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• INTRODUCTION
• COMPLETE EVOLUTION OF LIGHTNING (FROM ITS INITIATION
IN THE CLOUD TO GROUND ATTACHMENT)
• BIPOLAR LIGHTNING WITH POSITIVE AND NEGATIVE
STROKES SEQUENTIALLY DEVELOPING IN THE SAME
CHANNEL TO GROUND
• ATTACHMENT PROCESS: UPWARD CONNECTING LEADERS
AND BREAKTHROUGH PHASE IN LIGHTNING AND SPARKS
• BURSTS OF CORONA STREAMERS ASSOCIATED WITH
LEADER STEPS IN NEGATIVE AND POSITIVE SPARKS
• SUMMARY
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RECENT LIGHTNING OBSERVATIONS WITH HIGH-SPEED VIDEO CAMERAS
This review covers selected results of recent observations of natural
lightning in Florida (UF Lightning Research Group) and long laboratory
sparks in Russia (IAP RAS Lightning Physics Laboratory).
•
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Lightning Observatory in Gainesville (LOG)

Cupola

- E – wideband electric field antennas
- dE and dB – electric and magnetic field derivative antennas
- HS-Cam1 and HS-Cam2 – high-speed cameras Phantom V310
and Megaspeed HHC-X2, respectively. Also, LAPOS and TSI.
Synchronization accuracy between HS-Cam1 and HS-Cam2 and field
measuring systems was better than 200 ns and 1 ms, respectively.

University of Florida (UF) Lightning Research Group,
Gainesville, Florida, USA (2015).
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High-Voltage Research Center in Istra (HVRCI)
Marx generator
(corona streamer
bursts in leader
steps)

Generator of sparks
from charged aerosol
clouds (leaders in CSZ)

All results for sparks were obtained at the High-Voltage Research
Center of the Zababakhin All-Russian Scientific Research Institute
of Technical Physics, Istra, Moscow region, Russia, which is referred
in this review as High-Voltage Research Center in Istra (HVRCI).
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Lightning Physics Laboratory at the Institute of Applied Physics,
Russian Academy of Sciences (IAP RAS), Nizhny Novgorod, Russia
(2016).
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Complete Evolution of Lightning
(from Its Initiation in the Cloud
to Ground Attachment)
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High-speed video
from -137 to 2 ms
showing the horizontal
bidirectional leader
observed on Aug. 2,
2014, whose negative
end attached to the
ground and produced
a 36-kA return stroke.
Both ends extended in
virgin air for at least
12 ms. Initiation at
-135 ms, contact
with ground at t = 0.

4.1 km AGL
1 km

↑
Ground strike point ↗
RS

Bi-leader starts →

↑

PB

Low-gain (top) and
high-gain (bottom)
electric field records
(from -98 to 12 ms) at
a distance of 8.4 km.

← Lightning “seed”
(860-m long)

← “On” and “off”
for >100 ms

Single-frame and
composite images
showing important
features of the
bidirectional leader.

← Fully-formed
bi-leader

← New 1-km branch
with corona
streamer burst
at far end

Single-frame and
composite images
showing important
features of the
bidirectional leader
(cont’d).

Streamer
burst →

A highly luminous process (transient event) at the positive end: (a) frame at -8.6
ms, (b) frame at -8.3 ms containing the transient event, during which a 1-km
long, relatively straight branch was formed, (c) composite image (from -8.0 to 2.7 ms) showing the transient event junction point (JP), and (d) an enlarged
view of the overlay of the rectangular area seen at the top left corner of (c) on
that of (b), with the former being false-color enhanced (note the position of JP).

Bipolar Lightning with Positive and
Negative Strokes Sequentially
Developing in the Same
Channel to Ground
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High-speed video record for the first two leader-return stroke sequences
(L1/R1 and L2/R2 + continuing current) in a highly unusual bipolar flash,
showing two polarity reversals in the same channel. The record is shown in
slow motion, 4 fps for L1/R1 and L2/R2 and 30 fps for the rest of the record.
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3.9 km

Composite Phantom images of the first, negative stroke (left panel labeled -CG) and second,
positive stroke (right panel labeled +CG). They were produced using all the frames (except
for one and three saturated ones for the negative and positive strokes, respectively)
corresponding to the leader, return stroke, and continuing current processes. The top of the
imaged channel was about 3.9 km above ground. The inset shows a magnified composite
image of the bottom portions of channels of the first, negative stroke and second, positive
stroke. Adapted from Zhu et al. (2016).

Positive stroke
occurred 70 ms
after the
negative one,
which is highly
unusual.
Also, polarity
changed again
during CC.

Simultaneous low-gain electric field, high-gain electric field, and dE/dt records of the
initial part of the bipolar flash, including 2 strokes (L/RS sequences) of opposite polarity
separated by 70 ms and bipolar continuing current (CC). Duration of CC was estimated
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from the Phantom camera record. Leader speed profiles were obtained and compared.

AM speed

L1

4.7 x 105 m/s

L2

7.2 x 105 m/s

Frame-to-frame 2D speeds of the negative stepped leader (L1) and the following
positive leader (L2) developing in the same channel versus height of the leader tip
above ground. Average speeds are 4.7 x 105 m/s and 7.2 x 105 m/s, respectively
(differ only by a factor of 1.5 vs. 1 to 2 orders of magnitude for negative first and
subsequent strokes). The corresponding peak currents are -101 kA and +16 kA.
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Typical bipolar CG (“-” after “+”)

1st stroke
(positive)

Decayed branch
of positive leader

time

2nd stroke
(negative)
time

Sequence of processes that lead to a bipolar flash with the negative
second stroke initiated in a decayed branch of positive leader of the
first stroke. RL is the bidirectional recoil leader, and CC is the
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continuing current. Adapted from Saba et al. (2013).

Attachment Process:
Upward Connecting Leaders and
Breakthrough Phase in Lightning
and Sparks
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Negative downward leader

Positive upward connecting
leader (~400 m)

A downward negative flash terminating on the 440-m Guangzhou
International Finance Center, China. Adapted from Lu et al. (2013).
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Corona
sheath ↘
-SZ→
+SZ→

CSZ→

BTP

UCL

↘

Adapted from Bazelyan et al. (1978, Fig. 4.6)

Note the relative
magnitude of current
at stage II (BTP)
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The breakthrough phase (BTP) of the
attachment process begins when the
streamer zones of the downward leader
(DL) and upward connecting leader (UCL)
come in contact with each other; that is, at
the time of establishment of common
streamer zone (CSZ).
Optical images of CSZ are very rare,
particularly for natural lightning.

Optical Images of Attachment Process in Long Sparks and Lightning

HV rod

CSZ→

Split at the
position →
of CSZ

5.5 m

← Split at the
position of CSZ

Single-frame image-converter-camera K008
images of negative discharges in a 5.5-m rodrod gap with frame exposure of 0.2 μs.
Adapted from Shcherbakov et al. [2006].
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A photograph of a lightning
strike to a chimney pot
showing a split in the
channel (about 9 m
above the chimney),
interpreted as evidence of
an upward connecting
leader. Adapted from
Golde [1967].

100 ns

DL

50 ns

Shrinking CSZ:

DL

CSZ

CSZ

UCL

← 2 μs between frames

UCL

Development of
downward negative
and upward
positive leaders
inside the common
streamer zone (note
branching, likely
causing a split/loop
in the channel)

Two 4Picos frames both showing the break‐through phase of a negative discharge
to ground generated by the cloud of negatively‐charged water droplets. The
exposure time for frame (I) is 100 ns and for frame (II) it is 50 ns. The time interval
between frames is 2 μs. Labeled are the electrodeless, downward negative leader
1, upward positive leader 2, and the common streamer zone 3. AGP stands for
“above the grounded plane”. Adapted from Kostinskiy et al. (2016).

New Synchronized High-Speed
Video and Field Data on the
Attachment Process in Natural
Lightning Acquired at LOG
Synchronized Phantom V310, 124 kfps (6.36-µs
exposure time) or 240 kfps (3.65-µs exposure
time), images of the bottom 100 m or so of the
channel and wideband E and dB/dt records.
Spatial resolution ranged from 3.4 to 6.4 m.
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Summary of 1 first stroke and 3 new-ground-termination
subsequent strokes in negative lightning flashes whose
attachment process was imaged at LOG in 2016
Event Framing
ID
rate
(kiloframes
per
second)

UCL Number
Expo- Dead Stroke Total Distance Spatial Maximum UCL
resolu- extent of dura- number of UULs
sure time order number (km)
of
UCL
of
(µs)
tion
tion in
time
strokes
(m)
(m)
virgin frames
(µs)
air
(µs)

NLDNreported
peak
current
(kA)

1106

124

6.36

1.69

1

6

3.4

6.4

19

-

1

0

55

1236

210

3.65

1.11

2

2

1.8

3.4

25

76

17

7

38

1238

210

3.65

1.11

3

5

2

3.8

11

21

4

0

7.7

1239

210

3.65

1.11

2

4

1.9

3.6

15

29

6

4

37

4

2.3

4.3

18

42

7

3

34

Mean

All the strokes were inferred to terminate on trees of
about 10-30 m in height.
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Multiplicity of UULs
UCL appears
first (but a
UUL could
be first)
3 UULs

1 new
UUL

3 new
UULs

3 UULs in one
frame and 3
new UULs in
the next frame

6.7-m
long CSZ

Event 1236. Selected (not all consecutive) frames of the attachment process of event 1236 from -82.8 to -1.9
µs showing the development of the downward leader, UCL, and 7 UULs. In frames -6.6 and -1.9 µs, the nonsaturated post-FT channel pixels seen at 1.4 ms are marked by red and white dots. Frame -1.9 µs immediately
preceding the FT frame shows a non-saturated luminous region (labeled “Connection region”) between the
downward leader (DL) and the UCL. All frames are background-luminosity subtracted, inverted, and enhanced
with the same level for improved visualization, except for frame -1.9 µs. Adapted from Tran and Rakov [2017].

[4.7-µs interframe interval; 3.4 m per pixel; >10-m elongation of DL causing the
27
brightening of UPL in Frame –6.6 µs]

Pulsating/alternating behavior of UCL and UULs

Right DL branch
and UCL are
dominant

Right DL
branch makes
connection
Only left
DL branch
extends; UCL
becomes
fainter

Event 1236

Only right
DL branch
extends; UCL
brightens
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← Starting points of SF and FT
CSZ = LB + SF
←End-of-exposure times

LB: I = 2.4 kA
SF: I = 19 kA
FT: I = 18 kA
Currents were inferred from
B-fields, using NLDN current
peak, and TL-type model.
Event 1236. (a) Electric field, (b) dB/dt, and (c) inferred current of event 1236. Blank areas
correspond to exposure times and shaded areas to dead times of the camera, as determined from the
Strobe signal (shown in red) of the camera. The beginning of SF is marked by the beginning of the
ramp in dB/dt record and is preceded by the LB. The beginning of FT is the abrupt increase at the end
of the SF ramp in dB/dt record. The common streamer zone (CSZ) is assumed to be established at
the beginning of LB and completely bridged by the leader channels at the end of SF (the beginning of
FT). The end of exposure of frame -1.9 µs occurred after the SF pulse (marked in (b)), but before the
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end of SF. Adapted from Tran and Rakov [2017]. [r = 1.8 km]

Still photograph of multiple upward unconnected leaders
(UULs) near the main lightning channel (in the center)
observed in New Mexico. A total of 12 UULs are seen, 6
of which are branched. The mean length was 4.1 m
and mean distance to the strike point was 8.8 m.
Reproduced from Cummins et al. [2017].
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8 UULs (white arrows) and 3 UCLs (black arrows). It is
possible that multiple UCLs were associated with different
31
strokes. It is likely that UULs did not occur at the same time.

Five unconnected upward leaders (UULs) initiated from trees
near the strike point [Marek Pecka, 2007].
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LIGHTNING SPLASH: On May
26, 2009, photographers
Francis Schaefers and Daniel
Burger were chasing a
thunderstorm along a beach in
Vlissingen, the Netherlands,
when "the storm turned
around and came a little too
close for comfort," says
Schaefers. "We were able to
photograph lightning hitting
the water just 40 meters
away.“
Note multiple unconnected
upward leaders near the strike
point.
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Zoom-in

High-voltage electrode
(negative), 4.5-m gap

↖┌
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Multiple upward unconnected leaders at HVRCI (Aug. 28, 2014)

Vertical scales differ by a factor of about 20.
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Bursts of Corona Streamers
Associated with Leader Steps in
Negative and Positive Sparks
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No corona
streamer burst
was imaged
↓

Sketch of the step-formation process inferred from 300
kiloframes per second (3.3-µs exposure, r = 1 km) high-speed
video records of natural negative lightning at Camp Blanding,
Florida. Adapted from Hill et al. (2011).

Abrupt extension (stepping) that culminated in a
bright and structured corona streamer burst for both
negative (expected for the “classical” stepping
process) and positive (expected for “restrikes”)
leaders was observed in Istra.
The morphology of corona streamer bursts was found
to be essentially independent of polarity.
Leaders developing in gaps ranging from 4 to 10 m
were imaged using 4Picos, a two-frame, high-speed
video camera with image enhancement.

Negative

Event 2016-10-15-42. 4Picos image of negative-leader step (about 75 cm long) with
pronounced corona streamer burst. Streamer branching is clearly seen. The exposure time
was 200 ns. The focal length was 50 mm and the f-stop (relative aperture) was f/1.4. 39

Positive

Event 2014-07-15-33. Positive leader step with the most structured corona streamer burst in
our data set is seen in the first 4Picos frame (left panel). The length of the step was 123 cm.
CSB stands for the corona streamer burst. The second frame (right panel) is more contrastenhanced and shows what appears to be a floating steamer/leader-type formation, with 6 or
7 downward branches, ahead of the positive leader channel tip. The exposure time was 1 μs
40
for the first frame and 0.5 μs for the second one. The inter-frame interval was 5 μs.

Right
branch

Positive

Left
branch

Event 2014-07-15-29. An example of positive-leader whose branches exhibited different
modes of propagation, continuous for the left branch and stepwise (expected for higher
absolute humidity and longer voltage impulse front) for the right one. The step length is 95
cm. The exposure time for each of the two frames was 2 μs, and the inter-frame interval
was 5 μs. The focal length was 50 mm and the f-stop (relative aperture) was f/0.95. 41

SUMMARY
• COMPLETE EVOLUTION OF LIGHTNING, INCLUDING ITS INITIATION,
PROPAGATION, AND ATTACHMENT, WAS OPTICALLY OBSERVED FOR
THE FIRST TIME.
• THE FIRST SPEED PROFILE OF POSITIVE LEADER THAT DEVELOPED
IN THE CHANNEL OF PRECEDING NEGATIVE STROKE (IT IS MUCH
SLOWER THAN NEGATIVE SUBSEQUENT LEADERS).
• UCLS AND UULS SHOW A PULSATING/ALTERNATING BEHAVIOR IN
RESPONSE FOR STEPPING AND BRANCHING OF DOWNWARD
NEGATIVE LEADER. BTP IN LIGHTNING WAS IMAGED FOR THE
FIRST TIME.

• POSITIVE LEADERS CAN EXHIBIT STEPS CULMINATING IN CORONA
STREAMER BURST, WHICH IS SIMILAR TO THAT IN NEGATIVE
LEADER STEPS.
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THANK YOU
Ribbon lightning
(apparently 10 strokes)
strikes a tree in Poland.
There are 4 unconnected
upward leaders from
nearby trees.
Photograph by
Przemyslaw Wielicki.
guardian.co.uk
April 13, 2011

Final
connection
is made →

SF (shrinking CSZ)
FT

32 kA at the end of SF
(just prior to the final
connection), which is
>50% of the peak

SF and FT can be
identified in
subsequent stroke
currents as well

Waveforms of the current measured at tower bottom for the first stroke and
two subsequent strokes in a negative flash in South Africa. Note the
concave fronts, particularly in the first-stroke waveform in which it appears
as a relatively slow front (SF) followed by a relatively fast transition (FT).
The SF has been attributed to the attachment process, which is more
pronounced in first strokes. Adapted from Eriksson [1978a].
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Downward Negative Leader Stepping Mechanism

HV cathode

time
primary leader channel
space
leader

primary leader channel

positive
streamers

streamer
zone
~2m

space stem
negative
streamers

Adapted from Gorin et al. (1976, Fig. 2)
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↑
Corona
streamer
burst

High-Voltage Research
Center in Istra (HVRCI),
Installation for producing
artificially-charged clouds of
small water droplets
Still picture (visible range; 5-s
exposure) of negatively
charged cloud (slanted jetlike, dark formation) and four
discharges (sparks), about 1.5
m in length, triggered from
the nearby grounded sphere.
Adapted from Kostinskiy et al.
(2015).

Negative
cloud →

Grounded
sphere →

Negative

Event 2014-08-12-15. Negative-leader step with pronounced corona streamer burst. Only the
first of the two 4Picos frames is shown (the second one may contain a camera artifact).
Exposure time was 1 μs. Note that at least two major streamer branches appear to originate
from the lateral surface of the step; that is, above the lower end of the step.
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Lightning Attachment Process (RS in flash UF-0707 showing 3 connections)

Upper
connection

Lower
connection
(split)

Adapted from Howard [2009]
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Main SF pulses
(shown in the
previous slide)
were attributed
to the multiple
connections seen
in the video frame.

1

2

3

4

5

2 space stems/
leaders in Frame 2
UCL and CSZ in
Frame 3
Event 1. (A) Five consecutive 1.54-μs frames (7.7-μs total duration) showing the
final downward leader step (Frames 1–3) and the subsequent attachment process
(Frames 3–4) for the sixth return stroke of flash UF 13–10 triggered on 14 June
2013. (B) Cropped high-definition video frame (30-ms exposure) showing the
attachment of the upward and downward leaders. Note the vertical scales in (a) and
49
(b) are different by a factor of four. Adapted from Hill et al. [2016].

FTP

UCPL Duration (13.6 µs)
Final Downward
Leader Step

SFP

Leader Burst

Event 1. 30-μs dE/dt (black) and channel-base current (red) for the sixth return
stroke of flash UF 13–10 triggered on 14 June 2013. The UPL initiation, UPL duration,
final downward leader step, and leader burst are labeled. The electromagnetic wave
propagation delay between the launcher and the dE/dt measurement station has
been removed from the dE/dt waveform. Adapted from Hill et al. [2016].

[LB is associated with a current increase from 10-20 A to many hundreds
of amperes and both SF and FT pulses with kA-scale current increases]
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Fast-Transition
Pulse (I = 14.5 kA)

Slow-Front Pulse
(I = 5.5 kA)
Leader Burst
(I = 600 A)

dI/dt,
kA/μs

UCL
(15 A)

Event 1. (a) 4.5-μs channel-base current (red) and dE/dt (black) records for
the sixth return stroke of flash UF 13–10 triggered on 14 June 2013. The
leader burst, slow-front pulse, and fast-transition pulse are labeled. (b) The
corresponding dI/dt (red) and dE/dt (black) records. The electromagnetic
wave propagation delays between the launcher and the dE/dt measurement
station have been removed from the dE/dt waveforms. Adapted from Hill et
al. [2016].
51

Frame-to-frame 2D speeds of positive and negative ends

Negative end
speeds

Established connection to
another floating channel

-11.1 to -2.7 ms

t = -2.4 ms

Unavailable Negative End Speeds
-8.0 to -6.4 ms
Due to channel obscuration by cloud debris 52

Comparion of bipolar flashes with a positive stroke following the negative stroke channel
Location
Season
Altitude above sea level (m)
Channel height in field of
view (km)
Interstroke interval (ms)
Peak current of R1 (kA)
Peak current of R2 (kA)
R1/R2 peak current ratio
Leader speed of L1 (105 m/s)
**
Leader speed of L2 (105 m/s)
**
L2/L1 speed ratio

Xue et al. [2015]
Qinghai, China
Summer
2496
-

This study
Florida, U.S.
Summer
52
3.9

136
1.6*
3.6

70
-101
16
6.3
4.7

17

7.2

4.7

1.5

*Peak currents are not available in the study of Xue et al. [2015], so that electric field ratio is
used instead.
**Leader speeds in the study of Xue et al.[2015] were frame-to-frame speeds (based on two
frames only) while average speeds (based on 27 and 15 frames for each leader) are given for
our study.

High-Voltage Research Center in Istra, Moscow region, Russia. Experimental setup to produce artificial
clouds: 1 = cloud of charged water droplets, 2.1 = steam generator, 2.2 = high-voltage source with
corona-producing sharp point, 2.3 = nozzle, 3 = grounded metal plane, 4 = 5-cm grounded sphere
equipped with current-measuring shunt, 6 = visible range high-speed framing camera (4Picos), 7 =
infrared high-speed framing camera (FLIR), 8 = still camera, 9 = 50-cm sphere for monitoring variations of
cloud charge, and 10 = electric field mill (fluxmeter). Not shown in this figure are photomultipliers that
were used for triggering the cameras in the case of positively charged cloud. In the case of negatively
charged cloud, the cameras were mostly triggered by signals from the current-measuring shunt.

UUL1 appears
before UCL

Pulsating behavior:
No UCL or UULs
is seen in Frame
-23.6 µs.
DL branching appears
to be important in
determining the
strike point
Event 1239: Selected frames (not all consecutive) of the attachment process of event 1239 from -42.6 to
0.3 µs showing the development of the downward leader, UCL, and 4 UULs. The end-of-exposure times are
given in each frame. All frames are background-luminosity subtracted and enhanced for improved
visualization, except for frame 0.3 µs. In frame -37.8 µs (not shown here), the downward leader branch first
entered FoV, while UCL was not visible. The UCL was first imaged in frame -33.1 µs. Red and white dots in
frames -4.5 and 0.3 µs correspond to the non-saturated post-FT channel, as it was seen at 1.2 ms. In frame 14.0 µs, 3 non-saturated pixels probably correspond to the 7.2 m long streamer zone below the tip of hot
(saturated) leader channel. Adapted from Tran and Rakov [2017].
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Low-gain electric field (top row) and electric field derivative (bottom row)
waveforms of first, negative (left column; note double initial peak) and second,
positive (right column) return strokes, recorded at a distance of 5 km from the
lightning channel and shown on a 200-µs time scale. Adapted from Zhu et al. (2016).

Experimental installation at the High-Voltage Research Center in Istra (HVRCI),
including a 6-MV Marx generator (left) and a spark gap (right). The spark seen
in this photograph was positive and its length was about 9 m.
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Multiple upward unconnected positive leaders at HVRCI
(Aug. 28, 2014)
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RECENT LIGHTNING OBSERVATIONS WITH HIGH-SPEED VIDEO CAMERAS

• INTRODUCTION
• BIDIRECTIONAL LEADER MAKES CONTACT WITH THE
GROUND AND PRODUCES A RETURN STROKE (LOG)
• SUBSEQUENT POSITIVE STROKE DEVELOPS IN THE
CHANNEL OF PRECEDING NEGATIVE STROKE (LOG)
• UPWARD CONNECTING LEADERS AND BREAKTHROUGH
PHASE IN THE ATTACHMENT PROCESS OF LIGHTNING AND
SPARKS (HVRCI AND LOG)
• BURSTS OF CORONA STREAMERS ASSOCIATED WITH
LEADER STEPS (HVRCI)
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