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3. ABSTRACT 

 

 Calibrated, multiband radiometric measurements of the optical radiation emitted by rocket-

triggered lightning (RTL) have been made in the ultraviolet (UV, 200-360 nm), the visible and 

near infrared (VNIR, 400-1000 nm), and the long wave infrared (LWIR, 8-12 µm) spectral bands.  

Measurements were recorded from a distance of 198 m at the University of Florida International 

Center for Lightning Research and Testing (ICLRT) during the summers of 2011 and 2012.  The 

ICLRT provided time-correlated measurements of the current at the base of the RTL channels.  

Following the onset of a return stroke, the dominant mechanism for the initial rise of the UV and 

VNIR waveforms was the geometrical growth of the channel in the field-of-view of the sensors.  

The UV emissions peaked about 0.7 µs after the current peak, with a peak spectral power emitted 

by the source per unit length of channel of 10 ± 7 kW/(nm-m) in the UV.  The VNIR emissions 

peaked 0.9 µs after the current peak, with a spectral power of at 7 ± 4 kW/(nm-m).  The LWIR 

emissions peaked 30-50 µs after the current peak, and the mean peak spectral power was 940 ± 

380 mW/(nm-m), a value that is about 4 orders of magnitude lower than the other spectral band 

emissions.  In some returns strokes the LWIR peak coincides with a secondary maximum in the 

VNIR band that occurs during a steady decrease in channel current.  Examples of the optical 

waveforms in each spectral band are shown as a function of time and are discussed in the context 

of the current measured at the channel base.  Source power estimates in the VNIR band have a 

mean and standard deviation of 2.5 ± 2.2 MW/m and are in excellent agreement with similar 

estimates of the emission from natural subsequent strokes that remain in a pre-existing channel 

which have a mean and standard deviation of 2.3 ± 3.4 MW/m.  The peak optical power emitted 

by RTL in the UV and VNIR bands are observed to be proportional to the square of the peak 

current at the channel base.  The same trend was found for natural lightning using peak currents 

estimates provided by the National Lightning Detection Network.  Ratios of the optical power to 

the electromagnetic power emitted at the time of peak current suggest the radiative efficiency in 

the VNIR band is a few percent during the early onset of a return stroke.  The majority of return 

strokes in RTL are found to emit most of their optical energy during the initial impulse phase. 
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4. MOTIVATION 

 

 The unpredictable nature of lightning makes direct measurement of its physical properties 

difficult to obtain. A great deal of knowledge has been gained from measurements of artificially 

triggered lightning, lightning attachment to instrumented towers, and lab experiments exploring 

the properties of high voltage sparks, but each method fails to completely capture the scale and 

dynamic characteristics of a natural lightning discharge.  Hence in order to study the physical 

characteristics of a discharge, we rely on radiated signals that can be sensed remotely.  Lightning 

provides a variety of such signals including electric and magnetic field changes, photon emission 

spanning most of the electromagnetic (EM) spectrum, ionospheric oscillations, and acoustic 

waves.  The photon emissions are uniquely determined by the thermodynamic conditions within 

the channel, and provide the most direct proxy to estimate those conditions as a function of time. 

Currently, lightning optical emissions are also being used in a variety of applications.  

Examples include commercial ground-based lightning warning systems and the detection and 

location of lightning from airborne and space platforms such as the Optical Transient Detector, 

Lightning Imaging Sensor, and the soon to be launched Geostationary Lightning Mapper sensor.  

Data provided by such sensors have proved useful for lightning protection and safety, “now-

casting” and identification of severe weather events, and creating a global climatology of Earth’s 

atmospheric electrical activity.  Despite the many applications of lightning optical emissions, the 

radiative properties of a lightning discharge are not well understood. 

This research is an effort to obtain a more complete understanding of the phenomenon 

known as a lightning discharge; a process that is an essential component in the global electric 

circuit, is intimately tied to severe weather events, and poses a naturally occurring hazard to people, 

societal infrastructure, and electrical systems.  We hope to contribute to the improvement and 

optimization of the applications described above as well as to new applications that are yet to be 

developed. 
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5. INTRODUCTION 

 

5.1 The Lightning Discharge 

 

 A lightning discharge is a visually bright and acoustically powerful neutralization 

of an electrified region of a thunderstorm.  It will be useful at this point to give an overview of the 

terminology and basic physical processes of a lightning discharge or flash.  These topics are 

covered in great detail in a number of publications [Uman and Krider 1989; Rakov and Uman 

2003, Cooray 2003] that the reader may reference for more information. 

 On Earth lightning occurs most predominantly in vigorously convecting, mixed phase 

water clouds where collision between hydrometeors, specifically graupel and ice crystals, can 

result in the charging of each particle with opposite polarity.  These charged hydrometeors are then 

separated spatially by convective updrafts and gravity.  The charge structure created within a 

thundercloud is typically a tripole, but is largely influenced by the meteorological and physical 

conditions imposed on a particular storm such as the available liquid water content, the 

atmospheric instability, the storm spatial extent, and the complexity of the terrain at the lower 

convective boundary.  It has been observed that in some regions a  significant percent of severe 

storms can have a more erratic charge structure often referred to as “inverted” or “anomalous” 

[Carey et. al 2003]. 

Once charge has been separated inside a thundercloud, there will be a voluminous and 

diffuse collection of charged particles in a non-uniform electric field.  In order for charge 

neutralization to occur, a conductive path must be established between these charge centers.  This 

can only occur by electrical breakdown of the air, a process that leads to a transition of atmospheric 

gases from a nearly perfect insulator to a nearly perfect conductor.  Breakdown can occur in a 

region where the electric field exceeds the breakdown field of air (~106 V/m).  Because these field 

magnitudes are difficult to generate by charge separation alone it is thought to occur locally near 

the enhanced electric field at the boundary of a hydrometeor or during the alignment of several 

hydrometeors.  This will lead to an electron avalanche process, which is a rapid acceleration of 

free electrons that liberate additional electrons by collision with neutral particles and results in an 

accumulation of free charge carriers, and may develop into a system of corona streamers and 
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finally to the thermalization of the air and development of a leader channel.  The entire process 

leading to the leader development is called the preliminary breakdown. 

A lightning flash consists of one or more leader and return stroke sequences where a 

lightning leader establishes a conductive path between the two charge sources, and the impulsive 

return stroke acts to discharge the sources.  A flash can occur between charge centers within the 

cloud, which is known as an intra-cloud (IC) flash, or between the cloud and an induced charge 

region on the ground, which is known as a cloud-to-ground (CG) flash.  The CG flash is most 

relevant to the present research and will be described below. 

The leader is a self-propagating phenomenon that establishes a partially ionized, 

conducting channel that grows in length toward a region with lower electrical potential.  If the 

leader is propagating through virgin air (air at standard atmospheric conditions), as it would prior 

to the first return stroke in a lightning flash, the growth of that channel will progress in successive 

and intermittent steps and is termed a stepped leader.  Each step emits a luminous pulse from a 

newly formed channel segment that is tens of meters in length.  The leader propagates at a typical 

two dimensional velocity of 105 m/s and forges a highly branched channel toward the ground.  It 

heats the air and deposits charge in a corona envelope along its path.  When the leader approaches 

an object on the ground an upward positive leader will be induced by the rapid change in the 

electric field in the local vicinity of the approaching leader tip.  Attachment of the upward and 

downward leaders establishes a conductive path between the charge volume in the cloud and the 

ground giving rise to the impulsive return stroke phase. 

The return stroke is an intense current wave that travels initially bi-directionally from the 

attachment point of the upward and downward leaders at near the speed of light.  Upon reaching 

the ground the wave will reflect back up the channel and catch up with the wave front that was 

already traveling upward.  The higher propagation velocity of the reflected wave is due to the 

higher conductivity of the return stroke channel as compared to the leader channel.  The return 

stroke acts to move space charge that was both in the cloud and deposited in the corona envelope 

of the leader channel to ground.  This process rapidly heats the channel to temperatures near 40,000 

K.  Typical peak currents for first return strokes are around 20 kA, and the current wave has a 10-

90% risetime of a few µs. 
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Following the first return stroke there may be one or more subsequent leader and return 

stroke sequences.  In this case the leader may travel down the pre-existing channel in the form of 

a dart leader.  A dart leader travels smoothly without stepping at a typical velocity of 107 m/s.  

Typical peak currents for subsequent return strokes are 10-15 kA with a 10-90% risetime of a few 

tenths of a µs. 

In some cases the dart leader may become stepped in the lower portion of the channel and, 

in this case, is known as a dart-stepped leader.  Additionally the leader may deviate from the path 

of the previous return stroke channel and establish a new ground contact.  Subsequent return 

strokes that establish new ground contacts tend to have characteristics that are between normal 

first strokes and subsequent strokes in a pre-existing channel. 

Following some return strokes a low-level current (of a few hundred to a few kA) will 

continue for an extended time.  This phenomenon is known as a continuing current and can have 

durations that range from a few to hundreds of milliseconds.  Occasionally, there are short surges 

in the continuing current that pass through the channel.  These current surges, known as M-

components, cause a uniform brightening of the CG channel and are likely associated with an 

extension of the in-cloud leader system.  The measured currents in M-components vary much more 

slowly than return strokes and have typical 10-90% risetimes of a few 100 µs. 

 

5.2 The Radiative Mechanism 

 

 During the return stroke impulse phase of a lightning discharge, the air in and around the 

conducting channel is heated very rapidly.  It is believed that the channel consists of a hot plasma 

core with a diameter of the order 1 mm and an outer core of mostly neutral atoms with a diameter 

of a few cm.  Estimated peak temperatures of the core channel can be greater than 40,000 K, and 

during the first few µs of the return stoke the temperature profile is thought to be relatively uniform 

[Uman and Orville 1965].  The energy transferred to the atmospheric gases by the return stroke 

impulse results in the dissociation of air molecules and the ionization and excitation of both atomic 

and molecular species.  Subsequent capture of free electrons by positive ions, de-excitation of 

neutral atoms and molecules, and recombination of dissociated molecules gives rise to photon 

emissions over a broad spectral range.   
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Photons are emitted isotropically from each differential volume of the channel.  It is often 

assumed that the channel is in local thermodynamic equilibrium (LTE) and hence the particle 

velocities are described by a Maxwell-Boltzmann distribution.  If this LTE is satisfied the 

population of available energy states will follow a Boltzmann distribution, and the Saha equation 

will describe the ratio of ionization states [Uman 1969].   

Under these conditions, the hot lightning channel will emit spectral lines that have an 

intensity determined by the number density of potential emitters, their Einstein emission 

coefficients, and photon energy corresponding to the particular electronic transition [Krider 1973].  

Spectrally resolved studies have shown that the channel is optically thin to virtually all emission 

lines except in the first few microseconds when the channel is at high pressure and may deviate 

from optical thinness [Uman and Orville 1965].  As the channel rapidly expands and cools, the 

spectral distribution of radiated power will be determined primarily by the evolving temperature 

of the channel which will vary radially and axially within and along the channel, and with time. 

  Photons will be absorbed and scattered as they propagate in the atmosphere over 

various distances depending on their wavelength.  The shorter wavelengths will be attenuated more 

rapidly with distance.  The atmosphere is mostly transparent in the visible but there are significant 

absorption features due to water vapor and carbon dioxide in the near and shortwave IR.  Rayleigh 

scattering will cause significant attenuation of the ultraviolet and blue wavelengths over several 

km.  Atmospheric aerosols and precipitation can cause further attenuation of the light and the 

viewing conditions are highly variable in thunderstorm environments. 

 

5.3 Optical Detection Techniques 

 

 Measurements of the light produced by lightning have been made mainly using two 

techniques.  The first has been to expose photographic film to the incident radiation, and to obtain 

time resolution, the film has been moved rapidly across the focal plane of the camera to create a 

streak photograph.  There are many publications that report on the use of streak photography that 

has been used historically to gain some insights into the optical nature of lightning.  Many of these 

publications are reviewed and referenced in appendices E, F and G. 

 The second technique involves the use of photo-electric, photon detectors. These 

devices were first used to study lightning optical emissions by E. Philip Krider in the 1960’s 
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[Krider 1965, 1966], and are the type of detector used for the present research.  Although the 

principles of photon detection can be found in a number of text books [Dereniak and Boreman 

1996; Palmer and Grant 2010], a brief review is presented here. 

Photo-electric detectors are semiconductor devices that are made from a variety of 

materials at a high level of purity.  The type of material (such as Silicon or Mercury-Cadmium-

Telluride) determines the energy gap between the valence and conduction bands of the 

semiconductor lattice.  When incident photons with energy greater than or equal to the 

semiconductor energy gap fall incident onto the material they are absorbed with some quantum 

efficiency and excite an electron from the valence to the conduction band creating an electron-hole 

pair.  Depending on the architecture of the detector and the circuit it is connected to, the amount 

of incident radiation can be determined by measuring either a photo-generated current or a change 

in the conductivity of the detector. 

 Photo-conductors are the most basic type of photo-electric detector and consist of a single, 

uniform semiconductor layer.  A voltage is applied across the device which generates a bias 

current.  Incident radiation increases the number of available electrons in the conduction band thus 

increasing the electrical conductivity of the detector.  This increase is measureable in an external 

circuit and is proportional to the number of photons incident onto the active area of the detector.  

A derivation of the responsivity of a photoconductive detector is given in appendix C. 

 Photo-voltaic detectors (photodiodes) are constructed by creating a junction between an n-

type and a p-type semiconductor layer.  An n-type semiconductor is doped with a donor element 

that contributes a loosely bound electron, and the p-type semiconductor is doped with an acceptor 

element that contributes a positively charged hole.  The induced drift of the free charge carriers 

into the adjacent (and oppositely charged) region creates an internal electrical potential difference 

between the two layers.  As a result the intermediate region, known as the depletion layer, has an 

applied electric field.  The depth of the depletion layer can be increased, thus increasing the 

quantum efficiency of the detector, by adding an intrinsic (undoped) layer between the p and n-

type layers. This type of junction is known as a PIN photodiode.  The absorption of incident 

photons in the depletion layer creates an electron-hole pair, and these charge carriers are 

accelerated away from each other by the applied electric field thus generating a photo-current that 

is measurable in an external circuit and is a linear function of the incident radiation.  A derivation 

of the responsivity of a photodiode detector is given in appendix B. 
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Both of these two photo-electric detector types were used in the present research.  They were 

connected to pre-amp circuits that were essentially current to voltage converters with variable 

gains.  The circuits were AC coupled to remove any DC background signal (such as daylight).  

More detail on the sensors and specific instruments that have been used to collect measurements 

in this study are given in the following sections and appendices B and C. 

 

6. EXPERIMENT 

 

6.1 Natural Lightning Observations 2001-2005 

 

 Over the summers of 2001 to 2005 graduate students at the University of Arizona 

conducted field measurement campaigns in the central Great Plains and southern Arizona to 

observe the optical radiation emitted by natural lightning in the visible and near infrared (VNIR, 

400-1000 nm) spectral band.  The data were analyzed as part of the present research and the field 

campaigns, measurements, and data analysis techniques are described in Quick and Krider [2013] 

(included in this report as appendix E) and the references therein.  Discussion and comparison of 

the VNIR optical emissions produced by both natural and rocket-triggered lightning is given in 

appendix F. 

 

6.2 The International Center for Lightning Research and Testing 

 

 The International Center for Lightning Research and Testing (ICLRT) is a facility operated 

by the University of Florida.  It is located on an approximately 1 km2 plot of land on the Camp 

Blanding military base near Gainesville, Fl.  Lightning is artificially triggered at the ICLRT by 

launching a 1 m fiberglass rocket into the charge region of an overhead thunderstorm with a spool 

of copper wire attached.  The end of the copper wire is attached to the grounded rocket launcher 

[Hill et. al 2012a].  By launching the rocket in a large electric field (< - 5 kV/m) the ascending 

wire initiates an upward propagating, positive leader which enters the cloud base and can lead to 

the attachment of a downward propagating negative leader.  When a significant current begins to 

flow through the wire, the wire will explode and vaporize in an Initial Continuing Current (ICC) 

phase [Hill et. al 2012b].  Following the ICC the current will drop to or near zero and can be 
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followed by one or more leader and return stroke sequences.  The return strokes in rocket-triggered 

lightning are physically similar to natural subsequent return strokes that remain in a pre-existing 

channel.  The main advantage of preforming a rocket-triggered lightning study is that the location 

of the lightning attachment can be anticipated which greatly increases the repeatability of the 

measurements.  A drawback is that much of the variability inherent to natural lightning may not 

be captured, especially in the case of the highly branched first return strokes in a flash which are 

proceeded by stepped leaders. 

 A number of universities and other research institutions have contributed individual 

measurements to the collaborative studies conducted at the ICLRT.  During the summers of 2011 

and 2012 a list of measurements at the facility included the current at the base of the channel, E-

field, E-field derivative, magnetic field, high energy particle and x-ray radiation, radar, still camera 

photography, and high-speed video.  The geometrical shape of the lightning channel was 

monitored by both a Lightning Mapping Array (LMA) and a dE/dt Time-of-Arrival (TOA) 

network.  The optical measurements that were taken at the ICLRT included time-resolved 

spectroscopy, streak photography at visible wavelengths and our multiband radiometry. 

 Measurement of the lightning optical emissions were obtained in three primary spectral 

bands.  The ultra-violet (UV) band ranged from 200-360 nm, the visible and near infrared (VNIR) 

ranged from 400 to 1000 nm, and the long wave infrared (LWIR) ranged from 8 to 12 µm.  The 

detailed viewing geometry of our radiometric measurements are described in appendix F.  To 

provide clarity the following subsections will describe the suite of radiometers used during each 

of the two summers.  More information concerning the radiometric sensors and their calibration 

can be found in appendices B and C. 

 

6.3 2011 ICLRT Campaign 

 

 In the summer of 2011 we deployed a total of seven radiometers to measure the optical 

radiation emitted by the lightning channel.  The first two were sensitive in the VNIR band and 

viewed both an “upper” and “lower” section of the lightning channel in an effort to separate 

emissions from the vaporized wire and virgin air regions of the channel.  The upper viewing VNIR 

sensor has been dubbed 2011V-U and observed a length of channel extending from altitudes of 0 
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to 450 m.  The lower viewing sensor observed a length of channel extending from 0 to 225 m and 

has been dubbed 2011V-L. 

 The remaining five sensors deployed in 2011 were sensitive to the UV and viewed the same 

length of channel as the 2011V-L sensor.  The initial suite of UV radiometers included three 

sensors which were sensitive to the UV-A (310-370 nm), UV-B (230-315 nm), and UV-C (230-

285 nm) spectral bands.  We successfully observed only two triggered flashes with these three 

sensors between the dates of June 23 and July 10.  Because of the small active area of the detectors 

the signals were characterized by a low signal-to-noise ratio and we chose to replace these sensors 

with two broadband UV channels for the remainder of the summer. 

 The last two radiometers deployed in 2011 were the two broadband UV sensors and were 

both sensitive from 200-360 nm.  The active areas of the two detectors were 1 mm2 and 4 mm2.  

Although measurements with these sensors were indeed successful, and had a much improved S/N 

ratio over the previous three UV devices, we have chosen not to report these measurements here 

and instead focused our analysis on the UV measurements from 2012 which had better quality. 

 

6.4 2012 ICLRT Campaign 

 

 In the summer of 2012 we deployed a total of five radiometers.  Each viewed an identical 

length of channel ranging in altitudes from 10 to 72 m.  The first was sensitive the VNIR band and 

has been dubbed 2012V.  The 2012V sensor used the same photodiode detector as the 2011V-U 

instrument with the addition of a 10% transmission neutral density filter.  The second sensor was 

sensitive to the wide band UV and has been dubbed 2012UV, and the third sensor was sensitive to 

the UV-C band.  Because of the high gain necessary for the UV-C band measurements, that sensor 

had a limited electrical bandwidth and the signals suffered from a loss of high frequency content, 

hence we have chosen not to report the UV-C band measurements here.  All three of the above 

sensors were housed in the same physical encasement with isolated electronics for each detector. 

The fourth sensor in 2012 had a broad sensitivity in the mid-IR band (3-11 µm).  The 

detector was a multiple junction HgCdTe photovoltaic device operated at ambient temperature.  

Unfortunately, thermal noise dominated this instrument’s observed signal and no useful 

measurements were obtained.  The fifth radiometer was sensitive to the LWIR band and has been 
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dubbed 2012LWIR, was cooled with liquid nitrogen and operated successfully throughout the 

2012 campaign. 

 

7. DATA ANALYSIS 

 

7.1 Waveform Analysis 

  

 Radiometric observations of the optical emission produced by lightning were recorded as 

time-series waveforms of the irradiance that fell at normal incidence to the active surface area of 

the detector.  The waveforms were 2 to 5 seconds in length and contained the digitized optical 

signature of a single lightning flash composed of one or more return strokes.  With knowledge of 

the distance between the source and detector an estimate of the power emitted by the channel as a 

function of time was calculated.  A number of waveform parameters were then measured for the 

individual return strokes using a combination of automated and manual techniques.  The optical 

observations were combined with other available data such as video observations, National Lightn 

Detection Network (NLDN) peak current estimates, and current measured at the base of the 

lightning channel in order to provide more information about each return stroke. 

The methods used for source power estimation, the waveform parameters of interest, and 

the correlated measurements are described in detail in appendices E-H.  In particular, the analysis 

of the channel base current in the rocket-triggered lightning observations required a precise time 

alignment of measured signals.  The signal processing techniques used to accomplish the 

alignment are described in appendix A.  Most of the software tools for both automated and manual 

waveform analysis were custom programs written in the MATLAB programming environment.  A 

particularly useful tool was a return stroke simulation designed to calculate the expected optical 

emissions from a lightning channel using a known return stoke impulse wave as an input.  The 

following subsection will describe this return stroke simulation. 

 

7.2 Return Stroke Simulation 

 

 The length of the observable CG lightning channel is determined by the height of the 

thunderstorm cloud base and is typically 1 or 2 km.  When taking radiometric observations of 
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lightning at distances much larger than the CG channel length (as was the case in the observation 

of natural lightning) the slant distance between the source and sensor does not change significantly 

with height in the channel (small angle approximation).  In this scenario the peak of the irradiance 

waveform necessarily occurs when the upward propagating, luminous front of the return stroke 

wave reaches the cloud base.  With the rocket-triggered lightning observations conducted at the 

ICLRT the horizontal distance between the channel and detector is comparable to the vertical 

length of the channel in the FOV of the radiometer and the slant distance between the source and 

detector does indeed vary significantly over the observed altitudes.  As a result, it is difficult to 

determine apriori whether the measured irradiance waveform will peak at or before the return 

stroke wavefront fills the vertical FOV of the sensor.  This leads to ambiguity in the meaning of 

the source power estimates calculated from the initial rise and peak of the irradiance because the 

length of the luminous channel in the FOV is unknown.  To provide clarity a simple return stroke 

simulation was created to predict the observed irradiance under controlled conditions. 

 A report by Wang et. al [2005] demonstrated that the VNIR optical emission from a small 

channel segment is linearly proportional to the current passing through that segment during the 

fast rise to peak of both waveforms.  Hence, we are able to use the current waveform measured at 

the channel base as a proxy for the light waveform during the onset of the return stroke.  

Additionally, a report by Jordan et.al [1997] found that the peak amplitude of the return stroke 

light wave is attenuated exponentially with height as it propagates upward.  Using these two 

principles we can produce a reasonable estimate of the optical power emitted by the channel as a 

function of time. 

 To do this, we assume that the relative intensity of the return stroke light wave is identical 

to the relative amplitude of the measured base current as a function of time.  This light wave is 

then propagated upward through a perfectly vertical channel at velocity that is assumed to be 

constant, and the peak amplitude is attenuated exponentially with an assumed e-folding distance.  

The measured angular response and elevation angle of the radiometers are included to account for 

geometry and vignetting at the edges of their FOV.  The expected irradiance that will be measured 

can then be calculated at each time-step.  The simulation results are shown in a graphical display 

that can be viewed as a movie.  Two frames of an example simulation are shown in Figures 6.2.1 

and 6.2.2, and correspond to the time-steps when the 2012V sensor and the 2011V-L sensor, 

respectively, are predicted to reach a peak irradiance. 
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 This simulation allowed us to test the sensitivity of the measured irradiance to the return 

stroke velocity, the e-folding distance for the peak amplitude of the light wave, the viewing 

geometry, and the proportionality between channel current and light emission.  The results indicate 

that the irradiance waveforms observed during the 2011 ICLRT field campaign likely peak before 

the return stroke wave has filled the vertical FOV of the sensor.  This happens because the 2011 

radiometers viewed a relatively long portion of the channel and the irradiance measured from a 

differential channel segment is inversely proportional to the square of the slant distance between 

the sensor and that segment.  Thus the light emitted from the most elevated heights of the channel 

in the FOV contribute significantly less to the observed irradiance than emission from the lower 

channel. 

 
Figure 7.2.1:  Graphical display of the return stroke simulation for the timestep when the 2012V sensor is expected to 

measure a peak irradiance.  The leftmost panel shows the relative irradiance in the source channel with a colorbar 

representation to the right.  The middle panel shows the relative irradiance that would be observed at the distance of the 

detector with a colorbar representation to the right.  In this panel, horizontal dotted lines represent the upper limits to the 

FOV of each sensor.  Simulation parameters, predicted measured waveform parameters, and the expected irradiance 

waveforms are shown in the three panels on the right.  The two arrows illustrate that the expected irradiance measured by 

the 2012V sensor reaches a peak at the moment when the wave peak has filled the FOV of the sensor.   
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 In 2012 however the length of the observed channel segment is relatively small and the 

irradiance waveform will peak at or very near the time when the wave front has filled the vertical 

FOV.  This tells us that the interpretation of the 2012 measurements is more straight-forward than 

the 2011 measurements during the onset of the return stroke.  Additionally it allows us to use the  

2012 measurements to estimate the channel source power using two independent methods as 

described in appendices D and F.  To improve the simulation the program should be modified to 

include a return stroke velocity that varies with height, a dispersive propagation of the optical 

wavefront, and compensation for the tortuosity of the real lightning channel. 

 

 

 

 

 

 

 
Figure 7.2.2:  Same as Figure 7.2.1 but 1.1 µs later during the timestep when the 2011V-L sensor is expected to measure 

peak irradiance.  Note that the wavefront has not yet filled the vertical FOV of the sensor. 
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8. SUMMARY OF RESULTS 

 

8.1  Natural versus Rocket-Triggered Lightning Observations 

 

 The irradiance that is measured when viewing a lightning discharge is determined by the 

spatial and temporal characteristics of the source, the viewing geometry, and the sensor spectral 

response.  When observing natural flashes the best vantage point is from outside the storm so that 

all of the lightning is occurring in one viewing direction, and so that the effect of intervening 

precipitation can be minimized.  This requires a source-to-detector distance of several km, and in 

practice can range to a few tens of km.  In this scenario the radiometers are able to capture the 

entire macroscopic development of the discharge which includes photon emission from the CG 

channel and also the highly scattered emissions from within the cloud.  In contrast observations of 

RTL from close distances are only able to capture the emissions from a channel segment that is 

tens or hundreds of meters in length.  The details of these two viewing geometries makes the 

interpretation of the observations, and the waveform parameters of interest inherently different. 

 The radiometric observations of natural lightning in the VNIR band are shown and 

discussed in appendix E (see Figures 3-5).  The waveforms are characterized by the complex 

superposition of light pulses radiated by all phases of the discharge including leader propagation, 

the return stroke, and continuing current processes that in many cases are time broadened by 

multiple scattering.  In this study the effect of the turbidity of the air over the several km 

propagation distance of the light is observed through a reduction of irradiance in geographical 

regions with more humid and turbid air (such as Florida and the central Great Plains) compared to 

regions with clear air (such as southern Arizona).  Despite the highly variable viewing conditions, 

the power and energy measured in the VNIR band agree well with previous reports of both ground-

based and satellite observations. 

 The observations of RTL in the VNIR band are shown and discussed in appendix F (see 

Figures 5-12).  These waveforms, produced by the propagation of the RS wave through a GC 

channel segment, lack the time broadening and complexity of the natural observations.  Instead we 

observe a sharp peak in optical emissions that is followed by a more slowly varying plateau or 

shoulder region.  The sharp peak is associated with an intense ionization front that releases much 

of the electro-static energy deposit by the leader [Borovsky 1998].  In fact, this study finds that 
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80% of return strokes emit more than half of the total optical radiation during this impulse phase.  

Although there are significant differences in viewing geometry between the RTL and natural 

lightning studies, estimates of the peak source powers are strikingly similar between RTL and 

natural subsequent strokes that remain in a pre-existing channel. 

 

8.2 Multiband Rocket-Triggered Lightning Observations 

 

 The multiband observations of RTL, detailed in appendix G, have allowed us to gain some 

understanding of how the distribution of optical power changes with time.  It is clear that the UV 

emissions rise faster, and peak earlier than the VNIR.  Our observations suggest that spectral 

emission in the UV is likely more intense than the VNIR emission during the impulse phase of the 

return stroke.  In contrast the LWIR rises to a peak tens of µs after the impulse phase and with an 

intensity that is 4 orders of magnitude smaller. 

 In some return strokes we observe a secondary maximum in the VNIR that is not 

present in the UV.  Because this feature occurs during a steady decrease in the channel current it 

is not associated with any increase of energy input and channel heating.  We also note that the 

secondary maximum in the VNIR occurs at about the same time as the LWIR peak, suggesting 

that the feature is an increase in red or long wave emission caused by cooling of the channel.  We 

find that the peak source power in both the UV and VNIR bands are proportional to the square of 

the peak current measured at the channel base in our RTL measurements.  This result is the same 

proportionality that was found for natural lightning observations using peak current estimates from 

the NLDN network. 

 

8.3 Radiative Efficiency 

 

 Any electrical discharge dissipates the available potential energy through a variety of 

mechanisms.  One such mechanism is the radiation of a large electromagnetic pulse associated 

with the large scale movement and reorganization of electrical charge.  We call this signal the 

electromagnetic power.  A second mechanism is the radiation of photons which we call the optical 

power.  By comparing these two quantities we can get an effective “radiative efficiency” of the 

lightning channel.  Estimates of this parameter are described and discussed in appendix H.  We 
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find that the optical power emitted is a few percent of the total EM power at the time of the peak 

EM power.  The peak EM power is radiated in the earliest moments of the return stroke when the 

current in the channel reaches a peak amplitude.  However, later in time the optical emission 

increases and eventually peaks at magnitudes that are comparable or larger than the peak EM 

power as mentioned in appendix E. 

 

9. CONCLUSIONS 

 

 The calibrated, multiband radiometric measurement of optical emissions from lightning 

have provided a number of insights into the optical characteristics of both natural and rocket-

triggered lightning discharges.  It is reassuring that there is good agreement between the peak 

source power estimates of both types of lightning initiation. This provides confidence that both 

processes are similar and that the results from RTL experiments can be applied to natural lightning, 

at least in the case of subsequent strokes in a flash.  Many questions remain to be answered, 

however.  We have observed that first strokes in natural flashes tend to have higher peak currents 

and larger peak optical powers.  It would be interesting to see if there are differences in the 

multiband energy distribution between first and subsequent strokes.  Further observations of 

natural lighting using the multiband sensors would be required to determine if any such differences 

exist. 

 The focus of this study has been the analysis of the return stroke phase of the lightning 

discharge.  Other, non-return stroke processes may be equally important to analyze.  Radiative 

differences between stepped-leaders, dart leaders, dart-stepped leaders, and chaotic dart leaders 

[Weidman 1982] will certainly provide insight into the physics of each leader type.  Additionally, 

continuing currents and M-components are unique phenomenon with radiative properties that will 

be interesting and useful to quantify.   Many of the RTL measurements contain the optical signature 

of these processes and continued analysis of the data will enable more information to be attained. 

 There are several improvements that can be made to increase the interpretability the 

measurements.  Ideally these radiometric measurements would have high temporal, spatial, and 

spectral resolution.  In practice it is very difficult to obtain all three.  Although a time resolution 

of 0.1 µs seems to capture much of the evolution of the discharge, it is easy to imagine that a factor 

of 10 faster sampling rate may resolve features that are unseen with the current time resolution. 
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One of the main sources of difficulty in interpreting the optical measurements is the 

convolution of the geometrical growth of the channel with the temporal evolution of the channel.  

To remove this difficulty higher spatial resolution will be necessary.  An initial step would be to 

reduce the FOV of the radiometers so that they view a narrow channel length (maximum of a few 

meters) near the channel base.  An array of radiometers would be able to view multiple altitudes 

along the channel to observe how the return stroke wave changes as it propagates vertically.  An 

ideal sensor would make use a focal plane array as a detector so that a spatially resolved image 

can be observed allowing analysis of any location in the channel.  This type of detector however 

would require a challenging calibration effort, and the transmission spectrum of the necessary 

optical components would likely limit the broadband sensitivity of the detector. 
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APPENDIX A: Time Synchronization of Base Current Signals at the International 

Center for Lightning Research and Testing 

 

 Measurements taken at the International Center for Lightning Research and Testing 

(ICLRT) during the summers of 2011 and 2012 by the University of Arizona were recorded on a 

Digitizing Storage Oscilloscope (DSO), (Yokogawa DL750P) located at the University of Arizona 

(UA) station in the Optical Trailer.  These measurements can be precisely time correlated at the 

nanosecond scale with other measurements taken at the ICLRT if a correction is made for signal 

propagation time, and sample rate variation between different DSOs.  Contributing factors to signal 

time delays and the technique for delay correction are described in this report.   

 

1. SIGNAL PROPAGATION 

 

1.1 Radiometric Signal 

 

 A flow diagram depicting the UA radiometric measurements is shown below.  In the 

diagram a variable represents a signal and an arrow represents a system component that performs 

an operation on a signal.  As illustrated, the radiance emitted by a lightning channel segment, 

𝐿𝑜(𝑡), is a function of time and traverses through the atmosphere to the detector plane.  The 

radiometer measures the radiance field incident at the detector, 𝐿𝑑(𝑡), and produces an analog 

output voltage, 𝑉𝑜𝑢𝑡(𝑡).  A coaxial cable caries 𝑉𝑜𝑢𝑡(𝑡) over a finite time, 𝑡𝑐, to the UA DSO where 

it is sampled and digitized.  𝑉𝑅(𝑛) represents the radiometric signal that is stored on the DSO, is a 

function of sample number, n, and is the final product of the radiometric measurement system. 

 

𝐿𝑜(𝑡)
𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒
→        𝐿𝑑(𝑡)

𝑅𝑎𝑑𝑖𝑜𝑚𝑒𝑡𝑒𝑟
→        𝑉𝑜𝑢𝑡(𝑡)

𝐶𝑜𝑎𝑥𝑖𝑎𝑙 𝐶𝑎𝑏𝑙𝑒
→          𝑉𝑜𝑢𝑡(𝑡)

𝑈𝐴 𝐷𝑆𝑂
→     𝑉𝑅(𝑛) 

 

 We can now discuss the system components individually.  The radiometer transforms the 

radiance into a voltage by multiplying 𝐿𝑑(𝑡) by a calibration constant which we will denote, 𝐾𝑅.  

The time required for the sensor to produce a voltage in response to a change in irradiance is on 

the scale of a few ns.  The coaxial cable carries a signal traveling at the speed of light and is at 

most 2 meters in length resulting in a propagation time that is also few ns, which we will ignore.  
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At the input to the DSO the analog signal is sampled at discrete times at a known sampling rate 

and quantized to 12-bit resolution.  Again, the time required for digitization is only a few ns. 

 Given the short response times of the last three components of the system, the propagation 

of light through the atmosphere is the dominant contributor to signal propagation time.  We will 

assume that attenuation of light is small over the path length through the atmosphere so that the 

atmosphere merely introduces a time delay between 𝐿𝑜(𝑡) and 𝐿𝑑(𝑡).   

Strictly speaking, the distance that the light must travel varies with the height of any 

particular channel segment in the field-of-view (FOV).  The optical power incident on the detector 

is therefore a summation of the light emitted by each channel segment in the FOV as a function of 

time with each segment having a different light propagation time.  During a return stroke, light is 

emitted from the bottom of the channel first, and the fastest propagation will be from the bottom 

of the channel over the horizontal distance, D, between the rocket launch platform and the 

radiometer (198 m).  This distance will determine the radiometric light propagation time, 𝑡𝑅. 

𝑡𝑅 =
𝑟

𝑐
=

(198𝑚)

cos(3𝑒8𝑚
𝑠
)
= 0.66 𝜇𝑠 

Propagation times over the other three system components are only a few percent of 𝑡𝑅.  Hence 

we can describe the system with the following set of equations with T representing the sampling 

period of the DSO. 

𝐿𝑜(𝑡) 

𝐿𝑑(𝑡) =  𝐿𝑜(𝑡 − 𝑡𝑅) 

𝑉𝑜𝑢𝑡(𝑡) = 𝐾𝑅𝐿𝑑(𝑡) 

𝑉𝑅(𝑛) = 𝐾𝑅𝐿𝑜(𝑛𝑇 − 𝑡𝑅) 

 

1.2  Base Current Signal 

 

 A flow diagram depicting the recording of the II-Hi channel base current for the UA is 

shown below.  The current at the base channel passes through a shunt to ground to create an analog 

voltage 𝑉𝑖0(𝑡).  The voltage is then transmitted to launch control (LC) through a fiber optic (FO) 

link that is composed of a transmitter/receiver pair connected by fiber.  Upon reaching LC as 

𝑉𝑖1(𝑡), the signal is carried by coaxial cable and passes by several pieces of equipment in parallel 

resulting in 𝑉𝑖2(𝑡).  A second FO link carries 𝑉𝑖2(𝑡) from LC to the optical trailer where it arrives 
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as 𝑉𝑖3(𝑡) and is converted to a voltage over a coaxial cable transmission.  Finally the signal is 

digitized and stored as 𝑉𝑖(𝑛). 

𝑖𝑐ℎ𝑎𝑛𝑛𝑒𝑙(𝑡)
𝑠ℎ𝑢𝑛𝑡
→   𝑉𝑖0(𝑡)

𝐹𝑂1
→  𝑉𝑖1(𝑡)

𝐿𝐶
→ 𝑉𝑖2(𝑡)

𝐹𝑂2
→  𝑉𝑖3(𝑡)

𝐶𝑜𝑎𝑥 
→   𝑉𝑖3(𝑡)

𝑈𝐴 𝐷𝑆𝑂
→     𝑉𝑖(𝑛) 

 The shunt effectively multiplies the current by a constant that converts the amperage to a 

voltage.  Each FO link consists of a transmitter that converts the analog voltage at input to a scaled 

optical signal, a fiber that carries the signal over a finite distance, and a receiver that converts the 

optical signal to a scaled voltage.  The signal that arrives at the receiver end has a time delay 

introduced by propagation as well as a noise component introduced by the equipment.  At launch 

control, the signal travels by coaxial cable past at least 2 DSOs (scope 24, 26) where it is recorded 

in parallel.  A small time delay is added at LC.  A second FO link carries the signal from LC to the 

optical trailer adding more time delay and noise.  It is assumed that the noise added by the second 

FO link is the same as the noise from the first.  The short coaxial cable in the optical trailer adds a 

small time delay prior to digitization at the UA DSO.  A set of equations that describe the 

relationship between the initial analog signal and the final digitized signal are given below.  In the 

final equation, propagation times associated with all system components have been combined into 

the variable 𝑡𝑈𝐴 and all conversion constants have been combined into 𝐾𝐻𝑖.   

𝑉𝑖0(𝑡) = 𝐾𝑠ℎ𝑢𝑛𝑡𝑖𝑏𝑎𝑠𝑒(𝑡)  

𝑉𝑖1(𝑡) = 𝑉𝑖0(𝑡 − 𝑡𝐹𝑂1) + 𝑛𝑜𝑖𝑠𝑒 

𝑉𝑖2(𝑡) = 𝑉𝑖0(𝑡 − 𝑡𝐹𝑂1 − 𝑡𝐿𝐶) + 𝑛𝑜𝑖𝑠𝑒 

𝑉𝑖3(𝑡) = 𝑉𝑖0(𝑡 − 𝑡𝐹𝑂1 − 𝑡𝐿𝐶 − 𝑡𝐹𝑂2) + √2𝑛𝑜𝑖𝑠𝑒 

𝑉𝑖(𝑛) = 𝑉𝑖0(𝑛𝑇 − 𝑡𝐹𝑂1 − 𝑡𝐿𝐶 − 𝑡𝐹𝑂2) + √2𝑛𝑜𝑖𝑠𝑒 

𝑉𝑖(𝑛) = 𝐾𝐻𝑖𝑖𝑏𝑎𝑠𝑒(𝑛𝑇 − 𝑡𝑈𝐴) + √2𝑛𝑜𝑖𝑠𝑒 

 The total propagation time, 𝑡𝑈𝐴, has been precisely measured by the ICLRT crew.  To 

achieve this measurement a loop was created in the ICLRT network, by connecting the UA DSO 

station to LC with a test FO link and associated coaxial cables.  This “test fiber” has a known 

nominal delay that is measured regularly.  Once the loop is completed, a test signal (square wave) 

is sent from the UA station around the loop and returns to the station.  The time delay between the 

generated test signal and the return test signal is measured and the nominal delay of the test fiber 

is subtracted from the time difference.  The remaining delay is 𝑡𝑈𝐴.  The measured values are given 

below. 
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2011: 𝑡𝑈𝐴 = 2669 𝑛𝑠 

2012: 𝑡𝑈𝐴 = 2692 𝑛𝑠 

 

1.3 Correction for Signal Propagation Time 

 

 In order to determine the relationship between the channel base current and the emitted 

light at the source, the signals must be shifted to account for the differences in propagation time.  

The time vector, which is the series of time stamps for each sample in the waveform, is determined 

by the duration of the recorded waveform, the pre- and post-trigger time allocations and the time 

at which the DSO is triggered to store data.  Total waveform durations are either 2 or 5 seconds.  

Figure 1 illustrates the time sequence of events during data acquisition for a hypothetical “impulse 

return stroke” signal.  The return stroke occurs at t = 0 (no sample is recorded).  At time 𝑡𝑅the 

optical signal is received and at time 𝑡𝑈𝐴 the II-Hi signal arrives at the UA DSO.  If the UA DSO 

is set to trigger on the ICLRT network trigger pulse, the data acquisition trigger will occur nearly 

simultaneously with the reception of the RS signal at t = 𝑡𝑈𝐴 which is when the UA DSO will 

receive the trigger pulse.  If the UA DSO is set to trigger on the radiometric signal, the data 

acquisition will instead be triggered at 𝑡𝑅. 

 By adding the difference of (𝑡𝑈𝐴 - 𝑡𝑅) to the time vector for 𝑉𝑅(𝑛) the radiometric signal 

will be shifted to the right and the onset of each waveform will properly align in time.  An example 

of this time shift on actual data is shown in Figure 2.  In this figure 𝑉𝑅(𝑛) and 𝑉𝑖(𝑛) are labeled 

VNIR and II-Hi respectively.  In practice, the propagation delay corresponding to each signal is 

subtracted so that both will occur at t = 0 in Figure 1. 

 

  

 

 

Figure 1:  Illustration of signal propagation times.  In this figure time the time axis is “absolute time” relative to the 

return stroke which occurs at t = 0. 
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2. CLOCK DRIFT AND SAMPLE RATE OFFSET 

 

 This section describes the synchronization error that arises as a result of slight variations 

in the sample rate of the Digitizing Storage Oscilloscopes (DSO) used at the ICLRT due to clock 

drift and how to correct the error.  For the UA analysis it is necessary to compare the II-Hi signal 

recorded on the UA DSO (the reference signal) to the II-Hi, II-Low, and II-VL signals recorded 

on scope 24 in launch control (the test signal).  The scope 24 measurements include three 

sensitivities and thus a higher dynamic range, as well as an increased S/N as a result of the noise 

added to the UA DSO II-Hi signal by the extra FO link between LC and the optical trailer. 

 This section begins by describing the source of the clock drift and gives examples of the 

resultant error in signal synchronization.  Next the ideal method of solution is described and it is 

demonstrated that the technique is insufficient in this case.  Finally the solution method that was 

executed in signal analysis is described. 

 

2.1 Source of the offset 

 

 The Yokogawa DL750P is capable of sampling at 10 MHz with a timing accuracy of .005% 

at an ambient temperature of 23 °C and a relative humidity of 55%.  Timing accuracy is a function 

of temperature and the input module (701255) used for the ICLRT measurements has a typical 

 

Figure 2: 2011 measurements of UF1135 stroke 5.  The radiometric signal from the VNIR sensor viewing the upper 

portion of the channel is shown before and after the time shift.  The II-Hi base current recorded on the UA DSO is 

also shown.  Magnitudes of signals are normalized. 
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temperature coefficient of ±0.05% of 10 div/C.  With these specifications, and at a sample rate of 

10 MHz (sampling period of 1e-7 s), the uncertainty in the sample period is of the order 5e-12 s.  

Although this error is small, over the course of a 2 or 5 five second recording, it can result in timing 

discrepancies on the order of a μs which is significant for comparing optical and base current signal 

timing.  The Yokogawa 850 series can sample at 100 Mhz and has a similar uncertainty in time. 

 The need to understand this issue became apparent when comparing the II-Hi signal 

recorded on the UA DSO stationed in the optical trailer to the same signal recorded on scope 24 

DSO in LC.  Figure 3 shows a series of return strokes recorded that occurred during UF11-35.  The 

horizontal axis in each panel indicates the number of ms from the trigger time (t = 0) and each 

panel displays a 4 μs duration.  It can be seen that as the sample number (time) increases, the 

difference in the return stroke onset time increases at a linear rate.  In this example the sample rate 

of scope 24 is slightly higher than the sample rate of the UA DSO.  Hence, when plotted on a time 

axis assuming the same sample rate, the scope 24 trace appears expanded in time.  This 

phenomenon is present in each flash recorded during both 2011 and 2012.  The magnitude of the 

sample rate offset changes by about 10% from flash to flash and shows no apparent trend between 

flashes on a given day. 

  To correct this issue we can assume that the reference DSO is indeed sampling at 

the indicated 10 MHz frequency.  During data analysis the UA DSO signal was assigned as the 

reference signal implying that the sample rate of the UA DSO was exactly 10 MHz.  Using the UA 

DSO as a reference allows us to trust the alignment of the base current and radiometric signals 

which were both recorded on UA DSO.  Ideally the sample rate offset is corrected by determining 

the true sample rate of the test signal, which in this case is the scope 24 signal, and preforming a 

linear scaling of the test signal time vector.  Unfortunately system noise did not allow a 

measurement of the sample rate to an acceptable precision over the 2-5 second signals that were 

recorded.  A more precise time alignment was attained by instead shifting (translating) each return 

stroke waveform individually in time.  This method did not correct for the discrepancy in sampling 

periods between the two signals, however the offset does not manifest itself significantly over the 

short duration of a return stroke waveform and can be ignored. 
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2.2 Linearly Scaling the Time Vector 

 

 Ideally, by determining the true sample rate of the test signal, or concurrently the sample 

period, the correct time vector for the test signal can be determined and synchronization of the test 

and reference signals can be precisely accomplished.  This is not technically a sampling rate 

conversion because the waveform data is not being resampled.  It is instead a linear scaling of the 

time vector of the test signal by use of a new sample period.  The two equations below describe 

the scaling transformation of the time vector for the two summers of observations. 

2011:         𝑡′(𝑛′) = (𝑛′ − 𝑛′𝑝𝑡 − 1) (𝑇 −
∆𝜏𝐴𝐵
∆𝑛′

) − 𝜏𝑜 

2012:         𝑡′(𝑛′) = (𝑛′ − 𝑛′𝑝𝑡 − 1) (
1

10
) (𝑇 −

∆𝜏𝐴𝐵
∆𝑛′

) − 𝜏𝑜 

 Here 𝒏′ is the test signal sample number, 𝒏′𝒑𝒕 is the number of pre-trigger samples in the 

test signal waveform, 𝑻 is the sample period of the reference signal and in this case is equal to 0.1 

µs, 𝝉𝑨𝑩 is the time lag (offset/delay) between a sample in the reference signal and the 

corresponding sample in the test signal with units of seconds, and 𝝉𝒐 is the time lag between the 

reference signal trigger time (t = 0) and the test signal trigger time in units of seconds.  A factor of 

1/10 is included in the second equation due to the fact that in 2012 the test signal sample rate was 

a factor of 10 greater than in 2011.  These equations can be determined by consideration of a 

simple example and are derived in section 3 of this appendix.   

 

2.3 Time Lag Measurement 

 

 Measurement of the time lag between the signals as a function of sample number can be 

accomplished using the cross-correlation of a finite duration RS waveform in both signals.  The 

precision of the lag measurement is determined by the sample rate of the signals.  By increasing 

the sample rate of each signal by a factor of ten using band limited interpolation the lag can be 
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Figure 3:  II-Hi current waveforms for UF 11-35.  Each panel has a 4 μs duration.  The time discrepancy in return stroke 

onset time increases with sample number at a constant rate (linearly).  The scope 24 DSO has a true sample rate that is 

slightly larger than the UA DSO and thus appears expanded in time when plotted assuming an identical sample rate. 
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measured to a precision of 1/10 of the original sample period.  Interpolation is executed with the 

MATLAB command ‘interp’ which first expands the input vector by inserting zeroes between the 

original data values and then applying a symmetric FIR filter (with impulse response h in the 

equation below) to fill in the interpolated values.  An equation describing the band limited 

interpolation of an input function x by a factor I is given below. 

𝑦(𝑚) = ∑ ℎ(𝑚 − 𝐼𝑘)𝑥(𝑘)𝑁
𝑘=0   

Because the signal content is limited to a 3 MHz bandwidth and the nyquist frequency is 5 

MHz, the signal is faithfully reproduced without aliasing.  An example of an interpolated 

waveform and the results of the cross-correlation for a return stroke are shown in Figure 4 and an 

equation describing the cross-correlation of two signals x and y is given below. 

𝑟𝑥𝑦(𝜏) = ∑ 𝑥(𝑛)𝑦(𝑛 − 𝜏)𝑁
𝑛=0    𝜏 = 0,±1,±2,…  

Measurement of the lag as a function of sample number will allow calculation of the 
∆𝜏𝐴𝐵

∆𝑛′
 

term in the time vector scaling equations which is the slope of the trend line on a plot of 𝜏𝐴𝐵 vs 𝑛′.  

Figure 5 shows such a plot for UF 11-35.  It can be seen that the lag increases at a linear rate as a 

function of sample number.  A least squares fit trend line is also plotted in the figure.  Deviations 

from the fit are due to the imperfect nature of the signal which includes system noise and clock 

jitter.  The root mean squared error for the return strokes in UF 11-35 is about 0.01 µs. 

 With the measured trend, it is possible to linearly scale the test signal time vector.  

Unfortunately it was found during data analysis that the random deviations of 𝜏𝐴𝐵 are large enough 

in some cases to result in misalignment of the RS signals on the order of one sample period (0.1 

µs) which is not acceptable.  As an alternative to this method we instead shifted each RS 

individually in time by its measured lag. 

 

2.4 Shifting Individual Return Strokes 

 

 Using the method of shifting individual RS waveforms allows a more precise time 

alignment of the RS onset in the two signals.  A problem with this method is that it does not address 

the temporal scaling differences that occur due to the sample period discrepancy.  Because the 

discrepancy is small however, the resulting error is on the order of 0.01 µs every 10 ms (using the 

values from Figure 5).  Following the fast rise to peak the RS current usually varies on time scales 

of hundreds of µs or longer so that a sub-microsecond timing uncertainty is negligible.  
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Figure 4:  Example of BW limited interpolation and cross correlation for UF 11-35 stroke 7.  TOP:  Shows the UA DSO 

original and interpolated signal in red, the scope 24 original and interpolated signal in black.  The green trace is the 

scope 24 signal shifted by the measured time lag.  MIDDLE:  Same as top but zoomed in on the fast rise of the RS.  

BOTTOM:  The cross correlation of the interpolated signals. 
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2.5 Results and Statistics 

 

 We can develop a theoretical expectation for the worst-case timing uncertainty we would 

expect to see in our data set given perfect synchronization of the test and reference signals.  

Alignment of the signals cannot be more precise than the inherent uncertainty in time which is 

produced by our sample rate.  To illustrate this we will assume the random variable τ represents 

the range of times that the original (continuous) signal could have realized sampled value during 

a given sample period, T, and can take any value on the continuous interval between –T/2 and 

+T/2 with equal probability.  The probability density function of τ will be a uniform distribution. 

𝝉 = 𝑡 −
𝑇

2
 𝑓𝑜𝑟 0 ≤ 𝑡 < 𝑇 

𝑃(𝝉) = {
1

𝑇
  𝑓𝑜𝑟 0 ≤ 𝜏 < 𝑇

0        𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒

 

We can calculate the mean (µ) and variance (σ2) we would expect from the distribution. 

𝝁 = ∫𝑃(𝝉)𝑓(𝝉) 𝑑𝝉 

   = ∫ (
1

𝑇
) (𝑡 −

𝑇

2
)𝑑𝑡 = 𝟎

𝑇

0

 

 

Figure 5:  Time lag as a function of sample number for UF 11-35.  The least squares linear regression line is also plotted.  

The slope of the line is .081 [µs/MS] with an intercept of -0.795. 
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𝝈𝟐 = ∫𝑃(𝝉) (𝝉 − 𝝁)2 

= ∫ (
1

𝑇
) (𝑡 −

𝑇

2
)
2

𝑑𝑡 =
𝑻𝟐

𝟏𝟐

𝑇

0

 

With a sample period of 0.1 µs we would expect to see a mean error of µ = 0 µs and a distribution 

variance of σ2 = 0.0008 (σ = .03 µs). 

 To assess the accuracy of the time alignment we measured the offset that remained between 

the individual return strokes in the test and reference signals after they had been shifted by their 

measured lag. This offset, which is represented by 𝝉 in the above equations, was measured at the 

sample nearest to the half peak value on the fast rising edge of the RS base-current waveform.  A 

plot of the offset values verses the signal-to-noise ratio, along with the distribution of offsets are 

shown in Figure 6. The total dataset has a population mean of µ = 0.01 µs and a standard deviation 

of σ = 0.07 µs. 

It is apparent in the left panel of Figure 6 that the quality of the time alignment is dependent 

on the signal-to-noise ratio of RS signal.  To estimate the S/N, the peak value of the RS signal was 

divided by the standard deviation of the baseline noise.  This dependence is due to the fact the 

cross-correlation is more sharply peaked for events with large S/N.  The outlying event with a time 

offset of -0.59 µs is a RS with a peak current of 2 kA which was the smallest peak current in the 

data set resulting in the smallest S/N ratio in the 2011 measurements by a factor of 2.  A second 

factor in the quality of the cross-correlation is the sharpness of the fast rise to peak.  A RS like 

event that occurred during the ICC had a 10-90% rise time of 9.5 µs (long compared to a usual 

RTL RS rise time of < 1 µs) and also had an outlying time offset of 0.21 µs.  With the exception 

of the two events indicated in the left panel of Figure 6, all time offsets fell within the range of 

±0.1 µs. 

There appears to be a slight positive bias in the distribution of offsets as can be seen in the 

right panel of Figure 6 and as is also reflected by the non-zero population mean.  A standard 

deviation of 0.07 µs reveals that the time alignment is more widely distributed than the theoretical 

limit.  As a final measure of the quality of the time alignment, we can take the absolute magnitude 
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of the offsets and find the population mean.  In this case the mean magnitude of the time offset in 

the dataset is 0.04 µs.  We can therefore conclude that we have synchronized the base-current 

waveforms with an average timing uncertainty of ±40 ns.   

 

3. DERIVATION OF LINEAR ADJUSTMENT EQUATIONS 

 

Imagine an analog signal that is sampled by two different digitizers.  Both digitizers sample 

fast enough to faithfully capture the important features of the signal.  Figure 7 depicts this scenario.  

The top trace in Figure 7 represents the analog signal with a time axis of “real time”, which is time 

relative to the signal being recorded.  The middle trace is the signal produced by digitizer A with 

a sample period of T = 1.  The bottom trace is the signal produced by digitizer B with a sample 

period of T’ = 2.  The horizontal axis for A and B are t and t’ respectively.  Each axis indicates the 

time relative to the data acquisition trigger time for each digitizer.  

Alignment of each sampled signal in real time is dependent on the time of the data 

acquisition trigger for each digitizer and the pre- and post- trigger time allocations.  The red arrows 

in Figure 7 indicate the position in time of the data acquisition triggers for each digitizer.  It can 

be seen that digitizer A has a pre-trigger time allocation of 4T, while digitizer B has a pre-trigger 

time allocation of 3T’.  In practice, the trigger positions could be different if the UA measurements 

 

Figure 6:  LEFT: RS time offset versus S/N after the RS waveforms have been aligned.  Most offsets lie between -0.1 

and 0.1 µs.  A larger S/N gives rise to a more accurate alignment due to the quality of the cross-correlation.  Two unique 

outliers are identified by arrows.  RIGHT: Distribution of the time offset for values between -0.1 and 0.1 µs.  This plot 

does not include the two outlying point indicated in the left panel.  Offsets were measure at the half peak value for each 

RS. 
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triggered off of the radiometric signal instead of the ICLRT trigger impulse.  

The situation we are presented with during analysis of the data is that both digitizer signals 

are plotted on the same time axis, and it is assumed (incorrectly) that the sample period of both are 

the same.  This scenario is shown in Figure 8. 

Time vectors for each signal are given by the following equations.  Note that the time 

vector for digitizer A uses unprimed variables, and digitizer B uses primed variables.  It can be 

seen that the time vector is erroneous for digitizer B because the sample period assumed is that of 

digitizer A. 

A) 𝑡(𝑛) = (𝑛 − 1)𝑇 − 𝑡𝑃𝑇                                       𝑡𝑃𝑇 = 𝑛𝑃𝑇𝑇 

B) 𝑡′(𝑛′) = (𝑛′ − 1)𝑇 − 𝑡′𝑃𝑇                                  𝑡′𝑃𝑇 = 𝑛′𝑃𝑇𝑇 

Subscript PT indicates the pre-trigger time allocations for each digitizer.  For digitizer B the sample 

period should be T’ instead of T, and because T’ > T signal B appears contracted in time.  

 

Figure 7: Two DSOs record the same signal at different sample rates.  The arrows below the signals indicate the trigger 

time for both digitizers. 

 

 

Figure 8: The scenario encountered during data analysis.  It is incorrectly assumed that the sample period for digitizer B is 

the same as for digitizer A. 
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To scale signal B in time we must determine its true sample period.  To do so we must 

determine how the time difference in the signals changes with sample number.  For this calculation 

it is very important to keep track of which signal is used as a reference.  For this example we will 

assume that T is the correct sample period for signal A.  We can define 𝝉𝑨𝑩 as the difference in 

time between a non-zero sample in signal A to the corresponding sample in signal B.  𝝉𝑨𝑩 will be 

negative if signal B trails signal A in time. 

𝝉𝑨𝑩 = 𝑡𝐵 − 𝑡𝐴 = (𝑛
′ − 𝑛′𝑃𝑇)𝑇 − (𝑛 − 𝑛𝑃𝑇)𝑇 

If we now observe how 𝝉𝑨𝑩 changes as a function of the sample number in signal A, n, we have 

the relation below. 

∆(𝝉𝑨𝑩)

∆𝑛
= [
(𝑛′

2
− 𝑛′1)

(𝑛2 − 𝑛1)
− 1] 𝑇 

Finally if we note that  (𝑛 − 𝑛𝑃𝑇 − 1)𝑇 = (𝑛
′ − 𝑛′𝑃𝑇 − 1)𝑇

′ , and let 𝑚𝐴𝐵 =
∆(𝝉𝑨𝑩)

∆𝑛
, we arrive at 

the following relation. 

𝑇′ =
𝑇2

𝑇 +𝑚𝐴𝐵
 

By defining our variables differently, it is possible to derive four such equations which are listed 

here, all of which give equal values for T’. 

 

Using the convention of 𝒎𝑨𝑩
′  where  𝝉𝑨𝑩 is measured as a function of n’, the following values are 

measured in our example and we can create the plot shown in Figure 9. 

 

∆𝑡1 = −2𝑇  ∆𝑡2 = −3𝑇    ∆𝑡3 = −4𝑇 

𝑛′1 = 2 𝑛′2 = 3   𝑛′3 = 4 

So that:  𝑚𝐴𝐵
′ = −1. 

Let 𝑚𝐴𝐵 =
∆(𝝉𝑨𝑩)

∆𝑛
 , so that  𝑇′ =

𝑇2

𝑇+𝑚𝐴𝐵
 . 

Let 𝑚𝐴𝐵
′ =

∆(𝝉𝑨𝑩)

∆𝑛′
 , so that  𝑇′ = 𝑇 −𝑚𝐴𝐵

′  . 

Let 𝑚𝐵𝐴 =
∆(𝝉𝑩𝑨)

∆𝑛
 , so that  𝑇′ =

𝑇2

𝑇−𝑚𝐵𝐴
 . 

Let 𝑚𝐵𝐴
′ =

∆(𝝉𝑩𝑨)

∆𝑛′
 , so that  𝑇′ = 𝑇 +𝑚𝐵𝐴

′  . 
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Now we can properly scale the time axis for signal B by applying the following equation.  The 

result of scaling is shown in Figure 10.  

𝑡′(𝑛′) = (𝑛′ − 𝑛′𝑃𝑇 − 1)(𝑇 − 𝑚𝐴𝐵
′  ) 

 It can be seen in Figure 10 that although both signals are scaled correctly, they are not 

aligned in time.  This is due to the difference in trigger times at each DSO.  If we define 𝐭𝟎 as the 

difference in time between the trigger event in signal A and the corresponding sample in signal B 

the value of 𝐭𝟎 in our this example is 𝒕𝟎 = −4𝑻.  Now we can shift signal B in time to align 

properly.  The final signals are shown in Figure 11. 

𝑡′(𝑛′) = (𝑛′ − 𝑛′𝑃𝑇 − 1)(𝑇 − 𝑚𝐴𝐵
′  ) − 𝑡0 

 

Figure 9:  Time difference as a function of the sample number in signal B. 

 

Figure 10:  Signal alignment after properly scaling signal B. 
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Figure 11:  Signals A and B are aligned in time after signal B has been scaled and shifted in time. 

 

Hence we have a series of final equation for the correction of sample rate variations. 

 

 

 

 

 

𝑡′(𝑛′) = (𝑛′ − 𝑛′𝑃𝑇 − 1)(
𝑇2

𝑇 +𝑚𝐴𝐵
 ) − 𝑡0 

𝑡′(𝑛′) = (𝑛′ − 𝑛′𝑃𝑇 − 1)(𝑇 −𝑚𝐴𝐵
′ ) − 𝑡0 

𝑡′(𝑛′) = (𝑛′ − 𝑛′𝑃𝑇 − 1)(
𝑇2

𝑇 −𝑚𝐵𝐴
 ) − 𝑡0 

𝑡′(𝑛′) = (𝑛′ − 𝑛′𝑃𝑇 − 1)(𝑇 +𝑚𝐵𝐴
′  ) − 𝑡0 
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APPENDIX B: Calibration of Photodiodes at the University of Arizona Imaging 

Technology Laboratory 

 

The Imaging Technology Laboratory at the University of Arizona (UAITL) is a state of the art 

facility that specializes in the fabrication and testing of high-speed, ultra-sensitive photoelectric 

detectors and detector arrays for scientific, industrial, and defense applications.  Detectors 

designed at UAITL have optimized sensitivity at ultraviolet (UV) and visible (V) wavelengths.  

The director, Dr. Michael Lesser, granted our team access to the facilities, and together with the 

guidance of Roy Tucker, a senior engineer, we were able to measure the absolute spectral quantum 

efficiency of photodiodes that were used in our radiometric studies of lightning. 

 

 

1. RADIOMETRY 

 

Consider a flat detector of area, Ad, that views an on-axis light source of area, Asource, from a 

distance 𝑧 as shown in figure 1.  The source is a circular disk of radius 𝑟 and is a uniform 

Lambertian radiator that emits a constant spectral radiance, 𝐿𝜆.  The spectral radiant flux, Φ𝜆, 

which has units of watts, that is incident on the detector can be calculated from a double integral 

of 𝐿𝜆 over the projected solid angle subtended by the source as seen by the detector, Ω, and over 

𝐴𝑑.  In this geometry, Ω  is a right circular cone with it’s vertex in the detector plane and a slant 

angle of Θ1/2 as shown in figure 1.  In a paraxial approximation Θ1/2 is small and the integral can 

be solved simply. 

Φ𝜆 = ∫ ∫ 𝐿𝜆𝑑Ω𝑑𝐴 = 𝐿𝜆ΩAd
Ω

0

𝐴𝑑

0
   (1) 

 

Figure 1:  Schematic of the basic radiometric system.  A circular light source that is a uniform lambertian radiator of 

area Asource, illuminated a detector of area Ad.  Each surface was orthogonal to and centered on the optical axis. 
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Knowing the incident Φ𝜆, it is possible to calculate the spectral photon flux, which has units 

of photons/s, by dividing Φ𝜆 by the energy of a photon at wavelength 𝜆, 𝜀𝑝 =
ℎ𝑐

𝜆
, where h is plank’s 

constant and c is the speed of light. 

Φ𝜆,𝑝 =
Φ𝜆

𝜀𝑝
=

𝜆

ℎ𝑐
Φ𝜆  (2) 

The SQE of a photo-detector, 𝜂𝜆, is the fraction of the incident photons at wavelength λ, that 

get absorbed in the detector.  In a PIN photovoltaic detector, an absorbed photon will create an 

electron-hole pair, and contribute one electron charge, 𝑒, to the total current that leaves the detector 

element.  Hence, the photocurrent produced in a PIN photodiode under monochromatic radiation 

is 

𝐼𝑝ℎ𝑜𝑡𝑜 = 𝑒Φ𝜆,𝑝𝜂𝜆.  (3) 

The irradiance at the detector is defined as the radiant flux per unit area.  To calculate the 

spectral photon irradiance, 𝐸𝜆,𝑝, that is incident on the detector, it is necessary to divide Φ𝜆,𝑝 by 

Ad.  Equation (3) can be modified to express this relationship as shown in equation (4). 

𝐼𝑝ℎ𝑜𝑡𝑜 = 𝑒𝜂𝜆𝐴𝑑𝐸𝜆,𝑝  (4) 

If two different detectors view the same source from the same distance, the 𝐸𝜆,𝑝 values and 

will be the same.  A ratio of the photo current, 𝐼𝑇,  from a ‘test’ photodiode with an unknown SQE, 

𝜂𝜆,𝑇, and detector area, 𝐴𝑇, to the photocurrent, 𝐼𝑅 from a ‘reference’ photodiode with a known 

SQE, 𝜂𝜆,𝑅, and active area, 𝐴𝑅, results in an equation for 𝜂𝜆,𝑇. 

𝜂𝜆,𝑇 = 𝜂𝜆,𝑅
𝐼𝜆,𝑇

𝐼𝜆,𝑅

𝐴𝑅

𝐴𝑇
   (5) 

This ratiometric calibration technique was used at the UAITL to measure the SQE of our 

photodiodes. 

 

2. OPTICAL SYSTEM 

 

Two different experimental setups have been used in at the UAITL to measure the SQE of the 

test photodiodes, and each setup is optimized for a specific spectral region.  The first that will be 

described was used to measure the ‘hard’ UV wavelengths from 200 to 300 nm with a Deuterium 

lamp as the light source.  The second setup was used to measure the visible and near infrared 
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(VNIR) wavelengths from 300 to 1100 nm and involved the use of both a Xenon Arch lamp and a 

Quartz Tungsten Halogen lamp. 

 

2.1  UV System 

 

A schematic of the hard UV calibration system is shown in figure 2.  Here, a deuterium lamp 

provides a smoothly varying source spectrum between 200 - 300 nm, similar to that shown in 

figure 3.  Light from the source is collected by a condenser lens and passed through an optical 

filter wheel.  Each filter on the wheel has a passband of about 10 nm, centered on the wavelength 

of interest.   The center wavelengths of the filters are separated by 10 nm.  After passing through 

a filter, the light enters an integrating sphere, which is used to obtain a lambertian radiance 

distribution.  The detector views the sphere aperture from a known distance. 

 

2.2  VNIR System 

 

The system illustrated by the schematic in figure 4 was used at wavelengths greater than 300 

nm.  For wavelengths between 300 and 750 nm, a xenon arc lamp was used as the light source 

because of its relatively smooth and bright spectral output in that region as shown in figure 5.  For 

wavelengths between 750 and 1100 nm, a quartz tungsten halogen lamp was used for its smoothly 

 

Figure 2:  Schematic of optical system used to measure SQE at wavelengths of 200 - 300 nm 
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varying spectral output in the region with the added benefit of less shortwave emission which 

reduces short wave leakage as well as damage to optical system components from UV photons.  

Typical spectral irradiance for the quartz tungsten halogen lamp is shown in figure 6.  The light 

emitted by either source was collected by a spherical mirror and condenser lens and then passed 

into the system.  A flip selected the appropriate source beam.  The light beam then passed through 

two filter wheels which optionally contain a neutral density filter, a long-pass filter used to 

eliminate the possibility of superposition of higher order diffraction maximums, or a broadband 

UV filter used at the near UV wavelengths to minimize the impact of longwave leakage.  Both 

filter wheels are mounted externally on the input port of the monochromator. 

 

 

Figure 3:  Typical Deuterium Lamp spectral irradiance. Taken from the manufacturer website: 

www.Newport.com 

http://www.newport.com/
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 A diagram of the monochromator is shown in figure 7.  The instrument (a Newport model 

MS257) is based on a Czerny-Turner design to reduce coma aberration and to produce a flattened 

spectral field at the output.  This model makes use of coated optical components that improve the 

UV efficiency throughout, has a negligible stray light signal, and is fully automated.  A motorized 

multiple grating turret allows the use of up to 4 blazed reflective diffraction gratings that provide 

spectral positioning to 0.15 nm accuracy.  The external mounting of the filter wheels ensured that 

the focal distance of the collimating mirror does not depend on wavelength to preserve high 

resolution.  After exiting a lateral port on the monochromator, the light enters an integrating sphere. 

The detector directly viewed the sphere aperture from a distance of about 1 meter. 

 

3. Procedure 

 

3.1 Ratiometric Measurement of SQE 

 

In each instrument configuration, wavelengths were selected at 10 nm intervals over the 

spectral band of interest.  For the shortwave UV measurements using the deuterium lamp, the filter 

wavelengths were selected manually.  For the VNIR measurements, the monochromator was 

preprogramming to select a list of wavelengths.  First, the photocurrent that was produced by the 

reference photodiode was measured at each wavelength.  Then, the test photodiode was 

 

Figure 4: Schematic of the optical system that was used to measure the SQE at wavelengths of 300 - 

1100 nm 
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Figure 5:  Typical spectral irradiance curve for a xenon arc lamp. Taken from the manufacturer website: 

www.Newport.com 

 

Figure 6:  Typical spectral irradiance curve for a quartz tungsten halogen lamp. Taken from the manufacturer 

website: www.Newport.com 

 

http://www.newport.com/
http://www.newport.com/
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placed in exactly the same location as the reference photodiode, and its photocurrent was 

measured.  Using equation (5) the absolute SQE of the test photodiode was directly obtained. 

 

3.2  Modifications for Our Calibration 

 

 Prior to our application UAITL has been used primarily for astronomical detectors, which 

means faint light sources and large area detectors.  Our photodetectors had small active areas, 

especially in the case of the UV photodiodes, and were used to view bright sources.  Because of 

this, our UV detectors produced photocurrents that were not far above the UAITL system noise 

level, and uncertainty in the SQE became a concern.  To solve this dilemma a few modifications 

were made to the system for our application. 

 

Figure 7:  Diagram of the MS257 monochromator.  Taken from the manufacturer website: www.Newport.com 

 

http://www.newport.com/
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 At the short UV wavelengths that required a deuterium lamp as a light source, our 

photodiodes were placed inside the integrating sphere, and the reference photodiode remained in 

its original position.  By doing this, the photocurrents produced by the test diodes increased by 

more than 2 orders of magnitude, however the irradiance pattern on each detector was no longer 

the identical and the absolute SQE could not be obtained.  Instead a relative SQE was measured 

that is proportional to the absolute curve. 

 From our earlier discussion, we know that the photocurrent generated by a photo-detector 

can be computed using the relation 

𝐼𝑝ℎ𝑜𝑡𝑜 = 𝑒𝜂𝜆Φ𝜆,𝑝 = 𝑒𝜂𝜆 (∫ ∫ 𝐿𝜆,𝑝𝑑Ω𝑑𝐴
Ω

0

𝐴𝑑

0
). 

When the detector vies a non-uniform source the spectral photon radiance, 𝐿𝜆,𝑝, is an unknown 

function of angle and we cannot explicitly solve this integral.  However, since the active area of 

all of our sensors is small, we can assume that 𝐿𝜆,𝑝 will not vary over that area and we can take it 

outside of the integral.  In this case, the integral of 𝐿𝜆,𝑝 over solid angle will result in an unknown 

𝐸𝜆,𝑝 incident on the detector. 

𝐼𝑝ℎ𝑜𝑡𝑜 = 𝑒𝜂𝜆 (𝐴𝑑 ∫ 𝐿𝜆,𝑝𝑑Ω
Ω

0
) =  𝑒𝜂𝜆𝐸𝜆,𝑝𝐴𝑑. 

Now we can take the same ratio of photocurrents as before to obtain 

𝜂𝜆,𝑇 = 𝜂𝜆,𝑅
𝐼𝜆,𝑇

𝐼𝜆,𝑅

𝐴𝑅

𝐴𝑇
(

𝐸𝜆,𝑝,𝑅

𝐸𝜆,𝑝,𝑇
) = 𝜂𝜆,𝑅  

𝐼𝜆,𝑇

𝐼𝜆,𝑅

𝐴𝑅

𝐴𝑇
𝐾   (6) 

where K is a constant of proportionality.  K can be determined by taking the ratio of the spectral 

photon irradiance incident on the reference photodiode, 𝐸𝜆,𝑝,𝑅, to the spectral photon irradiance 

incident on the test photodiode, 𝐸𝜆,𝑝,𝑇.  We can determine the value of K by comparing the relative 

SQE at a specific wavelength to the absolute SQE that was obtained at the same wavelength using 

the original ratiometric calibration.  In the original calibration, the wavelength of 230 nm produced 

a photocurrent that was about a factor of 2 larger than at other wavelengths which made the 

absolute SQE at this wavelength less vulnerable to noise fluctuations.  For this reason K was 

determined at the wavelength of 230 nm. 

 For the calibration between 300 and 1100 nm, the monochromator was simply 

reprogrammed without using the neutral density filter in the optical path, and this increased the 

irradiance on the detector which produced larger photocurrents, and a better signal-to-noise ratio. 
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3.3 Conversion of SQE to Spectral Responsivity 

 

In a final step, the SQE was converted to the spectral responsivity, ℛ𝜆.  The responsivity 

is defined as the photocurrent produced per watt of incident radiation and has units of 

amperes/watt.  Using equations (3) and (4) we get 

ℛ𝜆  =  
𝐼𝑝ℎ𝑜𝑡𝑜

Φ𝜆
=

𝜂𝜆𝑒𝜆

ℎ𝑐
   (7) 

 

4. RESULTS 

 

4.1  UVC Photodiode 

 

A silicon carbide (SiC) photodiode with an active area of 4 mm2 manufactured by sglux, model 

SG01XL-C5, designed for the UV-C band (UVC) has the ℛ𝜆 shown in figure 8.  This photodiode 

was used during the summer of 2012 to obtain measurements of rocket-triggered lightning at the 

ICLRT.  Spectral responsivities measured with both techniques described in section 3 are plotted 

on the graph.  The curves differ from each other by about 26%, on average, and we have used the 

scaled relative curve as our “true” calibration because it had the best signal-to-noise ratio.  The 

peak ℛ𝜆 is about 0.050 A/W at 260 nm. 

 

4.2 UVWB Photodiodes 

 

A silicon carbide (SiC) photodiode with an active area of 4 mm2 manufactured by sglux, model 

SG01XL, designed for wideband UV sensitivity (UVWB) has the ℛ𝜆 shown in figure 9.  This 

photodiode was used during the summers of 2011 and 2012 to obtain measurements of rocket-

triggered lightning at the ICLRT.  Spectral responsivities measured with both techniques described 

in section 3 are plotted on the graph.  The curves differ from each other by about 6%,  
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Figure 8:  Spectral Responsivity of the UVC photodiode 

 

 

 

Figure 9:  Spectral Responsivity of the UVWB 4 mm2 photodiode 
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on average, and we have used the scaled relative curve as our “true” calibration because it had the 

best signal-to-noise ratio.  The peak ℛ𝜆 is about 0.060 A/W at 300 nm. 

A silicon carbide (SiC) photodiode with an active area of 1 mm2 manufactured by sglux, model 

SG01L-18, designed for UVWB has the ℛ𝜆 shown in figure 10.  This photodiode was used during 

the summer of 2011 to obtain measurements of rocket-triggered lightning at the ICLRT.  ℛ𝜆 

measured with the unmodified technique described in section 3 is plotted on the graph.  The peak 

ℛ𝜆 is about 0.099 A/W at 300 nm. 

 

4.3  VNIR Photodiode 2575 

 

 A silicon (Si) photodiode with an active area of 1 cm2 manufactured by United Detector 

Technology, Inc. (UDT), model PIN-10DF, serial number 2575, was sensitive in the VNIR spectral 

region and was equipped with a blue filter that produced a relatively flat spectral response has a 

ℛ𝜆 shown in figure 11.  This photodiode was used during the summers of 2011 and 2012 to record 

measurements of rocket-triggered lightning at the ICLRT, as well as in a prior study conducted by 

Chris Biagi on natural lightning in southwest Arizona in 2005.  In the summer of 2011, this 

photodiode was used in the “2011V-U” radiometer that viewed the upper portion of the rocket-

 

Figure 10: Spectral Responsivity of the UVWB 1 mm2 photodiode 
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triggered lightning channel.  In the summer of 2012, the photodiode was used with a 10% 

transmission neutral density (ND) filter mounted on the front. Figure 11 shows the calibration 

performed by the manufacturer in 2005 together with two calibrations preformed at the UAITL 

2012.  One of the calibrations included the ND filter mounted on the front of the photodiode.  Note: 

the values for the 𝓡𝝀 of the photodiode with the ND filter mounted on the front have been 

multiplied by a factor of 10 in figure 11 to facilitate easy comparison to the other 2 curves.  

The lab calibration in 2012 has an average ℛ𝜆 of 0.195 A/W which is 7% less than the 2005 

average of 0.210 A/W.  The 400 - 1000 nm average ℛ𝜆 of the photodiode with the ND filter 

mounted on the front is 0.015 A/W.  The ND filter seems to attenuate longer wavelengths about 

20% more than shorter wavelengths. 

 

4.4  VNIR Photodiode 1727A 

 

  A silicon (Si) photodiode with an active area of 1 cm2 manufactured by UDT, model 

PIN-10DF, serial number 1727A, was sensitive in the VNIR spectral region and was equipped  

with a blue filter that produced a relatively flat spectral response has a ℛ𝜆 shown in figure 12.  This 

photodiode was used during the summer of 2011 to record measurements of rocket-triggered 

lightning at the ICLRT and in previous study.  In the summer of 2011, this photodiode was used 

in the “2011V-L” radiometer that viewed the lower portion of the rocket-triggered lightning 

channel.  Figure 12 shows the calibration performed by the manufacturer in 1996 together with 

two calibrations preformed at the UAITL 2012.  The 2012 calibration has an average ℛ𝜆 of 0.128 

A/W which is 9% less than the 1996 average of 0.140 A/W. 

 

4.5  VNIR Photodiodes 3140 and 3177 (defective filters) 

Two silicon (Si) photodiodes with actives area of 1 cm2 manufactured by UDT, model PIN-

10DF, serial numbers 3140 and 3177, sensitive in the VNIR spectral region and were equipped 

with blue filters that produced a relatively flat spectral response have spectral responsivities shown 

in figures 13 and 14 respectively.  These photodiodes were used during prior studies of natural 

lightning conducted by Nathan Parker in 2001, Ken Kehoe in 2003, and Chris Biagi in 2004 in 

southwest Arizona and the Central Great Plains.  Figures 12 and 13 show the calibration performed 

by the manufacturer in 1999 together with the calibration preformed at the UAITL 2012.  The  
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Figure 11:  Spectral Responsivity of the VNIR photodiode with serial number 2575.  Note: the values for the spectral 

responsivity of the photodiode with the ND filter mounted on the front have been multiplied by a factor of 10 in this plot 

to facilitate easy comparison to the other 2 curves. 

 

Figure 12:  Spectral Responsivity of the VNIR photodiode with serial number 1727A 
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Figure 13:  Spectral Responsivity of VNIR photodiode 3140 

 

 

 

Figure 14:  Spectral Responsivity of VNIR photodiode 3177 
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2012 calibration of photodiode 3140 has an average ℛ𝜆 of 0.154 A/W which is 15% less than the 

1999 average of 0.182 A/W.  The 2012 calibration of photodiode 3177 has an average ℛ𝜆 of 0.147 

A/W which is 19% less than the 1999 average of 0.182 A/W. 

 

5.  DISCUSSION 

 

The UV spectral responsivities measured in 2012 using both methods described in section 3 

match exactly at a wavelength of 230 nm, which is the wavelength used to determine the 

proportionality constant, K, in equation 6.  The shapes of the UV ℛ𝜆  curves in figures 8, 9, and 

10 are similar the “typical” curves provided in the manufacturer information literature that is 

shown in figure 15, although the peak responsivities measured at UAITL are about a factor of 2 

smaller than that literature indicates.  The UVWB sensor corresponds to “broadband” in this figure. 

Because the ℛ𝜆 curves of the UV detectors are not constant over a broad range of wavelengths, 

determining a single value to describe the ℛ𝜆 across the band does not accurately reflect the 

response characteristics of the detector.  However, a reasonable estimate of an average ℛ𝜆 can be 

calculated by averaging ℛ𝜆 over the wavelength range where ℛ𝜆 is greater than 10% of its peak 

value.  The results of that average are shown for all three UV detectors in figures 16, 17 and 18.  

The 4 mm2 UVC detector has an ℛ𝜆 of .0311 A/W from about 215 to 280 nm.  The 4 mm2 UVWB 

detector has an ℛ𝜆 of .0355 A/W from about 200 to 365 nm.  The 1 mm2 UVWB detector has an 

ℛ𝜆 of .0602 A/W from about 200 to 360 nm.   

 

 

Figure 15:  sglux “typical” spectral responsivity curves for UV photodiodes 
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Figure 16: Average Spectral Response and effective bandwidth of the 4 mm2 UVC photodiode. 

 

 

Figure 17: Average Spectral Response and effective bandwidth of the 4 mm2 UVWB photodiode. 
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 All UAITL calibrations of the VNIR photodiodes in 2012 indicated a lower ℛ𝜆 than what 

the manufacturer measured.  It is reasonable to assume that over time, general degradation of the 

silicon crystal will result in a slight decrease in quantum efficiency and a lower ℛ𝜆.  In the case of 

photodiodes 3140 and 3177, the large deviation of the 2012 calibration from the manufacturer 

calibration in 1999 is due to a dislodging of the blue filter mounted on the front of each diode.  The 

slight dislodging will change the incidence angle of light and the reflective properties of each 

detector.  Because of this defect, these photodiodes were not used in the 2011 and 2012 field 

campaigns.  It is believed however that during the prior studies in 2001, 2003, and 2004, the filters 

were still intact and the manufacturer calibration can be trusted for analysis of data from those 

years. 
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Figure 18: Average Spectral Response and effective bandwidth of the 1 mm2 UVWB photodiode. 
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APPENDIX C: Calibration of the Long Wave Infrared Radiometer at the University 

of Arizona Optical Detection Laboratory 

 

 Radiometric measurements of rocket-triggered lightning have been made at the 

International Center for Lightning Research and Testing (ICLRT) during the summer of 2012.  In 

order to determine the absolute power and energy radiated by rocket-triggered lightning in the long 

wave infrared (LWIR, 8-12 μm) wavelengths it is necessary to measure the absolute spectral 

responsivity of the radiometer used to collect the lightning emissions.  The radiometer is a single 

element Mercury-Cadmium-Telluride (MCT) photoconductor with a cutoff wavelength of 

approximately 13 μm and an active area of 4 mm2.  It is housed in a Dewar to allow cooling by 

liquid nitrogen to decrease its thermal noise.  A custom pre-amplifier circuit is connected to the 

photoconductor terminals to supply a bias voltage and amplify the photo-generated signal.  

Calibration was performed at the University of Arizona Optical Detection Laboratory under the 

supervision of Dr. Eustace Dereniak.  Additional equipment was provided by Dick Joyce in the 

National Optical Astronomy Observatory. 

 

 

 

 

 

 

Figure 1:  PCIR (LWIR) Radiometer.  Shown here measuring the radiant exitance from the monochromator external 
aperture.  The three main components include the optical baffles, the Dewar flask, and the aluminum housing for the pre-
amp circuit. 

 

Optical Baffles 

 

Dewar Flask 

 Pre-amp Housing 
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1. ELECTRONICS AND EQUIPMENT 

 

1.1 Photoconductive Infrared Radiometer (PCIR Radiometer) 

 

 An image of the Photoconductive Infrared (PCIR) radiometer is shown in Figure 1.  A 

schematic of the PCIR radiometer pre-amp is shown in Figure 2.  The circuit is an AC coupled 

current to voltage converter with variable gain.  Available gain settings were x10, x100 and x1000.  

Most measurements at the ICLRT in 2012 were made with a gain of x1000.  The detector has an 

intrinsic resistance of 27 Ohms when cooled to 77 K.  A bias voltage of 12 V is applied to the 

circuit resulting in a bias current of approximately 15 mA which was determined to be the optimum 

bias for the detector.  DC values are filtered by the RC combination at the AC-coupled non-

inverting input of the op-amp corresponding to a time constant of approximately 1 second.  The 

LT1222 op-amp provides a gain-bandwidth product of 500 MHz and at a gain of x1000 the 

corresponding high frequency cutoff is 500 kHz. 

 

1.2 Monochromator 

 

 The Beckman AccuLab 6 monochromater is capable of producing monochromatic radiation 

in the spectral range of 2.5 – 40 µm (4000 to 250 cm-1) with a spectral resolution of better than 

0.03 µm and a wavelength accuracy of better than 0.01 µm.  Figure 3 is a schematic of the 

monochromator and associated optical components.   

 

Figure 2:  Schematic of PCIR pre-amplifier circuit. 
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A heated nichrome wire serves as the light source and emits black body radiation.  A 

narrow pass band rotating wedge interference filter limits the wavelengths that are passed to the 

reflective diffraction grating to avoid order overlap.  Two diffraction gratings with line spacing of 

100 line/mm and 40 line/mm provide spectral dispersion in different wavelength ranges.  Several 

mirrors direct the narrow band beam to the either the side aperture of the monochromator for 

external detection or to the internal thermopile detector (ITD) and an internal mechanical chopper 

chops the optical signal at approximately 10 Hz with a 50% duty cycle.    The exact spectral width 

of the dispersion maximums and the throughput of the optical elements are unknown and hence 

the spectral radiance emitted by the monochromator is unknown.  The internal thermopile detector 

was assumed to have flat spectral response and was used to determine the relative spectral radiance 

emitted. 

 

1.3 Lock-In-Amp 

 

 A lock-in amplifier is an instrument used to extract small signals out of a noisy background 

or to take accurate measurements of a clean signal over a large dynamic range.  The function of 

the amp is to multiply the input signal by a reference sine wave and integrate the product over a 

many wave periods.  Any signal components that are not at the same frequency as the reference 

(orthogonal frequencies) will be attenuated to a small value and a DC signal will remain that is 

proportional to the magnitude of the input signal at the reference frequency.  The product is phase 

 

Figure 3:  Schematic of Acculab 6 Monochromator optical components.  Image taken from the operations manual. 
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sensitive so that an in-phase reference signal will produce a maximum DC value and a reference 

signal out of phase by 180 degrees will produce an output of zero. 

 The lock-in amplifier used for this calibration is an EG&G Model 5210 Dual Phase Lock-

In Amplifier.  A reference frequency was provided by the mechanical chopper controller.  Input 

BNC shells were set to ‘FLOAT’ to increase ground-loop interference rejection and the main 

signal channel filter was run in ‘BandPass’ mode.  The amp was set to track any small variations 

in the reference frequency and a line rejection filter of 60 Hz was used to reduce power line 

interference.  Output filter fall off was set to 12dB and the Dynamic Reserve was set to 

‘NORMAL’.  A time constant of 30 seconds was generally enough to create a stable output reading 

however in some cases it was necessary to use a time constant of 1 minute. 

 

2. RELATIVE SPECTRAL RESPONSE (ℛ̅𝜆) 

 

The spectral radiance, 𝐿𝜆𝑚 [
𝑊

𝑚2𝑆𝑟
] , emitted by the monochromator is determined by the 

emission spectrum of the light source as well as the reflectance and transmission of the various 

optical components in the optical path including the mirrors,  variable filters and diffraction 

gratings.  Collectively the total transmission of the monochromator, 𝑡𝑚, is related to 𝐿𝜆𝑚 as 

follows. 

𝐿𝜆𝑚 = 𝐿𝜆𝑠𝑡𝜆𝑚 

Here 𝐿𝜆𝑠 is the spectral radiance of the light source.  The monochromator’s ITD collects 

the monochromatic radiance from a given solid angle.  Because the detector is a thermopile its 

response should be independent of wavelength.  The basic radiometric configuration is shown in 

Figure 4.  If the area of the ITD is 𝐴𝐼𝑇𝐷, the spectral radiant flux, Φ𝜆𝐼𝑇𝐷 [𝑊], incident on the ITD 

is approximated by the following. 

Φ𝜆𝐼𝑇𝐷 = 𝐿𝜆𝐴𝐼𝑇𝐷Ω𝐼𝑇𝐷 

Here Ω𝐼𝑇𝐷 [𝑆𝑟] is the projected solid angle subtended by the source radiance distribution 

in the field-of-view (FOV) of the ITD.  The ITD will produce voltage proportional to Φ𝜆𝐼𝑇𝐷 that 

is determined by its responsivity, ℛ [
𝑉

𝑊
].  For the ITD, the response is assumed to be flat over the 

wavelength region.  Hence the voltage, 𝑆𝐼𝑇𝐷,  of the ITD is given by the following. 

𝑆𝐼𝑇𝐷 = Φ𝜆𝐼𝑇𝐷ℛ 
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 A similar argument will determine the output signal of the radiometer, except that the 

responsivity of the PCIR radiometer varies with wavelength. 

𝑆𝜆𝑅 = Φ𝜆𝑅ℛ𝜆 

We can take the ratio of the two signals at a given wavelength and solve for ℛ𝜆. 

𝑆𝜆𝑅 = Φ𝜆𝑅ℛ𝜆

𝑆𝐼𝑇𝐷 = Φ𝜆𝐼𝑇𝐷ℛ
 

ℛ𝜆 = (
Φ𝜆𝐼𝑇𝐷

Φ𝜆𝑅
) (

𝑆𝜆𝑅

𝑆𝐼𝑇𝐷
) ℛ 

 
ℛ𝜆 = (

𝐴𝐼𝑇𝐷Ω𝐼𝑇𝐷

𝐴𝑅Ω𝑅
ℛ) (

𝑆𝜆𝑅

𝑆𝐼𝑇𝐷
) [1] 

 

The first term on the right-hand side of equation [1] is constant with wavelength.  Thus by 

taking the ratio of the PCIR radiometer signal to the ITD signal the relative spectral responsivity 

(ℛ̅𝜆) of the radiometer can be determined.  The results of the calibration are shown in the following 

four figures. 

Figure 5 shows the normalized output signal of the PCIR radiometer with no filter mounted on the 

front.  Three scans of the wavelength range were taken and averaged to reduce any effect that the time 

constant of the lock-in amplifier or noise may have.  The average curve (dark trace) in Figure 5 represents 

the normalized output voltage of the PCIR radiometer at each wavelength of the monochromator scan.  Note 

 

Figure 4:  Basic radiometric concept.  The detector element of active area AITD is illuminated by the radiance from the 

source of area Asource.  The solid angle subtended by the source from the detector plane in this figure is a cone, but in 

practice likely involves a more complicated geometery.  For the geometry shown above,  𝛀𝐈𝐓𝐃 = 𝛑 𝐬𝐢𝐧𝟑 𝛉𝟏/𝟐. 
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that the monochromator emits wavelength as low as 2.5 μm and the signal at lower wavelengths is unknown.  

The local maximum of the curve at about 4 μm represents an increase in the radiant exitance of the 

monochromator at this wavelength (see Figure 7).  

Figure 6 shows the normalized output signal of the PCIR radiometer with an 8-12 passband filter 

mounted on the front.  The average curve (dark trace) in Figure 6 represents the normalized output voltage 

 

Figure 5:  The normalized output signal of the PCIR Radiometer with no filter as a function of wavelength.  The dark curve 

is the average of 3 measurement runs. 

 

 

Figure 6:  The normalized output signal of the PCIR Radiometer with an 8-12 µm passband filter mounted to the front.  

The dark curve is the average of 3 measurement runs. 
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of the PCIR radiometer using an 8-12 μm passband filter at each wavelength of the monochromator scan.  

At wavelengths shorter than 5 μm the output signal was too small to be undistinguished from system noise.  

Above 12 μm there appears to be an increase in the output signal, although 2 out of 3 scans recorded nearly 

zero output.  Because these wavelengths are above the cutoff frequency of the semi-conductor, it is unlikely 

this signal is real. 

Figure 7 shows the normalized output signal of the monochromator ITD.  The average 

(dark trace) represents the normalized peak-to-peak voltage measured between the electrodes of 

the monochromator internal signal gauge.  A peak is present at about 4 μm and likely represents 

the blackbody spectrum peak from the heated nichrome wire emissions.  This wavelength of 

maximum radiant energy corresponds to a temperature of about 450 C.  Other features in the curve 

are due to the optical throughput of the monochromator.  A sharp change in magnitude occurs at 

around 5 μm which is the wavelength that the monochromator mechanically switches diffraction 

gratings. 

 Figure 8 shows the normalized relative spectral response curves (ℛ̅λ) of the PCIR 

radiometer with and without the 8-12 μm pass band filter.  Each trace here represents the average 

of three wavelength scans as discussed in Figures 5 and 6 corrected for the monochromator 

emission that is characterized by the average trace in Figure 7.  Note that the local maximum near 

4 μm has been removed from the non-filtered trace and there is a smooth decay of the responsivity 

toward zero as expected.  The increase in response at wavelengths greater than 12 μm for both 

traces has been enhanced after taking the ratio of signals.  This is due to the fact that the radiant 

exitance of the monochromator becomes relatively small at these long wavelengths thus increasing 

the ratio and resulting relative response.  Again it is unlikely that this feature is real because it lies 

beyond the cutoff frequency of the semi-conductor detector. But rather an artifact of the ratio of 

small values with noise.  

 

3. ABSOLUTE SPECTRAL RESPONSIVITY 

 

 With the Relative Spectral Responsivity (ℛ̅𝜆) curve measured, it is possible to obtain the 

Absolute Spectral Responsivity (ℛ𝜆) by observing a light source with known spectral radiance.  A 

blackbody simulator with adjustable temperature was used to produce a known spectral radiance.  

The blackbody source irradiates the detector while the source beam is chopped by a mechanical 
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chopper.  Temperature of the blackbody simulator is measured using a J-type thermocouple (iron 

vs copper-nickle) with stirred ice-water as a 0 °C reference.  A schematic of the experimental set 

up is shown in Figure 9.  The output voltage from the PCIR Radiometer is given by the following 

equation. 

∆𝑉𝑜𝑢𝑡 = ∫ (𝐿𝜆𝐵𝐵 − 𝐿𝜆𝑏𝑔)Ω𝐵𝐵𝐴𝑅ℛ𝜆

𝜆𝑚𝑎𝑥

0

𝑑𝜆 

 

Figure 7:  The normalized output signal of the monochromator internal themopile detector.  The red curve is the 

average of 3 measurement runs. 

 

Figure 8:  Normalized Relative Spectral Responsivity of the PCIR Radiometer with and without the 8-12 µm passband 

filter mounted to the front. 
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Here 𝐿𝜆𝐵𝐵 is the radiance of the black body source, 𝐿𝜆𝑏𝑔 is the radiance of the background (and 

chopper), Ω𝐵𝐵 is the projected solid angle subtended by the black body source from the detector 

plane, 𝐴𝑅 is the active area of the radiometer, ℛ𝜆is the absolute spectral responsivity of the 

radiometer.  

We can describe the absolute response (ℛ𝜆) as a scaling constant, R, multiplied by the 

normalized relative response (ℛ̅𝜆).  

ℛ𝜆 = 𝑅ℛ̅𝜆 

The solid angle subtended by the source from the detector is simply the area of the source aperture, 

𝐴𝑠, divided by the square of the distance to the source from the detector plane, r.  Substituting 

these expressions into the equation for ΔVout gives the following. 

∆𝑉𝑜𝑢𝑡 =
𝑅𝐴𝑅𝐴𝑠

𝑟2
∫ (𝐿𝜆𝐵𝐵 − 𝐿𝜆𝑏𝑔)ℛ̅𝜆

𝜆𝑚𝑎𝑥

0

𝑑𝜆 

 𝑅 =
𝑟2∆𝑉𝑜𝑢𝑡

𝐴𝑅𝐴𝑠 ∫ (𝐿𝜆𝐵𝐵 − 𝐿𝜆𝑏𝑔)ℛ̅𝜆
𝜆𝑚𝑎𝑥

0
𝑑𝜆

 [2] 

With all of the variables on the right-hand side known, R can be determined and ℛ𝜆 obtained.  The 

results of the calibration indicate the spectral responsively of the PCIR radiometer.  As a last step 

dividing by the gain of the amplifier will give the ℛλ of the MCT sensor with a gain of 1.  The 

results are shown in Figure 10. 

 

 

Figure 9:  Lab setup for the Absolute Spectral Responsivity calibration using a black body source. 
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4. BIAS WITH SOURCE TEMPERATURE 

 

The scaling factor, R, that was calculated from the calibration varied with temperature of 

the Blackbody source as illustrated in Figure 11.  Figure 11 shows 3 trends.  The first is the 

measured peak responsivity verses temperature for the unfiltered senor using the measured relative 

response curve and no extrapolation below 2.5 µm.  In this case the response at wavelengths shorter 

than 2.5 µm is assumed to be zero.  The second trend is the same as the first but including a linear 

extrapolation to zero of the relative response below 2.5 µm.  The third trend is the peak responsivity 

of the filtered senor as a function of source temperature.  

If the shortwave relative response, ℛ̅𝜆, is underestimated then the integral in the 

denominator of equation [2] will be underestimated at the R value will be overestimated.  As the 

temperature of the BB source is increased, the peak in the source power distribution is shifted 

toward shorter wavelengths as illustrated in Figure 12, and the overestimation of R will be more 

pronounced.  This concept is clearly demonstrated in Figure 11 by the fact that when a linear 

extrapolation below 2.5 µm is included in the ℛ̅𝜆 curve the calculated R value increase more slowly 

 

Figure 10: Absolute Spectral Responsivity of the MCT sensor with a gain of 1.  The grey trace is the senor with no filter, 

and the black trace is the senor with the 8-12 μm pass band filter included.  Because the short wavelength limit of the 

monochromator is 2.5 μm a linear extrapolation to zero is used at shorter wavelengths.  Note the values in the plot 

indicate the responsivity of the senor prior to amplification by the pre-amp. 
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with increasing temperature than if no extrapolation was included.  Additionally, the filtered 

responsivity is not sensitive to changes in source temperature. 

This result is somewhat alarming because it indicates that the sensor is not “blind” in the 

visible region and thus the IR signal will be contaminated by visible and near IR radiation.  We 

note however that the response using the 8-12 µm passband filter has a no observed dependence 

on temperature and is thus less susceptible to shortwave leakage.  The average value of R over the 

temperature range will be used as the ‘measured’ value. 

 

5. AVERAGE SPECTRAL RESPONSE 

 

 The absolute response (ℛ𝜆) curves for the MCT senor are not constant over wavelength 

and determining a single value to describe ℛ𝜆 over the full bandwidth does not accurately reflect 

the response characteristics of the senor.  The signal measured with the radiometer will be 

dependent on the source (lighting) spectral distribution which is unknown.  As a first order estimate 

however we can approximate a single ℛ𝜆 by averaging over the wavelength range where the 

responsivity is greater than 10% of its peak value.  The results of that average are shown Figures 

13 and 14.  It is important to note that these responsivity values apply to the MCT senor that is 

connected to an amplifier that supplies a 15mA bias current. 

Figure 13 shows ℛλ of the MCT senor with no filter (blue trace) along with the calculated 

“average” responsivity (black trace).  The ℛλ curve is greater than 10% of its peak value in the 

wavelength range of 4.4 to 15.1 µm.  The non-filtered MCT senor has an average ℛλ of 291 
V

W
 in 

this spectral range. 

Figure 14 shows ℛλ of the MCT senor with an 8-12 µm passband filter mounted on the 

front (dark trace) along with the calculated “average” responsivity (dotted trace).    The ℛλ curve 

is greater than 10% of its peak value in the wavelength range of 7.3 to 12.3 µm. The filtered MCT 

senor has an average ℛ𝜆 of 220 
𝑉

𝑊
 in this spectral range. 
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Figure 11:  Dependence of the absolute response scaling factor, R, on the BB source temperature.  The non-filtered trace 

varies by about 60% over the range of temperatures.  The bias is less pronounced when a non-zero relative responsivity is 

assumed below 2.5 µm.  There is no observed bias when the 8-12 µm passband filter is applied. 

 

 

 

 

Figure 12:  Illustration of the likely cause of the observed temperature bias in the unfiltered radiometer peak responsivity.  

As the temperature of the source is increased the peak of the power distribution shifts toward shorter wavelengths as 

indicated by the arrow.  If the short wavelength response of the sensor is underestimated this may result in the 

temperature bias that is observed.  Note that the response at wavelengths shorter than 2.5 µm is a linear extrapolation to 

zero. 
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Figure 13: The average responsivity of the MCT senor is 291 V/W over an effective bandwidth of 11.1 um. 

 

 

 

 

Figure 14:  The average responsivity of the 8-12 um pass-band filtered MCT senor is 220 V/W over an effective 

bandwidth of 5.0 um. 
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APPENDIX D:  Radiometric Observations of Lightning 

 

 

1. DERIVATION OF RADIOMETRIC RELATIONSHIPS 

 

Our goal is to calculate the radiant flux per unit length, ℓ [W/m], of a lightning channel by 

measuring the irradiance of a detector by the lightning channel radiometricaly.  A sketch on the 

experimental set up is shown in Figure 1.  We will consider two scenarios in this derivation.  In 

the first scenario, the lightning channel is assumed to be an isotropic radiator.  The second scenario 

assumes the lightning channel radiates with Lambertian characteristics.  In both cases the lightning 

channel is both straight and vertical. 

 To begin we imagine a channel segment of length Δℎ [m].  The segment has a Linear 

Radiance Function, 𝐿(𝜃) [
𝑊

𝑚 𝑆𝑟
], that in general is directionally dependant.  The angle 𝜃 measures 

the angle between the plane normal to the lightning channel and the direction of an emitted ray of 

light.  Figure 2 illustrates the channel segment. 

 

1.1 Isotropically Radiating Channel 

 

 If the channel is an isotropic radiator, it means that 𝐿 is independent of 𝜃 and is equal the 

constant 𝐿𝐼. 

𝐿 = 𝐿𝐼 

 The Radiant Intensity of the segment is given by the following expression. 

 

Figure 1 Cartoon of a single detector element collecting light from within a field of view (FOV) that contains a 

segment of a luminous lightning channel.  Although the segment depicted here has branching, all of the calculations 

considered in this derivation will assume the channel is straight and vertical 
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I𝐼 = 𝐿𝐼Δℎ [
𝑊

𝑆𝑟
] 

 Now imagine that 𝐿𝐼 emitted from the channel segment falls incident on a detector located 

a distance 𝑟 away and that the segment and detector are “on axis” as depicted in Figure 3.  We can 

calculate the Radiant Flux, Φ𝐼 [𝑊],  that falls incident on the detector of area 𝐴𝑑 by multiplying 

I𝐼 by the solid angle subtended by the detector from the channel segment, Ω𝑑.   

Φ𝑑 = 𝐼𝑠Ω𝑑 = (𝐿𝐼Δℎ) (
𝐴𝑑

𝑟2
) 

Here we have made the assumption that 𝑟 is much larger than the dimensions of 𝐴𝑑 so that Ω𝑑 is 

given by the ratio of 𝐴𝑑 to 𝑟2. 

Now we remove the restriction that the detector and segment are on axis.  The new 

orientation is shown in Figure 4.  From the perspective of the channel segment, the area of the 

 

Figure 2: Depiction of a channel segment of length Δh and the direction angle θ 

 

 

Figure 3: An on axis channel segment radiating toward a detector 

 

Figure 4: An off axis source and detector 
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detector has been reduced by the cosine of 𝜃2.  The Projected Area of the detector is given by the 

following expression. 

𝐴′
𝑑 =  𝐴𝑑 cos 𝜃2 

Because the 𝐿𝐼 is constant, the tilt of the segment does not have an effect on the radiance the 

detector receives.  With the new orientation, the equation for Φ𝑑 is modified as follows. 

Φ𝑑 = (𝐿𝐼Δℎ) (
𝐴′

𝑑

𝑟2
) = (𝐿𝐼Δℎ) (

𝐴𝑑 cos 𝜃2

𝑟2
) 

Now we can consider the specific geometry of a lightning measurement.  Assume the 

orientation shown in Figure 5.  The distance, D, is the horizontal distance between the detector and 

source.  𝜃 is the pitch angle of the detector and is measured between the horizontal axis and the 

direction normal to 𝐴𝑑.  α is the angle measured from the direction normal to 𝐴𝑑 to the line 

connecting the detector element and the channel segment .  α can vary between ± the half field of 

view (±HFOV) of the detector.  In relation to Figure 4, with the geometry we have specified here, 

𝜃1 = 𝜃 + 𝛼 and 𝜃2 =  𝛼.  Also we can determine the distance, r, between source and detector 

along the optical axis by 

𝑟 = √
𝐷2

cos2(θ + α)
 

 

Plugging the angular values into the equation for Φ𝑑 along with the expression for 𝑟 and 

rearranging gives us the following expression. 

Φ𝑑 = (
𝐿𝐼Δℎ𝐴𝑑

𝐷2
) cos2(θ + α) cos α 

Equipped with this relationship, we can now calculate what the incident power on the 

detector would be from a continuous lightning channel as illustrated in Figure 6.  The detector 

views a length of channel that lies between angles 𝛼1 and 𝛼2.  These angles could be determined 

by the ground, cloud base, the HFOV of the detector, or whatever other conditions restrict viewing.  

The total radiant flux incident on the detector, Φ𝑇𝑑, is given by a summation of the contributions 

from each channel segment in the FOV.  In the limit of infinitesimal segment lengths, Δℎ becomes 

the differential dℎ and we perform and integral over height.  
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Φ𝑇𝑑 = ∫
𝐿𝐼𝐴𝑑

𝐷2
cos2(θ + α) cos(α) 𝑑ℎ 

Because it is more convenient to think about angles in the FOV than height coordinates, we can 

put dℎ in terms of 𝛼 by taking its derivative. 

ℎ = 𝐷 tan( θ + α),
dh

dα
= D sec2(θ + α),       dh =

Ddα

cos2(θ + α)
 

Plugging the expression into the integral gives 

Φ𝑇𝑑 = (
𝐿𝐼𝐴𝑑

𝐷2
) ∫ 𝐷 cos(α) dα

𝛼2

𝛼1

 

And completing the integral gives us the result below for an isotropically radiating channel. 

Φ𝑇𝑑 = (
𝐿𝐼𝐴𝑑

𝐷2
) 𝐷[sin α2 − sin α1] 

 

Figure 5: Geometry for viewing a lightning channel segment at a horizontal distance of D 

 

Figure 6: A detector viewing a lightning channel illuminated between ground and cloud base 
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To put the result in terms of  ℓ we must consider that  ℓ is the integral of 𝐿𝐼 over 4π steradians. 

ℓ𝐼 = ∫ ∫ 𝐿𝐼

π

0

sin θdθdφ
2π

0

 

ℓ𝐼 = 4π𝐿𝐼 

Which brings us to the final expression for an Isotropically Radiating Channel. 

Φ𝑇𝑑 = (
ℓ𝐼𝐴𝑑

4𝜋𝐷
) [sin α2 − sin α1]                  [𝑊] 

 

1.2 Non-Isotropically Radiating “Lambertian” Channel 

 

 The derivation of the radiometric relation for a Lambertian Channel follows the same 

argument as for the isotropic channel with the exception that the Linear Radiance Function varies 

with cosine of θ. 

𝐿 = 𝐿𝐿 cos θ 

When considering the orientation shown in Figure 4 the angle 𝜃 becomes 𝜃1resulting in a Projected 

Channel Length. 

Δℎ′ =  Δℎ cos 𝜃1 

After considering the geometry in Figure 5 we get the following expression. 

Φ𝑑 =
𝐿𝐿Δℎ𝐴𝑑

𝐷2
cos3(θ + α) cos(α) 

If the detector were oriented so that the direction normal to its surface was parallel to the ground 

(θ = 0), the relationship above would be the well known cos4 law of radiometry.  Putting everything 

in terms of angles leads the integral and integrand shown below. 

Φ𝑇𝑑 =
𝐿𝐿𝐴𝑑

𝐷2
∫ 𝐷 cos(θ + α) cos(α) dα

𝛼2

𝛼1

 

Φ𝑇𝑑 =
𝐿𝐿𝐴𝑑

𝐷2
[
𝐷

4
(sin(θ + 2α) + 2αcos(θ))]

𝛼1

𝛼2

 

To put the result in terms of ℓ we again must integrate over 4π steradians but this time consider 

the dependence of 𝐿 on direction. 

ℓ𝐿 = ∫ ∫ 𝐿𝐿

π

0

cos θ sin θdθdφ
2π

0
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ℓ𝐿 = ∫ 2 ∫ 𝐿𝐿

π
2

0

cos θ sin θdθdφ
2π

0

 

ℓ𝐿 = 2π𝐿𝐿 

Which brings us to the final expression for a Lambertian Channel. 

Φ𝑇𝑑 =
ℓ𝐿𝐴𝑑

8𝜋𝐷
[(sin(θ + 2α) + 2αcos(θ))]𝛼1

𝛼2            [𝑊] 

 

2. SENSITIVITY TESTS 

 

 In this section we will test the influence of the many variables on the incident radiation and 

calculated source power.  The first two plots illustrate an intuitive effect of the viewing geometry.  

Figure 7 plots the viewed channel length verses distance to the lightning channel for a total channel 

length of 2 km with a large sensor HFOV.  At large distances the entire luminous channel is 

contained in the FOV.  If the lightning channel is closer than about 5 km the FOV begins to limit 

the length of channel viewed.  At θ  less than the HFOV a greater θ allows observation of the 

entire channel a closer distance. 

Figure 8 demonstrates the effect of θ on the viewed channel length at a distance of only 

200 m.  At small θ  the viewed channel length increases nearly linearly with increasing θ.  At a θ 

greater than or equal to the sensor HFOV the vertical FOV becomes filled and there is a non-linear 

increase in the viewed channel length with increasing θ. 

The next set of figures illustrates the effect that a changing viewed channel length (or θ)  

has on the power incident on the detector for close observations.  Figure 9 shows the power incident 

on the detector for a given ℓ that is assumed constant over the length of the channel.  The kink in 

each of the four curves corresponds to the channel length (θ) at which the sensor vertical FOV is 

filled.  For a small FOV the increase in incident power appears linearly related to the viewed 

channel length.  At larger FOV however the increase is revealed to be non-linear.  In both cases 

for an isotropic channel the incident power will drop off as θ is increased with a full FOV.  For a 

lambertian channel the incident power is independent of θ as long as the FOV is filled. 

 Next we examine how θ affects the value of ℓ that will be calculated given a measured 

incident power in Figure 10.  It can be seen that if the FOV is not filled, a given irradiance 

measurement corresponds to a decreasing ℓ for an increasing pitch (if a longer channel length is 
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viewed with the same incident power, the power per unit length will be less).  If the channel is 

isotropic and the FOV is full, a given irradiance measurement corresponds to a ℓ that is 

independent of θ (the increasing incident power due to a larger segment in view is compensated 

by the increasing distance to the segment).  A lambertian channel however will have an increasing 

ℓ as θ increases with a full FOV (viewing of the channel at more oblique angles requires a greater 

source power for the same incident radiation).   The third plot indicates that as the length of channel 

viewed is increased while the FOV is not full, the incident power will correspond to a decreasing 

ℓ that falls on the same curve regardless of the HFOV of the sensor.  

 

 

Figure 7: Effect of θ on the viewed channel length for measurements at large distance. 

 

Figure 8: Effect of θ on the viewed channel length for close measurements. 
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Figure 9: The power that will fall incident on a detector assuming a constant  and fully illuminated channel as a 

function of Viewed Channel Length (or a function of θ). 

 

 

 

 

 

Figure 10: The source that is determined from a measured power is dependent on θ.  For an isotropic channel, the 

power source  is independent of θ when the vertical FOV is full. 
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The last figure, Figure 11, shows the non-linear relationship between the source power 

radiated in the FOV that will be calculated with a given incident power as a function of θ.  The 

point source approximation is plotted in green.  The measurement that most resembles the point 

source approximation is the isotropic channel viewed through a small FOV.  If the channel is a 

lambertian radiator the calculated source power will be significantly lower.  As the FOV is 

enlarged the point source approximation diverges from the isotropic source power especially at 

large θ. 

 

 

 

Figure 11:  non-linear relationship between the source power radiated in the FOV that will be calculated with a 

given incident power as a function of 𝛉 

 



Optical power and energy radiated by natural lightning

Mason G. Quick,1 and E. Philip Krider1

Received 1 November 2012; revised 8 January 2013; accepted 14 January 2013.

[1] Calibrated measurements of the visible and near-infrared radiation produced by both
negative and positive cloud-to-ground (CG) lightning strokes have been made at distances
of 5 to 32 km in southern Arizona (AZ) and the central Great Plains using a photodiode
sensor with a flat spectral response between 0.4 and 1.0 mm. Time-correlated video images
(60 fps) of the channel development provided information about the types of strokes that
were detected and reports from the U.S. National Lightning Detection Network indicated
their locations, polarities, and estimates of their peak current. In our sample of negative
strokes that were suitable for analysis, there were 23 first (or only) strokes (FS), 19
subsequent strokes that created new ground contacts (NGC), and 101 subsequent strokes
that re-illuminated a preexisting channel (PEC). We also analyzed 10 positive strokes (in
nine flashes), and 73 of the larger impulses that were radiated by intracloud discharges
(CPs). Assuming that these events can be approximated as isotropic sources and that the
effects of atmospheric extinction are negligible, the peak optical power (Po), total optical
energy (Eo), and characteristic widths of the sources (tcw = Eo/Po) have been computed.
Median values of Po for negative FS, NGC, and PEC strokes were 1.8 � 1010 W, 1.1 �
1010 W, and 4.4� 109 W, respectively. Median values of Eo were 3.6 � 106 J, 3.5 � 106 J,
and 1.2 � 106 J, respectively. The median characteristic widths of negative FS, NGC, and
PEC strokes were 229 ms, 244 ms, and 283 ms, respectively. Positive CG strokes produced a
median Po, Eo, and tcw of 1.9 � 1010 W, 9.3 � 106 J, and 497 ms, respectively. Estimates of
the space-and-time-average power per unit length (‘o) in the lower portion of negative FS,
NGC, and PEC channels had medians of 2.8 � 106 W/m, 3.2 � 106 W/m, and 1.4 � 106

W/m, respectively, and the median ‘o for four positive strokes was 8.8 � 106 W/m. Median
values for the estimated peak electromagnetic power (PEM) radiated at early times in the
strokes are 2.0 � 109 W, 2.5 � 109 W, 1.0 � 109 W, and 9.1 � 109 W for FS, NGC,
PEC and positive strokes, respectively. CP events produced a median Po, Eo, and tcw of
2.0� 109 W, 0.7� 106 J, and 311 ms, respectively, and are in good agreement with aircraft
and satellite measurements. The values of Po, Eo, and ‘o for negative CG strokes in AZ
are significantly larger than prior measurements in Florida, likely because there is less
atmospheric extinction in our dataset, and due to extinction, all the above values of Po, Eo,
and ‘o are lower limits at the source.

Citation: Quick, M. G., and E. P. Krider (2013), Optical power and energy radiated by natural lightning, J. Geophys. Res.
Atmos., 118, doi:10.1002/jgrd.50182.

1. Introduction

[2] The amplitudes and energies of lightning optical
pulses are currently being used to detect and locate
discharges from space [Christian et al., 1989, 2003; Mach
et al., 2007; Hamlin et al., 2009; Finke, 2009; Bankert et al.,
2011], and optical measurements have been used to estimate
the power and energy dissipated by lightning [Krider et al.,
1968; Hill, 1979; Guo and Krider, 1982, 1983; Borucki and

Chameides, 1984; Sisterson and Liaw, 1990; Paxton et al.,
1986; Borovsky, 1998]. Several previous ground-based experi-
ments have measured the irradiance from lightning strokes
with fast time resolution [Krider, 1966; Orville, 1968; Mack-
erras, 1973; Guo and Krider, 1982, 1983; Jordan and Uman,
1983; Ganesh et al., 1984; Orville and Henderson, 1984;
Idone and Orville, 1985; Jordan et al., 1995, 1997; Chen et
al., 2003; Wang et al., 1970; Lu et al., 2009], and similar
experiments have been performed on aircraft [Christian et al.,
1983; Brook et al., 1985; Christian and Goodman, 1987;
Goodman et al., 1988; Mach et al., 2005] and on satellites
[Vorpahl et al., 1970; Turman, 1977, 1978; Orville, 1981;
Christian et al., 1989; Christian and Latham, 1998;
Suszcynsky et al., 2000, 2001; Kirkland et al., 2001; Davis
et al., 2002; Boccippio et al., 2002; Christian et al., 2003;
Noble et al., 2004; Koshak, 2010; Jacobson et al., 2011].
[3] Here, we will describe ground-based measurements of

lightning optical waveforms that were recorded using a
calibrated silicon photodiode that had a flat spectral response
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from about 0.4 to 1.0 mm. These measurements were corre-
lated with digital video recordings of the channel develop-
ment to determine the types of cloud-to-ground (CG) strokes
that were measured and the general viewing conditions be-
tween the lightning sources and the sensor. Time-correlated
reports from the U.S. National Lightning Detection Network
(NLDN) provided the locations of CG strokes, their
polarities, and estimates of their peak current [Cummins
et al., 1998; Cummins and Murphy, 2009].
[4] We begin by showing examples of the optical wave-

forms that were produced by negative and positive CG
strokes. Then, we describe a method for estimating the peak
optical power and total optical energy that was radiated by
the source and show how the NLDN estimates of the peak
current can be used to compute an estimate of the peak
electromagnetic power that was radiated by a stroke. Finally,
we summarize all the measurements for three types of
negative events: (1) the first strokes (FS) in a flash, i.e.,
strokes that produced the first (or only) ground termination;
(2) strokes that followed the first and that produced a NGC,
and (3) the subsequent strokes that re-illuminated a pre-
existing channel (PEC). We also give the results for 10
positive (POS) CG strokes (in nine flashes) and for a selection
of the larger optical impulses (CPs) that were produced by
intracloud discharges. Our data and methods of analysis are
similar to those described by Guo and Krider [1982, 1983],
who analyzed negative CG strokes in Florida, except our
measurements were made in southern Arizona (AZ) and the
central Great Plains (GP) where the cloud bases are higher
and the visibility is usually better than in Florida.

2. Data

[5] Optical waveforms were recorded in AZ and the GP
during the summers of 2001, 2003, 2004, and 2005 in
experiments that are described by Biagi et al. [2007] and
Fleenor et al. [2009]. To make these measurements, the
investigators used a calibrated photodiode to trigger a PC-
based data recording system that was similar to one
described by Parker and Krider [2003]. The system was
capable of digitizing two analog signals at a frequency of
500 kHz, and one channel was devoted to the output of the
photodiode, a 1.0 cm2 Model PIN 10-DF manufactured by
United Detector Technology, Inc. The spectral response of
the sensor was measured by the manufacturer in 2005 and
again by us in 2012, and it was approximately constant over
a wavelength range from about 0.4 to 1.0 mm as shown in
Figure 1. For all optical results given below, we have used
the calibration that was provided by the manufacturer.
[6] Orville [1968] and Orville and Henderson [1984] have

described time-resolved spectra produced by individual CG
strokes over a wavelength interval from about 0.4 to 0.9
mm. These spectra show a number of bright emission lines
superimposed on a background continuum, and the charac-
teristics of both the lines and the continuum are strong
functions of time and vary from stroke to stroke. Because
the spectral response of our photodiode was reasonably flat
over a broad range of wavelengths, our measurements
should have minimal bias due to the (unknown and time-
dependent) lightning spectrum.
[7] The second recording channel was used to measure

wideband electric field (E) waveforms that were detected

using a flush-plate antenna system with a rise time of about
1 ms and a decay time of 1 s, but the E-field data were not
available during all recording sessions. Normally, the
digitizing system was run continuously, and the photodiode
signal initiated the data capture; therefore, only events that
were within the field of view of the optical sensor tended
to be recorded. After each trigger, 1.0 s of waveform data
were transferred to the PC, 100 ms prior to the trigger and
900 ms after the trigger. A digital video camcorder (Canon
GL1) provided images of the lightning channels at a rate
of 60 fields per second, and the full field of view of the
camera was approximately 45� in both the vertical and
horizontal and closely matched that of the optical sensor.
The video camera also recorded a blinking LED that was
illuminated at 1 s intervals by a GPS clock to ensure that
all strokes recorded on video could be accurately correlated
with the NLDN stroke reports. Biagi et al. [2007] and
Fleenor et al. [2009] have discussed the overall characteristics
of the storms that were studied and the performance of the
NLDN in the regions of our measurements.

2.1. Analysis Dataset

[8] A sketch of a “typical” optical signal from a negative
return stroke is shown in Figure 2. Note that the waveform
begins with a small, concave initial portion up to time T1,
and then there is a fast, almost linear increase up to time

Figure 1. Spectral responsivity of the PIN 10-DF photodiode
provided by the manufacturer in 2005 and measured again by
the investigators in 2012.

Figure 2. Sketch of the “typical” optical irradiance
produced by a negative GC stroke. A small concave initial
onset is followed by a linear increase from time T1 to time
T2. The peak irradiance, LP, occurs at time TP (taken from
Guo and Krider [1982]).

QUICK AND KRIDER: LIGHTNING OPTICAL POWER AND ENERGY

E 2



T2. The final rise to peak (at time Tp) is slow, and the peak
itself is broad and slowly varying. Guo and Krider [1982]
have suggested that the transition from the linear, fast-rising
portion to the slower rise (at T2) is caused by the stroke
entering the cloud base where the effects of multiple
scattering cause the signal to rise more slowly and to
broaden in time [Thomason and Krider, 1982; Koshak
et al., 1994; Light et al., 2001b]. AZ thunderstorms typi-
cally have higher cloud bases than storms in Florida; there-
fore, the transition from the fast-rising portion to the slower
rise (at T2) occurs at later times in AZ and is not as well-
defined as in Florida storms.
[9] Many negative strokes also produce more complex

optical waveforms due to branching, M-components, and/
or other variations in the channel luminosity [Mach et al.,
2005]. For example, Figure 3 shows the waveforms that
were radiated by a five-stroke negative CG flash in the GP
that produced two ground terminations at ranges of 25 and
26 km from our measuring site. Note that the vertical scales
in the figure vary in each panel. The first return stroke in
Figure 3 begins at time zero, the data acquisition trigger
time, and the overall waveform closely resembles the sketch
shown in Figure 2. The second (or first subsequent) stroke in
Figure 3 created a NGC 86.5 ms after the FS. This waveform
has a small secondary optical peak around 0.15 ms after the
initial peak and a slow, nearly linear decay in luminosity for
approximately 0.4 ms that is followed by an M-component

[Schonland, 1956; Jordan et al., 1995; Campos et al.,
2007, 2009]. A secondary peak like the one exhibited here
is quite common in the data set. The onset of the third return
stroke occurred 38 ms following the previous stroke and was
superimposed on the light from the leader or a cloud
discharge. Onsets of the fourth and fifth return strokes
follow the previous stroke by 43 ms and 41 ms, respectively,
and are both preceded by large dart leader signatures that are
similar to those described by Guo and Krider [1985] and
Jordan et al. [1997]. The optical waveform of the fourth
stroke has more structure, perhaps three peaks superimposed
on each other, and is followed by a weak M-component
approx 0.9 ms after the initial rise in luminosity. The fifth
stroke in Figure 3 contains many features of the previous
strokes including an M-component about 0.9 ms after the ini-
tial peak that is more luminous than the initial optical peak.
[10] Figure 4 shows four additional examples of optical

waveforms that were produced by negative CG strokes in
AZ plus one cloud pulse together with the associated E-sig-
natures. Note how the peaks of the optical waveforms al-
ways occur tens to hundreds of microseconds after the peak
E-field, a feature noted previously by Guo and Krider
[1982]. It can also be seen in Figure 4 that the secondary
peaks and M-components in the optical waveform are
preceded by rapid changes in the E-field waveform with
a similar time delay between peaks. The peak E-field is
produced at early times when most of the return stroke

Figure 3. Optical waveforms from a five-stroke CG flash that occurred at 21:16:10 Z on 7/06/2005 in the
central Great Plains (GP). The top panel shows the waveform of the first return stroke, and the second
panel was produced by a subsequent stroke that established a NGC. The lower three panels show the
waveforms of subsequent strokes that reilluminated a PEC. Note that the amplitude and time scales vary
between panels. The horizontal axis shows the time in milliseconds after the trigger at zero in the top
panel. The electric field was not recorded during this event.
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current is still close to the ground. The delay of the peak
optical signal is caused primarily by the geometrical growth
of the channel and any branches that are in the sensor field of
view, and this is superimposed on any time variations that oc-
cur in the channel current and the effects of optical scattering
in the atmosphere. Because all CP events were produced by
sources that were inside optically thick clouds, the effects
of multiple scattering cause those waveforms to rise more
slowly and have less high frequency structure than the wave-
forms produced by ground strokes [Thomason and Krider,
1982; Christian and Goodman, 1987; Koshak et al., 1994;
Light et al., 2001b, 2001a; Davis and Marshak, 2002].
[11] Figure 5 shows examples of optical waveforms that

were produced by five positive CG strokes in the GP. Positive
optical waveforms exhibit similar features to the negative
waveforms, but tend to be larger in both amplitude and dura-
tion than the negative strokes shown in Figures 3 and 4.

2.2. Methods of Analysis

[12] Following Guo and Krider [1982], we can make a
rough estimate of the peak optical power (Po) that is radiated
at time TP (see Figure 2) by assuming that the source is loca-
lized in space at that time (a point source) and that it radiates
uniformly in all directions. In that case,

Po ¼ 4pR2LP (1)

where R is the distance from the sensor to the source, and LP
is the measured irradiance at time TP. After the peak, the
stroke luminosity usually decreases slowly due to a
reduction and eventual termination of the channel current;
sometimes, however, there are additional optical pulses (like
those shown in Figures 3, 4, and 5) that are due to M-
components, branches, and a variety of other factors
[Schonland, 1956; Guo and Krider, 1982; Jordan et al.,
1995, 1997; Wang et al., 2000, 2004; Mach et al., 2005].
[13] An estimate of the total optical energy (Eo) that is

radiated by the source can be obtained by integrating the
optical waveform over the duration of the pulse where the
signal amplitude is more than a few standard deviations
above the baseline of the noise. An effective duration or
“characteristic width” (tcw) can be obtained simply by divid-
ing Eo by Po or tcw = Eo/Po.
[14] After a return stroke begins at or just above the

ground, the luminosity front propagates rapidly up the leader
channel at a speed close to the speed of light [Schonland,
1956; Rakov and Uman, 2003, Chapter 4]. Assuming that
at these early times, the linear, fast-rising portion of the
optical waveform is dominated by the rapid geometric
growth of the channel and that on average the channel is

Figure 4. Examples of time-correlated optical (black) and electric field (red) produced by four negative
CG strokes (in different flashes) and one cloud pulse or CP. The electric field has been plotted with an
inverted polarity so that a positive excursion shows a negative field change with the normal physics con-
vention. The strokes have been labeled with their type, estimated peak current, Ip, and range, R. The signal
strength is in relative units, and the amplitude and time scales vary between the plots.
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straight and vertical, then an estimate of the average
luminous power per unit length (‘o ) that is emitted can be
obtained from the following expression,

‘o ¼ 4pR2

v

dL

dt
(2)

where R is the distance to the stroke, v is the speed of
propagation, and dL/dt is the measured slope of the irradiance,
L, between T1 and T2 [Guo and Krider, 1982]. In nature, each
small segment of channel will actually radiate a luminosity
that depends on how the current in that segment varies with
time [Jordan and Uman, 1983; Jordan et al., 1997; Wang
et al., 2000, 2004, 1970; Chen et al., 2003; Lu et al.,
2008, 2009]; therefore, the values of ‘o actually represent
a coarse spatial- and temporal-average of the luminous power
per unit length of channel at early times [Guo and Krider,
1983]. The assumption that the channel is straight is likely
to be valid only at the beginning of a return stroke when the
bulk of the current is close to the ground, and at these early
times, CG strokes will not usually have large branches.
[15] Broadband electric field or E-waveforms have been

discussed by Weidman and Krider [1978] and many others
[see, for example, Chapters 4 and 12 in Rakov and Uman,
2003]. Since the NLDN uses range-normalized values of
the peak E-field to compute estimates of the peak current,
assuming that EP is proportional to Ip as in the simple
transmission line model [Cummins and Murphy, 2009; Nag
et al., 2011], we can use the NLDN estimates of Ip to
compute estimates of the peak electromagnetic power,

PEM, that strokes radiate into the upper half-space. Following
the discussions in Krider and Guo [1983] and Krider [1992],
the peak electromagnetic power that a straight and vertical
stroke radiates upward is,

PEM ¼ Zo
8p

I2P
1þ b2
� �

b
ln

1þ b
1� b

� �
� 2

" #
: (3)

[16] Here, it has been assumed that the simple transmission
line model is valid at early times, Zo is the impedance of free
space, Ip is the peak current, and b is the ratio of the return
stroke speed to the speed of light. In the limit of small b,
equation (3) becomes

PEM ¼ Zo
b
3p

I2P: (4)

[17] The algorithm that the NLDN uses to estimate Ip
from the measured peak E-fields and distances effectively
assumes a return stroke velocity v of 1.2 � 108 m/s [Idone
et al., 1998]; therefore, for our estimates of PEM, we have
assumed b = 0.4.

2.3. Selection Criteria

[18] Strokes were included in our analysis dataset only if
they passed several selection criteria. For example, any
channel that was partially blocked by obstructions or
propagated outside the sensor field of view, or was severely

Figure 5. Examples of optical waveforms produced by positive CG strokes. Note that both the horizontal
and vertical scales vary between panels. The top panel features the return stroke with the largest estimated
peak current in our dataset.
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attenuated by precipitation, was not included in the analysis.
Also, the photodiode electronics had several possible gain
settings, and on occasion, very bright strokes would saturate
the electronics. In these cases, it was not possible to measure
accurate waveform parameters, so those events were not
included in the analysis. The total number of saturated wave-
forms that were removed from our original dataset included
18 negative FS, five subsequent NGC, six subsequent PEC
events, and two positive strokes; the removal of these events
has biased our sample toward fainter sources.
[19] Equation (1) assumes that at the time of the peak

optical emission, the channel radiates isotropically. This
approximation works well at large distances, but calculations
show that when a CG stroke is closer than about 10 km, the
effects of the finite and tilted geometry can cause the values
of Po computed using equation (1) to deviate from the true
values by as much as a factor of 2. Also, the effects of
atmospheric extinction due to scattering and absorption
will reduce the optical signal as it propagates from the
source to the sensor, particularly at large distances. Calcu-
lations of Rayleigh scattering discussed in section 4.1 indi-
cate that only about 60% of the optical power, assuming a
blackbody source, emitted within our sensor bandwidth is
transmitted to 32 km (see Figure 10 to follow). For these
reasons, we have restricted estimates of Po and Eo to only
those strokes that were within a range interval of 10 to 32
km. There were 23 negative FS, 19 NGC, and 101 PEC
strokes to ground, 10 positive CG strokes and 73 CP events
that were in this range interval.
[20] Because of the assumptions that are inherent in equation

(2), a clear view of the lowest portion of the channel is needed
in order to get a good measure of dL/dt, and in order to monitor
low altitudes, the strokes must be reasonably close to the
sensor. Therefore, only strokes that were between 5 and 20
km were used to compute ‘o. For negative strokes, there were
15 FS, 11 NGC, and 42 PEC events that were between 5 and
20 km, and there were four positive strokes in that range
interval. In general, about half of the strokes were tilted in
the video imagery and had only a small amount of tortuosity
in the lowest channel section. Such geometrical effects will
typically bias our estimates of ‘o to lower values.
[21] Finally, the NLDN has a finite detection threshold that

corresponded to an estimated peak current of 5 to 7 kA in AZ
[Biagi et al., 2007] and 4 to 6 kA in the GP [Fleenor et al.,
2009] at the times our data were collected. These thresholds
will bias our sample toward strokes that have large values of
Ip, particularly in the case of subsequent strokes that re-illumi-
nate a PEC. However, if any flash detected on video had at
least one stroke reported by the NLDN, the distance to any
other unreported strokes in the same channel can be assumed
to be at the same range as the reported stroke. Therefore, by
combining our video records with the NLDN reports, we were
able to increase our sample of subsequent strokes that
remained in a PEC by 49 events. The addition of these strokes
to the PEC dataset partially offsets the bias introduced by the
finite NLDN detection thresholds.

3. Results

3.1. Negative Strokes to Ground

[22] Our final dataset contained 143 negative CG strokes
that were suitable for analysis; 104 were recorded in AZ

and 39 in the GP. Table 1 lists the numbers and types of
strokes that were analyzed in each region together with the
medians, means, and standard deviations of Ip, PEM, Po, Eo,
tcw,, and ‘o . Note in Table 1 that the mean Ip for FS events
was �21 kA in both AZ and the GP and that the mean values
Po, Eo, and ‘o for these events were 50 to 100% larger in AZ
than in the GP. The possible reasons for these geographical
differences will be considered further in section 4.2.
[23] Cumulative distributions of Po, Eo, and tcw for all

negative strokes are shown in Figures 6, 7, and 8, respec-
tively. The medians of Po for the FS, NGC, and PEC events
were 1.8 � 1010 W, 1.1 � 1010 W, and 4.4 � 109 W, respec-
tively; the medians of Eo were 3.6 � 106 J, 3.5 � 106 J, and
1.2 � 106 J, respectively; and the medians of tcw were 229
ms, 244 ms, and 283 ms, respectively.
[24] Figure 9 shows distributions of ‘o for the negative FS,

NGC, and PEC events that were suitable for analysis. Note
here that the shapes of the distributions are similar for
FS and NGC strokes and that the corresponding medians
(see Table 1) were 2.8 � 106 W/m and 3.2 � 106 W/m,
respectively. The median ‘o for subsequent strokes that
re-illuminated a PEC was 1.4 � 106 W/m.

3.2. Positive Strokes to Ground

[25] Table 2 lists the parameters of 10 positive CG strokes
that were recorded in the GP. Even though the number of
strokes is limited, distributions of the parameters have been
included in Figures 6 to 9 to facilitate a comparison with
negative strokes. As expected from previous studies,
positive strokes produced larger values of Ip on average than
negative strokes (43 � 21 kA vs. 21 � 12 kA), and the
average PEM was 1.5 � 1.9 � 1010 W vs. 3.9 � 5.2 � 109.
The median Po for positive strokes was 1.9 � 1010 W; the
median Eo was 9.3 � 106 J; and the average tcw was
497 ms. Note that the average Eo for positive strokes is nearly
a factor of 2 larger than negative FS, primarily because
the widths of positive optical waveforms are about a factor
of 2 larger than the negative FS. A positive stroke produced
the largest Ip, PEM, Po, and Eo in our dataset with values
of 99 kA, 6.7� 1010 W, 7.3� 1010 W, and 2.6� 107 J,
respectively.

3.3. Cloud Pulses

[26] The waveforms of 73 of the larger optical impulses
radiated by intracloud discharges were analyzed, and
distributions of those parameters have been included in
Figures 6, 7, and 8. Since in most cases, the NLDN did
not report a CP event, there were no reliable estimates of
Ip or measurements of the distances to those sources. In
cases where a CP was detected during a flash that had one
or more ground strokes reported by the NLDN, the range
to the CP was assumed to be the same as the average
distance to all the reported strokes in that flash. If the CP
was not accompanied by a NLDN report, then the range
was assumed to be the average distance to all strokes that
were reported in the same storm cell.
[27] Figures 6, 7, and 8 show that the CP events usually

produced values of Po and Eo that were about a factor of 2
smaller than those of negative subsequent strokes that re-
illuminated a PEC, and tcw was about a factor of 3 larger.
The means and standard deviations of Po and Eo for CP
events were 3.0� 2.9� 109 W and 1.5� 2.2� 106 J,
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respectively, and the mean tcw was 711 � 1100 ms. The me-
dian values of Po, Eo, and tcw were 1.9� 109 W, 7.3� 105 J,
and 311 ms, respectively.

4. Discussion

[28] Tables 1 and 2 list the median and average values of
PEM for negative and positive strokes, respectively, that were
computed using equation (3) and the ranges and values of Ip
that were reported by the NLDN. It should be noted that the
numerical values of Po for negative strokes are significantly
larger than the values of PEM. For example, the median Po is
1.8 � 1010 W for negative FS which is about a factor of
9 larger than the median PEM of 2.0 � 109 W. Subsequent
strokes producing a NGC have a median Po of 1.1 � 1010 W
which is about a factor of 4 larger than the median PEM
of 2.5 � 109 W. In our discussion of Figure 4, we noted that

the optical waveforms reach a peak tens to hundreds of micro-
seconds after the peak E-field, so the same time delay will be
present between PEM and Po. It is certainly reasonable that Po

(which occurs at a time the entire channel is illuminated) is
larger than PEM (which is produced early when the current is
a maximum near the ground). What is intriguing is that the
values of PEM and Po for positive strokes (see Table 2) are of-
ten of similar magnitude and occasionally PEM is larger than
Po. For example, in Table 2 the 99 kA positive stroke had a
PEM of 6.7 � 1010 W and the corresponding Po was 7.3 �
1010 W; the 55kA positive stroke had a PEM of 2.0 � 1010 W
and a Po of only 1.0 � 1010 W. At this time, we offer no
explanation for this observation.

4.1. Atmospheric Extinction

[29] None of the optical parameters reported here have
been corrected for the effects of atmospheric extinction
(i.e., scattering and absorption) between the lightning
sources and the optical sensor. Because the Rayleigh scatter-
ing cross section of an air molecule varies as the inverse
fourth power of wavelength, l (i.e., 1/l4), the shorter (blue)
wavelengths will be scattered substantially more than the
longer (red) wavelengths. Unfortunately, to our knowledge
the time-resolved spectrum of a lightning source has never
been measured on an absolute scale, but we can make a
rough estimate of the effects of molecular scattering by
assuming that ground strokes radiate like a perfect black-
body. The temperature of a return stroke channel rises very
quickly to a peak near 30,000 K [Orville, 1968], and most
of the optical radiation is produced at about the time of peak
temperature [Uman, 1964]. We can compute the fraction of
the radiation emitted by a 30,000 K source between 0.4
and 1.0 mm that would be detected at various distances in a
standard molecular atmosphere. For this estimate, we have
used the Beer–Lambert law with the extinction coefficients
as tabulated by Bucholtz [1995]. The results are shown in
Figure 10.
[30] We can also estimate how the effects of molecular

scattering will change the spectrum of a 30,000 �K source
that would be transmitted to various distances, and those

Table 1. Median and Mean Values With Standard Deviations of the Parameters of Negative CG Strokes in the Specified Geographic
Regions. The Number of Events Used in the Computations Are Given in Parentheses. Events Were Selected Using Criterea Described
in Section 2.3

Typea Regionb Ip (kA) Pem (109 W) Po (10
9 W) Eo (10

6 J) tcw (ms) ℓo (10
6 W/m)

FS
AZ �21 � 12 (18) 3.9 � 5.6 (18) 21 � 15 (18) 4.9 � 3.2 (18) 258 � 82 (18) 6.4 � 6.9 (13)
GP �21 � 11 (5) 3.6 � 3.7 (5) 14 � 16 (5) 2.5 � 2.0 (5) 267 � 176 (5) 1.7 � 0.5 (2)
FS Mean �21 � 12 (23) 3.9 � 5.2 (23) 19 � 15 (23) 4.4 � 3.1 (23) 260 � 104 (23) 5.7 � 6.6 (15)
FS Median �17 (23) 2.0 (23) 18 (23) 3.6 (23) 229 (23) 2.8 (15)

NGC
AZ �16 � 5.8 (7) 1.9 �1.5 (7) 9.2 � 4.6 (7) 3.4 � 2.6 (7) 351 � 163 (7) 2.6 � 2.0 (6)
GP �24 � 12 (12) 4.9 � 4.5 (12) 15 � 12 (12) 4.0 � 2.7 (12) 341 � 239 (12) 4.8 � 2.9 (5)
NGC Mean �21 � 11 (19) 3.8 � 3.9 (19) 13 � 10 (19) 3.8 � 2.6 (19) 344 � 209 (19) 3.6 � 2.6 (11)
NGC Median �19 (19) 2.5 (19) 11 (19) 3.5 (19) 244 (19) 3.2 (11)

PEC
AZ �13 � 7.3 (52) 1.5 � 1.9 (52) 6.3 � 7.0 (79) 2.1 � 2.3 (79) 309 � 149 (79) 2.3 � 3.6 (38)
GP �24 � 15 (15) 5.3 � 6.8 (15) 7.8 � 8.4 (22) 2.4 � 2.4 (22) 310 � 131 (22) 2.7 � 0.7 (4)
PEC Mean �15 � 10 (67) 2.4 � 3.9 (67) 6.7 � 7.3 (101) 2.2 � 2.3 (101) 309 � 145 (101) 2.3 � 3.4 (42)
PEC Median �12 (67) 1.0 (67) 4.4 (101) 1.2 (101) 283 (101) 1.4 (42)

aFS is for first strokes, NGC is for the subsequent strokes that create a new ground contact, and PEC is for the subsequent strokes that reilluminated a
preexisting channel.

bAZ represents southern Arizona and GP the central Great Plains.

Figure 6. Cumulative distributions of the peak optical
power, Po, for 23 negative FS, 19 NGC, and 101 PEC
events; 10 positive strokes; and 72 CPs.
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results are shown in Figure 11. Note in Figure 10 that at a
horizontal range of only 15 km, molecular scattering will re-
duce the total blackbody irradiance in our sensor bandwidth
by about 25%, and at larger distances, the effects will be
even greater. The changes in the spectra shown in Figure 11
are largest at short wavelengths, and even though our sensor
had a flat spectral response (see Figure 1), molecular scatter-
ing will introduce a spectral dependence into our measure-
ments of the broadband irradiance. Of course, lightning
channels do not actually radiate like a perfect blackbody
[Orville and Henderson, 1984], but we can expect that the
effects of molecular scattering will be generally similar to
those shown in Figures 10 and 11.

[31] In our analyses of the optical waveforms, we have
also neglected any effects of the intervening aerosol,
including cloud and precipitation particles [Atlas and
Bartnoff, 1953; Charlson, 1969; Twomey, 1977; Ulbrich
and Atlas, 1985], and those effects can be very significant
in a thunderstorm environment. There will also be some
molecular absorption due to water vapor, ozone, and other
trace gases, particularly in the near-infrared (IR) spectral
region. The aerosol extinction (or turbidity) of humid air,
such as in a Florida seacoast environment (or the central
GP), will usually reduce the visibility much more than the
clear, dry air in southern AZ [Malm et al., 1994]. Table 1
shows that although the average Ip in our sample of negative
FS in AZ is nearly the same as in the GP, the values of Po

and Eo are 50 to 100% larger in AZ, while the tcw is only
about 3% smaller. This behavior is consistent with less
turbidity in AZ relative to the GP. Since atmospheric
visibility will vary from storm-to-storm as well as region-
to-region, and is usually not known within or near
thunderstorms, we will not consider the effects of extinction
further except to note that because of such effects, all values
of the optical parameters given in this paper represent lower
limits at the source.

4.2. Comparison With Other Ground-based
Measurements

[32] The values of Po that we have obtained for negative
ground strokes in AZ are significantly larger than prior
measurements in Florida. For example, the mean Po for
negative FS in AZ is 2.1 � 1.5 � 1010 W (see Table 1),
and this is almost an order of magnitude larger than the
mean obtained by Guo and Krider [1982] in Florida (2.3
� 1.8 � 109 W). The mean Po for subsequent strokes that
re-illuminated a PEC was 6.3 � 7.0 � 109 W in AZ, and this
too is substantially larger than the 4.8 � 3.6 � 108 W
reported by Guo and Krider for “normal subsequent strokes”
in Florida. The values of ‘o produced by negative ground
strokes in AZ are a factor of 2 to 5 larger than comparable
measurements in Florida [Guo and Krider, 1982, 1983].

Figure 7. Cumulative distributions of the optical energy,
Eo, produced by 23 negative FS, 19 NGC, and 101 PEC
events; 10 positive strokes; and 72 CP.

Figure 8. Cumulative distributions of the characteristic
widths, tcw, of 23 negative FS, 19 NGC, and 101 PEC
events; 10 positive strokes, and 72 CP. Horizontal axis has
been truncated to emphasize the bulk of the distribution.
One CP even lies beyond the axis limits at 6.2 ms.

Figure 9. Cumulative distributions of the average optical
power per unit length, ‘o , for the lower portion of 15
negative FS, 11 NGC, and 42 PEC events together with four
positive strokes.
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As suggested by Guo and Krider [1982], we expect that the
primary reasons for the larger values in AZ are higher cloud
bases and generally better visibility in AZ (and the GP) than
in Florida.

4.3. Comparison With Aircraft and Satellite
Measurements

[33] When we compare our results with aircraft and
satellite measurements, we must keep in mind that there
are significant differences not only in the sensing technology,
the viewing geometry, and the effects of clouds, but also in
the extinction of light propagating horizontally and vertically
in the atmosphere. Clearly, when observations are made from
a high-altitude aircraft or satellite platform, any luminosity
from CG strokes will usually be reduced or even eliminated
by the effects of geometry and intervening clouds. Also,
sensors aloft will preferentially detect the luminosity produced
by cloud discharges and/or the in-cloud portion of CG flashes
[Thomason and Krider, 1982; Christian and Goodman, 1987;
Koshak et al., 1994; Light et al., 2001a, 2001b].
[34] Aircraft measurements of lightning optical emissions

have been described by Christian and Goodman [1987],
Goodman et al. [1988], and Mach et al. [2005]. Goodman

et al. have estimated that the broadband peak optical power
that was produced by their (predominantly intracloud)
sources was on the order of a few times 108 W and that
the optical energy was of the order of 105 J. These results
are generally consistent with the results of Guo and Krider
[1982] and somewhat smaller than our measurements of
the larger CP sources in AZ and the GP.
[35] Suszcynsky et al. [2000, 2001], Light et al. [2001a,b],

and Davis et al. [2002] have analyzed the optical waveforms
that were detected by a broadband photodiode on the
FORTE spacecraft. Cloud pulses clearly dominate in the
dataset of Suszcynsky et al., and because of the natural
variability in of lightning and the effects of clouds, they sug-
gest that a broadband, satellite-based measurement covering
the visible and near-IR spectral regions can only determine
the source optical energy of a source to an order of
magnitude; however, if we compare their median peak
power, 8.5 � 108 W, with our median for the larger CP
events, 2.0 � 109 W, there is rather good agreement. The ef-
fective widths of the impulsive CP events detected by
FORTE average 630 ms [Davis et al., 2002], and this too is
in good agreement with our mean width of 711 � 1100 ms.

Table 2. Optical Characteristics of 10 Positive CG Strokes (in Nine Flashes) in the GP

Trigger Date Stroke Time Type Range (km) IP (kA) Pem (109 W) Po (10
9 W) Eo (10

6 J) tcw (ms) ℓo
a (106 W/m)

7/5/2005 22:49:18.231 FS 28 45 14 29 20 675 -
7/5/2005 22:55:19.935 FS 31 55 20 10 5 521 -
7/5/2005 23:03:11.832 FS 27 99 67 73 27 363 -
7/5/2005 23:03:11.961 NGC 26 36 9 10 6 653 -
7/6/2005 01:10:01.088 FS 18 31 7 22 11 475 11.6
7/6/2005 23:08:44.502 FS 31 37 9 33 11 319 -
7/10/2005 23:11:29.701 FS 16 29 6 1 0.5 431 0.2
7/10/2005 23:48:53.439 FS 20 29 6 10 8 735 5.9
7/10/2005 23:50:29.483 FS 18 30 6 18 8 454 13.4
7/10/2005 23:56:33.153 FS 23 37 9 21 11 518 -

Mean 24 � 5.5 43 � 21 15 � 19 16 � 20 7.4 � 7.5 514 � 136 7.8 � 6.0
Median 25 36 9 19 9.3 497 9

aOnly strokes between 5 and 20 km were used to estimate ‘o.

Figure 10. The percentage of the optical radiation between
0.4 and 1.0 mm from a blackbody source at 30,000 �K that
would be transmitted to different ranges in a standard
Rayleigh atmosphere.

Figure 11. The effects of Rayleigh scattering on the
spectrum of the radiation from a blackbody source at
30,000 �K, at different distances in a standard molecular
atmosphere.
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Of course, both datasets were affected by multiple scattering
and other factors, but we think the overall agreement is
rather good.

4.4. Relationships Between Po, ℓo, and Ip
[36] In 1984, Ganesh et al. reported that both the peak

luminosity and the logarithm of the peak luminosity emitted
by lightning channels were correlated with the peak electric
field produced by natural return strokes. Idone and Orville
[1985] and more recently Wang et al. [1970] have reported
significant correlations between the luminosity emitted by
the lower portion of rocket-triggered strokes and the peak
current measured directly at the channel base. All these stud-
ies suggest that early in a stroke, there may be a relationship

between Po and Ip, particularly in the case of subsequent
strokes that re-illuminate a PEC because those strokes are
likely similar to rocket-triggered strokes [Rakov and Uman,
Chapter 7].
[37] Figures 12 and 13 show plots of Po vs. Ip and ‘o vs. Ip

together with the best linear and quadratic fits to the data for
PEC strokes in several different storms. Our sample is lim-
ited, but these figures show that Po and ‘o both increase with
increasing Ip. Linear and quadratic curves fit the data with
about equal significance, so we cannot say which
relationship is more compelling. Wang et al. [1970] have
noted that the light produced in the lowest 3.6 m of a
rocket-triggered channel is proportional to the current
measured at the channel base, at least during its initial,
fast-rising onset. This proportionality breaks down after the
current peak, but Wang et al. also suggest that there may
be a proportionality for the entire channel. The fact that
Figures 12 and 13 do show that Po (measured at a time the

Figure 12. Plots of Po vs. Ip for negative subsequent
strokes in 3 storm intervals that reilluminated a PEC and
were at ranges of 10 to 32 km. The R2 values are for linear
and quadratic fits to Ip. Note that there were two different
cells of electrical activity on 23 August 2003 (bottom panel);
Cell A (solid dots) was enhanced by back-scattering from
cloud and precipitation but cell B (open circles) was not.

Figure 13. Plots of ‘o vs. Ip for negative subsequent strokes
that reilluminated a PEC and were at ranges of 5 to 20 km.
The R2 values are for linear and quadratic fits to Ip.
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entire channel is illuminated) and ‘o (measured at early
times) both increase with Ip (measured at the time of the
peak E-field) supports the hypothesis of Wang et al.

4.5. Enhancement of Lightning Optical Signals by
Scattering

[38] It should be noted in Figures 12 and 13 that the
proportional behavior of Po and Ip and ‘o and Ip is not the
same for all convective cells of lightning activity, even in
the same storm interval (see, for example, the lower plot in
Figure 12). The video imagery on 23 August 2003 shows
that two different cells of electrical activity were producing
ground strokes in the same interval and that there was cloud
and precipitation directly behind one of the cells (cell A) but
not the other (cell B). The strokes in cell A produced larger
values of Po relative to Ip than strokes in cell B as shown in
the bottom panel of Figure 12. Additionally, the strokes in
cell A had larger Eo, ‘o and tcw on average, while the average
Ip and PEM values were lower than cell B. Means and
standard deviations of the parameters for each of the
two cells are shown in Table 3 for comparison. Our
interpretation is that the cloud and rain were back-scattering
a substantial fraction of the light emanating from cell A but
not from cell B; therefore, the effects of clouds and rain can
both enhance as well as reduce the optical signal from a
lightning source.
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Abstract 

Broadband optical emissions from negative return strokes in rocket-triggered 

lightning (RTL) have been measured using calibrated sensors covering the visible and near 

infrared spectral region (0.4 – 1 µm).  The risetime and peak value of an optical waveform 

is determined primarily by the geometrical growth and the total length of the channel 

segment that is in the field-of-view of the sensor.  Estimates of the space-and-time averaged 

optical power per unit length (o), derived from the initial slope of the optical signals during 

their onset, range from 0.16 to 12 MW/m with a mean and standard deviation of 2.5 ± 2.2 

MW/m, values that are similar to the onset of natural subsequent return strokes that remain 

in a pre-existing channel.  Estimates of the average optical power per unit length obtained 

by considering the radiometric geometry at the time of peak optical emission (R) range 

from 0.4 to 11 MW/m with a mean and standard deviation of 4.2 ± 2.5 MW/m.  Both of 

the above averages represent a lower limit for the true peak power per unit length that was 

radiated by the source and both seem to be proportional to the square of the peak current 

measured at the channel base.  Optical waveforms are characterized by a sharp peak, and 

the decay of emissions following the peak are more rapid than the decay in channel current.  

Estimates of the impulse optical energy per unit length, (Jo), emitted during the first 2 ms 

of the discharge have a mean and standard deviation of 150 ± 140 J/m.  Many optical 

waveforms exhibit an obvious plateau or secondary maximum (SM) that generally occurs 

20 to 40 µs (median of 22 µs) after the initial peak while the current is decreasing 

monotonically. 
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1. Introduction 

 The broadband optical radiation from rocket-and-wire triggered (RTL) lightning 

have been studied previously to determine how the return stroke (RS) light emission varies 

with height [Wang et. al 1999b; Winn et. al 2012], to estimate the propagation speed of the 

RS [Mach and Rust 1989b; Wang et. al 1995, 1999, 2000, 2013, 2014; Olsen et. al 2004; 

Chen et. al 2003], and to examine relationships between optical emissions and actual or 

inferred current at the channel base [Idone and Orville 1985; Wang et. al 2005; Qie et. al 

2011].  Here we will describe the first measurements of the absolute irradiance [W/m2] 

produced by RTL using calibrated sensors that had a relatively flat spectral response 

covering the visible and near infrared (VNIR) spectral region from about 0.4 to 1.0 µm.  

All data were obtained from negative polarity RS that were initiated at the International 

Center for Lightning Research and Testing (ICLRT) at Camp Blanding, Florida, during the 

summers of 2011 and 2012.  This experiment was part of a collaborative study of RTL 

involving several universities and other organizations [see for example: Dwyer et. al 2011, 

Hill et. al 2012a, 2012b, 2013, Schaal et. al 2012, Gamerota et. al 2013, Pilkey et. al 2013]. 

Optical waveforms were recorded through an open window of an enclosed metal trailer 

that housed the sensors, electronics, and recording equipment. The sensors were located 

198 m northeast of the ground-launcher at the ICLRT. All measurements were time-

synchronized with current measured at the channel base to a precision of 0.1 µs. 

The optical radiometers were similar to those described by Quick and Krider [2013] in 

their study of natural lightning.  A major difference between the RTL measurements and 

our previous study of natural lightning was the viewing geometry.  Quick and Krider 

[2013] measured the irradiance from natural discharges at distances ranging from 5 to 32 

km, and at those ranges the entire cloud-to-ground (CG) channel was usually within the 

sensor field-of-view (FOV), including any scattered light radiated from within the clouds.  

In the present study, however, the close proximity of the sensor to the RTL channels 

required only a partial view of the entire CG channel.  Scattering or absorption of the light 

by the intervening atmosphere was minimized by the short propagation distance.  One of 

our basic objectives will be to compare the light produced by negative return strokes in 

RTL to that produced by negative subsequent strokes in natural lightning that remain in a 
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pre-existing channel (PEC), since these two processes are physically similar [Rakov and 

Uman 2003; Ch 7]. 

We will begin by describing the optical measurements of RTL during the summers of 

2011 and 2012, and then we review methods for estimating the optical power and energy 

that is radiated at the source during the onset of a RS.  Next, we give examples of the 

waveforms that were recorded in each year.  Finally we present and discuss measurement 

results. 

 

2. Experiment 

In 2011, two identical radiometers viewed a lower and an upper section of the RTL 

simultaneously as shown schematically in Figure 1.  Each sensor consisted of a single 

silicon PIN photodiode with an active area of 1 cm2, and a geometric aperture that limited 

the vertical field-of-view (FOV) to about 35 degrees as shown in Figure 2, and the 

horizontal FOV to about 45 degrees.  Each photodiode was equipped with a blue filter that 

provided a nearly flat spectral response over the VNIR spectral region as shown in Figure 

3.  The spectral responsivities were calibrated within 12 months of the measurements.  The 

sensor electronics were AC coupled, using a time constant of about 1 second, and the 

bandwidth was about 3 MHz.  Optical signals were recorded on an 8-channel digital storage 

oscilloscope (DSO) [Yokogawa, Model DL750] that sampled at a frequency of 10 MHz 

using an A/D converter with 12-bit resolution. Currents measured directly at the channel 

base were recorded on the same DSO that was triggered by the current waveform. The 

DSO had a cutoff frequency was 3 MHz to avoid aliasing. 
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Figure 1:  (A) Scale drawing of viewing geometry that was used in 2011.  The horizontal distance, D, between the 

optical sensors and the ground launcher was 198 m.  The vertical line shows an ideal RTL channel between the 

ground launcher and the cloud base.  Sensor 2011V-L viewed a lower channel segment near the ground [typically 

from 0 to 220 m] at an elevation angle of 18 degrees, and 2011V-U viewed an upper [elevated] channel segment 

[typically from 0 to 460 m] at an elevation angle of 37 degrees.  Note the lower extent of the 2011V-L FOV 

intersected the ground.  Limits to the FOV shown here correspond to the 20% level of the Angular Response 

curves plotted in Figure 2. The ray falling at normal incidence to each detector is also shown to illustrate the 

elevation angle, θ.  (B) Same as (A) but for the 2012V sensor which viewed a narrow channel segment near the 

ground [10 to 72 m] at an elevation angle of 10 degrees. 

 

The sensor FOV were limited geometrically by a set of optical baffles.  Due to the finite 

size of the detector element, there was a small degree of vignetting at the edges of the FOV. 

Figure 2 shows the relative response of the sensor to an approximate point source at a range 

of angles in the vertical field.  It can be seen that the response falls off slightly faster than 

the cosine of the vertical field angle, α, until the geometrical limits are reached.  The limits 

to the FOV illustrated in Figure 1 correspond to the 20% response angles on the curves 

plotted in Figure 2.  The two sensors are designated 2011V-L (lower) and 2011V-U (upper) 

and viewed at different elevation angles (θ, typically 37 degrees for 2011V-U and 18 

degrees for 2011V-L) in an effort to isolate the channel segment in virgin air from the 

lower, vaporized wire region of the RTL.  Because of this geometry, 2011V-L viewed the 
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lowest 220 m of channel, on average, and 2011V-U typically viewed from 0 to 460 m.  The 

length of the channel segments that were monitored varied slightly from day to day as the 

sensor orientation was adjusted over the course of the summer. 

 

Figure 2: Angular response of the radiometers used in 2011 and 2012.  In 2011 the sensors had an 
identical vertical FOV (+30 and -37 degrees), and in 2012 the vertical FOV was much smaller (+7 and -10 
degrees).  The response decreases slightly faster than the cosine of α until the geometrical limits are 
reached.  Measurements shown with 1 sigma standard uncertainty. 
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Figure 3:  Spectral responsivities of the photodiode detectors used for the VNIR measurements of RTL.  The 2011 

detector responses are shown at proper scale, and the 2012V sensor used the same detector as 2011V-U in 

conjunction with a 10% transmission neutral density filter.   The combined responsivity of the 2012V detector 

and filter has been multiplied by 10 in this plot to allow a comparison with the other curves. 

In 2012, a single radiometer designated 2012V viewed a shorter channel segment just 

above the ground.  The detector was the same photodiode used in the 2011V-U sensor but 

included a 10% transmission neutral density filter, which attenuated the red wavelengths 

about 20% more than the blue, and the electronics had a higher gain and improved signal-

to-noise ratio.  Measurements were recorded using the same DSO and sampling frequency 

as in 2011.  The vertical FOV was decreased to about 17 degrees and was arranged to view 

a total length of 62 m (from 10 to 72 m) assuming the channel was vertical.  With this 

viewing geometry, the bottom of the 2012V FOV was 6-8 m above an intercepting wire at 

the ground-launcher that served as the the ground contract for the RTL. 

 Current was directly measured at the base of the lightning channel in three 

sensitivity ranges using a 1 mΩ current-measuring resistor (see for example; Hill et. al, 

2013 for a more detailed description of the RTL current measurement).  Base current 

waveforms were digitized on a DSO similar to the one used for the optical measurements 

but located in a different building at the ICLRT.  Small drifts in the clock frequencies of 
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the two DSOs resulted in a slight offset in the sampling rate and a lag between the base 

current signals recorded on each DSO that increasing linearly as a function of sample 

number and produced timing errors as large as 1 µs.  Synchronization of the DSO signals 

to a precision of 0.1 µs was achieved by first increasing the signal sample frequency to 100 

MHz using band limited interpolation, and then measuring the lag between the signals at 

individual return strokes using the cross correlation of the finite length current waveform.  

Shifting the individual RS signatures provided a more precise time alignment than a linear 

sample rate adjustment of the waveform for an entire flash. 

3. Methods of Analysis 

 Two independent estimates of the average radiant power per unit length of the 

source channel can be obtained from these measurements.  The first uses the same method 

described by Guo and Krider [1983] and Quick and Krider [2013] where the slope of the 

initial onset of the optical waveform is used to estimate a time-and-space averaged peak 

power per unit length (o), with an added correction for the viewing geometry.  This method 

assumes that the channel is an isotropic radiator and that early in the stroke the emitted 

power is approximately constant with height behind the propagating RS front. In this case, 

the slope of the optical signal, dL/dt, where L is the incident irradiance will be entirely due 

to the geometrical growth of the luminous channel in the FOV.  We will assume the channel 

is both straight and vertical.  Therefore if the RS velocity, v, is assumed to be constant with 

height, then o can be approximated by the following equation.   

 ℓ𝑜 =  
4𝜋𝑅2

𝑣 cos 𝛼

𝑑𝐿

𝑑𝑡
 (1) 

 



F 9 
 

 

Figure 4:  Geometry corresponding to the radiometric estimate of R.  Ɵ is the elevation angle of the sensor 
measured from the horizontal axis. 

In the above equation α is the vertical field angle and is approximately equal to the 

elevation angle (θ) of the sensor when the channel is short, and R is the distance between 

the source and detector.  Because the lightning channel is a line source, the distance R will 

vary with altitude and it is necessary to define a characteristic distance to the channel.  In 

our analysis, we have taken R to be the slant distance to the middle height of the channel 

in the FOV at the time of the measurement.  In the case of o, an estimate of the luminous 

channel length at the time of the measurement was made by multiplying the assumed RS 

velocity by the delay between the onset of the RS and the time of maximum dL/dt (typically 

0.3-0.5 µs).  At this time the channel length will be a few tens of meters, and the slant 

distance will not be significantly larger than the horizontal distance, D, between the channel 

and detector. 

The second method takes advantage of the proximity of the observations at the 

ICLRT.  Specifically, because the lightning channel was being viewed at a known angle 

and from a known distance, the varying slant distance between the channel and detector 

can be determined by assuming the channel is straight and vertical and fills the vertical 

FOV of the sensor. The geometry for this computation is sketched in Figure 4. 

If the horizontal distance between the source and the detector is D, then the peak 

power per unit channel length (R) derived radiometrically is a spatial average over the 

length of channel in the FOV of the sensor and can be estimated by the following equation. 
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 ℓℛ =
4𝜋𝐷

sin|𝛼𝑇| + sin|𝛼𝐵|
𝐿𝑝𝑘 (2) 

Here Lpk is the measured peak irradiance, and  αT and αB are the upper (top) and lower 

(bottom) angles of the extent of the luminous channel observed.  If the channel completely 

fills the vertical FOV, then αT and αB will equal the FOV limits.  If the FOV is not filled, 

then the angle αT will be unknown and an estimation of R will not be possible.  Limitations 

to this technique will be discussed in section 6.  This approximation also assumes that each 

channel segment radiates isotropically.  Note that as long as the channel completely fills 

the vertical FOV, then the estimate of R will be independent of the elevation angle, θ. 

The impulse energy that is radiated per unit length (Jo) can be estimated by 

integrating equation (2) over the first 2 ms.  A 2 ms integration will isolate the RS phase 

and will not include emission during continuing current processes.  We can also calculate 

a characteristic width (tcw) of an optical pulse by taking the ratio of the total optical energy 

to the peak optical power in the FOV.  In this case the energy, or integrated power, includes 

all emission over the entire duration of the stroke. 

 𝑡𝑐𝑤 =
∫ 𝐿 𝑑𝑡

𝑡𝑜𝑡𝑎𝑙

𝐿𝑝𝑘
 

 

(3) 

 It should be noted that in the study of natural strokes by Quick and Krider [2013] 

the optical parameters were characteristic of the entire lightning discharge (including cloud 

processes) whereas in the present study these parameters characterize only the portion of 

the CG channel that is in the FOV of the sensor.   

 The above analysis does not include any slowly varying processes that are 

superimposed on continuing currents, either from a previous stroke or the initial stage of a 

triggered flash because such events tend to have current risetimes that are of the order 5-

10 µs or more rather than the <5 µs risetimes for a typical triggered RS.  Slower risetimes 

will likely affect the heating of the channel [REF] and can be expected to produce different 

light emission as a function of time.  This point will be elaborated on in future work.   
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4. Examples of Waveforms 

 In order to compare the measured currents at the channel base with the optical 

waveforms both signals have been adjusted for signal propagation delays.  The base current 

waveform was shifted backward in time to compensate for the signal propagation delay 

from the shunt at ground-launcher to the DSO through the ICLRT fiber optic network.  The 

radiometer signals were also shifted to compensate for the time required for light to 

propagate the horizontal distance between the sensors and the ground-launcher.  Aligning 

the signals in this way facilitates a better understanding of the relationship between the 

base current and the light waveforms as shown below.  Potential shortfalls of this alignment 

will be discussed in section 6. 

4.1 2011 Waveforms 

 Examples of the optical waveforms produced by return strokes in RTL recorded in 

2011 are shown in Figures 5-7 together with the correlated current at the channel base.   

Each stroke is shown on a three panel display, and the horizontal axis on all panels gives 

the number of milliseconds that have elapsed since the acquisition trigger of the DSO at t 

= 0.  The top and widest panel shows the entire RS waveform; the bottom left panel shows 

a shorter interval near the RS onset; and the bottom right panel shows the onset interval 

with faster time-resolution and with normalized amplitudes.  The normalized panel has 

been included to emphasize the time-relationship between the individual signals.  In each 

panel, the base current is shown in black using a scale on the right vertical axis; 2011V-L 

irradiance is shown in red and the 2011V-U irradiance is shown in blue.  The amplitudes 

of both radiometer signals are shown on the left vertical axis. 
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Figure 5:  Example of the VNIR waveforms from a RS in 2011 together with the corresponding current measured 

at the channel base.  The current is plotted in black using an amplitude scale shown on the right vertical axis, the 

2011V-L and 2011V-U irradiances onto the detector are shown in red and blue, respectively, according to the scale 

on the left vertical axis.  The secondary maximum (SM) feature is common to many optical waveforms and is 

indicated by the arrow in the top panel.  Note that the SM occurs during a smooth decay of the current. 

 Figure 5 shows the second stroke of UF11-20 which was a two stroke RTL flash 

that was initiated on July 10, 2011 when the rocket was approximately 200 m above the 

ground launcher.  The measured peak current (Ip) was -7.9 kA, and this RS was preceded 

by a normal, negative dart leader.  The 2011V-L sensor viewed from 0 to 224 m in altitude, 

measured a 10-90% irradiance risetime (τr) of 1.2 µs, and reached a peak 0.7 µs after the 

current peaked (at the channel base).  The 2011V-U sensor viewed from 0 to 434 m in 

altitude, the τr was 1.7 µs, and the irradiance peaked 1.4 µs after Ip.  The 2011V-U 

irradiance waveform had a larger magnitude than 2011V-L, had a longer time to peak, and 

the peak itself was broader in time.  Both signals decay quickly to near a half peak value 

before rising to a shoulder or secondary maximum (SM) that is indicated in the top panel 

of Figure 5.  The 2011V-L sensor had a SM that was 47% of the peak and occurred 20 µs 

after Lpk, and the 2011V-U sensor measured a SM that was 46% of the peak and occurred 

23 µs after Lpk.  Note that the SM in both light signals occurred while the was a slow decay 

of the current.  After the SM both light (and current) signals decay smoothly and are close 

to zero about 0.4 ms after the peak current. 
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Figure 6: See Figure 5 caption.  This RS optical waveform exhibits a plateau (or shoulder) following the peak 

rather than a SM as was seen in Figure 5. 

 RTL event UF11-15 was an 11 stroke flash that was initiated on July 7, 2011 when 

the rocket was approximately 200 m above the ground launcher.  Stroke 10 of UF11-15 is 

shown in Figure 6.  The stroke had an Ip of -10.4 kA and was preceded by a normal, 

negative dart leader.  The 2011V-L sensor viewed from 0 to 224 m, had a τr of 1.0 µs, and 

the optical signal reached a peak 1.3 µs after Ip.  Following the peak, the irradiance decayed 

for 8 µs to a plateau (shoulder) that was slightly less than half of the peak amplitude and 

then continued a slow decay.  The 2011V-U sensor viewed from 0 to 434 m, had a τr of 1.7 

µs, and reached a peak 2.4 µs after Ip.  Following the peak, the irradiance decreased for 11 

µs to a plateau that was 49% of the peak and lasted about 11 µs before continuing a slow 

decrease.  All signals decayed toward zero about 1.0 ms after Ip. 
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Figure 7: See Figure 5 caption.  This stroke has 3 M-components superimposed on a short continuing current that 

are indicated in the top panel. 

 Figure 7 shows the first stroke of UF11-28 which was a three stroke flash that was 

initiated on August 12, 2011 when the rocket was approximately 250 m above the ground 

launcher.  The measured Ip was -19.3 kA, and this stroke was preceded by a chaotic-dart 

leader [Hill et. al 2012] and contained 3 M-components [Campos et. al 2007] superimposed 

on a short continuing-current.  The 2011V-L sensor viewed from 0 to 228 m, measured a 

τr of 1.0 µs and reached a peak 1.2 µs after Ip.  The 2011V-U sensor viewed from 0 to 455 

m, had a τr of 1.7 µs, and peaked 2.2 µs after Ip.  In this event, the lower viewing sensor 

observed a larger peak irradiance than the upward viewing sensor.  The decay in the optical 

signals was significantly faster than current after the initial peak, but becomes slower when 

the emission reached the shoulder.  The nature of the optical signals during the pre-stroke, 

leader process and the post-stroke, M-components will be the subject of a future study. 

In 2011, 12 of the 17 (70%) strokes that were analyzed exhibited a large SM 

similar to the feature described above, and 47% had at least one M-component 

superimposed on a continuing current. 
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4.2 2012 Waveforms 

 Examples of the optical waveforms from return strokes recorded in 2012 are shown 

in Figures 8-12 together with the currents measured at the channel base.  These figures 

have the same orientation as Figures 5-7, and again all measurements in 2012 were made 

with a sensor that viewed from 10 to 72 m. 

Figure 8:  Example of a VNIR RS waveform in 2012 together with correlated current measured at the channel 

base.  The current is shown in black using an amplitude scale given on the right vertical axis, and the VNIR 

irradiance in the detector plane is shown in red on an amplitude given on the left vertical axis. 

 RTL event UF12-35 was a 13 stroke flash that was initiated on July 30, 2012 when 

the rocket was approximatly 300 m above the ground launcher.  The first RS of UF12-35 

is shown in Figure 8, had a low peak current of -3.6 kA and was preceeded by a normal, 

negative dart leader.  The VNIR signal had a τr of 1.0 µs and peaked 1.1 µs after Ip.  A SM 

that was 38% of the peak amplitude occurred 33 µs after the peak while there was a smooth 

decay in current, although there was a small increase in current that can be seen in the lower 

left panel of Figure 8 during a local minimum in the VNIR signal.  The irradiance was 

close to zero about 0.4 ms after Ip.  This stroke did not have high enough current and was 

not bright enough to trigger the ICLRT data acquisition system so the pulse occurs at t < 

0, however this event was not superimposed on a continuing current from the initial stage 

of the RTL [Miki et al 2005]. 
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Figure 9:  See Figure 8 caption for a description.  A few M-components are superimposed on the continuing 

current and are visible in the top panel. 

 Figure 9 shows the third return stroke of UF12-42, a 6 stroke flash that was 

initiated on August 17, 2012 when the rocket was approximately 235 m above the ground 

launcher.  This stroke had an Ip of -12.2 kA, was preceded by a chaotic-dart leader, and 

had two M-components that were superimposed on 21 ms of continuing current.  The 

optical τr was 0.7 µs, and reached a peak 0.9 µs after Ip.  The irradiance was sharply 

peaked and was followed by a shoulder that decayed slowly to a non-zero constant value 

for approximately 1 ms before increasing during the M-components. 
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Figure 10:  See Figure 8 caption for a description. 

 RTL event UF12-24 was a 6 stroke flash that was initiated on July 17, 2012 when 

the rocket was approximately 240 m above the ground launcher.  The second stroke of 

UF12-24 is shown in Figure 10, had a peak current of -13.2 kA and was preceded by a 

normal, negative dart leader.  The optical waveform had a τr of 0.8 µs and reached a peak 

0.9 µs after Ip.  About 12 µs after the peak, the optical signal dropped to a shoulder that 

was about 30% of the peak amplitude, and then decayed to values near zero over a period 

of a few ms. 
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Figure 11:  See Figure 8 caption for a description. 

 The sixth stroke of a 7 stroke flash (UF 12-55) that was initiated on August 21, 

2012 when the rocket was 255 m above the ground launcher is shown in Figure 11.  The 

stroke was preceded by a dart-stepped leader and had an Ip of -15.4 kA.  The τr of the 

irradiance was 0.9 µs, and the VNIR signal peaked 1.1 µs after Ip.  The optical signal 

decayed quickly and was near zero by about 2 ms after the peak. 
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Figure 12:  See Figure 8 for a description. 

 RTL event UF12-51 was a 9 stroke flash that was initiated on August 20, 2012 

when the rocket was 345 m above the ground launcher.  The second RS of UF12-51 is 

shown in Figure 12, had an Ip -19.1 kA, and was preceded by a chaotic dart leader. After 

the RS there were several M-components superimposed on 110 ms of continuing current.  

The VNIR waveform had a τr of 0.6 µs, and reached a peak 0.7 µs after Ip.  A sharp peak 

in light was followed by a shoulder of nearly linear decay to a non-zero constant value 

that preceded the low amplitude M-components. 

 In 2012, 7 out of the 53 (13%) RS analyzed contained a large SM similar to 

the feature identified in Figure 5, and 28 out of 53 (53%) had at least one M-

component superimposed on a continuing current. 
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5.  Results 

Our RTL dataset contained 17 return strokes in 2011 and 53 in 2012, and all strokes 

lowered negative charge to ground.  We have excluded RS events that seem to have 

multiple, superimposed current pulses because these “complex peak” events added 

ambiguity to our definition of the peak source power and impulse energy, and also 

complicated the interpretation of the relationship between current and light during the RS 

onset.  Table 1 lists the medians, means and standard deviations of IP,o, R, Jo, tcw, along 

with the number of strokes and the vertical length of channel viewed by each sensor.  

Cumulative plots of these parameters are shown in Figures 13-17 and generally have the 

shape of log normal distributions.  In computing these statistics, we have assumed the RS 

velocity is 1.2 x 108 m/s [Cummins and Murphy 2009], the same value that was used by 

Quick and Krider [2013] (and that is used to infer peak currents by the NLDN).  This value 

is also generally consistent with Wang et. al [2013]. 

Table 1: Dataset and Waveform parameters for RTL measurements and Natural Subsequent PEC strokes. 

 N 

Length 

Viewed  

(m) 

Ip 

(kA) 
o  

(MW/m) 

R   

(MW/m) 

Jo 

(J/m) 

tcw  

(μs) 

2011V-U 

Mean ± Std 17 446 ± 11 -12 ± 6.5 2.0 ± 2.2 - 160 ± 220 - 

Median  455 -10 1.0 - 60 - 

2011V-L 

Mean ± Std 17 226 ± 2 -12 ± 6.5 3.1 ± 3.5 - 160 ± 200 - 

Median  224 -10 1.4 - 50 - 

2012V 

Mean ± Std 53 62 -12 ± 3.9 2.5 ± 1.5 4.2 ± 2.5 140 ± 80 60 ± 50 

Median  62 -12 2.2 3.6 120 40 

Nat. PEC 

Mean ± Std 65 - -15 ± 10 2.3 ± 3.4 -  309 ± 145 

Median  - -12 1.4 -  283 
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 Figure 13:  Cumulative distribution of o for all 3 RTL datasets and the natural subsequent PEC dataset.  The R 

distribution for the 2012 measurements is also included for comparison. 

  We note that there is excellent agreement between the values of o in each 

of the RTL datasets in comparison with the mean and standard deviation of o for natural, 

subsequent strokes that remain in a PEC, 2.3 ± 3.4 MW/m.  The mean and standard 

deviation of all 3 RTL datasets combined is 2.5 ± 2.2 MW/m.  This agreement suggests 

that the method for estimating o is robust.  The distribution of the o values for natural, 

subsequent PEC strokes is broader and spread more evenly over the range of measured 

values, especially toward low source power, and spans more than two orders of magnitude 

as shown in Figure 13.  At the varying distances of the Quick and Krider [2013] 

measurements (5 to 20 km), the initial linear slope likely provides a lower limit to the true 

value of o, and in Figure 13 the natural PEC distribution coincides with the lower bounds 

of RTL distributions.  In 2011 the median of the distribution is larger for the lower viewing 
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2011V-L than for the upper viewing 2011V-U (see also Table 1) likely because of 

vignetting in the 2011V-U FOV near the ground.  The 2012 values are more broadly 

distributed than in 2011 (especially at low amplitudes), a result that is likely due to the 

larger sample size in 2012.  The radiometrically estimated peak power, R, in 2012 shows 

a clear tendency toward larger values than o, which is consistent with our earlier assertion 

that o is in fact a lower limit to the true peak source power. 

 

Figure 14:  Cumulative distribution of the impulse optical energy, Jo, in all 3 RTL datasets. 

 

The distributions of Jo in RTL are shown in Figure 14.  Note that the impulse optical 

energy per unit length is approximately the same in both the upper and lower viewing 

sensors in 2011.  In 2012 the values range smoothly from 3 to 30 J/m, but in 2011 over 

60% (11/17) have impulse energies less than 100 J/m, with an extended tail of larger values.  

The mean and standard deviation of all 3 datasets combined is 150 ± 120 J/m.  Given the 
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low sample number in 2011, there is no significant difference between the Jo distributions 

of the two years despite the factor of 2 discrepancy in medians.  The tail of large energies 

in 2011 is interesting however, and may be caused by the large FOV in 2011 which could 

have collected disproportionately more optical emission due to channel tortuosity or 

scatter. 

 

Figure 15:  Cumulative distribution of tcw.  Note that measurements of natural PEC strokes contained the 
entire luminous channel and cloud processes while the RTL measurements were of a limited segment of 
the cloud-to-ground channel. 

 

The characteristic width values plotted in Figure 15 span nearly two orders of 

magnitude with a minimum of 25 µs, a maximum of 731 µs, and a median of 43 µs.  In 

2012 the widths of the signals from a 62 m channel segment are much narrower than the 

signatures of natural lightning.  This is undoubtedly due to the effect of viewing geometry.  

With a narrow FOV, the 2012V widths characterize the light emitted by a relatively small 
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length of channel.  The irradiance signals from natural strokes in contrast capture the 

macroscopic evolution of an entire discharge including in cloud processes, and they also 

suffer from more time broadening due to multiple scattering [Thomason and Krider 1982]. 

 

6.  Discussion 

6.1 Relationship between the onset of light emissions and current at the channel base 

It is of interest to examine the detailed relationship between the onset of the current, 

I, at the channel base and the onset of optical emission from the lowest tens of meters of 

channel.  Specifically, if there is a time-delay between the onset of the current and light, it 

could be significant in hydrodynamic models of lightning [Paxton et al. 1986; Liang et al. 

2014].  As we have seen, our radiometers measure the integrated irradiance from all 

altitudes, z, of the extended length of the observed channel as a function of time. 

 𝐿(𝑡) = ∫
ℓ(𝑧, 𝑡) cos 𝛼(𝑧)

4𝜋𝑅(𝑧)2

𝑧(𝑡)

0

𝑑𝑧 (3) 

With our viewing geometry, the onset of L is dominated by the vertical growth of the 

luminous channel in the FOV.  For an analysis of the time-relationships at onset however, 

we are primarily interested in the time-varying irradiance from a small vertical segment 

near the bottom of the channel.  During onset, as the RS wave propagates through the FOV, 

the height of the observed luminous front is simply z = vt, and assuming v is constant, dz 

= vdt.  The measured irradiance from a differential channel segment, dz, centered on height 

z is given by the expression below. 

𝑑𝐿

𝑑𝑡
|

𝑧
=

ℓ𝑧(𝑡) cos(𝛼𝑧) 𝑣

4𝜋𝑅𝑧
2

 

In the earliest moments of the RS, the wavefront is close to the ground so that R 

and α do not vary significantly with time.  Hence by solving the above equation for ℓ𝑧(𝑡) 

we have an expression that shows the time derivative of our irradiance measurements are 

proportional to the optical power emitted by a small channel segment and thus gives a more 

accurate indication of the onset of light emissions.  This is essentially the same formulation 
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as equation (1) except that we have removed the assumption of a constant radiant power 

behind the propagating wavefront. 

Previous studies of lightning optical emission have shown that in many cases, the 

precise time of the RS onset is difficult to determine due to the superposition of light from 

upward- and downward-propagating leaders and signal noise.  A variety of techniques have 

been used to determine exactly when the RS begins within a particular FOV [Olsen et al. 

2004, Weidman 1998].  We have tried threshold methods using the 10% level, the 20% 

level, and a slope-intercept method (described by Olsen et al. [2004]) to measure the 

difference in onset times between I and .  We find that in the absence of large leader 

signals, the delay between current and light does not change appreciably with the method 

of measuring it, hence for simplicity, we will use the 20% of peak threshold as a reference. 

In most cases, this method also avoids issues involving both upward and downward leader 

processes. 

 

Figure 16:  Base current (black), irradiance (red), and the time derivative of irradiance (red-dotted) near the onset of the third 

RS in event UF 12-54.  The horizontal axes shows the number of µs from the approximate time of the RS onset (58.694 ms after 

the data acquisition trigger).   The left panel is a 3 µs timespan showing the full normalized amplitude of each trace.  The right 

panel is a 1 µs interval centered on the onset showing the lowest 20% of each waveform.   

 Figure 16 shows an example of a typical RS onset in 2012.  This figure shows the 

third RS of RTL event UF 12-54 which had a peak current of -10.4 kA and was preceded 

by a dart-stepped leader.  The left panel is a 3 µs interval showing the onset and peak of 

the base current, the irradiance, and the time derivative of the irradiance on a normalized 

amplitude scale.  It can be seen that the onset and rise of the dL/dt is similar in shape to the 
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base current only delayed in time.  The right panel is a 1 µs interval near the time of the 

RS onset showing only the lowest 20% of the waveforms amplitudes.  Light and current 

associated with both the downward and upward leader propagation are indicated with 

arrows.  The approximate initiation time of the RS is qualitatively illustrated by a visually 

sharp rise in each trace above the pre-RS background levels.  The measured delay between 

the current and light is 0.1 µs, and is equal to the time resolution of our measurements. 

We were able to estimate the delay between current and light for 55 of the 70 strokes 

in both summers.  The median delay between current and light was 0.1 µs.  In 2011, only 

2 out of 7 RS had any measureable delay and each was less than 0.1 µs.  In 2012, the 

viewing geometry was such that the bottom of the sensor FOV was 7 or 8 meters above the 

intercepting ring that provided the ground contact for the lightning.  With this geometry, if 

the length of the upward connecting leader is short, we would expect a delay between 

current and light on the order of ~60 ns corresponding to the propagation time of the RS 

from the intercepting ring to the bottom of the FOV in 2012V.  This geometry likely 

explains the bulk of the 0.1 µs median delay. 

In all strokes that we were able to analyze the delay was no more than 0.2 µs.  

Additionally, every stroke with a measured delay of 0.2 µs was preceded by a dart-stepped 

leader.  We stress that these measurements border on the time resolution of our digitized 

signals as well as the precision of the alignment of current and light waveform. Given the 

difficulty of determining the exact time of the onset of a RS there is doubt as to whether 

any delay exists between channel current and light emission. 

  

6.2 o and R  – Onset to Peak 

The irradiance pulse that is measured during return strokes in RTL are the result of 

both the sensor radiometric orientation and the source characteristics; factors that will 

determine the shape of the onset, the initial slope, and the shape and timing of its peak. 

Important radiometric considerations include the viewing geometry and the horizontal 

distance between the sensor and the (vertical) channel.  Following the onset the luminous 
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wave will propagate upward and eventually fill the vertical extent of each sensor’s FOV.  

We note that the peak irradiance that falls incident onto the detector may occur before the 

FOV is completely filled because of the inverse proportionality of the irradiance to the 

square of the slant distance, R, which increases with height.  The wave shapes will also be 

affected by the elevation angle of the detector so that two sensors viewing at different 

angles (as in 2011) will measure different rates of increase in the irradiance during the 

geometrical growth of the RS. 

There are a variety of source characteristics that influence the optical waveforms.  

The velocity of upward propagation determines the rate of geometrical growth of the 

luminous channel and has been observed to vary in the lowest few hundred meters of RTL.  

Wang et. al [1999] have observed that there are marked variations in the RS velocity in the 

lowest 400 m of flashes triggered at the ICLRT, with the caveat that the velocity is 

relatively constant in the vaporized wire region of the channel.  Olsen et. al [2004] found 

that the velocity had a non-monotonic relationship with height, first increasing and then 

decreasing with height in some of the RTL events.  Any attenuation or dispersion of the 

luminous wave as it propagates into the elevated leader channel will also affect the 

measured irradiance.  Wang et. al [2013] have observed that there are significant variations 

in the peak amplitude and risetime of the light wave in the lowest 60 m. 

Mapping the measured irradiance to the absolute optical power emitted by the 

channel is not possible during the fast rising portion of the RS because the length of the 

channel being measured is unknown and our sensors do not have spatial resolution to 

determine how the light varies with height within the FOV.  During early times, equation 

2 is ill-defined because the upper angle (αT) is not known.  Therefore, out estimates of R 

are spatial averages of the power per unit length at a time when the RS has reached the 

vertical extent of the FOV.  Of course, this quantity can only be calculated if the time at 

which the FOV is filled is known.  As a result, our estimates of R in 2011 measurements 

are problematic.  Because the only sensor that had a FOV narrow enough to be sure that 

the irradiance peaked when the wavefront had filled the FOV was in 2012, that is the only 

year in which the peak power can be determined radiometrically. 
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Our estimates of o by contrast are spatiotemporal averages of the power per unit 

length emitted while the RS channels are growing in the FOV and are not affected by the 

size of the FOV.  o was computed at the time of the maximum rate of increase of the 

irradiance during the fast and nearly linear rise of the optical waveforms, and in most cases 

this occurred within 0.5 µs of the peak current at the channel base.  At these times, the 

channel should be no more than 100 m long assuming normal RS velocities.  We note 

however that in 2011, the values of o in the upper viewing sensor were systematically 

lower than in the lower viewing sensor.  Because these two sensors recorded the same 

strokes, and we have corrected for sensor orientation, we would expect the optical powers 

to be identical.  The difference is likely due to of vignetting at the lower edge of the 2011V- 

U FOV because the elevation angle is nearly equal to the 20% limit of the angular response.  

Hence, we cannot determine if there was any systematic change in o with height in 2011. 

Because the reduced FOV in 2012 allowed an estimate of R that was close to the 

peak, the discrepancy between R and o distributions in 2012, shown in Figure 13, 

indicates that the true peak power per unit length is larger than the estimates of o.  These 

results confirm the conclusion of and Quick and Krider [2013] that o is a lower limit to 

the power per unit length of the natural lightning channel as well as the conclusions of 

Jordan and Uman [1983] that o likely underestimates the true peak by a factor of 2 to 3. 

In 2012, the VNIR sensor observed the lowest 62 m of RTL channels.  Wang et. al 

[2013] observed that the initiation heights for RTL varied from about 7 to 21 m and was a 

function of RS peak current.  Their study also documented a bi-directional propagation of 

the RS wave away from the initiation height with varying velocities.  These effects 

combined with the rapid decay in the peak irradiance, and increase in the optical risetime 

muddle any simple relationship between the measured irradiance from the lowest 62 m of 

channel and the current at the channel base.  In 2011, the VNIR sensors viewed much 
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greater lengths of channel so the complications affecting the initiation region have only a 

small effect on the irradiance waveforms.  Any differences in the radiation between the 

vaporized wire and virgin air regions of the channel will also manifest themselves in the 

irradiance signals in 2011. 

 

Figure 17:  (Left) Correlation of Ip and o.  Radiometric measurements of RTL from all 3 sensors are combined.  

(Right) Correlation of Ip and R in 2012 alone.  r2 in these plots represents the coefficient of determination and 

describes the variability of the dependent variable about its mean that is accounted for by the least squares fit. 

 

We can explore relationships between light and current by looking for a correlation 

between their peaks.  Figure 17 shows scatter plots of o verses Ip for RTL measurements 

in both years.  The trend lines in Figure 17 are linear and quadratic least squares fits 

constrained to pass through the origin.  Analysis of the coefficient of determination (r2) for 

both fits indicates that 77% of the variability of o about its mean is accounted for by 

variation in Ip
2 while just 70% of the variability is accounted for by changes in Ip.  The 

correlations here mimic the same trends found in natural lightning [Quick and Krider 

2013].  If we calculate the regression lines for R verses Ip in 2012 alone, we find that 86% 

of the variation is explained by the quadratic fit, and 74% by the linear fit.  Further 

partitioning of the data into individual days or flashes reveals even stronger correlation 

between the peak optical power per length and the square of the peak base current.  From 
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these data, R appears to have less deviation from a quadratic fit than does o.  This result 

is another indication that R is a more precise estimate of the peak source power. 

Wang et. al [2005] found that during the fast rising portion of a RS, the light from 

a 3.6 m channel segment near the bottom of the RTL channel has a linear relationship with 

the channel base current.  Our measurements do not directly contradict this finding because 

our signals are dominated by the geometrical growth of the channels during their rise to 

peak as discussed in section 6.1.  The time derivative of the irradiance more closely 

approximates the light emitted from a small channel segment during the rise to peak, and 

follows the current waveform more closely as shown in Figure 16. 

 

6.3 Secondary Maximums and Impulse Energy 

As shown in Figures 5-12 and noted in section 3 the SM occurred most commonly 

in 2011 and less commonly in 2012.  Wang et. al [2005] found that after the rapid decrease 

in the light emitted at peak, there is a region of nearly constant or increasing luminosity.  

This region corresponds to Stage 3 of the hysteresis plots in Wang et. al [2005] and to our 

knowledge is the only mention in the previous literature of a SM in the light emission.  The 

SM occurs 20 to 40 µs after the peak current, with median time delay of 22 µs. 

Our observations indicate that the magnitude of the ratio LSM/Lpk is dependent on 

the value of the peak current.  We note that R and o are proportional to Ip
2 while the SM 

seems to be independent of Ip.  The median LSM/Lpk ratio is 0.37.  Because our detectors are 

sensitive to a broad spectral bandwidth, we cannot resolve the spectral evolution of the 

emission as a function of time.  It is unclear what causes the SM to occur, but it may be the 

result of a shift in the distribution of power within spectrum.  In general this feature is 

observed during a steady decrease in the channel current, suggesting it is tied to the 

thermodynamic evolution of the channel rather than to addition input of energy and 

heating.  Further investigation will be needed to resolve this question. 
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In the majority of RTL return strokes the impulse optical energy emitted during the 

first 2 ms constitutes most of the light emitted by the RS.  If we look at both 2011 and 2012 

we find that 58% (41/70) of the RS radiated more than 90% of their VNIR-band optical 

energy in the first 2 ms, and 80% (56/70) of the RS radiated at least 50% of the optical 

energy during that time.  Strokes in the remaining 20% are in every case characterized by 

long continuing currents that persist for many tens of milliseconds and include several M-

components.  It is interesting to compare these percentages to the 51% of all strokes from 

both years that had at least one M-component noting that only 2 out of 5 continuing current 

processes radiate total optical energy comparable to the impulse. 

 

7.  Conclusions 

 Broadband radiometric measurements of RTL with calibrated sensors has shown 

that the peak source power radiated in the VNIR band by RTL return strokes is similar to 

the peak power estimated for natural lightning subsequent strokes that remained in a pre-

existing channel.  Using two independent estimates of the peak power per unit length we 

confirm previous findings that our estimates of o represent a lower limit to the true peak 

power.  We find that the peak power radiated by a finite channel length is proportional to 

the square of the peak current at the channel base, and that there is no significant delay 

between the current and the light emitted near the base of the channel during onset of the 

RS. 

In a subset of events, we have observed a secondary maximum in the VNIR 

irradiance that occurs 20-40 µs after the onset of the RS and it appears more often when 

viewing longer sections of the channel.  Calculations of the impulse energy radiated by the 

RS indicates that most of the optical energy is released during the first 2 ms of most strokes.     

In general, the optical signatures of lightning are dominated by experimental factors 

such as the detector spectral response, the source-detector distance, viewing angle, and 

FOV.  These factors control the amplitude and time evolution of the irradiance signals and 

must be considered carefully.  Observations close to the source such as in a RTL study 
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omit the macroscopic evolution of the lightning discharge that is captured in the 

observation of natural lightning at a larger distance.  In future radiometric studies it is 

recommended to obtain spatially resolved measurements which will provide useful 

information for interpretation of the data. 
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ABSTRACT: 

  

Broadband radiometric measurements of the optical emissions from a 62 m section of rocket-triggered 

lightning (RTL) channels have been made at ultraviolet (UV), visible and near infrared (VNIR), and 

long-wave infrared (LWIR) wavelengths. The signals were recorded from a distance of 198 m at the 

University of Florida International Center for Lightning Research and Testing (ICLRT) during the 

summer of 2012. The UV radiometer measured wavelengths from 200 to 360 nm, the VNIR radiometer 

measured from 400 to 1000 nm, and a LWIR sensor, together with an 8 to 12 µm passband filter, 

covered from 8 to 12 μm. The ICLRT provided time-correlated measurements of current at the base of 

the channels. Following the onset of a return stroke, the dominant mechanism for the initial rise of the 

UV and VNIR waveforms was the geometrical growth of the channel in the field-of-view of the sensors. 

The UV emissions peak about 0.7 μs after the current peak, and the average peak spectral power emitted 

at the source per unit length of channel was 10 ± 7 kW/(nm-m) in the UV. The VNIR emissions peaked 

0.9 μs after the current peak, and the VNIR spectral power peaked at 7 ± 4 kW/(nm-m). The LWIR 

emissions peaked 30 to 50 μs after the current peak, and the mean peak spectral power was 940 ± 380 

mW/(nm-m), a value that is about 4 orders of magnitude lower than the other spectral emissions.  

Examples of the optical waveforms in each spectral band will be shown as a function of time and will 

be discussed in the context of the current measured at the channel base.  
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INTRODUCTION 

Broadband optical signatures have been used for many years to study lightning processes such as leaders, 

return strokes (RS), continuing currents, M-components, etc. in rocket-triggered lightning (RTL) [Jordan 

et. al 1992; Idone and Orville 1985; Mach and Rust 1989; Wang et. al 1999a, 1999b, 2005, 2013, 2014; 

Chen et. al 2003, Olsen et. al 2004; Qie et. al 2011; Quick and Krider 2013; Winn et. al 2012; and others]. 

Nearly all of these studies have been limited to emissions in the visible and near infrared (VNIR) spectral 

bands and few have been calibrated.  Guo and Krider [1982, 1983] and Quick and Krider [2013] reported 

calibrated measurements of the VNIR emissions from return strokes in natural lightning, and here we will 

present the first calibrated measurements of the optical emissions from return strokes in RTL. The 

radiometers covered three broad spectral bands: the ultraviolet (UV, 200-360 nm), the VNIR (400-1000 

nm), and the long wave or “thermal” infrared (LWIR, 8-12 µm). 

All measurements were made during the summer of 2012 at the International Center for Lightning 

Research and Testing (ICLRT) at Camp Blanding, Florida, as part of a collaborative study sponsored by 

DARPA through the University of Florida (see for example: Hill et. al 2012, 2013, Schaal et. al 2012, 

Gamerota et. al 2013, Pilkey et. al 2013). The optical irradiances [W/m2] in each spectral band were 

measured at a distance of 198 m from the ground-launcher and were time-correlated with currents measured 

at the channel base to a precision of 0.1 µs.  We will begin by describing the sensors and the measurement 

system, and then we will give examples of the optical waveforms in each spectral band. Next, we describe 

our estimates of the spectral power that was emitted by the source, and finally we will discuss the results. 

 

EXPERIMENT 

A suite of three radiometers that viewed the same vertical section of RTL channels was used to make 

all optical measurements.  Each radiometer contained a single element photoelectric detector in 

combination with a filter, and had a field of view (FOV) that was geometrically limited by a set of optical 

baffles to about 17 degrees in the vertical and 45 degrees in the horizontal. The RTL channel segment that 

was measured was between 10 and 72 m above ground. The geometry of the observations is shown 

schematically in Fig. 1, and the measured (vertical) angular response of the radiometers is shown in Fig. 2. 

The sensor electronics were AC coupled, using a time constant of about 1 second, but had varying 

bandwidths as described below. All signals were recorded on a Yokogawa [Model DL750] 8-channel digital 

storage oscilloscope (DSO) that sampled at a frequency of 10 MHz using 12-bit A/D converters on each 

channel. The input modules on the DSO had a cutoff frequency of 3 MHz to avoid aliasing. 

The UV radiometer consisted of a SiC photodiode that responded to UV wavelengths, and the 

amplifying electronics had a bandwidth of 3 MHz. The VNIR radiometer used a silicon PIN photodiode in 

conjunction with a blue filter to obtain a nearly flat spectral response over the VNIR band, and the 

electronics also had a bandwidth of 3 MHz. The measured spectral response of the UV and VNIR 

radiometers are shown in Fig. 3. The LWIR radiometer consisted of a HgCdTe photoconductor with an 8-

12 µm passband filter that limited the sensor response to an atmospheric window in the LWIR. The sensor 

was housed in a Dewar flask and cooled to liquid nitrogen temperatures to reduce thermal noise. The spectral 

responsivity of the LWIR radiometer peaked at about 11 μm, as shown in Fig. 4, but the bandwidth of the 

electronics was limited to 500 kHz because of the high gain required in this spectral range. 
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Figure 1: Scale drawing of the viewing geometry for all 3 radiometers.  The vertical line shows an ideal 

RTL channel between the ground launcher and the cloud base.  The horizontal distance, D, between the 

optical radiometers and the launcher was 198 m.  The vertical FOV shown here corresponds to the 20% 

level of the angular response curve shown in Fig. 2.  A ray at normal incidence to the detector has been 

included to illustrate the sensor elevation angle.  All radiometers used an elevation angle of 10 degrees and 

viewed a vertical channel segment between altitudes of 10 and 72 m. 

 

 

Figure 2:  Measured angular response of all radiometers as a function of the field angle, α. 
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METHODS 

 In order to compare the optical powers that are radiated in each spectral band, we must first normalize 

the measured irradiance values by the spectral bandwidth (SBW) of the radiometers; we will call the result 

the average spectral irradiance, 𝐿𝜆
̅̅ ̅, a quantity that has units of [W/m2-nm].  Given the measured 𝐿𝜆

̅̅ ̅ 

waveforms, two independent estimates of the average source power per unit length of channel can be 

obtained. The first method is essentially the same as that described in Guo and Krider [1983] and Quick and 

Krider [2013] and uses the maximum initial slope of the optical waveform to estimate a time- and space-

 

Figure 3:  Left: Spectral response of the UV radiometer.  Because the response is not flat over the spectral 

band, a characteristic or “effective” response (dotted line) has been assumed for this radiometer.  Right:  

Spectral response of the VNIR radiometer. 

 

 

Figure 4:  Spectral response of the LWIR detector and 8-12 µm filter.  Because the response is not flat 

over this spectral band, a characteristic or “effective” response (dotted line) has been assumed for this 

radiometer. 
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average peak power per unit length (designated o in previous reports).  This method assumes that the RS 

channel is an isotropic radiator and that the optical power is approximately constant with height behind an 

upward propagating front during the onset of the stroke. In this case, the initial slope of the optical signal 

(d𝐿𝜆
̅̅ ̅/dt) will be entirely due to the geometrical growth of the luminous channel in the FOV.  At early times, 

the stroke is relatively short and can be approximated as straight and vertical.  Therefore if the RS velocity, 

v, is assumed to be constant with height (1.2 x 108 m/s [Wang et. al 2013; Cummins and Murphy 2009]) then 

the average peak spectral power per unit length, λ,o, can be estimated using the following equation:   

 ℓ𝜆,𝑜 =  
4𝜋𝑅2

𝑣 cos 𝛼

𝑑𝐿𝜆
̅̅ ̅

𝑑𝑡
 (1) 

where R is the distance to the source and α is the field angle of the source in the vertical field of the sensor 

(corresponding to the horizontal axis in Fig. 2).  [Note that we have made an additional correction for the 

viewing geometry by dividing by cos α.]   

The second method takes advantage of the close proximity of the optical sensors to the RTL at the 

ICLRT.  Specifically, because both the distance to the source and the viewing angle are known, the actual 

slant range between the channel and radiometers can be determined as a function of height, assuming the 

channel is straight and vertical and completely fills the vertical FOV.  If the horizontal distance between 

the source and sensor is D, then a spatial average of the peak spectral power per unit length of channel (λ,R) 

can determined be radiometrically using the following equation. 

 
ℓ𝜆,ℛ =

4𝜋𝐷

sin|𝛼𝑇| + sin|𝛼𝐵|
𝐿𝜆,𝑝𝑘
̅̅ ̅̅ ̅̅  (2) 

Here 𝐿𝜆,𝑝𝑘
̅̅ ̅̅ ̅̅  is the peak of the average spectral irradiance at the radiometer and αT and αB are the upper 

(top) and lower (bottom) field angles in the FOV.  This approximation also assumes that each channel 

segment radiates isotropically. 

RESULTS 

 In order to compare the optical waveforms with the current measured at the channel base, all signals 

have been corrected for propagation delays. The current signal has been shifted backward in time to 

compensate for the transit time between the measuring shunt (at the ground-launcher) and the DSO through 

the ICLRT fiber optic network.  The radiometer signals were also shifted backward in time to compensate 

for the time required for light to propagate the horizontal distance, D, between the RTL launcher and the 

radiometers. Aligning the signals in this way facilitates a better understanding of the relationship between 

the measured current and optical waveforms. 

 Examples of the emissions produced by three RTL return strokes are shown in Figs 5-7 together with 

currents measured at the channel base.  In these figures, each stroke is shown on a five panel display. The 

horizontal axis on all panels gives the number of microseconds that have elapsed since the time of the RS 

onset (t = 0).  The top and widest panel shows the spectrally averaged irradiance waveforms in each optical 

band on an absolute scale. The left-center panel shows a shorter time-interval during the RS onset (excluding 

the LWIR signal because of its limited bandwidth), and the right-center panel shows the onset interval on a 

faster time-scale where the amplitudes have all been normalized to their peak values.  The bottom-left 

panel shows all signals near the RS onset with normalized amplitudes, and the bottom-right panel shows an 

interval near the end of the current using normalized amplitudes. The normalized panels have been included 
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to illustrate better the detailed time-relationships between the various signals.  In each panel, the current at 

the channel base is shown in black using a scale given on the right axis, and the scales for 𝐿𝜆
̅̅ ̅ are on the 

left axis (note: all LWIR signals in this figure have all been multiplied by a factor of 103 relative to the other 

waveforms).  In all figures, the UV signal is blue, the VNIR signal is green, and the LWIR signal is red. 

 

Fig. 5 shows the fourth return stroke in RTL event UF 12-54. This event was a five stroke flash that 

was initiated on August 20, 2012, when the triggering rocket was approximately 220 m above ground. The 

fourth stroke was initiated by a dart-stepped leader; it had a relatively small peak current (IP = -3.5 kA); and 

the 10-90% current risetime was 0.4 µs. The UV and VNIR waveforms exhibit a fast rise to peak after the 

onset of the current, and this increase is likely dominated by the geometrical growth of the channel in the 

FOV of the sensor. After the initial peak, the VNIR and LWIR waveforms have a shoulder or secondary 

maximum (SM) that is marked by an arrow in the bottom-left panel, and it should be noted that this feature 

occurs while there is a steady decrease in the current. A SM is not present in the UV waveform. The 10-90% 

 

Figure 5: An example of the spectrally averaged irradiance (𝑳𝝀
̅̅ ̅) waveforms together with current measured 

at the channel base (black).  The 𝑳𝝀
̅̅ ̅ waveforms use the scale shown on the left vertical axis, the current 

is on the right axis, and all LWIR waveforms have been multiplied by a factor of 103 to allow a better 

comparison on this scale.  The UV signal is blue, the VNIR signal is green, and the LWIR signal is red.  A 

secondary maximum (SM) in the VNIR is marked by a double arrow in the bottom-left panel.  Time t = 0 

in this figure occurs 155.2462 ms after the data acquisition trigger time in UF 12-54. 
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risetimes of the UV and VNIR waveforms are 0.7 µs and 1.0 µs, respectively, and these signals peak 0.7 µs 

and 0.8 µs after IP, respectively.  The LWIR waveform in Fig. 5 begins with a fast and likely band-limited 

rise that is due to the geometrical growth of the channel in the FOV, and then a slower and larger peak 

appears 60 µs after IP. It is interesting to note that the peak LWIR signal occurs at approximately the same 

time as the SM in the VNIR. 

 

Fig. 6 shows the third stroke of RTL event UF 12-53. This event was a five stroke flash that was initiated 

on August 20, 2012 when the rocket was approximately 245 m above ground. This stroke was preceded by 

a normal dart leader; it had an IP of -8.9 kA; and the 10-90% current risetime was 0.3 µs.  Again the UV 

emission rises faster and peaks earlier than the VNIR signal, and it has a larger peak spectral amplitude. The 

10-90% risetimes of the UV and VNIR emissions are 0.7 and 0.9 µs, respectively, and the delays between 

IP and the UV and VNIR peaks are 0.9 and 1.3 µs, respectively.  The LWIR waveform begins with a rapid 

increase, then there is a plateau that is followed by a more gradual rise to a peak that is broader in time than 

the UV and VNIR emissions. The peak LWIR emission occurs 33 µs after IP. 

 

 

 

 

Figure 6:  See Fig. 5 for a description. t = 0 in this figure corresponds to 310.9791 ms after the data 

acquisition trigger in UF 12-53. 
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Fig. 7 shows the eighth stroke of RTL event UF 12-35. This was a 13 stroke flash that was initiated on 

July 30, 2012 when the triggering rocket was about 300 m above the ground.  The stroke was preceded by 

a ‘chaotic’ dart leader; it had a relatively large IP = -15.7 kA; and the 10-90 % current risetime was 0.2 µs. 

The optical waveforms have features that are similar to the previous examples, i.e. a fast rise to peak in the 

UV and VNIR followed by a fast decay relative to the current.  The UV and VNIR risetimes are 0.5 and 

0.6 µs, respectively, and these emissions peak 0.6 and 0.8 µs after IP.  The UV irradiance in Fig. 7 has a 

larger peak and faster decay than the VNIR, and the VNIR is broader in time.  The shape of the LWIR 

emission is similar to the previous examples, except there is not a distinct plateau after the FOV has been 

filled. The peak in the LWIR occurs 45 µs after IP. 

 

 

DISCUSSION 

 A total of 50 RS waveforms were suitable for detailed analysis, and all lowered negative charge to 

ground.  Table 1 lists the medians, means, and standard deviations of IP together with our estimates of λ,o, 

and λ,R for the 50 strokes. Note here that the values of λ,R  are larger thanλ,o, a result that is expected 

becauseλ,o represents a lower limit for the true peak power emitted at the source [Quick et. al 2014].  The 

median λ,R  in the UV is about 45% larger than that median in the VNIR, and the median VNIR is 

 

Figure 7:  See Fig. 5 caption for a description. t = 0 in this figure corresponds to 228.0200 ms after the data 

acquisition trigger in UF 12-35. 
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about 4 orders of magnitude larger than the LWIR median.The values of λ,o in the LWIR have not been 

included in Table 1 because the initial slopes of the LWIR signals were band-limited by the electronics 

rather than being due to the geometrical growth of the source in the FOV.  It is important to note that the 

source power estimates in the UV and LWIR may be biased by the non-uniform responsivity of the detectors 

in those spectral bands as well as by the unknown spectral distribution of the source.   

 The onset of the optical waveforms that are produced by return strokes in RTL are the superposition of 

the geometrical growth of the channel in the FOV and also the temporal evolution of the source within the 

FOV.  The signals from each of the three radiometers began with a fast, nearly linear rise and we assume 

that this feature corresponds to the rapid geometrical growth of the channel.  We note in the examples 

shown in Figs. 5-7, that the onsets of the UV and VNIR occur simultaneously.  The UV signal peaks before 

the VNIR, has a faster rising slope, and a shorter risetime.  The LWIR waveform has a slower initial rise 

caused by the limited electronic bandwidth of that sensor, and the LWIR signal continues to rise toward a 

true peak after the FOV is completely filled.  It is possible that the earliest portion of the LWIR signals are 

contaminated by a small leakage of shortwave radiation through the 8-12 µm passband filter, however at 

the time of the peak LWIR any contamination should be minimal.  These results are qualitatively consistent 

with previous spectrally resolved observations such as Krider [1965] and Orville [1968a] who report that 

the short wavelength emissions from singly ionized atoms appear first in the lightning spectrum followed 

by a continuum and then line emissions from neutral atoms.  We observe a similar transition here from 

short to long wavelengths as time progresses. 

 To gain an understanding of how the multiband energy distribution changes as a function of time we 

can examine the ratios of 𝐿𝜆
̅̅ ̅ in the different spectral bands.  Additionally, although it has been observed 

that the optically thin lightning channel emits a spectrally complex signature, it will be instructive to estimate 

an approximate source temperature by assuming the channel is a blackbody radiator and has an emission 

spectrum described by Plank’s law.  In this case, the 𝐿𝜆
̅̅ ̅ ratios can be used to compute a source color 

temperature. 

 Fig. 8 shows two spectral ratios during the third RS of RTL event UF 12-53 (shown in Fig. 6) together 

with the inferred color temperatures starting at the time of the RS initiation.  The left panel shows the UV 

Table 1: Peak spectral power emitted by 50 RTL return strokes in 2012. 

Spectral 

Band 

Ip 

(kA) 

λ,o  

(kW/nm-m) 

λR   

(kW/nm-m) 

UV   

Mean ± Std -12 ± 3.9 7.4 ± 4.8 10 ± 6.6 

Median -12 6.5 8.9 

VNIR    

Mean ± Std -12 ± 3.9 4.3 ± 2.6 7.0 ± 4.2 

Median -12 3.8 6.1 

LWIR    

Mean ± Std -12 ± 3.9 - (9.4 ± 3.8) x10-4 

Median -12 - 9.4 x10-4 
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to VNIR or “short-wave” ratio over a 10 µs interval, and the right panel shows the VNIR to LWIR or “long-

wave” ratio over a 600 µs interval.  In the left panel the ratio is noisy prior to the RS onset which is likely 

due to the faint signal produced by the dart leader.  After the RS onset there is a rapid rise in the short-

wave ratio that peaks at 1.5 and corresponds to a color temperature of 7900 K at the time of the UV peak 

(0.7 µs).  By 4 µs the ratio drops below 1.0 and then continues to decrease.   This indicates that the 

VNIR spectral band is radiating more power per nm than the UV at those times and the peak energy 

distribution is shifting from short to longer wavelengths.  In the right panel there is a rapid decrease in the 

VNIR/LWIR ratio during the first few tens of µs followed by a plateau that corresponds to a color 

temperature of just over 2500 K.  This plateau is sustained for more than 300 µs and is followed by a 

decrease in the ratio and temperature values.  The decrease in the ratio corresponds to a change in the 

descending slope of the LWIR signal that can be seen in the lower right panel of Fig. 6 and may indicate an 

abrupt change in the thermodynamic and conductive properties of the channel. 

A second example of the optical ratios and the corresponding color temperatures is given in Fig. 9 for 

the eighth RS of UF12-35 (shown previously in Fig. 7).  The beginning temperature derived from the short-

wave ratio indicates that the pre-RS channel was heated to a few thousand Kelvin by the chaotic-dart leader 

that preceded the RS.  After initiation of the return stroke, the 𝐿𝜆
̅̅ ̅ ratios rise rapidly in a way that is 

consistent with the short wavelength radiation increasing faster than the long wave.  The UV to VNIR ratio 

peaks at 1.55 at the time of the UV peak (0.6 µs), and the color temperature is 8000 K.  Following this 

maximum the UV to VNIR ratio drops to a value of 1.0 about 4 µs after onset, and then this ratio continues 

to decrease.  The time evolution of the short-wave ratio in this stroke is very similar to the previous 

example even with the much larger IP.  The long-wave ratio indicates that the color temperature drops 

rapidly for the first few tens of µs and then plateaus between 2500 and 3000 K.  At longer times the 

 

Figure 8:  LEFT:  The ratio of 𝑳𝝀
̅̅ ̅ in the UV to 𝑳𝝀

̅̅ ̅ in the VNIR band as a function of time for UF 12-53 

stroke 3 (RS waveforms shown in Fig. 6) together with the color temperature of the source estimated from 

the ratio.  Time t = 0 on the horizontal axis corresponds to the approximate time of the RS onset in the base 

current waveform taken to be 310.9791 ms as shown in Fig. 6.  RIGHT:  Same as left panel except with 

the ratio of VNIR to LWIR bands and the corresponding estimated temperature.  Note the scale on the 

left axis indicates the magnitude of the ratio multiplied by 10-4. 
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amplitudes of the radiometer signals are comparable to the system noise so that the 𝐿𝜆
̅̅ ̅ ratios become noisy, 

and we do not see the abrupt decrease in the long-wave ratio that was observed in the previous example. 

All the color temperatures reported here are very likely too small.  Previous studies based on time-

and-space resolved slitless spectroscopy have found that the peak temperatures in return strokes are in the 

neighbourhood of 30,000 K and dart-leaders are reported to be close to 20,000 K [Orville 1968b, 1975].  

Considering our incorrect approximation of the lightning channel as a blackbody radiator, and the non-

uniform variations of the sensor spectral responsivities with wavelength, we expect an underestimate. 

 Quick and Krider [2013] have reported that the peak source power in the VNIR during natural lightning 

strokes is proportional to IP
2.  We find a similar relationship in the UV and VNIR measurements of RTL.  

Fig. 10 shows a plot of our estimates of λ,R verses IP in all three spectral bands.  The left panel shows a 

clear correlation between λR and IP
2 for the UV and VNIR datasets.  The trend lines in the left panel are 

least squares fits of quadratic relationships constrained to pass through the origin and the determination 

coefficients are 0.81 and 0.87 for the UV and VNIR fits, respectively.  The right panel shows a plot of the 

same variables in the LWIR, where there is clearly much more scatter and a lack of any real correlation 

between the quantities.  This result expected because the LWIR peaks tens of µs after IP, and the current 

and light in RTL become decoupled after the time of IP [Wang et al 2005]. 

 

Figure 9:  LEFT:  The ratio of 𝑳𝝀
̅̅ ̅ in the UV to 𝑳𝝀

̅̅ ̅ in the VNIR band as a function of time for UF 12-35 

stroke 8 (RS waveforms shown in Fig. 7) together with the color temperature of the source estimated from 

the ratio.  Time t = 0 on the horizontal axis corresponds to the approximate time of the RS onset in the base 

current waveform taken to be 228.0200 ms as shown in Fig. 7.  RIGHT:  Same as left panel except with 

the ratio of VNIR to LWIR bands and the corresponding estimated temperature.  Note the scale on the 

left axis indicates the magnitude of the ratio multiplied by 10-4. 
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SUMMARY 

 By making calibrated multiband optical measurements of RTL we have found that the UV emissions 

rise faster and peak earlier than the VNIR emissions.  Both spectral bands rise to peak in several tenths of 

a µs, and with the VNIR peaks 0.1 or 0.2 µs after the UV.  Following a rapid rise during onset, the LWIR 

waveforms exhibit a slow rise to peak over an interval of 30-50 µs.  Median estimates of the peak spectral 

power emitted per unit length are about 45% larger in the UV than in the VNIR, and the peak LWIR signal 

is about 4 orders of magnitude less than the UV and VNIR.  An analysis of the spectral power in the UV 

and VNIR as a function of time shows that the UV emissions are initially the most intense, but the power 

shifts to the VNIR within a few µs, and then to the LWIR.  Rough estimates of the color temperature of 

return stroke channels suggest peak temperatures that exceed 8000 K.  Plots of the peak UV and VNIR 

spectral emissions show that the source power appears to be correlated with Ip
2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10:  Left: λR vs IP for UV (blue) and VNIR (green).  Both datasets are shown with a least squares 

quadratic fit line that is constrained to go through the origin.  High correlation exists between IP
2 and λR.  

The peak emission in the UV band has a higher proportionality to IP
2 than the VNIR.  Right:  λR vs IP 

for LWIR.  A least squares linear fit is shown for illustrative purposes.  No significant correlation is 

observed between the two variables. 
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Abstract— In the mid-1980’s, Guo and Krider [1982, 1983] made 

calibrated measurements of the optical signatures produced by 

negative cloud-to-ground (CG) lightning in the visible and near-

infrared (VNIR) spectral region. These measurements were 

correlated with electric field waveforms to determine the type of 

lightning process that produced the optical radiation. More 

recently, Quick and Krider [2013] made similar measurements on 

natural lightning in correlation with video data and reports from 

the U.S. National Lightning Detection Network (NLDN) that 

provided estimates of the peak stroke currents. Here, we will 

describe optical measurements of rocket-triggered lightning 

(RTL) strokes in the VNIR spectral band that were obtained using 

calibrated sensors and were then correlated with currents 

measured directly at the channel base. The results show that the 

total optical output (in the VNIR band) at the time of the peak 

current is only about 5% of the total electromagnetic (or Poynting) 

power radiated at that time. Our methods and assumptions are 

similar to those of Guo and Krider [1982, 1983] and Quick and 

Krider [2013]. 

Keywords - lightning; return stroke; optical emission; Poynting 

radiation; radiative efficiency;  

I. INTRODUCITON 

Lightning optical signatures have been used for many years 
to study the leaders, return strokes, and other processes in cloud-
to-ground (CG) discharges as well as to determine how CG 
lightning attaches to structures [see, for example, Rakov and 
Uman, 2003; Wang et. al., 2005; 2013]. In 1982 and 1983, Guo 
and Krider described calibrated measurements of the broadband 
optical radiation produced by lightning that were correlated with 
electric field waveforms to determine the type of discharge 
process that produced the emission. These authors also 
described the overall characteristics of the optical waveforms. 
Here, we will describe calibrated measurements of the optical 
emissions produced by rocket-triggered lightning (RTL) return 
strokes, where all measurements were correlated with currents 
measured at the channel base. 

II. OPTICAL SENSORS AND ELECTRONICS 

Two measurement campaigns were conducted during the 
summers of 2011 and 2012 at the International Center for 
Lightning Research and Testing (ICLRT) at the University of 
Florida. The optical sensors and their fields-of-view (FoV) 

differed somewhat in each year, as shown in Figures 1-3. In 
2011, the radiometer had a rather large vertical FoV, and in 2012 
it had a smaller FoV, as sketched in Fig. 1. The optical sensors 
were silicon PIN photodiodes with an active area of 1.0 cm2 that 
viewed the RTL directly through a geometric aperture that had 
minimal internal reflections. Detailed measurements of the 
vertical FoVs are given in Fig. 2. The horizontal FoV in both 
years was about 45 degrees. Each sensor was equipped with a 
blue filter to obtain a nearly flat spectral response over a broad 
region of the visible and near infrared (VNIR) spectral regions 
as shown in Fig. 3.  The sensor electronics were AC coupled, 
using a time constant of about 1 second, and the bandwidth was 
about 3 MHz. Optical signals were recorded on an 8-channel 
digital storage oscilloscope (DSO) [Yokogawa, Model DL750] 
that sampled at a frequency of 10 MHz using an A/D converter 
with 12-bit resolution. Currents measured directly at the channel 
base were recorded on the same DSO that was triggered by the 
current waveform. The DSO stored a total of 1.0 sec of data 
using a pre-trigger delay of 0.4 sec, and had a cutoff frequency 
was 3 MHz to avoid aliasing 

III. ELECTROMAGNETIC OR POYNTING POWER 

The electric and magnetic field or EM-waveforms that are 
produced by lightning return strokes have been discussed by 
Weidman and Krider [1978] and many others [see, for example, 
Chapters 4 and 12 in Rakov and Uman, 2003]. If we assume that 
the peak fields at large distances are proportional to the peak 
current near the ground, Ip, as in the simple transmission line 
model [Cummins and Murphy, 2009; Nag et al., 2011], then we 
can use measurements of Ip to compute estimates of the peak 
EM-fields and the peak electromagnetic (or Poynting) power, 
PEM, that RTL strokes radiate into the upper half-space. 
Following the discussions in Krider and Guo [1983], the peak 
Poynting power that is radiated upward by a straight and vertical 
channel is given by 

 𝑃𝐸𝑀 = 𝑍𝑜
𝛽

3𝜋
𝐼𝑃
2  (1) 

where the simple transmission line model has been used to 
estimate  the peak EM fields; Zo is the impedance of free space; 
Ip is the peak current at the channel base; and β is the ratio of the 

This work has been supported in part by the DARPA NIMBUS Program 
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return stroke speed to the speed of light. Krider [1992] has 
shown that when β approaches unity, then equation (1) becomes 

 𝑃𝐸𝑀 =
𝑍𝑜

8𝜋
𝐼𝑃
2 [

(1+𝛽2)

𝛽
ln (

1+𝛽

1−𝛽
) − 2]. (2) 

In the following estimates of PEM , we will assume that the 
upward speed of RTL strokes near the ground is 1.2 x 108 m/s or 
β = 0.4 [Wang et al., 2005; 2013]. 

IV. OPTICAL AND CURRENT WAVEFORMS 

Figures 4 and 5 show examples of the initial optical and current 
waveforms that were produced by RTL return strokes in 2011 
and 2012, respectively. All optical and current records (like 
those shown in Figs. 4 and 5) were precisely time-aligned after 
applying corrections for the propagation delays in the 
instrumentation and the time required for light to propagate from 
the channel base to the optical sensor. Given waveforms like  

 

those in Figures 4 and 5, we can estimate the total optical power 
that is produced by a RTL return stroke (in the VNIR) at the time 
of the peak current, and then determine how that compares to the 
peak Poynting power radiated at the same time. 

 In order to estimate the total optical power that was 

radiated, the measured irradiance, L, at the time of Ip was 

multiplied by the factors shown in equation (3), 

 𝑃𝑜𝑝𝑡 = 4𝜋𝑅2𝐿 (3) 

where again, L is the measured irradiance at the time of Ip and 

R is the distance from the optical sensor to the middle of the 

estimated length of the source channel at that time.  

 

 

 

 
Figure 2: Measured angular responses of the optical sensors used in 2011 

and 2012.  The 2011 sensor had a 67 degree vertical FoV (-37 to +30 
degrees), and in 2012 the vertical FoV was only 17 degrees (-10 to +7 

degrees). The angular limits of the FoVs are assumed to be at the 20% 

response angles.  One sigma standard measurement uncertainty in shown 
in the shaded region. 

 

 

 
Figure 3: The spectral responsivities of the optical sensors that were used 

to measure the VNIR emissions during RTL strokes.  The response in 2011 
is shown on the proper scale, but in 2012, the sensor included a 10% 

transmission neutral density filter. The combined responsivity of the 

detector and filter in 2012 has been multiplied by a factor of 10 to facilitate 
a comparison with the sensor used in 2011. 

 

 

 
Figure 1:  The vertical lines represent ideal vertical channels between the RTL launcher and cloud base, shown together with the sensor FoVs. Sketch (A) 

shows the viewing geometry in 2011 when the sensor viewed a channel segment from 0 to about 220 m; the elevation angle was 18 degrees.  Sketch (B) 
shows the viewing geometry used in 2012 when the sensor viewed a channel segment from 10 to 72 m; the elevation angle was 10 degrees. 
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V.  DISCUSSION 

Figures 6–8 and Table 1 summarize our estimates of Popt, PEM, 
and the ratio, Popt/PEM , for all RTL strokes recorded in 2011 and 
2012. It should be noted in Fig. 6 that the distributions of Popt in 
2012 are broader and smaller than in 2011, which is likely 
because only 14 RTL strokes were recorded in 2011 and there 
were 51 strokes in 2012.  Table 1 also shows that the median 
values of Popt are nearly the same in both years.  

The distributions of PEM in Fig. 7 show that the measured EM 

powers were somewhat larger and more variable in 2012 than 

in 2011, although again, this may be just a sampling bias. For 

comparison, the values of PEM that are radiated by natural 

subsequent return strokes that remain in a pre-existing channel 

[Quick and Krider, 2013], and are regarded as similar to RTL 

strokes [Uman and Krider 1989], have also been shown in Fig. 

7. 

  

 

 

TABLE I.  SUMMARY OF THE TOTAL OPTICAL POWER IN THE VNIR 

SPECTRAL REGION, POPT, MEASURED AT THE TIME OF PEAK CURRENT AT 

THE CHANNEL BASE, AND THE PEAK ELECTROMAGNETIC POWER, PEM, 
INFERRED USING EQUATION (3) AND THE TRANSMISSION LINE MODEL. 
THE LAST COLUMN GIVES THE RATIO POPT/PEM IN PERCENT. 

Year N 
Popt 

(MW) 

PEM  

(GW) 

𝑷𝒐𝒑𝒕

𝑷𝑬𝑴
 

(%) 

2011 
Mean ± STD 14 200 ± 170 2.6 ± 2.2 8 ± 4 

Median  110 1.7 6 

2012  
Mean ± STD 51 120 ± 100 2.9 ± 1.8 4 ± 2 

Median  100 2.7 3 

Total Dataset 

Mean ± STD 65 130 ± 120 2.9 ± 1.9 5 ± 3 
Median  100 2.4 4 

 

 
Figure 4: Currents at the channel base (black) and optical irradiance waveforms (red) recorded in 2011 on a normalized amplitude scale.  The horizontal axis 

shows the number of µs from the approximate RS onset time.  A dotted vertical line marks the time of the peak current and when Popt was measured.  The RTL 
event, stroke number, and the peak currents and the peak irradiances are given at the top of each plot.  Time, t = 0 corresponds to 483.5135 ms after the data 

acquisition trigger in the left panel and 236.5450 ms in the right panel. 

 

 
Figure 5: Currents at the channel base (black) and optical irradiance waveforms (red) recorded in 2012 on a normalized amplitude scale.  The horizontal axis 
shows the number of µs from the approximate RS onset time.  A dotted vertical line marks the time of the peak current and when Popt was measured.  The RTL 

event, stroke number, and the peak currents and the peak irradiances are given at the top of each plot.  Time, t = 0 corresponds to 310.9790 ms after the data 

acquisition trigger in the left panel and 96.6065 ms in the right panel. 
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The Popt/PEM ratios that are summarized in Fig. 8 and Table 1 

can be regarded as a type of “optical radiative efficiency” of the 

RTL channels (in the VNIR spectral band) at the time of the 

peak current at the channel base. The values range from 0.4% 

to 20%, with medians of 3 and 6 percent. The ratios in 2012 

appear to be systematically lower than in 2011 likely because 

the values of PEM were higher in that year; of course, this could 

also be the result of a sampling bias. The mean ratio for the 

entire dataset is 5 %, and the median is 4% 
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