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Optical power and energy radiated by return
strokes in rocket-triggered lightning
Mason G. Quick1,2 and E. Philip Krider1

1Institute of Atmospheric Physics, University of Arizona, Tucson, Arizona, USA, 2Now at NASA Postdoctoral Program,
National Space Science and Technology Center, Huntsville, Alabama, USA

Abstract The broadband optical radiation covering the visible and near-infrared (VNIR) spectral regions
(0.4–1.0 μm) has been measured from 70 negative return strokes (RS) in rocket-triggered lightning; 17
events were recorded in 2011, and 53 were recorded in 2012. The radiometers were calibrated, and all
measurements were time-correlated with currents measured at the channel base. The risetime and peak of
an irradiance waveform are determined primarily by the RS current and by the geometrical growth and total
length of channel that is in the field of view of the sensor. Following an initial peak, the irradiance decays
faster than the current until there is a plateau or secondary maximum 20 to 40 μs (median of 22 μs) after the
peak current, a time when the current itself is steadily decreasing. Estimates of the space- and time-average
optical power per unit length (ℓo) that is emitted at the source during onset of RS have been computed using
the measured slopes of 70 irradiance waveforms together with an assumption that the initial speed of
propagation is 1.2 × 108 m/s. The values range from 0.25 to 9.5 MW/m, with amean and standard deviation of
2.4 ± 1.7 MW/m, and they are in good agreement with prior estimates of ℓo that were made by Quick and
Krider (2013) for the subsequent return strokes in natural lightning that reilluminate a preexisting channel.
The values of ℓo also agree with numerical estimates of the VNIR power per unit length that were computed
by Paxton et al. (1986). Estimates of the peak optical power per unit length (ℓR) that is radiated at the source
have been derived from the peaks of 53 irradiance waveforms, and the values range from 0.4 to 11 MW/m
with a mean and standard deviation of 4.2 ± 2.5 MW/m. Both ℓo and ℓR are approximately proportional to the
square of the peak current at the channel base. Estimates of the total optical energy per unit length, Jo, that
is radiated in the VNIR have been computed by integrating the irradiance waveforms over 2 ms. The values of
Jo have a mean and standard deviation of 150 ± 140 J/m, and they are proportional to the total charge that
is transported to ground in that interval.

Plain Language Summary In order to understand the energy distribution of a lightning return
stroke, we have built a set of radiometers to measure the power and energy emitted in the visible and
near-infrared wavelengths by lightning triggered with a rocket and trailing wire. By recording the emitted
power with a high time resolution of 100 ns, we are able to resolve the light impulse created by a lightning
return stroke and compare it to the current impulse measured at the channel base. We find that
rocket-triggered lightning has comparable power and energy to some natural lighting and that correlations
exist between the current that traverses the channel and the light that is emitted by the channel.

1. Introduction

The broadband optical radiation emitted by return strokes (RS) in rocket-triggered lightning (RTL) has been
studied extensively to determine how the luminosity (W/m) (power per unit length emitted by the source)
of the channel varies with height and time [Wang et al., 1999a, 1999b, 2005, 2013, 2014; Winn et al., 2012;
Carvalho et al., 2014, 2015, 2017], to measure propagation speeds of RS [Mach and Rust, 1989; Wang et al.,
1995, 1999b, 2000, 2013, 2014, 2015; Chen et al., 2003; Olsen et al., 2004; Carvalho et al., 2015], and to deter-
mine how the optical output relates to the actual or inferred current at the channel base [Idone and Orville,
1985; Wang et al., 2005, 2013, 2014; Qie et al., 2011; Carvalho et al., 2014, 2015]. Here we describe calibrated
measurements of the irradiance waveforms (W/m2) (power per unit area incident onto the detector) that
were produced by RTL RS at a known distance in the visible and near-infrared (VNIR) spectral region (0.4 to
1.0 μm). All data were obtained during the summers of 2011 and 2012 on negative RS that were triggered
using the rocket-and-grounded-wire technique at the University of Florida International Center for
Lightning Research and Testing (ICLRT). This experiment was part of a larger collaborative study of RTL
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involving several universities and other organizations [see, e.g., Dwyer et al., 2011; Hill et al., 2012a, 2012b,
2013, 2016; Schaal et al., 2012; Gamerota et al., 2013; Pilkey et al., 2013; Walker and Christian, 2017]. Based
on measurements made in 2012, Quick and Krider [2015] have made an initial comparison of the total optical
power that is produced by RTL RS with the broadband electromagnetic (or Poynting) power that is radiated at
the time of the peak current. Here we give a more detailed description of that experiment and the measure-
ments that were made in 2011 and 2012.

The radiometers were very similar to those used by Quick and Krider [2013] in their study of natural cloud-to-
ground lightning, but the viewing geometry for the RTL measurements differed significantly from that earlier
study. The natural RS were measured at distances ranging from 5 to 32 km, and at those ranges a major por-
tion of the channels were usually within the field of view (FOV) of the sensor; therefore, our detector mea-
sured all of the radiation that was in the FOV, including any radiation that was emitted by or scattered
from clouds [Quick and Krider, 2013]. Here the close proximity of the sensors to the RTL (about 200 m) per-
mitted just a portion of the channels to bemeasured, but this had the advantage that any effects of scattering
or absorption of light by the intervening atmosphere was minimized by the short propagation distance. One
of the primary objectives of this study has been to determine how the optical radiation that is produced by
RTL RS compares to the same radiation that is produced by RS in natural lightning, and in particular, to the
subsequent RS that reilluminate a preexisting channel (PEC), because the latter are thought to be physically
very similar to RS in RTL [Uman and Krider, 1989; Rakov and Uman, 2003, Chapter 7].

We will begin by describing the radiometric measurements that were made at the ICLRT during the summers
of 2011 and 2012, and then we will give examples of current and irradiance waveforms that were recorded in
both years. Next, we will describe our methods for estimating the average and peak optical powers that are
radiated (per unit length) by RTL RS during onset, and finally, we will examine how the total optical energy
per unit length that is emitted in the first 2 ms is related to the total charge that is transferred to ground
in that interval; finally, we discuss the results. The characteristics of RTL radiation in other spectral regions
and during other phases of the discharge will be considered in future publications.

2. Experiment

All optical waveforms were measured through an open window of a grounded metal trailer that housed the
sensors, electronics, and recording equipment. The radiometers were located 198 m northeast of the ground
launcher at the ICLRT, and all measurements were time-correlated with currents measured at the channel
base [Hill, 2012; Hill et al., 2012a, 2012b, 2016] to a precision of 0.1 μs.

In 2011, two identical radiometers viewed lower and upper sections of the RTL channels simultaneously, as
shown schematically in Figure 1a, and in 2012, a single radiometer viewed a shorter channel section that
was located just above the RTL launcher, as sketched in Figure 1b. In 2011, the two radiometers, designated
2011V-L (lower viewing) and 2011V-U (upper viewing), were mounted at different elevation angles (θ), typi-
cally 18° for the lower viewing and 37° for the upper viewing, in an effort to isolate the lower, vaporized wire
portion of RTL from the upper portion that typically would be in virgin air. Because of this geometry, in 2011
the lower viewing sensor measured the bottom 220 m of RTL channels, on average, and the upper viewing
sensor measured from 0 to 460 m (and included the lower segment). The lengths of the segments varied
slightly from day to day as the sensor orientations were adjusted over the course of the summer. The detector
in each radiometer was a silicon PIN photodiode with an active area of 1.0 cm2, and the radiometers viewed
the RTL through geometric apertures (with minimal internal reflections) that defined the vertical fields of
view (FOV).

Figure 2 shows the response of the sensors to a point source of light as a function of the vertical field angle, α,
measured from a normal to the detector. Note here that the response decreases slightly faster than the cosine
of α, until the geometrical limits of the apertures are reached. Also, because photodiodes have a finite area,
there was a small amount of vignetting near the edges of the FOVs in both years. The limits to the FOVs
sketched in Figure 1 correspond to the 20% response angles shown in Figure 2. The horizontal FOVs in both
years were about 45°.

Each photodiode was equipped with a blue filter to obtain a nearly flat spectral response throughout the
VNIR spectral region, as shown in Figure 3, so any dependence of the radiometer output on the spectrum
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of the source was minimized. Further details on the sensor calibrations are given in Quick [2014, Appendix B].
The sensor electronics had a bandwidth that spanned from a few hertz to more than 3 MHz, and the outputs
were AC coupled using a decay time constant of 1 s to minimize the effects of time variations in the
background illumination. The ICLRT measured the RTL currents at the channel base using a low-
inductance, resistive shunt [Hill et al., 2012a, 2012b, 2016], and the ICLRT also provided a low-sensitivity
reference current signal to the optics trailer via a fiber optic link. The irradiance and reference current
waveforms were recorded simultaneously on an eight-channel digital storage oscilloscope (DSO)
(Yokogawa, Model DL750) that was located in the optics trailer and the DSO sampled at a frequency of

10 MHz with 12 bit resolution. The
optical DSO was triggered on a
signal provided by the ICLRT when
the current exceeded a preset
threshold of approximately 6 kA
[Hill, 2012]. The input bandwidth of
the DSO was 3 MHz, and typically
2.0 s of waveform data were stored
for each event using a pretrigger
buffer of 0.4 s.

In 2012, a single radiometer (desig-
nated 2012 V) was operated in the
VNIR, and it had a vertical FOV of
18° and was oriented so that it
monitored a 62 m vertical section
of channel (i.e., from 10 to 72 m)
just above the RTL launcher, as
shown in Figure 1b. With this

Figure 2. Response of the radiometers to a point source of light versus the
vertical field angle, α, measured from the detector normal. In 2011, the
sensors had identical vertical FOVs (�37 to +30°), and in 2012 the vertical
FOV was �8 to +10° Note that the response curves decrease slightly faster
than cos(α) until the geometrical limits of the FOVs are reached. The shaded
portions of the curves show a 1 sigma uncertainty in the measurements.

Figure 1. (a) The viewing geometry that was used in 2011 and (b) the geometry in 2012. The horizontal distance, D,
between the radiometers and the ground launcher was 198 m. The bold vertical lines represent ideal RTL channels
between the ground and cloud base. The dashed rays at normal incidence to each detector show the sensor elevation
angles, θ. The 2011V-L sensor viewed a channel segment that typically stretched from 0 to 220 m using an elevation angle
of about 18°, and the 2011V-U sensor viewed a longer channel segment (typically from 0 to 460m) using an elevation angle
of 37°. Note that in 2011 the lower boundary of the 2011V-L FOV intersected the ground. In 2012, a single radiometer
viewed a 62 m channel segment that was located just above the RTL launcher (10 to 72 m) using an elevation angle of 10°
(Figure 1b). The limits to the FOV shown in both panels correspond to the 20% response levels shown in Figure 2.
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viewing geometry, the lower edge
of the FOV in 2012 was 6 to 8 m
above an intercepting ring that
served as the ground termination
of the RTL [Pilkey et al., 2013]. The
2012V sensor used the same photo-
diode that was formerly in the
2011V-U sensor, but it also was
equipped with a 10% transmission
neutral density filter to extend the
dynamic range. To compensate for
this filter, the 2012 electronics had
higher gain and a better signal-to-
noise ratio than was used in 2011.
In 2012, all optical and reference
current waveforms were recorded
on the same DSO that was used
in 2011.

The ICLRT measured the RTL currents at the channel base in three sensitivity ranges using a 1 mΩ shunt
and a DSO that sampled at 10 MHz (see Hill [2012] and Hill et al. [2012a, 2012b, 2016] for more details on
the current measurements). Unfortunately, the DSO that was used to digitize the current waveforms was
located in a different trailer than the optical DSO, and small drifts appeared in the DSO clock (sampling)
frequencies, likely due to temperature differences at the two locations. These frequency drifts produced
time shifts in the sampling of the ICLRT current and the reference current (recorded in the optics trailer)
that appeared to be linear with sample number. The drift in turn produced timing errors that could be as
large as 1 μs over the duration of an entire flash (~1 s). In order to use the best (ICLRT) current measure-
ments in our analyses, a lag-correlation analysis was performed on the current waveforms that were
recorded on each DSO, and an optimum time offset was computed for each return stroke. Processing
the waveforms in this way maintained a time synchronization between the ICLRT current and the irradi-
ance signals to a precision of 0.1 μs on each RS.

3. Examples of RTL Return Stroke Waveforms

Before examining the time-correlated current and optical waveforms, both signals were first corrected for
their signal propagation delays (details are given in Quick [2014, Appendix A]). The current signal was shifted
backward in time to compensate for the time required for the ICLRT current signal to propagate from the
measuring shunt to the current-measuring DSO through the ICLRT fiber optic network, and the optical signals
were shifted backward to compensate for the time required for light to propagate the horizontal distance
between the RTL launcher and the radiometers. Aligning the signals in this way facilitated a better under-
standing of relationships between the current and irradiance waveforms that will be discussed below, and
some possible shortfalls of this alignment will be considered in section 6.1.1.

3.1. Current and Optical Waveforms in 2011

Examples of time-correlated current and irradiance waveforms that were produced by three RTL return
strokes in 2011 are shown in Figures 4–6. Here each stroke is plotted in three panels where the horizontal axis
gives the number of microseconds that have elapsed since the onset of the RS at t = 0. For this display, the
onset of an RS has been defined to be the time when the first significant deviation of the current from zero
occurred. The top and widest plot in each figure shows the entire current and optical waveforms, the bottom
left plot shows a shorter time interval near the onset of the RS current, and the bottom right plot shows the
onset interval on a faster timescale and with normalized amplitudes. The normalized panel has been included
in each case to illustrate better the time relationships between individual signals during the onset of an RS.
The current is shown in black on an amplitude scale given on the right vertical axes, and the irradiance ampli-
tudes are labeled on the left axes in units of watts per square meter. The lower (2011V-L) irradiance is shown
in red, and the upper (2011V-U) irradiance is shown in blue in all panels.

Figure 3. Spectral responsivities of the radiometers in 2011 and 2012. Here
the 2011 responses are shown on the proper scale. The 2012V sensor used
the same photodiode that was formerly in the 2011V-U radiometer, but it
also had a 10% transmission neutral density filter to extend the dynamic
range. The combined responsivity of the 2012V detector and filter has been
multiplied by 10 in this plot to facilitate a better comparison of the curves.
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Figure 4 shows the second RS in RTL event UF11-20 that was a two-stroke flash on 10 July 2011. This flash was
initiated when the rocket was approximately 200m above ground, and the second RS was preceded by a nor-
mal, negative dart leader. The RS produced a peak current, Ip, of�7.9 kA, and the 10–90% current risetime, τIr,
was 0.6 μs. The lower viewing radiometer (2011V-L) measured an irradiance that peaked 0.7 μs after the cur-
rent peaked (at the channel base), and the 10–90% optical risetime, τor, was 1.2 μs. The upper viewing sensor
(2011V-U) detected an irradiance that peaked 1.4 μs after the current peaked, and its τor was 1.7 μs. Note that
the peak of the upper irradiance in Figure 4 is about 36% larger than the peak of the lower irradiance, its

Figure 5. See also Figure 4. Current and irradiance waveforms for a RTL RS in 2011 that was preceded by a normal dart
leader. Note that the lower irradiance has a less well-defined SM than appears in Figure 4.

Figure 4. An example of the current and irradiance waveforms produced by a RTL return stroke that was preceded by a
normal dart leader in 2011. The current is plotted in black using an amplitude scale given on the right vertical axes; the
lower (2011V-L) and upper (2011V-U) irradiances are shown in red and blue, respectively, on scales given on the left vertical
axes. A secondary maximum (SM) or plateau feature that appeared in many optical waveforms is indicated by the arrow
in the top plot. Note that the SM feature occurs while the current is decreasing uniformly. Time t = 0 in all panels
corresponds to the time of onset of the RS current.
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risetime is longer, and the peak itself is broader in time. Note also that following their peaks, both irradiances
decay more rapidly than the current to about half-peak, and then they increase again to a secondary maxi-
mum (SM) or plateau that is labeled SM in the top plot. The SM in the lower irradiance begins about 20 μs
after the peak current and has an amplitude that is about 47% of the peak irradiance. The SM in the upper
irradiance begins about 23 μs after the peak current and reaches an amplitude that is about 46% of the peak
irradiance. Both SM features in Figure 4 occur while there is a uniform, slow decrease in the current at the
channel base, and after the SM, both the irradiance waveforms and the current decay uniformly and are close
to zero about 400 μs after the time of Ip.

Figure 5 shows the tenth RS in event UF11-15 that was an 11-stroke flash on 7 July 2011. This flash was
initiated when the rocket was about 200 m above the ground, and the tenth RS was preceded by a nor-
mal, negative dart leader. Here the RS current peaks at �10.4 kA, and τIr is 0.5 μs. The lower irradiance
has a τor of 1.0 μs, and it peaks 1.3 μs after the time of Ip. After its peak, the lower irradiance decays
for 8 μs, and then plateaus at slightly less than half peak amplitude for about 15 μs before continuing
a slow decay. The upper irradiance peaks 2.4 μs after the time of Ip and has a τor of 1.7 μs. Following
its peak, the upper irradiance decreases for 11 μs and then plateaus in a SM that reaches about 49%
of the peak amplitude for 11 μs before continuing a slow decay. All signals in Figure 5 were close to zero
about 1.0 ms after the peak current.

Figure 6 shows the first RS in event UF11-28, a three-stroke flash on 12 August 2011. This flash began
when the rocket was about 250 m above ground, and the first RS was preceded by a chaotic dart leader
[Hill et al., 2012b]. The value of Ip was �19.3 kA, and τIr was 0.3 μs. The lower irradiance (2011V-L) peaks
1.2 μs after the time of Ip, and its τor was 1.0 μs. The upper irradiance (2011V-U) peaks 2.2 μs after Ip and
has a τor of 1.7 μs. In this case, the lower viewing sensor detected a larger irradiance than the upper view-
ing sensor, and following their peaks, both irradiances decay faster than the current. The top plot shows
that this RS also produced three M components that were superimposed on a low-level continuing-
current that lasted about 7 ms.

3.2. Optical and Current Waveforms in 2012

Figures 7–11 show examples of time-correlated current and irradiance waveforms that were produced by five
RTL RS in 2012. These figures have the same orientation and format as Figures 4–6, and again, all irradiance
measurements in 2012 (in the VNIR) were made using a single radiometer viewing a channel section that was
between 10 and 72 m above ground.

Figure 6. See also Figure 4. Current and irradiance waveforms for a return stroke that was preceded by a chaotic dart
leader. The top plot shows that there were three M components superimposed on a relatively short continuing current.
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Figure 7 shows the first RS in event UF12-35 that was a 13-stroke flash on 30 July 2012. This flash was
initiated when the rocket was about 300 m above ground, and the first RS was preceded by a normal dart
leader. In this case, Ip was only �3.6 kA, a value that was too small to trigger the ICLRT data acquisition
system; however, the current waveform did not occur during an initial continuing current and it also had
a τIr of 0.5 μs. Therefore, the ICLRT classified this event as a RS (see Miki et al. [2005] for a discussion of
this classification). In Figure 7, the irradiance peaks 1.1 μs after the time of Ip, and τIr is 1.0 μs. There was a
SM in the irradiance 20 to 50 μs after the peak that reached to about 38% of the peak amplitude. In this
case, the current waveform also contained a small, fast fluctuation at about 15 μs (see the bottom left
plot in Figure 7), while there was a local minimum in the irradiance, and both signals were close to zero
400 μs after the time of Ip.

Figure 8. Same as caption Figure 7 except that this RS was preceded by a chaotic dart leader. There were also two M
components following the peak current as indicated in the top plot.

Figure 7. Same as Figure 4 except in 2012 where only one sensor was operating in the VNIR. This RS was preceded by a
normal dart leader. The irradiance is shown in red on a scale that is given on the left vertical axes, and the current is
shown in black on scales given on the right vertical axes.
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Figure 8 shows the third RS in event UF12-42 that was a six-stroke flash on 17 August 2012. This flash began
when the rocket was about 235 m above ground, and the third RS was preceded by a chaotic-dart leader. The
current had a τIr of 0.2 μs, and Ip was �12.2 kA. Following the peak current, there were two M components
superimposed on about 3 ms of continuing current. The irradiance peaked 0.9 μs after Ip, and τor was
0.7 μs. Note here that following its peak, the irradiance decays more rapidly than the current for about
7 μs (at an average rate of�84W/m2/μs) before beginning a slow decay that lasts at least 700 μs (the average
decay rate was �0.24 W/m2/μs) before the two M components.

Figure 9 shows the current and irradiance waveforms for the second RS in event UF12-24 on 17 July 2012. This
event was a six-stroke flash that began when the rocket was about 240 m above ground. The second RS was
preceded by a normal, negative dart leader, and its current had a τIr of 0.4 μs, and Ipwas�13.2 kA. The irradi-
ance peaked 0.9 μs after the time of Ip, and τor was 0.8 μs. About 12 μs after the peak current, the irradiance
plateaus in a SM that is about 30% of its peak, and then it decays slowly toward zero for more than 1 ms.

Figure 9. See caption Figure 7 except that the RS was preceded by a normal dart leader.

Figure 10. Same as caption Figure 7 except the RS was preceded by a dart-stepped leader.
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Figure 10 shows the sixth RS in event UF12-55, a seven-stroke flash on 21 August 2012. This flash began when
the rocket was about 255 m above ground, and the sixth RS was preceded by a dart-stepped leader. Here the
current had a τIr of 0.4 μs, and Ip was �15.4 kA. The irradiance peaks 1.2 μs after the time of Ip, and τor was
0.9 μs. Again, following its initial peak, the irradiance decays much more rapidly than the current, and both
signals are close to zero 2 ms after the time of Ip.

Figure 11 shows the current and irradiance waveforms that produced by the second RS in event UF12-51, a
nine-stroke flash on 20 August 2012. This flash began when the rocket was 345 m above ground, and the sec-
ond RS was preceded by a chaotic dart leader. In this case, the τIr was 0.3 μs, and Ip was �19.1 kA. The irra-
diance in Figure 11 peaks 0.7 μs after Ip, and τor is 0.6 μs. Note again how following its peak, the irradiance
decays more rapidly than the current and then plateaus before it gradually decays to a small, nearly constant
value for the duration of the stroke.

4. Methods of Analysis

Two independent estimates of the optical power (per unit length) that is radiated by the source during
the onset of a RS can be made from these measurements. The first is essentially the same method that
has been described by Guo and Krider [1983] and Quick and Krider [2013], and it uses the maximum slope
of the irradiance, L, i.e., the peak dL/dt, that is measured during its initial rise. The result (equation (1)
below) is a space-and-time-average estimate of the optical power per unit length that is produced during
the onset of a RS, ℓo. In this study, we have included a correction for the close-viewing geometry. This
method assumes that at the time of the maximum dL/dt, the channel emits an isotropic irradiance that
is approximately constant with height behind a propagating front. It also assumes that during the initial
onset of L, the maximum dL/dt is determined primarily by geometrical growth of the channel in the FOV.
In this case, if the channel is straight and vertical and if the initial RS velocity, v, is constant with height,
then ℓo can be estimated from the following expression,

ℓo ¼ 4πR2

v cosα
dL
dt

(1)

where R is the slant distance between the source and the sensor and α, the vertical field angle, is approxi-
mately equal to the elevation angle, θ, of the sensor when the channel is short. Because RTL is a vertical line
source, the distance Rwill vary with height (and time), so when evaluating equation (1), we have taken R to be
simply the slant distance to the middle of the channel that is in the FOV at the time of the measurement; i.e.,
when computing ℓo, we have estimated R by multiplying an assumed RS velocity (v = 1.2 × 108 m/s) by the

Figure 11. Same as Figure 7 except that the RS was preceded by a chaotic dart leader.
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time delay between the beginning of
the RS and the time of the maximum
dL/dt (typically 0.3–0.5 μs). At these
early times, the vertical length of the
channel will be only a few tens of
meters, and the slant distance R
should not be significantly different
from the horizontal distance, D,
between the RTL launcher and the
sensor.

The second method takes advantage
of the proximity of the optical sensor
to the RTL channels, and the geome-
try for the computation is sketched in
Figure 12. Assuming the channel
luminosity is approximately constant
with height near the time of peak

emission, and that the peak irradiance occurs when the source completely fills the vertical FOV of the sensor,
then R can be estimated by assuming that the channel is straight and vertical. Now if the horizontal distance
between the source and the sensor is D, then the average peak power per unit length, ℓR, will be a spatial
average of the irradiance over the length of channel that is in the FOV. This quantity can be estimated using
the following expression,

ℓR ¼ 4πD
sin αTj j þ sin αBj j Lpk (2)

where Lpk is the measured peak irradiance and αT and αB are the upper (top) and lower (bottom) field angles
to the ends of the luminous channel that is in the FOV at the time of the peak irradiance (see Quick [2014,
Appendix D] for the derivation of equation (2)). When the channel completely fills the FOV, then αT and αB
will be the angular limits of the FOV, but if the FOV is not completely filled, then αT will not be known and
an estimate of ℓR will not be possible. Other limitations of this method will be discussed in section 6.1.2.
(Note that if the channel completely fills the vertical FOV, then ℓRwill be independent of the sensor elevation
angle, θ)

The total optical energy that is radiated per unit length, Jo, can be estimated by integrating an equation simi-
lar to (2) over time, i.e.,

Jo ¼ ∫2ms
0

4πD
sin αTj j þ sin αBj j L tð Þdt (3)

where, typically, a 2 ms integration includes just the main RS impulse without significant contributions from
most branch or continuing currents orM components. Strictly speaking, or will also change with time during
the initial, fast-rising portion of an irradiance waveform, but we have assumed that it is constant for this
integration. This discrepancy will have little impact on the integral because the initial risetime is very short
compared to the 2 ms integration interval.

5. Results

A total of 70 RTL return strokes have been analyzed, 17 events were recorded using two radiometers in 2011,
53 were recorded using a single sensor in 2012, and all RS lowered negative charge to ground. Five RS events
were not included in this data set because they exhibited multiple current pulses during onset and because
such “complex peak” events might add ambiguity to the meaning of our measurement at the channel base
during the onset phase of a RS.

Table 1 summarizes the number, N, of return strokes that were measured by each sensor in each year,
together with the means, medians, and standard deviations of the vertical lengths of channel that were
observed; the 10% to 90% risetimes of the current (τIr) and irradiance (τor); the values of the peak current

Figure 12. Geometry for the radiometric estimate of the peak power per unit
length, ℓR. The θ is the elevation angle of the sensor measured from the
horizontal axis, and D is the horizontal distance between the RTL launcher
and the sensor.
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(Ip) and the peak irradiance (Lpk); the delay times between Ip and
Lpk; the values of ℓo and ℓR; and the total charge that was trans-
ferred to ground (Q) during the initial 2 ms and the total optical
energy per unit length (Jo) in that interval. For comparison,
Table 1 also includes the NLDN estimates of the peak current
and the values of ℓo that were obtained by Quick and Krider
[2013] for the subsequent return strokes in natural lightning that
reilluminate a preexisting channel (PEC).

Cumulative plots of ℓo and ℓR for all RTL RS are given in Figure 13,
and the distribution of Jo values is given in Figure 14. Again, when
computing the estimates that are listed in Table 1 and shown in
Figure 13, we have assumed that the RS velocity, v, is
1.2 × 108 m/s and constant for all RTL events. This is the same
velocity that Quick and Krider [2013] used in similar estimates
for natural RS, and it is effectively the same value that the NLDN
uses to estimate a peak RS current from measurements of the
peak radiation field [Cummins and Murphy, 2009]. This value is
also supported by the velocity measurements of Wang et al.
[2013] for many of the same events (see also the discussion in
section 6 to follow).

It should be noted in Table 1 and Figure 13 that in 2011 the values
of ℓo obtained with the lower viewing sensor (2011 V–L) are sys-
tematically larger (by about 30%) than values of ℓo obtained with
the upper viewing sensor (2011V-U), and we believe that this is
likely due to a reduction in the average luminosity as the RS pro-
pagates upward plus a small amount of vignetting in the upper
FOV near the ground (see Figure 2). Given these effects, there is
still reasonable agreement between the values of ℓo obtained
with each sensor in 2011 and with the single radiometer that
was operated in 2012. This consistency also implies that our
method for estimating ℓo is robust. The mean and median ℓo in
both years combined is 2.7 ± 2.2 MW/m. In most of the remaining
discussion, we will not include any results based on measure-
ments made with the upper viewing radiometer in 2011 so that
any biases that might be introduced by double counting the
same events are avoided.

Table 1 and Figure 13 also show that in 2012, the values of ℓR
were about 60% larger than ℓo, and this is evidence that ℓo is in
fact a lower limit and that ℓR is likely a better estimate of the true
peak luminosity. The subsequent RS in natural lightning that reil-
luminate a PEC have values of ℓo that are more broadly distribu-
ted than those in RTL, particularly at low amplitudes, and this is
likely due to the larger range variations in natural lightning (5 to
20 km) and the effects of atmospheric extinction [Quick and
Krider, 2013]. RTL optical emission also includes the spectrum of
the copper wire that is vaporized during process but the contri-
bution of the copper emissions is small compared to atmospheric
species and the observed RTL spectrum mimics that of natural
lightning [Walker and Christian, 2017].

In 2011, 12 out of the 17 (70%) RTL irradiance waveforms exhib-
ited a SM feature similar to those in Figures 4 and 7, and 8 out
of 17 (47%) produced at least one M component superimposedTa
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on a continuing current (and luminosity) that followed the peak. In 2012, 7 out of 53 (13%) irradiance
waveforms contained a SM feature similar to those shown in Figures 8 and 28 out of 53 (53%) contained
at least one M component.

Figure 14 shows distributions of the optical energy per unit length, Jo, in each year that were computed by
integrating equation (3) over 2 ms. The values tend to be smaller in 2011 than in 2012 despite a larger max-
imum in 2011 (670 J/m). In 2012, the maximum was 320 J/m. In 2011, 66% (10/17) of the RS produced values
of Jo that were less than 70 J/m, but only 32% (17/53) were less than this in 2012. In 2012, the values were
clearly more normally distributed between 30 and 320 J/m, which leads us to conclude that the differences
between 2011 and 2012 are primarily due to the larger sample size in 2012. Themean and standard deviation
of Jo in both years combined is 150 ± 120 J/m.

6. Discussion
6.1. Current and Irradiance During the
Onset of a RS

Guo and Krider [1982] and Quick and Krider
[2013] have noted that when complete light-
ning channels are measured, the initial devel-
opment of the irradiance is dominated by the
geometrical growth of the source in the FOV,
and this dependence is clearly illustrated by
the measurements in 2011 that show differ-
ences in the 10–90% optical risetimes and
peak irradiances that were detected by the
lower and upper viewing radiometers on the
same events. Recently, Carvalho et al. [2014,
2015, 2017] have described measurements of
the luminosity of very small (3.5 m) segments
of channel starting 3 m above the ground

Figure 14. Cumulative distributions of Jo, the optical energy per
unit length, produced by 70 RTL RS.

Figure 13. Cumulative distributions of ℓo for all RS in 2011 and 2012 together with the values for ℓRin 2012 and for natural
subsequent return strokes that reilluminate a preexisting channel (PEC) that were obtained by Quick and Krider [2013].
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termination, and they find a mean 10–90% optical risetime of 0.4 ± 0.1 us, that is only a factor of 2 less than
the 0.8 ± 0.1 μs risetime that wemeasured in 2012 for a 62 m vertical length of channel. (The current risetimes
were comparable in both experiments.) This difference illustrates how the irradiance risetimes that we mea-
sured in 2012 clearly depend not only on the current waveform but also on the rate of geometrical growth of
the channel as it develops in the FOV.

At early times, the length of channel that is measured clearly depends on the RS speed, and this quantity has
been found to vary in the lowest few hundred meters of RTL. For example,Wang et al. [1999b] found that the
speed exhibited significant variations in the lowest 400 m, but they also report speeds that were relatively
constant in the vaporized wire portion of RTL. Olsen et al. [2004] report events where the RS speed had a non-
monotonic behavior with height, i.e., it first increased and then decreased, and there was also significant
attenuation and dispersion of the luminous front as the RS propagated upward. Wang et al. [2013, 2014,
2015] and Carvalho et al. [2015, 2017] have described similar variations in the risetime and amplitude of
the luminosity in the lowest 60 m of RS channels. Wang et al. [2013, 2016] have reported that the initiation
heights of RS above the ground termination vary from about 7 to 21 m in RTL and appear to be correlated
with the amplitude of the peak current in the RS that follows. These authors also report a bidirectional devel-
opment of the luminosity that follows initiation; i.e., luminous waves propagate both upward and downward
from the initiation height at varying speeds. Clearly, all of the above factors will complicate any simple
relationship between the current that is measured at the channel base and the irradiance.
6.1.1. Timing at the Beginning of the Current and Optical Waveforms
Shifting the time axes of the current and optical waveforms to account for signal propagation delays (see
section 3) ensures that both waveforms are synchronized when the RS begins; however, if there is a delay
between the onset of current and the luminosity of the lowest few tens of meters of channel, it could
have important implications for hydrodynamic or electrodynamic models of RS development (see Liang
et al. [2014] and the related discussions in Carvalho et al. [2014, 2015, 2017]). Previous comparisons of
the RS current and/or the radiated EM field with the optical emission have shown that the precise time
that each signal begins is often difficult to determine because of the superposition of upward and/or
downward propagating leader processes and signal noise, especially when the vertical FOV is narrow
and close to the ground. Also, different techniques can be used to quantify a time difference, even when
both waveforms are recorded with precise time-synchronization. Here we have tried threshold methods at
the 10% and 20% of peak levels and a slope-intercept method (as described by Olsen et al. [2004]), on
both the original signals and also the time derivatives of those signals, and we find no significant differ-
ence between the results with each method. For 55 of the 70 correlated pairs of waveforms where the
delay between current and luminosity could be unambiguously determined, the mean, standard devia-
tion, and median delay were 0.09 ± 0.06 μs and 0.08 μs, respectively, all close to the 0.1 μs precision
of our measurements. The longest delays were 0.2 μs, and in each of those cases, the RS was preceded
by a dart-stepped leader. Our delay times are in excellent agreement with those found by Carvalho et al.
[2014, 2015] who report values at the 20% of peak level ranging from 0.03 to 0.2 μs with a mean and
standard deviation of 0.09 ± 0.05 μs.
6.1.2. ℓo and ℓR During Onset
In section 5, we noted that the maximum dL/dt occurs during the initial, fast-rising portion of the irradiance,
just 0.2 to 0.3 μs after the onset, and measurements of that maximum have been used in equation (1) to esti-
mate, ℓo. Given the complexity of the RS luminosity at early times, our estimates of ℓo clearly represent
averages, over both space and time, of the emission per unit length just after the onset of a RS. Our measure-
ments have been made from a distance of about 200 m from the source, so the effects of optical extinction in
the intervening atmosphere should be minimal [Quick and Krider, 2013]. As noted in section 5, in 2012 the
mean ℓo was 2.5 ± 1.7 MW/m, a value that is in good agreement with the mean ℓo estimated for the subse-
quent RS in natural lightning that reilluminate a PEC, 2.3 ± 3.4 MW/m (see Table 1).

In section 4, we noted that in order to use equation (2) to obtain a valid estimate of the peak optical power
per unit length, ℓR, the vertical FOV of the sensor should be completely filled at the time of the peak irradi-
ance. In 2012, the time required for a RS to propagate through the 60 m FOV at a speed of 1.2 × 108 m/s is
0.5 μs, and this is only slightly larger than the 0.3 μs median current risetime in that year. Therefore, in
2012 we can assume that the FOV was completely filled at the time of the peak irradiance (and current)
and that equation (2) will provide a good estimate of the maximum output per unit length, ℓR.
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Based on analyses of high-speed photographs, Jordan and Uman [1983] have estimated that the true peak
optical emission per unit length is about a factor of 2.5 larger than the average output of natural return
strokes near the time of peak emission. Table 1 shows that in 2012, the median ℓR is a factor of 1.6 larger than
the median ℓo, which is smaller than but still consistent with the findings of Jordan and Uman [1983], and this
supports our assertion that ℓR is likely a better estimate of the true peak power per unit length than ℓo.

Paxton et al. [1986, 1987] have used a hydrodynamic RS model to compute the optical power that a RS chan-
nel will radiate in the VNIR, assuming a peak current of 20 kA, and their value (2.5 × 106 W/m) is remarkably
close to the mean ℓo that we have estimated for both RTL and natural return strokes (see Table 1). More
recently, Ripoll et al. [2014a, 2014b] have used a coupled electro-hydrodynamic model and predict an average
output per unit length (over the first 100 μs) of 7 × 106 W/m in the VNIR when the peak current is �12 kA. It
appears that there is a significant discrepancy between our measurements and the predictions of Ripoll et al.,
although the current waveform that was used in the model is likely a better approximation of a natural first
stroke than a subsequent stroke in RTL or natural lightning.
6.1.3. Relationship Between Peak Current and Irradiance
Figure 15 shows scatterplots that illustrate the relationships between ℓo (Figure 15, left) and ℓR (Figure 15,
right) and the magnitude of Ip (measured at the channel base). Here the dashed lines show linear and quad-
ratic fits to the data constrained to pass through the origin. The coefficients of determination (R2) indicate that
67% of the variability of ℓo about its mean is accounted for by variations in Ip while 80% of that variability is
accounted for by variations in Ip

2. These plots mimic the same trends that Quick and Krider [2013] found for
the subsequent return strokes in natural lightning that re-illuminated a PEC. Figure 15 also shows that for the
linear regression, ℓR versus Ip, the R2 is 73% whereas a quadratic fit, ℓR versus Ip

2, has an R2 of 87%. Further
partitioning the data into individual days or flashes shows an even better correlation between ℓo and Ip

2.
In Figure 15, ℓR also appears to fit a quadratic in Ip slightly better than ℓo fits a quadratic, and similar trends
been reported by Zhou et al. [2014] during the “initial rising stage” of a RS, i.e., during the fast rise to peak
(for many of the same events) and by Carvalho et al. [2015] for the bottom of the channel in RTL. At this point
we cannot offer an explanation for the existence of this relationship during the fast rise to peak of both
current and luminosity. This phase of the return stroke corresponds to a rapid collapse of the longitudinal
electric field, and increase in current, and a rapid thermodynamic expansion of the hot channel, and it is
unclear why a quadratic proportionality exists.

6.2. Secondary Maximum (SM) or Plateau in the Broadband Irradiance

As discussed in the context of Figures 5–12, many RS irradiance waveforms have a plateau or secondary max-
imum (SM) 20 to 40 μs after the peak current, a time when the current itself is decreasing uniformly. Themed-
ian delay was 22 μs, and the SM feature was more common in 2011 than in 2012. Our measurements show
that the amplitude of the SM is independent of Ip and that the ratio of amplitudes, LSM/Lpk, has a median
value of 0.37. A similar behavior has been noted byWang et al. [2005], who report that the broadband lumin-
osity remains constant or even increases while the current steadily decreases. This behavior corresponds to

Figure 15. (left) ℓo versus Ip together with linear and quadratic fits to the measurements in 2011 and 2012. (right) Plot of ℓR
versus Ip in 2012.
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Stage 3 in the hysteresis plots of
Wang et al. [2005] that show irradi-
ance versus current as a function of
time. To the best of our knowledge,
Wang et al. [2005] are the first in the
literature to describe a SM enhance-
ment in the broadband irradiance fol-
lowing the peak current. The delays
before a SM appears likely corre-
spond to a transition between an
“initial fast decay stage” (IFDS) and a
“later slow decay stage” (LSDS) that
have been noted by Zhou et al.
[2014]. The latter authors also sug-
gest that the IFDS corresponds to an
expansion phase in the channel
development and that the LSDS is
produced after the channel reaches
pressure equilibrium.

Because our sensors respond to a broadband of wavelengths in the VNIR, we cannot determine the specific
spectral features that produce a SM. Since the SMs occur tens of microseconds after the peak current, a time
when the current is steadily decreasing, the SM enhancements are likely caused by a cooling of the channel
during and after an initial, high-temperature phase of development, and this cooling results in a shift in the
overall spectral power toward longer (lower excitation level) wavelengths, rather than an increase in the
energy input or heating of the channel. Further work will be necessary to understand better the cause of
SM enhancements in the VNIR.

6.3. Optical Energy per Unit Length and the Total Charge Transferred to Ground

In most of the RTL return strokes, the optical energy (per unit length) that is radiated during the first 2 ms
dominates the total output in the VNIR. In Table 1, it should be noted that the values of Jo were nearly iden-
tical in both the upward and lower viewing sensors, an observation that might be expected because the
effects of geometrical growth in the FOV should be minimal after the vertical FOVs are completely filled. In
the combined 2011 and 2012 data set, 58% (41/70) of the RTL RS produced more than 90% of their optical
energy in the first 2 ms and 80% (56/70) produced at least half their energy in that interval. In the remaining
20%, the RS was followed by a continuing luminosity that persisted for at least 10 ms and/or there were M
components. More than half (51%) of the RS in both years contained at least one M component.

Figure 16 shows a plot of the values of Jo, the optical energy per unit length (computed using equation (3))
versus the total charge, Q, that was transferred to ground in the first 2 ms. Note here that there is a clear ten-
dency for Jo to be larger when Q is larger and that a linear least squares regression has an R2 of 0.95. A linear
dependence is reasonable if the total energy dissipated in the channel is proportional to the longitudinal
potential gradient and if that electric field and the overall radiative efficiency in the VNIR vary slowly over
the 2 ms integration interval. We note that this linear relationship is in contrast to the quadratic proportion-
ality shown in Figure 15 and it suggest that the luminosity and current have a linear relationship during the
slow decay stage of the return stroke which contributes the majority of the energy and charge due to its
relatively long duration. The trends we find here agree with those reported by Zhou et al. [2014].

In the numerical simulations described by Ripoll et al. [2014a, 2014b], the optical energy that a RS radiates in
the visible spectral band (0.4–0.8 μm) represents about 6% of the total electrical energy that goes into a RS
channel, and radiation in the VNIR (0.4–1 μm) is about twice that value in the first 100 μs. Now if the radiative
efficiency in the VNIR is as large as 12%, then amedian Jo of 120 J/m (see Table 1) implies that the total energy
input is roughly 1.4 kJ/m, and this is within a range of estimates made by Borovsky [1998] (i.e., 0.2–10 kJ/m).
More recently, Cooray [2014] has estimated that when the peak current and its risetime are similar to RTL RS,
�12 kA and 0.5 μs, respectively, the electrical energy that is dissipated in the first 70 μs is about 2.5 kJ/m.
Although there is consistency between our measurements and the above estimates of Jo, the duration of

Figure 16. Values of the integrated optical energy, Jo, versus Q, the total
charge transferred to ground in the first 2 ms, together with a linear least
squares regression. The value of R2 for the regression is 0.95.
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the numerical simulations is rather short compared to our 2 ms integration time. A direct comparison of irra-
diance measurements with numerical simulations will require combining known currents with methods of
quantitative spectroscopy and radiative transfer, together with a detailed knowledge of the channel geome-
try as it evolves in both space and time.

7. Summary

The amplitude and time behavior of return stroke irradiance waveforms in RTL are dominated by experimen-
tal factors such as the spectral response of the sensor, the source-detector distance, the viewing angle, and
the FOV. Measurements made close to the source, as in this study, have minimal loss due to atmospheric
extinction, but they also do not reflect the macroscopic evolution of the channel development that is con-
tained in measurements made at larger distances.

Broadband irradiance waveforms in the VNIR show that the space- and time-average optical power per unit
length, ℓo, during the onset of RTL RS is similar to the same quantity in natural lightning, at least for the sub-
sequent RS that reilluminate a PEC. Estimates of the peak optical power per unit length, ℓR, derived frommea-
surements of the peak irradiance, are consistent with the values of ℓo. Values of ℓo and ℓR (and current) during
the onset of RS are complicated by attachment leaders and other processes, but they appear to be roughly
proportional to the square of the peak current measured at the channel base.

A large subset of the RS irradiance waveforms contain a plateau or secondary maximum (SM) in the VNIR
that begins 20 to 40 μs after the peak current measured at the channel base. The SM feature is likely the
result of the channel expanding and cooling from an initial high temperature (and pressure) that is
reached in the first few microseconds and that shifts the spectral output from shorter to
longer wavelengths.

Calculations of the optical energy (per unit length) in the VNIR, obtained by integrating the irradiance wave-
forms over 2 ms, are clearly proportional to the total charge that is transferred to ground in that interval.
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