard deviation (STD) 
for the time offset were then calculated. Single-stroke flashes could be 
easily found by looking into the ENTLN data set an amount of AVG±2×
STD seconds into the future. If a single ENTLN strike would be found in 
that window (which was normally the case), then we add the flash to the 
analysis, such as the example shown in Figs. 4c–d. This process yielded 
53 flashes that could be analyzed with 193 CG strikes and 42 IC pulses. 
The Picoscope local time was on average 19.181 s ahead of the GPS time 
with a standard deviation of 296 ms. 

After the alignment between the two data sets was completed, data 
for 235 optical pulses was augmented with the following information 
from ENTLN: peak current, polarity, type (IC versus CG), and distance. 
This technique can be easily employed to align other data sets (e.g., 
high-speed video, radio frequency recordings, etc.) with lightning 
location data. 

2.3. Radiometer calibration 

Each photodiode gives a voltage response that is dependent on the 
energy incident upon the diode and the respective gain setting. There-
fore, to turn the photodiodes into radiometers they need to be cali-
brated. For the VNIR and Hα photodiodes this calibration was completed 

Fig. 4. Sample optical pulses detected for two cloud-to-ground flashes: (a–b) 20:34:08 UTC and (c–d) 20:23:22 UTC. Each panel shows the ENTLN peak current (in 
the left-hand side axis) and the optical power in the three channels (with three axis on the right-hand side) as a function of time. (a) Illustration of the alignment 
between optical pulses and ENTLN lightning location data. (b) Zoom into the first return stroke. (c–d) Panel (c) shows a zoom into the single-stroke flash shown in 
panel (d). All strikes shown in the figure are associated with negative source currents (cyan symbols). 
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with a 1,000 W Quartz Tungsten Halogen (QTH) lamp because it pro-
duces a specific known spectral irradiance 50 cm away from the source, 
as shown in Fig. 5a. The calibration is done by placing the QTH lamp at a 
known distance d away from the source and measuring the voltage 
yielded by the photodiode. A background measurement (with the lamp 
off) is also made and subtracted accordingly. The corresponding power 
at the aperture is determined by multiplying the spectral irradiance (in 
Fig. 5a) by any filters, integrating across the band of interest, scaling the 
power to the correct distance as ∝(d/50 cm)2, and integrating over the 
aperture (πD2/4), where D is the lens diameter. The lamp is moved to 
several different distances and the process is repeated. The resulting 
power at aperture for the VNIR photodiode versus measured voltage is 
shown in Fig. 5b. 

In theory, the method for photodiode calibration is simple. However, 
the variable gain setting and the largely different intensities of lightning 
10s of km away and a close-proximity lamp in the laboratory add a layer 
of complexity that may be challenging to deal with. Ideally, the cali-
bration process would be done at the exact field-campaign gain settings 
and this was possible for the VNIR photodiode. However, the Hα pho-
todiode’s in-field gain setting was 70 dB and this was too sensitive to 
take calibration measurements with the QTH lamp in the laboratory. 
Additionally, the calibration method produces a linear fit to convert 
measured voltage to power at aperture, which best works if the cali-
bration is done at similar voltages to those measured in the field. 

Four different data collection strategies were employed in order to 
get calibration data with voltage levels similar to field records:  

1. collection with the same aperture and gain setting as used in the field 
campaign;  

2. inclusion of a neutral density (ND) filter in front of the detector;  
3. use of a smaller aperture (i.e., a lens with lower diameter);  
4. perform measurements at a lower gain setting than in the field (when 

applicable) and scale accordingly. 

The effects of using strategies 1 through 3 can be seen in Fig. 5b–c for 
the VNIR radiometer. Technique number 4 does not apply in this case, 
because the photodiode was operated at 0 dB during the field campaign. 
The severe reduction in the spectral radiance produced by the ND filter 
can be seen in Fig. 5a. Thus, we can state that the detector is linear and 
properly calibrated in the range of interest. The same process is repeated 
for the Hα radiometer (not shown for the sake of brevity). The only 
difference is that we include measurements at lower gain than used in 

the field (i.e., lower than 70 dB). The measured power scales with the 
gain setting (g in dB) as ∝10g/20. Similarly, an analogous process was 
used to calibrate the infrared photodiode. The only difference is that a 
blackbody-like source at different temperatures was used instead of the 
QTH lamp at varying distances. We would like to note that the respon-
sivity charts in Fig. 3a and b show that the radiometers have no response 
outside of the desired band of operation. Thus, the measured infrared 
power is not a result of visible radiation leakage into the sensor. 

The calibration process outlined above produces a linear relationship 
between voltage and observed optical power (Pobs) at the detector in the 
band of interest in the form: 

Pobs(t) = mV(t) + b, (1)  

where m and b are the slope and intercept calibration coefficients. Using 
the detected power at the photodiode and assuming a point source with 
isotropic emission, the source power can then be inferred according to 
Eq. (2) below: 

Psource(t) =
4π
Ω

Pobs(t)
T(r) , (2)  

where T(r) is the transmission through the atmosphere as a function of 
distance from the radiometer to the return stroke, which was calculated 
with MODTRAN and is given in Fig. 3c for the three bands of interest 
(Berk et al., 2014). Notably, the background signal must be accounted 
for to get an accurate source power this was done by subtracting the 
median value of the entire record. In addition, Ω/4π is the fraction of the 
solid angle subtended by the detector, which is given as: 

Ω
4π = sin2

[1
2 arctan

(
D
2r

)]
, (3)  

where D is the lens diameter and r is the distance to the strike. In the 
limit that r≫D, Eq. (3) becomes the more familiar fraction between the 
detector area and the surface area of a sphere of radius r: 
Ω
4π = π(D/2)2

4πr2 . (4) 

This method gives a calibrated radiometer response for each return 
stroke, such as the examples shown in Fig. 4. The energy was then 
determined with a numerical integral: 

Fig. 5. (a) Spectral irradiance of the QTH lamp 50 cm away from the source (solid gray trace). The dashed line includes the (negligible) effect of atmospheric 
transmission through 50 cm of air, while the purple trace shows the effect of the ND filter (the trace is amplified 10× to aid the visualization). (b) Calibration data for 
the VNIR radiometer. (c) A zoom into the 0–1 V range discriminating the data collection performed with alternative techniques to probe the instrument’s linear trend 
at low voltages. In the legend of panel (c), 50 and 2.5 mm stand for the lens diameter used. 
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Esource =
∫ tend

tstart

Psource(t)dt, (5)  

Where tstart and tend are the pulse start and end times, respectively, 
determined by when the source power first and last exceeds 10% of its 
peak value (i.e., on either side of the pulse). In the Results section we 
report values for the peak of Psource, the integrated Esource, and the pulse 
duration, given as tend −tstart. Please note that Eq. (2) does not include any 
effects of cloud scattering between source and observer. Potential effects 
of cloud scattering in the measurements are discussed in Section 4.1. 

3. Results 

We detected 527 light pulses on August 10, 2021 within 19 km of 
Langmuir Lab with our Hα radiometer. These pulses are distributed over 
53 different one-second triggers in our radiometer system. Among the 
527 optical pulses, 235 of them were correlated with natural lightning 
strikes in a small convective cell, as detected by ENTLN, using the 
methodology outlined in Section 2.2. We focus the analysis on these 235 
strikes for which both radiometry and lightning location data are 
available, because otherwise we cannot estimate source power accord-
ing to Eq. (2). The data in Fig. 2b is a visualization of that afternoon’s 
storm, and it differentiates between CG and IC strikes by representing 
them with circles and stars, respectively. There are 139 red data points 
and they indicate that only the Hα radiometer captured the pulse in 
those cases. There are 72 blue data points and they indicate that both the 
Hα and the VNIR radiometer saw the pulse. Finally, there are 12 yellow 
data points which indicate that all three radiometers collected data for 
that optical pulse. The pentagon is the position of Langmuir Lab and the 
same-colored concentric circles mark specific distances away from the 

lab. This figure displays a lack of spread in the infrared data which 
implies that the main contributor to the lack of infrared measurements 
was the narrow 2.8◦ field of view set by the lens. While both of the other 
radiometers had a limiting field of view, the scattering of visible light 
allowed the VNIR and Hα radiometers to catch many strikes outside of 
the field of view. The lightning strikes recorded behind Langmuir Lab 
were due to the south-facing windows that let the light from strikes 
happening behind the radiometers get through and reflect off the metal 
plate shown in Fig. 2a. 

Fig. 4 shows two different sample flashes; the red-colored curve is 
calibrated optical power in the Hα band, the blue-colored curve is cali-
brated optical power in the VNIR band, and the yellow curve is cali-
brated optical power in the infrared band. Notably, the order of 
magnitudes of the power axes (on the right) decreases from left to right. 
Fig. 4a demonstrates the alignment process discussed in Section 2.2, 
while Fig. 4b is a zoomed-in portion of the triggering return stroke. 
Fig. 4b shows that this particular return stroke is followed by an M- 
component. The M-component is the second luminosity bump seen in 
the visible and Hα channels, but interestingly, not in the infrared. The 
second sample flash, shown in Fig. 4c and d, had a single return stroke. 
This particular return stroke had a time difference from ENTLN data that 
was 1.35 standard deviations above the average time delay (18.9 s ahead 
of ENTLN time). All of the samples demonstrate that the Hα radiometer, 
which has the most sensitive gain setting, was the most reliable source of 
data acquired in the campaign. This figure also demonstrates the effects 
of the low-gain setting on the broadband VNIR and infrared photodi-
odes. All apparent pulses seen in these two channels in Fig. 4a after 300 
ms are at the noise level. 

Fig. 6 shows the measured optical properties as a function of peak 
current in the Hα, broadband VNIR, and infrared radiometers in the top, 

Fig. 6. Key properties of optical pulses as a function of peak current: peak radiated power (a,d,g), total radiated energy (b,e,h), and duration (c,f,i), in the Hα (a–c), 
VNIR (d–f), and infrared (g–i) channels. The figure contains only flashes generally within the field of view. If data was captured by all three radiometers the symbol is 
colored yellow, if data was only captured by the Hα and VNIR radiometers it is colored blue, and if the data was only captured by the Hα radiometer then it is colored 
red. The circles represent CGs, while the stars represent ICs. For instance, a yellow circle in the top row indicates that the data point corresponds to a CG strike 
detected in all three channels. 
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middle, and bottom rows, respectively. The figure uses the same color 
scheme and CG/IC labeling method as Fig. 2b, but it only includes 
flashes in the field of view. The columns from left to right display the 
calibrated source power measured in Watts (W), the calibrated source 
energy measured in Joules (J), and duration of each stroke in millisec-
onds (ms). It can be seen that emitted power and energy generally in-
crease with peak current, but there is considerable scattering along the 
trend. The same cannot be said about the optical pulse duration. Much 
like one could expect, the radiation scattering in the cloud makes IC 
pulses fundamentally different in magnitude and duration from the CG 
ones. While IC pulses do blend inside of the range of amplitudes and 
durations reported for CG pulses, they are primarily found in the low- 
peak current sections of all graphs in Fig. 6. The durations reported in 
Fig. 6c are the best measure of the optical pulse duration we have, since 
the Hα radiometer had the most sensitive gain setting. The average 
duration of optical pulses for negative −CG flashes within the field of 
view is 0.49±0.36 ms, which is somewhat consistent to the findings of 
Quick and Krider (2013), despite the fact they use a different method to 
determine the pulse duration. There were only 3 of these CGs that lasted 
longer than 2 ms. All of them were followed by large M-components, 
such as the one shown in Fig. 4b. There is a single IC event that produced 
measurable infrared radiation but it occurred less than 1 km away from 
the observation facility and directly in front of the field of view. There 
were no other IC events that produced infrared radiation. There are 2 
+CGs in the data set, but one was 17 km away from the observation site, 
while the other was the furthest east pulse seen on 33.988◦ N latitude. 
Thus, both +CG flashes were only seen in the Hα channel. 

Table 1 summarizes the average properties of the entire data set. In 
this paragraph, we will focus on −CGs that are generally within the field 
of view, i.e., Section (c) of the table. Negative CGs have an average peak 
current of −14.5±7.8 kA. These strikes had peak power of 130±74 MW 
and total emitted energy of 20±21 MJ in the VNIR range. Additionally, 
−CGs had peak radiated powers of 1.2±1.1 MW and 0.19±0.23 MW in 
the Hα and infrared bands, respectively. The total radiated energy in 
these two bands is 290±380 J and 12±20 J, respectively. In addition to 
the data shown in Fig. 6, the table gives average power ratios for each 
channel with respect to the VNIR band. This information gives a novel 
quantification that the ratio between the power emitted in the 2–2.5 μm 
infrared and VNIR bands is 2.7× 10−3. This value is discussed in Section 
4.2 below. In addition, the Hα peak power amounted to 1.7% of the 
VNIR peak. Our estimates of the average return stroke power radiated in 
the VNIR band yields values that are two orders of magnitude lower than 
the findings of Quick and Krider (2013). Possible reasons for the 
discrepancy are given in Section 4.1 below. The median error in power 
estimates due to lightning location uncertainty are 15, 14, and 23%, for 
the VNIR, Hα, and infrared bands, respectively. 

Comparing the three different sections in Table 1, we can see that 
neither IC flashes (a), or CG flashes outside of the field of view (b) affect 
the average properties significantly. The largest difference between 
parameters in the three sections of the table is 30%. It can also be seen 
that the standard deviation is often greater than the average for several 
parameters reported on the table. This happens because these parame-
ters are not distributed normally as a function of peak current. Instead of 
Gaussian, their distribution is (roughly) Exponential. For an (exact) 
Exponential distribution, the average and standard deviation are 
identical. 

Fig. 6a and b display an attempt to fit a trend line to the measured 
peak power and energy. The attempt includes −CGs only to reduce 
uncertainty and to allow for comparison with Quick and Krider’s results. 
The green trend line has the form y=Kxp, where K and p are fit con-
stants. For the radiated power, the power-law exponent was found to be 
p=1.25, while for the energy it was 1.21. These p values indicate that 
the trend line lies in between a linear and a quadratic relationship. This 
is roughly consistent with the findings of Quick and Krider (2013, 
Fig.12), who reported that linear and quadratic functions fit the rela-
tionship between peak power and peak current with similar R2 values. 
The trend line was only determined for the Hα radiometer because the 
broadband VNIR radiometer’s gain was not set high enough to pick up 
any of the low current/low power events, in addition, the infrared 
radiometer only had 11 CG strikes. The R2 value for the fit in Fig. 6a and 
b is 0.36 and 0.46, respectively. The trend lines obtained by fitting the 
Hα channel data can be expected to apply to the VNIR values as well, 
since they are linearly proportional to each other. A plot of the Hα versus 
VNIR power (not shown) displays a linear relationship between them 
with a zero intercept and R2 =0.92. The same cannot be said for the 
infrared channel. 

da Silva et al. (2019) showed that the delay between current and 
optical emissions in rocket-triggered lightning is attributed to the 
plasma nature of the lightning channel resistance. Particularly, they 
showed that the finite time it takes to heat the plasma (da Silva and 
Pasko, 2013) to ∼30,000 K results in a delay of ∼0.1 μs between the 
surge of current and optical emissions. The data set presented here 
creates the opportunity to discuss the relationship between peak radi-
ated power and peak current, which follows a power-law dependence 
P∝ Ip, with p being a number between 1 and 2. This behavior can be 
understood as follows. The instantaneous electrical power per unit 
channel length available to excite optical emissions is RI2, where R is the 
channel resistance per unit length and I is the current. One can expect 
that a fraction η is emitted as optical power in the band of interest (e.g., 
around the Hα line). Without further inspection, this expression would 
indicate that the radiated power is P = ηRI2 ∝I2, in alignment with the 

Table 1 
Optical properties measured with radiometers in three different bands. Section (a) includes data from CGs and ICs of both polarities, while section (b) shows results 
exclusively for −CGs. Section (c) narrows the results further to include only −CGs in the field-of-view. Quantities are given as a mean plus or minus standard deviation. 
The last column shows the ratio of the power measured by that instrument to the power measured by the broadband VNIR radiometer.  

Peak Current (kA) Number Power (W) Energy (J) Duration (ms) Power Ratio 

(a) Entire data set 
Hα  235 1.0 ± 1.3× 106 2.8 ± 4.3× 102 0.56 ± 0.40 1.7 ± 0.5× 10−2 

VNIR 14.7 ± 10.3 84 1.0 ± 0.91× 108 1.9 ± 2.3× 104 0.33 ± 0.19 1 
Infrared  12 1.6 ± 2.2× 105 9.5 ± 19 0.13 ± 0.04 2.4 ± 4.9× 10−3  

(b) −CGs only 
Hα  193 1.1 ± 1.1× 106 2.9 ± 4.0× 102 0.55 ± 0.41 1.7 ± 0.5× 10−2 

VNIR 15.6 ± 9.5 75 1.1 ± 0.83× 108 1.9 ± 2.2× 104 0.32 ± 0.19 1 
Infrared  11 1.7 ± 2.2× 105 11 ± 20 0.13 ± 0.04 2.5 ± 5.1× 10−3  

(c) −CGs in FOV only 
Hα  130 1.2 ± 1.1× 106 2.9 ± 3.8× 102 0.49 ± 0.36 1.7 ± 0.5× 10−2 

VNIR 14.5 ± 7.8 46 1.3 ± 0.74× 108 2.0 ± 2.1× 104 0.28 ± 0.15 1 
Infrared  10 1.9 ± 2.3× 105 12 ± 20 0.13 ± 0.04 2.7 ± 5.3× 10−3  
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experimental findings of Zhou et al. (2014). However, the lightning 
plasma exhibits a negative differential resistance, which has the form: 
R=A/Ib, where A and b are positive constants. da Silva et al. (2019, 
Table1) showed that in a range of scenarios b is of the order of 1. As a 
conclusion, the radiated power should scale as P∝ I2−b, where the 
power-law exponent (2−b) is by definition a number lower than 2. 
Carvalho et al. (2015) determined that in rocket-triggered lightning 
flashes this trend is P∝ I1.75, while our data set suggests that it is ∝I1.25. In 
summary, the reason for the power-law exponent being lower than 2 is 
the the plasma’s negative differential resistance behavior. 

Liu et al. (2021) found that the 337-nm peak brightness of Narrow 
Bipolar Events (NBEs) near cloud tops increases linearly with peak 
current. The optical brightness was detected by ASIM, while the peak 
current was provided by Vaisala’s GLD360 lightning detection network. 
This result is somewhat similar to what we found here despite the fact 
that NBEs are produced by streamer corona discharges (Attanasio et al., 
2019; Attanasio et al., 2021; Rison et al., 2016). There is no reason for 
why streamer corona discharges and return strokes should exhibit such a 
similar trend, since their emission mechanisms are vastly different. The 
former consists of a non-equilibrium plasma with high electron tem-
peratures, but near-ambient neutral gas temperatures. The latter is a hot 
plasma in thermodynamic equilibrium. This newfound similarity is 
highlighted as an important topic for future investigation. 

4. Discussion 

4.1. Reasons for the low power detected in the VNIR band 

The main goal of lightning radiometry is to provide calibrated 
measurements of the lightning channel’s optical output. We dedicated a 
substantial amount of work to ensure that the calibration was done 
correctly, as discussed in Section 2.3. Despite our diligent efforts, which 
included repeating the calibration process several times with different: 
methods, engineers, and (duplicate) photodiodes, our estimates on peak 
optical power emitted in the VNIR band differ from the results obtained 
by Quick and Krider (2013) in Arizona by two orders of magnitude, with 
ours being lower. Our values are closer to, but still a factor of 4 lower 
than, the figures reported by Guo and Krider (1982) in Florida. Several 
potential reasons for this discrepancy are discussed below. 

1. Low sampling rate. Walker and Christian (2017); Walker and Chris-
tian, 2019 showed that the lightning spectrum changes substantially 
in the microsecond time scale. Quick and Krider (2017) showed that, 
for rocket triggered lightning, the optical emission for a channel 
section near the ground has a strong surge that lasts roughly 20 μs 
followed by a longer period of weaker luminosity. Our sampling rate 
of 100 kHz may not be sufficient to capture the actual peak of optical 
power. Quick and Krider (2017) used a 10 MHz data acquisition 
system.  

2. Non-uniform spectral response of the photodiode. Carvalho et al. (2018) 
showed that photodiodes with different spectral response in the 
VNIR range produce optical pulse waveshapes that can be vastly 
different. Fig. 3a shows the spectral response of the Thorlabs 
PDA100A photodiode used in this investigation. It can be seen that it 
has a distinct peak within the near-infrared range, just below 1 μm. 
On the other hand, the photodiode used by Quick and Krider (2013) 
has an approximately flat spectral response within the VNIR band. 
For this reason alone a straight comparison between the two mea-
surements may not be feasible.  

3. Spectral irradiance of lightning versus the calibration lamp. There is no 
reason to believe that the spectrum of the QTH lamp used here for 
calibration (Fig. 5a) is identical to the spectrum of a lightning flash. 
Actually, comparison with lightning spectra available in the litera-
ture shows a reverse trend than the one displayed in Fig. 5a. Light-
ning spectral irradiance decays with increasing wavelength due to 

the fact that continuum radiation peaks in the visible and has a much 
lower contribution in the infrared (Uman, 1963; Orville and Uman, 
1965; Orville and Henderson, 1984; Weidman et al., 1989). It is 
unclear what is the spectral irradiance of the calibration lamp used 
by Quick and Krider (2013). In combination, items #2 and #3 sug-
gest that our VNIR radiometer is more sensitive to the near-infrared 
portion of the optical spectrum, instead of the visible. Thus, it is quite 
natural that our inferred source power is lower than what was esti-
mated by Quick and Krider (2013). 

4. Data is biased by sources outside of the field of view. In this investiga-
tion, we introduce an automated system to detect the optical power 
radiated by lightning, which of course has its caveats. A simple 
explanation for the low power detected is that the average value is 
biased by strikes outside of the field of view (FOV). The analysis 
shown in Table 1 indicates that this is not the case. The average 
power in the VNIR band for the entire data set, −CGs only, and −CGs 
in FOV only, reported in Sections (a), (b), and (c) of the table, 
respectively, differs by no more than 30%. It is possible, however, 
that the narrow FOV consistently detected only a portion of the re-
turn stroke channel.  

5. Cloud scattering. Another plausible explanation is that the lightning 
discharge is obscured by clouds in between the source and obser-
vation site. Langmuir Lab is a mountain-top facility located at 3.3 km 
altitude and, as a result, orographic effects favor condensation and 
convection around the lab. Fig. 7 illustrates the potential effects of 
cloud scattering using the methods provided by Koshak et al. (1994) 
and Luque et al. (2020). First, Fig. 7a shows the photon flux exiting a 
cloud for sources placed at three different depths. These curves 
correspond to a solution to the photon diffusion equation, given in 
closed form in Eq. (27) of Luque et al. (2020). We use a diffusion 
coefficient of 10 km2/ms, corresponding solely to Mie scattering of 
visible photons by cloud hydrometeors (no absorption is included). 
Second, we convolve the photon flux with a 20-μs-wide optical pulse 
(see justification in item #1 above). Fig. 7b shows that the presence 
of clouds in between source and observer reduces the amplitude and 
widens the detected optical pulse. In this particular case, a cloud 
depth of 1.9 km explains how a 20-μs pulse can appear as wide as 
0.14 ms in the detector (see also Soler et al., 2020, Eq. (1) and related 
discussion). The VNIR pulse shown in Fig. 4c is reproduced in Fig. 7b 
for comparison. At the same time that the pulse widens by a factor of 
7, its amplitude is reduced by a factor of 14. Stronger attenuation can 
be produced by larger cloud depths. The 4-km depth example 
included in Fig. 7b produces attenuation by a factor of 57. However, 
this comes at the expense of widening the optical pulse even further. 

The objective of this discussion section is to emphasize that cali-
brated measurements of the lightning optical power are quite chal-
lenging. Particularly, that the inferred absolute source power can be 
affected by all issues discussed above. These issues may be related to the 
observation conditions, experimental setup, and/or detector calibration. 
All of which can be different for data sets collected by different research 
groups, which makes comparisons between published research on the 
topic challenging. There still is a long road ahead of the atmospheric 
electricity research community before we can make radiometric mea-
surements part of the observational routine in lightning observatories 
across the globe. Some examples of instruments used by lightning re-
searchers, which make ‘standard’ measurements, and allow for data set 
comparisons across the globe are lightning location systems and high- 
speed cameras. We hope with this article to outline the issues that 
need to be addressed in order to make radiometers a routine instrument. 

4.2. Fraction of power emitted in the 2–2.5 μm infrared band 

The ratio between optical power emitted in the Hα and VNIR bands, 
equal to 1.7%, seems quite reasonable. The fraction is roughly identical 
to the ratio between the band widths, which is 1.9%. However, the same 
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Fig. 7. (a) Photon flux exiting clouds of different depths (100 m, 1.9 km, and 4 km). The flux is normalized per unit source photon (Luque et al., 2020, Eq. (27)). (b) A 
20-μs optical pulse (black dashed trace) is convolved with the flux in (a) to simulate the effects of cloud scattering (red, blue, and green traces), and compared to data 
(gray trace). Values for the black and red curves should be read from the left-hand side axis, while values for all other curves should be read from the right. 

Fig. 8. (a-b) Fraction of radiance in selected bands of the optical spectrum. (c) Total radiance and breakdown in selected bands of interest. (d) Estimated ratio of 
power radiated in selected bands to the power emitted in the VNIR band (0.4–1 μm). All panels are given as a function of temperature. The total radiance of an air 
plasma, and the contributions of the visible (VIS) and infrared (IRA, IRB, and IRC) bands shown in panel (c) were obtained from Cressault et al. (2015). 
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rationale does not apply for the comparison between power emitted in 
the VNIR and 2–2.5 μm infrared bands, since the lightning spectra can be 
expected to be quite different in these two regions. In order to put our 
findings into perspective, we look into the radiance of an air plasma at 
local thermodynamic equilibrium (LTE) calculated by Cressault et al. 
(2015). Fig. 8 shows these authors’ calculations up to 30,000 K for 
several different bands of the optical spectrum, including the visible 
(0.4–0.8 μm, VIS in the figure) and the three infrared bands: IRA (0.8–1 
μm), IRB (1.4–3 μm), and IRC (3–20 μm). The IRC band extends all the 
way to 1,000 μm, but there is virtually no plasma emission beyond 20 
μm (Cressault et al., 2015). Fig. 8a and b show the fraction of radiance in 
selected bands of interest, which are calculated by taking the ratio be-
tween a band-specific radiance and the total one, as shown in Fig. 8c. 
Cressault et al. (2015) do not report the radiance in the precise bands of 
interest for our analysis, 0.4–1 and 2–2.5 μm, thus they need to be 
estimated. According to the measurements made by Laux et al. (1995), 
58% of the energy radiated by an air plasma at 8,000 K in the IRA band 
comes from the near-infrared range (0.8–1 μm). Therefore the fraction of 
optical power emitted in the range of our broadband VNIR radiometer 
can be estimated as ηVNIR = ηVIS + 0.58ηIRA, where ηVIS and ηIRA are the 
fraction of optical power radiated in the visible and infrared A bands, 
respectively, as shown in Fig. 8a. Similarly, from the work of Laux et al. 
(1995), one can infer that 17% of the energy emitted in the IRB band lies 
within the 2–2.5 μm range. Therefore, the fraction of optical power 
emitted in the band measured by our ‘infrared’ radiometer is given as 
η2−2.5 μm = 0.17ηIRB. These two fractions are displayed in Fig. 8a and b, 
respectively. 

We proceed to estimate the ratio between the power emitted in the 
bands of our infrared and VNIR detectors as η2−2.5 μm/ηVNIR. The resulting 
fraction is shown in Fig. 8d (yellow trace) alongside similar estimates for 
the IRB and IRC bands. In the temperature range of a cooling return 
stroke channel, 10,000–20,000 K, the ratio is ∼ 2× 10−2, and it is lower 
for higher temperatures. The value inferred from the measurements, 
2.7× 10−3, is only a factor of 7 lower than this figure, so we deem the 
agreement reasonable. Nonetheless, there are two probable reasons for 
the discrepancy. Firstly, the field of view of the infrared radiometer was 
quite narrow, only 2.8◦, which can cover a 500-m wide object located 
10 km away from the lens. This may not be sufficient to cover the entire 
flash and its branches between cloud and ground. The field of view of the 
broadband VNIR radiometer is twice as large, and can fully see a target 
that is 1-km wide at a distance of 10 km. Secondly, IC and CG strikes of 
similar current seem to emit similar powers in the VNIR band. This in-
dicates that, potentially, a large portion of the VNIR energy seen from 
the ground comes from cloud illumination (Section 4.1), i.e., from the 
portion of channels that are inside of the cloud. Visible and near-infrared 
radiation have difficulty escaping clouds — a photon is scattered several 
times before it may be able to escape. But a good portion of the VNIR 
energy does escape. This is the mechanism which makes lightning 
mapping from Geostationary orbit possible (Goodman et al., 2013). 
However, lightning channels inside the cloud may emit a lower pro-
portion of its energy in infrared and cloud scattering may affect the 
propagation of infrared radiation differently than visible. All these 
reasons may explain why the observed ratio between power detected by 
our infrared and VNIR radiometers is lower than the theory predicts. But 
further research is required to clarify this issue. 

For the sake of discussion, we have included in Fig. 8b the fraction of 
optical power radiated by a blackbody in the IRC band, as given by 
Siegel (2001, pages 20-22). It can be seen that an air plasma does not 
behave as a blackbody at all. While the fraction of energy radiated in the 
IRC band is lower than an LTE air plasma, the total radiance in this band 
is substantially overestimated, as shown in Fig. 8c. The blackbody 
radiance in this band is actually larger than the total radiance of an air 
plasma. The conclusion here is that Planck’s law for the radiance of a 
blackbody must not be used in a direct way to infer the temperature of 
lightning. But nonetheless, for a blackbody, the fraction between the 

radiance in the 2–2.5 μm to the one in the 0.4–1 μm band is ∼ 9 × 10−3 

for temperatures in the range between 10,000 and 20,000 K, which is 
still 3 times larger than the 2.7 × 10−3 figure derived from the 
measurements. 

Finally, another important discussion point is that the trends shown 
in Fig. 8 agree qualitatively with independent calculations by Pérez- 
Invernón et al. (2022). The VIS and VNIR radiances in Fig. 8c increase 
with plasma temperature in agreement with the 380–780 nm calcula-
tions of source power emitted per unit channel length by Pérez-Invernón 
et al. (2022), shown in their Fig.7. Furthermore, the IRA and 2–2.5 μs 
radiances peak in the 10,000–20,000 K range and decrease for higher 
temperatures above 20,000 K. This is in qualitative agreement with the 
estimates of power output around the 777.4 nm oxygen line by Pérez- 
Invernón et al. (2022). As speculated in the Introduction, both of these 
data sets support the idea that observations in infrared bands may 
provide unique insights into processes that take place at temperatures 
lower than the return stroke channel, such as leaders, for example. 

5. Conclusions 

In this work, we have reported radiometric observations of lightning 
in the visible and infrared ranges. More specifically, we report peak 
radiated power and total radiated energy in the VNIR range (0.4–1 μm), 
around the Hα line (652–667 nm), and for the 2–2.5 μm infrared band. 
The estimated peak power and total energy radiated by −CGs in the 
VNIR range is 130 MW and 20 kJ, respectively. Additionally, our mea-
surements indicate that the ratio between the power emitted in the Hα 
and 2–2.5 μm bands to the VNIR are 1.7 × 10−2 and 2.7× 10−3, 
respectively. The relationship between optical emission around the Hα 
line and peak return stroke current follows a power law, with the 
exponent ranging between 1.25 for peak power to 1.21 for total energy, 
and this trend should be true across the entire visible spectrum. This 
power-law relationship is attributed to the plasma negative differential 
resistance of lightning channels. 

This work is a first step towards extending lightning radiometry to 
other bands of the optical spectrum beyond the visible range. We have 
encountered and analyzed the challenges in measuring optical power in 
the visible and infrared regimes. Differences in observation conditions, 
experimental setup, and calibration methods make it impractical to 
compare our results to what has been previously reported in the litera-
ture. This helps emphasize that there still is a long road ahead of our 
research community to make multi-band calibrated radiometric mea-
surements of lightning optical power and routinely monitor its plasma 
properties. 
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