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A B S T R A C T

In this study, we present an analysis using the color indices B-G B, -R, and G-R of lightning channels obtained
from a digital photograph. We used color-magnitude diagrams (CMDs) modified from the traditional CMDs
employed in astronomical photometry, (B-G) versus (G-R) color-color diagrams (CCDs), two-dimensional (2D)
color-index images for the color indices B-G B, -R, and G-R, and a 2D brightness image to analyze the colors and
brightness of the lightning channels. The CMDs and CCDs for the lightning leader channels showed that the
intensity of B-band and R-band light from those channels exceeds that of the G-band light. The 2D color-index
images for B-G B, -R, and G-R and the 2D brightness image indicate spatial variations in the lightning channels.
The spatial variabilities of the 2D color indices and 2D brightness indicate that the intensity of the B-band light
exceeds that of the G- and R-band light around a bright channel with a high electric current (i.e., the plasma is
highly ionized).

Introduction

It is known that a lightning leader channel contains a thermal
plasma, that is characterized by high temperature (∼30,000 K), high
pressure (∼10 atm), and electron density (∼ × −3 10 m24 3) [1–8], where
these are calculated under local thermodynamic equilibrium. The
electric current intensity in a lightning discharge lies in the range of a
few hundred kiloamperes. Hariharan et al. recently observed lightning
discharges using a muon telescope and reported an electric potential of
1.3 GV [9]. The channel plasma of the lightning emits very bright light.
The plasma density, temperature, and energy in the lightning channel
increase as the electric current increases (this is known as the Z-pinch
effect). The intensity of shorter-wavelength light, the brightness in-
tensity, and the degree of ionization of the plasma increase as its energy
increases. Therefore, short-wavelength light is radiated from a high-
energy plasma channel that is brighter and exhibits a higher degree of
ionization relative to a low-energy plasma channel. Thus, analyzing the
color and brightness of a plasma channel exposes its properties in de-
tail.

Several methods for analyzing light exist, including spectroscopy,
photometry, and radiometry. So far, spectroscopy is frequently utilized
in lightning research. In broad fields like astronomy, illumination en-
gineering, and color science, spectroscopy and photometry are utilized
in combination. Many observations in astronomy were independently

developed, and have long history.
In astronomy, the analysis of light radiated from stars is based on

astronomical photometry. Stellar observations relied on the naked eye
from the 2nd century BC to the middle of the 19th century. The use of
photography in astronomy began in the middle of the 19th century.
Currently, charge-coupled device/complementary metal-oxide semi-
conductor (widely known as CCD/CMOS) image-sensor devices are
being used in astronomy (for a brief history of astronomy, see, e.g.,
Section 2.2 in Ref. [10]). The surface temperatures of stars are eval-
uated by observing their colors and brightness, since the surface of a
star is similar to a Planckian radiator (for astronomical photometry, see,
e.g., Ref. [10]). The color index and magnitude of a star are related to
its actual temperature and energy density, respectively. For a lightning
leader channel, from the Z-pinch effect the short-wavelength light and
brightness intensity increase as the electric current in the lightning
leader channel increases. That is, the color and brightness of a lightning
leader channel are related to its energy, ionization, and current.
Therefore, photometry using the color index and magnitude system
developed in astronomy also can be applied to lightning research.

Lightning flashes are a natural source of light. In general, the light
from a light source is often analyzed by spectroscopy, photometry or
radiometry in many fields. In illumination engineering and color sci-
ence, the color of a light source is evaluated using several color spaces,
including RGB and XYZ color spaces (for color spaces, see, e.g., Chapter
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12 in Ref. [11]).
In a previous study [12], we reported a correlated color temperature

(CCT) of lightning channels in a digital photograph. We also reported a
brightness evaluation of those lightning channels by utilizing the
magnitude system employed in astronomical photometry [13,14]. Re-
search using color analyses and brightness evaluations of lightning are
part of lightning photometry. The aim of this study, therefore, is to
advance lightning photometry.

Recently, with the development of measuring devices, there has
been an increase in interesting studies of lightning using high-speed
video cameras (see, e.g., [15–23]). These studies were mostly recorded
using a digital still camera or digital movie camera. Lightning photo-
metry will therefore be applicable to the analysis of lightning dis-
charges in the future, although lightning photometry is a new method
that is still developing.

In this study, to perform lightning photometry, we constructed
color-magnitude diagrams (CMDs), color-color diagrams (CCDs), two-
dimensional (2D) color-index images for the color indices B-G B, -R, and
G-R, and a 2D grayscale image. The CMD used in this study was slightly
modified for lightning photometry from the traditional CMD of astro-
nomical photometry. The CMD demonstrated a relationship between
the brightness and the color indices of a lightning leader channel, and
the CCD showed the color bias of the lightning leader channel. The 2D
color-index images showed the colors and spatial information si-
multaneously. The 2D grayscale image contains the brightness and
spatial information about the lightning leader channel, and shows them
simultaneously. The CMD, CCD, 2D color-index images, and 2D grays-
cale image can provide the color, brightness, and 2D spatial variability
of the lightning leader channels simultaneously.

Materials and methods

Digital photograph showing a lightning flash

Fig. 1(a) is a photograph exhibiting the lightning flash that was used
in this study. This photograph was obtained from a location with co-
ordinates °36.284516 N (latitude), and °139.9638 E (longitude), according
to the World Geodetic System 1984. A digital still camera, Canon EOS
KISS Digital X, with the lens TAMRON AF28–300mm F/3.5–6.3 XR Di
LD Aspherical [IF] MACRO (Model A061), was used to obtain the
photograph. The RGB color filter of the digital camera used in this study
is the primary color filter (color-filter characteristics for commercially
available digital still camera are summarized in Appendix A.) Photo-
graphic filters, such as neutral-density filters or graduated filters, were
not used in the capture of Fig. 1(a), and the image data were saved in
RAW format (personal communication, Photographer Mr. Yutaka
Aoki). Since the RAW data represent unprocessed photo-signals, we
developed the image data using the developing software SILKYPIX
Developer Studio Pro 7 (Ichikawa Soft Laboratory Co., Ltd., Chiba,
Japan), generating an uncompressed TIFF image (see Fig. 1(a)). The
properties of the developed digital photograph (Fig. 1(a)) include an
image size of ×3, 000 2, 000 pixels; an sRGB color space; date October
27, 2008, with a start time of 21:31:33 (Japan Standard Time, JST); and
an exposure duration of 36 s. (Note that JST is UTC (Coordinated
Universal Time)+ 9 h.)

The tortuous lightning channels in Fig. 1(a) comprise the left-side
and right-side strike channels and many branch-leader channels. In a
previous study [13], we determined the currents in the left-side and
right-side strike channels to be =I 11left kA and =I 35right kA, respec-
tively.

In order to analyze only the lightning leader channels in Fig. 1(a),
we extracted the leader channels (see Fig. 1(b)) by applying image-
processing techniques (Fig. 2). For the image processing used in this
study, we adopted the Open Source Computer Vision Library (known as
OpenCV library) version 3.0 [25].

Evaluation of color and brightness

We evaluated the color and brightness of the lightning leader
channel (Fig. 1) using CMD, CCD, 2D color-index images, and 2D
brightness images. According to the Z-pinch effect, the plasma density
and temperature increase with increasing electric current. An increase
in plasma temperature causes an increase in the number of excited
atoms, enhancing the brightness of the plasma channel. Therefore, a
high-brightness leader channel can be considered to have a higher
electric current, higher density, higher temperature, and higher number
density of excited atoms than a faint leader channel.

In general, a primary RGB color filter is often used in commercially
available digital still cameras, and it contains B-, G-, and R-band filters.
The band ranges are ∼ 400–500 nm for the B-band, ∼ 500–600 nm for the
G-band, and ∼ 600–700 nm for the R-band (see Appendix A). By com-
paring the B-, G-, and R-channel images, we can obtain the differences
in the brightness of a leader channel as seen through the B-, G-, and R-
band filters. The differences of the color for the lightning leader channel
will exibit the differences of the excited states in the channel plasma. To
evaluate the color of the lightning leader channel (Fig. 1), we adopted
the color indices B–G B, –R, and G–R.

Apparent magnitude
In order to calculate the apparent magnitude of the lightning

channels, we assumed the maximum brightness (maximum pixel value
255 in 256 levels) in each (monochromatic) R, G, and B channel image
to be the reference brightness, =V 255ref . Thus, the magnitude of a pixel
with the maximum pixel value 255 is zero (i.e., =m 0ref ). The apparent
magnitude of the ith pixel is then given by

Fig. 1. (a) A digital photograph showing a lightning flash (photo courtesy of
Mr. Yutaka Aoki) and (b) lightning channel extracted by image processing. This
digital photograph was captured in the city of Chikusei, Ibaraki Prefecture,
Japan, on October 27, 2008. The extracted lightning channels were thickened
through image processing to improve visibility, since the original channels were
thin and barely visible (modified from Ref. [12–14]).
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= −m V
V

2.5log ,i
i

10
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where Vi and Vref are the pixel values for the ith pixel and the reference
brightness, respectively [13].

Color indices B-G B, -R, and G-R
We utilized the color indices for astronomical photometry to cal-

culate the colors of the lightning channels in Fig. 1(b). In this study, the
color index is defined as

− = − = −X Y m m V
V

2.5log ,X Y
X

Y
10 (2)

where X and Y represent colors like the B G, , and R filters, X Y– in-
dicates the color index between the X- and Y-band filters, mX and mY

are the magnitudes of the X- and Y-bands, respectively, and VX and VY
are the pixel values for the (monochromatic) X and Y channel images,
respectively. It should be noticed that <X Y- 0 if X is greater than

>Y X Y, - 0 if Y is greater than X, and =X Y- 0 if X is equal to Y.

CMD
We have constructed CMDs for the lightning channels in Fig. 1(b)

using the color indices B-G B, -R, and G-R. We slightly modified the
traditional CMD used in astronomical photometry, since the RGB
system we use differs from astronomical photometric systems like the
Johnson-Cousins UBVRI system. The absolute magnitude or apparent
magnitude is used for the vertical axis of the CMD in astronomy. In this
study, we substituted the brightness VGS (i.e., the grayscale value) for
the absolute or apparent magnitude, whereas we used the color indices
B-G B, -R, and G-R for the horizontal axes, as in the traditional CMD in
astronomical photometry. The brightness (i.e., the vertical axis) reflects
the plasma density, temperature, and ionization of the lightning leader
channel, and the color (i.e., the horizontal axis) suggests the excited
states or the plasma energy of the lightning leader channel. We denote
the modified CMDs used in this study as V B G V B R( , - ), ( , - )GS GS and
V G R( , - )GS (hereinafter referred to as the modified CMDs.)

We assessed the difference between the electric currents =I 11left kA
of the left-side strike channel and =I 35right kA of the right-side strike
channel by constructing CMDs for all the leader channels, the left-side
strike channel, and the right-side strike channel.

CCD
We constructed a B G( – ) versus G R( – ) CCD for all leader channels to

analyze the colors of the leader channels in Fig. 1(b), with the color
indices B-G and G-R were used as the vertical axis and horizontal axis,
respectively. The B G( - ) versus G R( - ) CCD displays the distribution of the
B G- and G R- simultaneously. The result of the CCD suggests the excited
states in plasma of the lightning leader channel. The difference in the
electric current for the left-side and right-side strike channels
( =I 11left kA and =I 35right kA) was evaluated by constructing the B G( - )
versus G R( - ) CCDs for the left-side and right-side strike channels.

2D color-index image
In addition to the modified CMD and CCD, we also obtained 2D

color-index images for the color indices B G B R- , - , and G R- (hereinafter
denoted B G B R( – ) , ( – )2D 2D, and G R( – )2D). Although the modified CMD
contains color and brightness information, it lacks 2D spatial informa-
tion. The 2D color-index images are actual 2D images of the lightning
channels depicted using the color indices B G B R- , - , and G R- . Therefore,
the 2D color-index images contain color and 2D spatial information, but
not brightness information. In contrast the grayscale image contains
brightness and 2D spatial information but lacks color information.
Thus, in order to study the color, brightness, and 2D spatial information
concurrently, we constructed 2D color-index images with the 2D
brightness (grayscale) image. The 2D color-index images and 2D
brightness image suggest the excited states of the plasma (i.e., the
plasma energy), plasma density, temperature, degree of ionization, and
2D spatial variability simultaneously.

Results and discussion

Modified CMD and CCD

Fig. 3 shows the modified CMDs that is V B G V B R( , - ), ( , - )GS GS , and
V G R( , - )GS for the extracted lightning channels in Fig. 1(b). The
V B G( , - )GS CMDs (Fig. 3 indicate that the B-band light is brighter than
the G-band light (i.e., <B G– 0). The V B R( , - )GS CMDs in Fig. 3 show
light with < ≃B R B R- 0, - 0, and >B R- 0. Clearly, in Fig. 3(b) for all
leader channels and Fig. 3(e) for the left-side strike channel, the R-band
light is brighter than the B-band light (i.e., ⩾B R- 0). However, in
Fig. 3(h) for the right-side strike channel, the B-band light is brighter
than the R-band light (i.e., <B R- 0). In the V G R( , - )GS CMDs in Fig. 3(c),
(f), and (i), the R-band light is brighter than the G-band light (i.e.,

>G R- 0).
For the faint-leader (lower-brightness VGS) channels, evidently
<B G- 0 (see Fig. 3; >B R- 0 (Fig. 3(b) and (e)); and >G R- 0 (Fig. 3. The

right-side strike channel (Fig. 3(h)) exhibits <B R- 0 independent of the
brightness of the channel. In contrast, for the bright-leader (higher-
brightness VGS) channel, the color indices B G B R- , - , and G R- in Fig. 3
converge to zero. In other words, in a faint-leader channel, the in-
tensities of the B-band light and R-band light are stronger than that of
the G-band light, whereas in a bright-leader channel, the intensities of
the three colors (B-, G- and R-bands) light approaches each other. The
increase in the intensity of light emitted from a plasma with increasing
energy is well known in plasma physics. Thus, the intensities of the
three colors (B-, G- and R-bands) of light likely increase and converge
with increasing energy of the plasma of the lightning channel. Also, the
intensity of the G-band light probably decreases drastically with de-
creasing energy of the plasma in the lightning channel.

Fig. 4(a)–(c) show the B G( - ) versus G R( - ) CCDs for all leader
channels as well as for the left-side and right-side strike channels.
Fig. 4(a) clearly demonstrates that the intensity of the G-band light is

Fig. 2. Flowchart for extracting the lightning leader channels (Fig. 1(b)) from the digital photograph (Fig. 1(a)). The extraction method is based on simple masking;
however, many processes (b)–(o) are needed to create the mask image showing the tortuous leader channels. In the thinning processes (d) and (l), we adopted the
Zhang-Suen thinning algorithm [24]. The extraction method was slightly modified from that explained in Appendix C of Ref. [13].
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lower than that of the B- and R-bands. Fig. 4(b) indicates that for the
left-side strike channel the intensity of the R-band light is greater than
that of the B-band light. Conversely, Fig. 4(c) shows that for the right-
side strike channel the intensity of the B-band light is greater than that
of the R-band light. These results from the CCDs (Fig. 4) are consistent
with the results from the CMDs in Fig. 3.

2D color-index and 2D brightness of the lightning channels

From Fig. 3(h), the right-side strike channel exhibits light with the
colors < ≃B R B R- 0, - 0, and >B R- 0. However, the spatial variability
of the color index remains unknown, because the modified CMD and
CCD lack 2D spatial information. Consequently, we created 2D color-
index images B G B R( - ) , ( - )2D 2D, and G R( - )2D and a 2D brightness
(grayscale) image for the extracted lightning channels in Fig. 1(b).
Fig. 5 shows the 2D color-index images B G B R( - ) , ( - )2D 2D, and G R( - )2D

and the 2D brightness (grayscale) image for the extracted channel
(Fig. 1(b)). The intensities of the B-band light and R-band light are
greater than that of the G-band light (Fig. 5(a) and (c)). Fig. 5(b) also
demonstrates that the B-band light is brighter than the R-band light
around part of the right-side strike channel (see also Fig. 6); however,
the R-band light is brighter than the B-band light around the left-side
strike channel and the other branch channels. Short-wavelength light
occurs mainly around the right-side strike channel, with a brighter
right-side strike channel relative to the left-side strike channel
(Fig. 5(d)), which is explained in Ref. [13] using the magnitude system.

Fig. 3. Modified CMDs V B G V B R( , - ), ( , - )GS GS , and V G R( , - )GS for the extracted
lightning channels shown in Fig. 1(b). The top three panels ((a), (b), and (c)
colored black) correspond to all the leader channels in Fig. 1(b), the middle
three panels ((d), (e), and (f) colored magenta) are the left-side strike channel in
Fig. 1(b), and the bottom three panels ((g), (h), and (i) colored dark-cyan) are
the right-side strike channel in Fig. 1(b). The vertical broken line (colored
green) in each panel indicates the center of each color index = =B G B R- 0, - 0,
and =G R- 0. The top three panels ((a), (b), and (c)) were modified from Ref.
[14]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. B G( - ) versus G R( - ) CCDs for (a) all leader channels (colored black), (b)
the left-side strike channel (colored magenta), and (c) the right-side strike
channel (colored dark-cyan), shown in Fig. 1(b). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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A plasma emits bright light when it possesses higher energy (i.e., high
density and highly ionized). Hence, we infer that the right-side strike
channel contains higher energy and emits shorter-wavelength light
compared to the left-side strike channel. Simply put, the highly ionized
bright channel emits shorter-wavelength light. As explained in a pre-
vious study [13], the channel currents of the left- and right-side strike
channels in Fig. 1 are 11 kA and 35 kA, respectively (i.e., <I Ileft right).
Thus, the spatial variability of the B-, G-, and R-bands of the lightning
channels is related to the channel current and channel energy. The
results described here may be related to the relation between channel
CCT and channel current reported in Ref. [12]. In that work we re-
ported that the CCT of the right-side strike channel is greater than that
of the left-side strike channel: <T Tleft

CCT
right
CCT. It has also been reported

that there is a correlation between channel brightness and channel
current [26–31]. From the above, the brightness and CCT of the light-
ning leader channel increase, and the color index B–R increases nega-
tively, with increasing electric current in the lightning leader channel.

In this study, we focused on the colors, brightness, and spatial
variability of the lightning channels. The lightning photometry reported
in this study and in previous studies [12–14] may influence the diag-
nosis of lightning channels.

Conclusions

In this study, we calculated the color indices B G B R- , - , and G R- of
the lightning channels shown in a digital photograph (Fig. 1(b)). The
modified CMDs V B G V B R( , - ), ( , - )GS GS , and V G R( , - )GS and the B G( - )
versus G R( - ) CCD confirm that for all leader channels and for the leftl-
side strike channel the colors are <B G- 0 and >G R- 0, and for the
right-side strike channel, the color is <B R- 0, but there was also a slight
amount of ⩾B R- 0. In particular, the color indices B G B R- , - , and G R-
converged to zero at the bright channel. At the faint channel, the in-
tensity of the G-band light decreased drastically. The 2D color-index
images B G B R( - ) , ( - )2D 2D, and G R( - )2D and the 2D grayscale image for the
lightning channels confirmed the spatial variabilities of the color in-
dices B G B R- , - , and G R- and brightness. It is noteworthy that, in the 2D
color-index image B R( - )2D, the B-band light is brighter than that of the
R-band around the brighter channel (i.e., the right-side strike channel).
The results for the modified CMD, the CCD, and the 2D color-index
images suggest that the color index is useful for the evaluation of
lightning channels.
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Color-filter characteristics

The color-filter characteristics of the primary RGB color filter are shown in Table 1 and Fig. 7. While the FWHM of the R-band filter is greater
than 100 nm, it will become ∼ 100 nm with an IR-cut filter. For reference, the filter characteristics of the Johnson-Cousins UBVRI filters [32] often
used in astronomical photometry are shown in Table 1 and Fig. 7.
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