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Abstract At the end of 120 prereturn stroke intervals in 27 lightning flashes triggered by rocket-and-wire
in Florida, residual currents with an arithmetic mean of 5.3mA (standard derivation 2.8mA) were recorded.
Average time constants of the current decay following return strokes were found to vary between 160μs and
550μs, increasing with decreasing current magnitude. These results represent the most sensitive measurements
of interstroke lightning current to date, 2 to 3 orders of magnitude more sensitive than previously reported
measurements, and contradict the common view found in the literature that there is a no current interval. Possible
sources of the residual current are discussed.

1. Introduction

Negative-polarity cloud-to-ground lightning discharges have a typical overall duration of about 250ms and
are usually composed of three to five downward-leader/upward-return-stroke sequences, each sequence
being separated by a period of tens of milliseconds [e.g., Rakov and Uman, 2003]. There is no consensus on
why the charge transfer in negative cloud-to-ground discharges is intermittent via individual strokes rather
than continuous. Return strokes following the first stroke, so-called subsequent strokes, are generally
preceded by dart leaders which distribute negative cloud charge along the leader’s path to ground (the path
of the previous return stroke), that leader charge then being lowered to ground by the following upward
propagating return stroke. Some researchers [e.g., McEachron, 1940; Brook et al., 1962; Loeb, 1966] have
argued that current must flow in the lightning channel between strokes to maintain the channel in a properly
conditioned state to allow dart leader propagation. Brook et al. [1962] argue that 10 A could flow without being
detectable by the remote photographic and electric field measurement techniques available in the 1960s. Loeb
[1966] suggested that the interstroke channel was kept conducting by “nonluminous” ionizing waves associated
with K changes. Uman and Voshall [1968] argued that no current flowwas necessary between lightning strokes to
keep the lightning channel conditioned for the dart leader because the elevated temperature of the defunct
return stroke channel provides a preferred low-density path for breakdown, but the possibility of small current
flow through the weakly conductive channel was not excluded.

Measurements made on actual lightning currents have set upper limits on the current that could be flowing
between strokes. McCann [1944], in the United States, measured interstroke currents down to 0.1 A using a
calibrated optical/photographic measurement system mounted on towers and buildings ranging in height
from 22 to 178 meters. Berger [1967] observed interstroke currents down to his system’s 1 A minimum
detectable level on two instrumented towers in the mountains of Switzerland. Fisher et al. [1993]
documented interstroke currents down to about 2 A in rocket-and-wire triggered lightning discharges in
Alabama. Thus, from prior measurements, it is reasonable that the interstroke current generally falls to a value
below 1 A prior to dart leader initiation.

It is also clear from direct lightning current measurements that dart leaders and the following return strokes
can occasionally occur in channels carrying a steady current of a few amperes at ground [e.g.,Miki et al., 2005;
Flache et al., 2008; Winn et al., 2012; Rakov, 2013; Pilkey et al., 2013].

The prevailing view today, although unproven, is that the current between strokes generally decays to 0 A
prior to dart leader propagation [e.g., Fisher et al., 1993]. Krehbiel et al. [1979], based on their multistation
electric field measurements, infer that channel cutoff occurs in the lower atmosphere, away from the source

NGIN ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3266

PUBLICATIONS
Geophysical Research Letters

RESEARCH LETTER
10.1002/2014GL059601

Key Points:
• An average 5 mA current flows near
ground prior to dart leader descent
to ground

• No current “cutoff” is observed at
ground between lightning strokes

• Ours is the most sensitive reported
channel-base interstroke
current measurement

Correspondence to:
T. Ngin,
tngin@ufl.edu

Citation:
Ngin, T., M. A. Uman, J. D. Hill, R. C. Olsen III,
J. T. Pilkey,W. R. Gamerota, andD.M. Jordan
(2014), Does the lightning current go to
zero between ground strokes? Is there a
current “cutoff”?, Geophys. Res. Lett., 41,
3266–3273, doi:10.1002/2014GL059601.

Received 11 FEB 2014
Accepted 14 APR 2014
Accepted article online 21 APR 2014
Published online 7 MAY 2014

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2014GL059601
http://dx.doi.org/10.1002/2014GL059601


region in the cloud, and suggest that the negative resistance characteristic (increasing electric field with
decreasing current) observed in laboratory arcs was important in causing this cutoff to occur. According to
Krehbiel [1981], the characteristic “cutoff change” in his electric field records had a typical duration of 5ms or
less. Heckman [1992], interpreting rapid falls of radar reflectivity as indicative of a cutoff channel, observed
that the lightning channel becomes cutoff on the order of a millisecond or less and also attributed the cutoff
mechanism to the negative arc resistance. Mazur and Ruhnke [2014] review laboratory measurements and
modeling of free-burning arcs and conclude that a free-burning arc should always have a negative resistance,
whereas the measurements of King [1961] on laboratory arcs show a negative resistance region below about
100 A, and a positive resistance at higher current.Williams and Heckman [2012] give a thorough overview of evi-
dence for current cutoff, highlighting discrepancies between the evidence and present theories of current cutoff.

If cutoff is to occur, the conductive, radiative, and convective power losses from a channel segment will
exceed the power input to that segment. Heckman, using the negative resistance of an arc as a necessary
factor, estimated the ability of the lightning channel to recover from disruptions, developing an arc instability
model to explain current cutoff andmultiple strokes in lightning [Heckman, 1992;Williams, 2006;Williams and
Heckman, 2012]. An alternative qualitative explanation is given by Mazur and Ruhnke [1993, 2014] who
attribute channel cutoff to electric field screening. As the channel propagates, charge is induced at the
channel tip which reduces the electric field behind it. The geometry of a branched channel further reduces
this aftward electric field, eventually choking off the channel.

The primary purpose of the present paper is to provide a more sensitive measurement of the lightning
current between strokes than is available in the literature. We will show that there is a relatively smooth
current decay to a final interstroke value having an average (arithmetic mean) of 5.3mA, with the current
decaying to essentially 0mA 1 s to 11 s after the final stroke of each of the 27 triggered flashes studied.

2. Experiment

The data presented in this paper were collected during the summers of 2012 and 2013 at the International
Center for Lightning Research and Testing (ICLRT) in north central Florida, 45 km northeast of the University
of Florida campus. Rocket-and-wire triggered lightning is studied at the ICLRT via measurements of channel-
base current, electromagnetic fields and their derivatives, energetic radiation, and optical measurements.
The triggering process is discussed in Rakov and Uman [2003]. Small rockets trailing grounded Kevlar-clad
copper wires were launched from a 4.3m tall aluminum rocket launcher which was connected to ground
through a current measurement box to three 12m long copper-clad steel ground rods connected in
parallel. In 2012, the strike object was a roughly 5m by 5m rectangular ring suspended 5.4m above ground
level, located over and electrically bonded to the rocket launcher. In 2013, the rectangular ring was
replaced by a 1 cm radius vertical copper-clad steel rod bonded to the center of the rocket launcher and
extending 1.5m above the top of the launcher.

The channel-base current was measured using a T&M Research R-7000-10 1 mΩ current-viewing resistor
(CVR) which has a flat frequency response from DC to 8MHz. Note that Berger [1967] and Fisher et al. [1993]
employed a similar measurement technique. The output voltage signal from the CVR was passed to four
separate sets of electronics in order to measure current amplitudes ranging from 1mAup to 60 kA. From least
sensitive to most sensitive, the current measurements are called High (Hi), Low (Lo), Very Low (VL), and
Extremely Low (XL). Negative charges flowing to ground or positive charges flowing up the channel are
recorded as positive-polarity waveforms.

Signals from each measurement station were transmitted over fiber-optic cable to the shielded Launch
Control trailer for digitization and storage. The analog Opticomm multimode fiber-optic links used in 2012
were replaced in 2013 with single-mode Terahertz Technologies Inc. (TTI) LTX-5515 signal transporters that
digitized the analog signal at the launcher with 14 bit resolution at 100 MS s�1, providing improved signal
fidelity. The current measurement characteristics for 2012 and 2013 are summarized in Table 1.

The key instrument in this paper is the XL measurement which is sensitive to currents in the milliampere
range via a three-stage amplifier gain of 5000 and which has its bandwidth limited to 160Hz. The XL current
data presented here were digitized at 50 kS s�1 and passed through a digital 1 kHz first-order low-pass
Butterworth filter to reduce noise. The XL measurement amplifier uses chopper amplifiers to minimize input
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noise, allowing the small microvolt signal produced by the milliampere current through the milliohm shunt to be
measured with high precision. The accuracy of the XL measurement was tested during fair weather by installing
resistors in series with the CVR and measuring the current when a DC battery voltage was applied across it. Test
currents of 5mA and 15mA agreed to within 1% of expected values, while the test of 1mA agreed within 4% of
the expected value, the reduction in accuracy being attributable to the smaller signal-to-noise ratio of the
measurement. The accuracy of the XL measurement is also demonstrated by Ngin et al. [2013] who present XL
measurement data in 2012 during the ascent of the trigger wire and find good agreement both with previously
reported current measurements and with their simultaneous electric field measurements.

Instrumental time constants, the time needed for the output signal to reach e� 1 of its final value in response
to a step function rise or fall, weremeasured using a square wave generator with a 20 ns rise and fall time. The
Hi, Lo, and VL electronics and both the Opticomm and TTI fiber-optic links adequately reproduced the 20 ns
square wave risetime and fall time. The XL current measurement was saturated by the generator signal and
exhibited a 1.2ms to 2ms time constant, increasing with input pulse width, as it recovered from saturation,
which was longer than the expected decay time constant of 1ms derived from its 160Hz upper frequency
response. This change in decay time constant was found to be due to a power supply which sagged during
the saturation of the XL measurement, but which recovered to normal values within 10ms of leaving
saturation. XL current data presented here are taken at least 15ms after leaving saturation to ensure they are
not affected by this power supply distortion.

A small drift on the order of ±0.01mAs�1 was observed on the XL current measurement in both 2012 and 2013 in
both fair and foul weather, including during triggering attempts. The drift was characterized by a more-or-less
linear slope over a period of seconds and was present only when the CVR was connected to the XL current
measurement. The reason for this drift is unknownbut is likely attributable to the interaction of the rocket launcher
with the ambient environment. A separate drift attributable to the warm-up of the fiber-optic links was measured
to be monotonic, consistent, and was on the order of 0.001mAs�1. Vertical offsets caused by these drifts were
removed by averaging a 200ms segment of the XL current waveform 5 s before each rocket launch and adopting
that average value as the zero-current level. A second 200ms segment was selected several seconds after the
observed cessation of current flow, which occurred between 1 s and 11 s after the final return stroke, to determine
the variation in the offset before and after each flash. The standard deviation of the 200ms means was about
0.1mA. The difference between the initial zero-current level and the final current level due to drift varied from
0mA to 2.1mA. The drift was subtracted from the data with the assumption that the drift was linear between the
vertical offsets measured before and after the flash. Total offsets, due to both an initial offset present when turning
on the measurement and the subsequent drift discussed above, had magnitudes of up to 135mA.

High-speed video images of the triggered lightning channel in 2012 were recorded by a Phantom V711
operating at 10,000 frames per second with a 20mm lens and in 2013 were recorded by a Photron SA 1.1
operating at 1000 frames per second with a 14mm lens. Both cameras were located 430m from the launcher.

3. Results

In 27 triggered lightning flashes, a total of 120 prereturn stroke currents were recorded. The data set includes
76 prereturn stroke intervals in 18 flashes in 2012 and 44 prereturn stroke intervals in 9 flashes in 2013. The

Table 1. Summary of the Current Measurement Characteristics at the ICLRT in 2012 and 2013

Hi Lo VL XL

2012
Saturation level 60 kA 6 kA 250 A 250mA
Noise floor 500 A 50 A 2 A 0.5 mAa

Resolution 13 A 2 A 70mA 0.07mA
Bandwidth DC—8MHz DC—8MHz DC—8MHz DC—160Hz

2013
Saturation level 50 kA 5 kA 200 A 200mA
Noise floor 150 A 30 A 1 A 0.2 mAa

Resolution 3 A 300mA 12mA 0.01mA
Bandwidth DC—8MHz DC—8MHz DC—8MHz DC—160Hz

aAfter being passed through a 1 kHz first-order low-pass Butterworth filter.
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measured current dropped below 1mA just prior to a return stroke in only seven of the 120 intervals (5.8%),
with only one observed case where the current reached the 0mA level. These seven intervals all occurred in
data collected in 2012, while measured currents in 2013 never dropped below 5mA. The average (standard
deviation) current just prior to a return stroke was 3.7 (2.3) mA for the 76 intervals in 2012, 7.9 (1.7) mA for the
44 intervals in 2013, and 5.3 (2.8) mA overall. We confirm that the waveforms subsequent to these
milliampere current measurements are return strokes by their fast risetimes, on the order of microseconds,
distinguishing them fromM components which occur superimposed on continuing currents and which have
typical risetimes of hundreds of microseconds [e.g., Rakov et al., 2001; Rakov and Uman, 2003].

Figure 1 shows the XL current measurement during flash UF1330 on 17 August 2013, in which the trigger wire
broke at the launcher about 4.25 s after launch, leaving the wire disconnected from the current
measurements during the remainder of the rocket ascent. The 4mA current flowing prior to the wire
disconnect is due to wire-charging current maintaining the grounded, ascending wire at zero potential [e.g.,
Ngin et al., 2013]. Impulses recorded around the time of the wire break at 32.693 s are attributed to the
bottom end of the trigger wire erratically contacting the rocket tubes. After periods without these impulses,
around 32.700 s and 32.735 s, the subsequent impulses are larger than average, which can be explained as
the trigger wire having accumulated more charge via polarization in the ambient electric field before again
being discharged through the rocket tubes. Of most interest in these quiet periods is the observation that the
XL current waveform exponentially decays to near 0mA with a 1ms time constant, its ideal instrumental
response. This event clearly illustrates that the XL current measurement was functioning properly.

The XL current measurement during flash UF1310 on 14 June 2013 with eight return strokes is plotted in
Figure 2. In this case, the current did not fall below 5mA. Photron SA 1.1 high-speed video images, with its
aperture set at f/11 and exposure time at 200μs, show that the channel was clearly luminous prior to the first
through fifth return strokes. The total frame luminosity between return strokes, found by summing the 8 bit
pixel values of each 1024 × 640 pixel frame, is also shown. The average background luminosity was calculated
at the end of the flash, and the higher luminosity levels are clipped to show the low-level luminosity in better
detail. Evidently, there is no obvious relationship between luminosity and current flow at these small

Figure 1. (a) A 5.5 s record of the 1 kHz low-pass filtered XL current from event UF1330 on 17 August 2013 where the
trigger wire broke at the rocket launcher at about 32.693 s leaving the wire disconnected from the XL current measurement.
(b) An expanded 0.15 s plot of the waveform around the time of the wire break. The starting and ending vertical offsets around
this flash and the time (Δt) between where they were measured are also shown.
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milliampere levels. The channel luminosity is due to two effects: the channel’s relatively slowly decaying
temperature [e.g., Uman and Voshall, 1968] and the power input due to the residual current.

Decay time constants for the observed current during prereturn stroke intervals were calculated for the three
least sensitive current ranges by fitting an exponential function to the measured current. The XL
measurement was excluded because of its distortion due to power supply sag. The fit was applied over the
total range of the individual Hi, Lo, and VL current measurements from current peak to noise floor. Events
with a poor fit to the exponential function, having a correlation coefficient less than 0.9, and events with
significant continuing current, those lasting longer than 10ms [e.g., Shindo and Uman, 1989], were excluded,
leaving 42 intervals where a decay time constant could be calculated on all three current levels. Decay time
constants averaged (standard deviation) 160 (160) μs in the Hi current range, 180 (170) μs in the Lo range, and
550 (390) μs in the VL range. The decays on overlapping portions of current measurements, from 500 A to 5 kA
(the bottom of the Hi range and the top of the Lo range) and from 50 A to 200 A (the bottom of the Lo range
and the top of the VL range) were found to agree within 5%.

4. Discussion

The XL current measurements show that there is typically a current of 2 to 8mA (average of 5.3mA with a
standard deviation of 2.8mA for 120 intervals) flowing at the end of the prereturn stroke interval, with the
current falling exponentially to the same level seen before the flash 1 s to 11 s after the final stroke of the
flash. The source of this residual current is unknown. Also unknown is whether the current flows through the
entire channel from cloud to ground, keeping it conditioned for a subsequent dart leader from the cloud
charge, or if it is local, flowing only in a channel segment near ground. Potential sources of the residual
current include (1) discharge of the launcher assembly, (2) displacement current from ambient electric field

Figure 2. (a) A 5.3 s log-scale record of the four current measurements from event UF1310 on 14 June 2013. The precursors
and the initial stage are labeled. Noise floors, except for the XL measurement, have been removed for clarity and where
overlap occurs between current measurements, the more sensitive measurement is given priority. The gap below 100 A
between the VL and XL current records is a current region not measured by our system. Dotted lines have been added in
this region to aid in viewing the continuity between waveforms. Below is an expanded 1.2 s plot of (b) the XL current on a
linear scale and (c) the total frame luminosity on a log scale. The current did not drop below 5mA between return strokes in
this event. XL measurement offsets before and after this event were �46.6mA and �46.8mA, respectively, and were
measured 21.6 s apart.
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changes, (3) charge drift around and down the channel remnants, including from collapse of the corona
envelope surrounding the lightning channel, and (4) local corona processes. These potential sources of
current are discussed below.

The capacitance of the launcher can be modeled as that of a parallel-plate capacitor with a gap d=2m,
approximately the height of the bottom of the launcher above ground, and an area A=10m2, approximately
the surface area of the launch tubes. The capacitance is then C= ε0A/d≈ 40 pF, where ε0 is the permittivity of
free space. The ground resistivity at the ICLRT is about 4000Ω�m [Mata et al., 2000], so the resistance of three
12m long ground rods connected in parallel at the ICLRT is about 300Ω [e.g., Michaels, 2007]. The resistor-
capacitor time constant of the launcher, a measure of how fast accumulated charge on the launcher will be
discharged to ground, is then about 10 ns, too short to affect the millisecond-scale currents seen in the
XL measurement.

Another potential source of the 5.3mA average prereturn stroke current is displacement current through the
launcher due to the changing ambient electric field between strokes. Effectively, the launcher acts as an
electric field derivative antenna. The displacement current density JD is given by JD= ε0dE/dt [e.g., Balanis,
2012] where dE/dt is the time derivative of the electric field. If the equivalent launcher area A (see above)
through which the displacement current flows is 10m2, then the necessary electric field change to produce a
5mA current flow (JDA) would be about 60 MV m�1 s�1. Electric fields measured 60m to 100m from the
launcher exhibit variations less than 1 MV m�1 s�1. Miki et al. [2002, Figure 6] show a 250ms record of the
vertical electric field measured 0.1m from a lightning channel which exhibits variations of about 50 kVm�1

over about 20ms between return strokes, producing an electric field derivative of roughly 2.5 MV m�1 s�1,
again too small to account for the 5.3mA measured current via a displacement current. Thus, displacement
current due to changing electric fields between strokes could be a potential source for, at least, a portion of
the measured current flow between strokes but is unlikely to account for the entire observed prereturn
stroke current.

Uman and Voshall [1968] modeled the thermodynamic evolution of the lightning channel after a return
stroke and found that the channel can remain at a temperature near 4000 K for up to 10ms for a 1 cm channel
radius and for over 100ms for over 4 cm channel radius. At 4000 K, the electrical conductivity σ of dry air at
1 atm is on the order of 1 Sm�1 [Yos, 1963]. By Ohm’s law, JC ¼ IA�1

C ¼ σE, and assuming a lightning channel
area AC= 10� 4m2 for a centimeter-scale channel radius through which conduction current density JC flows, a
current I of 5mA would require an electric field E of only about 50 Vm�1. Foul weather electric fields at
ground at the ICLRT are commonly 1 to 5 kVm�1. At channel temperatures below 4000 K, Yos [1963] found a
rapid decrease in channel conductivity, falling to 10�6 Sm�1 at 2000 K, for example, so electric fields several
orders of magnitude larger than 50 Vm�1 would be required to cause the measured milliampere current to
flow. Note that the calculations of electrical conductivity are for dry air and the addition of water vapor
could alter the stated values. High-speed photographs by Picone et al. [1981] and Colvin et al. [1987] show
significant turbulence in current-carrying channels in air, so the channel may cool somewhat more rapidly
than predicted by Uman and Voshall [1968] which did not account for the effects of convection in cooling
the channel. The results of Uman and Voshall [1968] are supported, however, by the modeling of Latham
[1980] who also ignored convection but stated that it is, at most, equal to thermal conduction in removing
heat from the channel.

Maslowski and Rakov [2009] present a model of the lightning channel corona sheath dynamics in which the
corona sheath collapses to a nearly zero radius on the order of milliseconds, not inconsistent with the
millisecond-scale current flow measured in this study.

The average currents prior to a return stroke measured in 2012, 3.7mA, were smaller than those measured in
2013, 7.9mA. None of the 44 measured prereturn stroke interval currents in 2013 fell below 5mA, while 55 of
the 76 intervals in 2012 dropped below 5mA. The main differences between the two data sets are the
different fiber-optic links, Opticomm links in 2012 and TTI links in 2013, and the different strike objects, a
horizontal wire ring in 2012 and a vertical strike rod in 2013. Both fiber-optic links have good frequency
response well above the 8MHz upper limit of the current shunt and should not cause any difference in the
signal between the 2 years. If the different strike objects influence the different currents measured in 2012
and 2013, it is unclear how.Miki et al. [2002] found that milliseconds after a return stroke, electric fields 0.1m
from the lightning channel typically fell below their 20 kVm�1 noise level. Corona currents from 1 cm radius
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rods in a 20 kVm�1 electric field are expected to be on the order of 10 to 100μA [Aleksandrov et al., 2005a,
2005b], too small to account for either the current at the end of the interstroke interval or the 4.2mA
discrepancy between the data sets from the 2 years.

Typical VL current waveforms for events without significant continuing current, those having continuing
current durations less than 10ms [e.g., Shindo and Uman, 1989], are shown in Figure 3. These waveforms, in
the 2 A to 250 A range, include the transition region from positive to negative resistance near 100 A observed
in laboratory arcs by King [1961]. These VL current waveforms, decreasing into the noise floor of 2 A in 2012
and 1 A in 2013, after the initial stage and after each return stroke, were observed to decay smoothly on a
millisecond time scale. No evidence was observed of any significant change in the channel characteristics as
might be expected from a transition from positive to negative resistance.

5. Summary

We have presented here channel-base current records that show a smooth decay to a milliampere-level
current prior to a return stroke. In view of the above discussion, a possible source of the average 5.3mA
residual prereturn stroke current is current flow due to ambient electric fields in a lightning channel whose
temperature is at or below 4000 K and still weakly conductive [Yos, 1963] at the end of the interstroke interval.
The predicted interstroke channel temperature decay [Uman and Voshall, 1968] does not explain, however,
the observation of current continuing to flow for 1 s to 11 s at the end of a triggered lightning flash, so the
source of the observed milliampere current is still not definitively known.

Neither Heckman’s arc instability model nor Mazur and Ruhnke’s screening effect describe in detail the
evolution of the channel during the modeled cutoff process. They both predict a reduction in current but do
not specify the shape of that reduction nor how long it might take. Our measurement of current at the base of
the lightning channel provides more information that may allow for further refinement of these models.

Figure 3. Typical VL current records without significant continuing current (having continuing currents lasting less than
10ms) as they decay into the noise floor from (a) UF1210 on 7 June 20 2012 after the first return stroke, (b) UF1242 on
17 August 2012 after the second return stroke, (c) UF1310 on 14 June 2013 after the fifth return stroke, and (d) UF1331 on
17 August 2013 after the sixth return stroke. The horizontal dotted lines show the noise level of each measurement: 2 A for
2012 data and 1 A for 2013 data. Time zero was chosen to be the point where the VL waveform exits saturation.
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