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ABSTRACT

The Imager of Sprites and Upper Atmospheric Lightning (ISUAL) has been op-
erated for more than ten years. The onboard spectrophotometer channel-1 (SP1) was
designed to detect the far-ultraviolet (FUV) emissions (N, Lyman-Birge-Hopfield
band) from space. It was found that most of the transient luminous events (TLEs),
such as sprites, halos, elves, and gigantic jets, are usually accompanied by FUV emis-
sions. The FUV emission could be utilized as an indicator for searching TLEs be-
cause the FUV emission of lightning is severely attenuated in the atmosphere during
propagation, although the TLE FUV emissions are still detectable. Furthermore, the
elves FUV emission photon flux can also be used to estimate the parent lightning
peak current. Therefore, SP1 sensitivity degradation assessment, which affects the
observed intensity of FUV emissions, is important. Although ISUAL has a light-
emitting diode (LED) which is preset as a standard light source, the emission wave-
length range of the LED does not cover the FUV band. We established a method in
this study to determine the ISUAL Imager and SP1 sensitivity degradation. We found
that the annual degradation rates of the ISUAL Imager and the SP1 are 8.4 and 9.7%,
respectively.

1. INTRODUCTION

Transient terrestrial far-ultraviolet emission observa-
tion is one of the main missions of the Imager of Sprites and
Upper Atmospheric Lightning (ISUAL) payload on board
FORMOSAT-2. The far-ultraviolet (FUV) emissions emit-
ted by transient luminous events (TLEs) originated in the
Lyman-Birge-Hopfield (LBH) band of nitrogen molecule
N,. From the ISUAL data analyses, it is known that elves
(Mende et al. 2005; Kuo et al. 2007, 2008; Chang et al.
2010), halos (Frey et al. 2007; Kuo et al. 2008), sprites (Kuo
et al. 2005, 2008; Liu and Pasko 2005; Liu et al. 2006), and
gigantic jets (Kuo et al. 2008, 2009; Chou et al. 2010) are
accompanied by FUV emissions. However, blue jets with-
out the FUV emission were also reported (Chou et al. 2010)
as the longer life time of the N, LBH band upper state re-
sults in quenching at the lower altitudes.

The ISUAL global observations results show that elves
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is the most frequently observed occurrence type of TLEs
(Chen et al. 2008). Elves is induced by the electromagnetic
pulses emitted by an intense lightning (Inan et al. 1991)
and was first observed by Fukunishi et al. (1996). Both the
theoretical and experimental results show that the time-in-
tegrated photon flux of elves in both the N, first positive
(1P) band and N, Lyman-Birge-Hopfield (LBH) bands de-
pends on the lightning peak current (Barrington-Leigh and
Inan 1999; Kuo et al. 2007; Chang et al. 2010; Chen et al.
2014). Owing to the proximity between the elves and the
causative lightning, the spectrophotometric observations of
the elves N,1P optical emissions are always contaminated
by the lightning emissions except for the elves triggered by
lightning located behind the Earth’s limb. For the elves trig-
gered by lightning occurring in front of the Earth’s limb, the
FUV emission could be an indicator of the elves emission
intensity because the lightning emission in the FUV band is
severely attenuated by the atmospheric molecules (Chang et
al. 2010). In addition, from the N, LBH intensities of elves
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occurring in the tropical and high latitude regions, Lee et al.
(2010) found that the tropical convective system tends to
produce brighter elves.

The ISUAL instruments have been operated for over
ten years. The absolute sensitivity of each sensor was ob-
tained during the pre-flight lab calibration. The ISUAL in-
struments were equipped with a light-emitting diode (LED)
as a calibration source. The LED degradation is negligible
because the total radiation dose endured in space during a
5-year mission is less than 5 krad. This dose is insufficient to
cause significant degradation (Chen et al. 2012). Chen et al.
(2012) estimated the annual ISUAL sensitivity degradation
rate, except for the Imager micro-channel plate (MCP) and
the channel-1 of the spectrophotometer (SP1: 150 - 280 nm).
The difficulties in estimating the Imager and SP1 degrada-
tion rate come from the calibrator low brightness that cannot
be detected by the Imager and from the limited LED emis-
sion wavelength range that does not cover the FUV band.
In many space missions, the known celestial sources, like
the Moon, are used for sensor calibrations. The moonlight
spectrum is similar to that of the Sun and covers well the
SP1 bandwidth without any atmospheric absorption. How-
ever, the moonlight is too strong for ISUAL sensors and
may cause permanent damage to the electron multiplying
devices. Thus, we had to close the sensors when the Moon
was in their field of view. A new standard light source is
needed for calibrating the Imager and SP1. Due to the well-
investigated emission intensities of elves (Kuo et al. 2007)
and their high occurrence rate (Chen et al. 2008); elves can
be used as a calibrator. This paper presents a method to es-
timate the degradation rate using the elves emissions as a
calibrator, and the ISUAL Imager sensitivity degradation as
well as the SP1 is also discussed.

2. INSTRUMENTS AND DATA REDUCTION

The ISUAL contains three sensors: an intensified CCD
imager, a six-channel spectrophotometer (SP) and a dual-
module array photometer (AP) (Chern et al. 2003). The Im-
ager is equipped with a microchannel plate and the SP chan-
nels use photomultiplier tubes (PMT) as photon detectors
to detect low level light events. The ISUAL has been oper-
ated for more than ten years since May 2004. The sensitiv-
ity degradation needs to be assessed for the correct imaging
and photometric analyses. The ISUAL Imager field of view
(FOV) is 20° (H) x 5° (V). The images used in this study
were obtained with a 633 - 751 nm filter (N, 1P) and a frame
integration time of 29 ms. Each SP channel has approxi-
mately the same FOV as the Imager and records the photo-
metric variations with a 10 kHz sampling rate. Only the SP1
and the SP4 data were used in this study. SP1 is equipped
with an FUV filter (150 - 290 nm) to detect photons in the
N, LBH band. The SP4 channel has a broadband filter (624
- 750 nm) for N, 1P band emission detection. The ISUAL

Imager, SP1 and SP4 bandwidths are shown in Fig. 1.

The sensor band pass and the transmittance along the
line of sight affected the emission band contribution per-
centage to the ISUAL Imager, the SP1, and the SP4. The
emission band contribution percentage is defined by

23l M T A, h, L)R(A) g (h) AA )
2L (M) AA

Bi(h,L)=

where I, (A) is the band emission from N,1P or N,LBH giv-
en in the work by Kuo et al. (2008), and R(A) is the relative
sensor response function is shown in Fig. 1. The atmospher-
ic transmittance, T'(A, h, L), is a function of the wavelength
A, the assumed altitude 4 of elves and the distance L be-
tween the elves and the satellite. The transmittance calcula-
tion follows Lambert’s law and the parameters are the same
as that used in a work by Kuo et al. (2008 and the references
therein). The quenching factor g,(h) is defined by the same
formula and parameters used in a work by Kuo et al. (2008,
and the references therein). The band contribution B, for the
chosen events that occurred at 90 km is shown in Fig. 2.
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Fig. 1. The relative response curve of the ISUAL imager with filter #1
(633 - 751 nm), the SP channel 1 and 4. (Color online only)
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Fig. 2. The percentage contribution of molecular nitrogen bands to the
SP channels and the Imager (IMG) in the situation that the event oc-
curred at 90 km altitude. The gray line shows the boundary between
in-front-of-the-limb and behind-the-limb.
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The measured SP amplitude (digital counts) can be
converted into the meaningful scientific values (photons
cm? sec!) using the absolute sensor sensitivity measured
during the pre-flight calibration. The SP4 PMT sensitivity
degrades by ~7.7% annually (Chen et al. 2012, Fig. 3). The
light source used here is elves because the elves optical in-
tensity was well described (Kuo et al. 2007). We estimated
the calibrated SP4 photon fluxes for the elves by assuming
the negligible optics degradation (lenses and filters) and by
considering the PMT sensitivity degradation. In the follow-
ing subsections, the elves emissions in the Imager, the SP4,
and the SP1 are analyzed in detail.

2.1 The Imager Degradation

The N,1P emission band contributions to the ISUAL
Imager and to the SP4 are approximately the same, as shown
in Fig. 2. The SP4 degradation rate was estimated in the
work by Chen et al. (2012). Thus, the elves photon fluxes
obtained from the SP4 can be regarded as a standard light
source to calibrate the Imager. Note that the ISUAL is con-
figured with the eastward view observing TLEs occurring
at a distance of 2300 - 4400 km. For elves induced by the
lightning located in front of the Earth’s limb, the recorded
SP4 signals consist of emissions from both the elves and the
parent lightning. Thus, we selected the elves triggered by
the lightning located behind the limb to avoid the lightning

contamination. As an example, the image and the SP4 data
for the selected elves induced by lightning located behind
the Earth’s limb are shown in Fig. 3.

Because of the instrument problem, the filter setting of
the ISUAL Imager for the regular observations was changed
from filter #1 (N,1P band) to filter #6 (broad band without
filter) since 2012. Therefore, we chose the elves data set
recorded from the beginning of 2004 until the end of 2011 to
study the Imager degradation. ISUAL recorded 15849 elves
from 2004 - 2011. Three hundred and eighty-two elves were
triggered by lightning located behind the Earth’s limb (3700
- 4100 km away from the ISUAL) and detected well within
the FOV of the ISUAL Imager and SP.

The total elves photon flux in the SP4 is obtained by in-
tegrating the SP4 waveform. The result was corrected by tak-
ing into account the degradation factor determined by Chen
et al. (2012, their Fig. 3). The corrected total photon flux
in SP4 (Agps 4q) could be used as the standard light source.
The total elves intensity on the image frame was obtained
using the differential photometry method. The procedures
are as follows: (1) Removing the background by subtract-
ing the previous frame from the trigger frame. (2) Select-
ing a region, as shown in Fig. 3, which includes elves but
excludes the lightning in the trigger frame. (3) Calculating
the background noise standard deviation (0;) and select-
ing the pixels with intensity larger than 0, . (4) Converting
counts into photons cm? s sr! by applying the sensitivity
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Fig. 3. Elves triggered by lightning located behind the Earth’s limb, occurring on 2008/06/29 14:59:45.986 UTC. (a) The pre-trigger frame, (b) the
trigger frame, and (c) the associated N, 1P signal of the SP4 signal around the trigger time.
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curve obtained in the pre-flight calibration. The luminosity
of each selected pixel is represented by [ ;, where (i, j) rep-
resents the coordinates of the selected pixel. (5) The total
elves photon flux was obtained by integrating /; ; spatially
and temporally, that is,

Ny = 2([,_,')1(1', j)Qpixe[At 2)

where Q. is the solid angle of one pixel, and At is the inte-
grating time of one frame. The photon flux error is given by

O-Amr, = O-/MG X Z(L j)QpiXelAt (3)

The image photon flux ratio to the corrected SP4 photon
flux of the elves (A / Asps, a) at different mission elapsed
time (MET) are shown in Fig. 4a. The MET is counted by
the day after the FORMOSAT-2 launched on 21 May 2004.
By considering the bandpass, the N,1P emissions recorded
by the SP4 and by the Imager would be approximately iden-
tical. However, as shown in Fig. 4a, the elves photon flux
on the image frame is larger than that in the SP4. This dis-
crepancy may come from the temperature changes between
calibration and on orbit operations. This was mentioned by
Mende et al. (2005). Using the error propagation equation,
the error bar of each data points is calculated using the fol-
lowing formula:

2 21172
e R I

O A/ Agpsou =
e/ Aspsu Ngpy, wa I\ Ay Nspa, s

where o,,, and o, , denote the photon flux errors mea-
sured in the Imager and the SP4, respectively.

If the Imager sensitivity is steady, the photon flux ratio
Nc / Agps, 4q should also remain constant. However, as seen
in Fig. 4a, the ratio Apy/Asps, qa decreases with the MET.
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The Imager sensitivity degradation rate can be inferred us-
ing the Ay /Nsps, wa decreasing ratio. We followed the fit-
ting formula established by Chen et al. (2012) to quantify
the Imager degradation rate. The sensor’s efficiency decays
exponentially with time and is expressed in the form of

roce™ (®)]

where ¢ is the MET in units of days, and « is the fitting coef-
ficient. The Apyg/Aspa, a 1atio is found to decrease with the
rate of o = 0.00024. The fitting curve is normalized to the
remaining efficiency defined as 100% at MET = 0. The re-
maining Imager efficiency is displayed in Fig. 4b. It shows
that the annual Imager sensitivity compound degradation
rate is estimated to be ~8.4%.

The annual Imager degradation rate includes the MCP
and optics degradation. The degradation of the SP4 optics
was neglected in our estimation of Agpy 4. If the SP4 optics
degradation was not neglected, both Agp, ,; and the Imager
degradation rate would be underestimated.

2.2 The Spectrophotometer Channel 1 Degradation

The channel 2 to 6 calibration for the ISUAL SP was
analyzed by Chen et al. (2012). The calibrations were run
through measuring the built-in quick-blinking LED calibra-
tors (Chen et al. 2012). However, the LED calibrator emis-
sions were blocked by the FUV filter for the SP1. Another
light source, i.e., elves, was selected as the calibrator be-
cause of its well-investigated emission properties. Note that
the SP1 band contribution significantly decreases with in-
creasing distance. If the event is triggered by the lightning
located behind the limb, it will endure severe atmospheric
absorption (Fig. 2). As the average geolocation error, which
is about 50 km pixel! along the line of sight (Chen et al.
2008), it will also induce a larger uncertainty for estimating
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Fig. 4. (a) The time variation for the ratio between the N, 1P photon flux of the Imager and the calibrated N, 1P photon flux of the SP4 for the elves.

(b) Remaining efficiency (%) of the Imager. (Color online only)
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the photon flux in SP1 (/Agp,) of the behind-the-limb elves.
Therefore, we had to choose elves triggered by lightning lo-
cated in front of the Earth’s limb (2700 - 3000 km away from
FORMOSAT-2) for analysis. Under this selection condition,
589 events occurred in the data set. The Imager and SP1 data
for the selected elves induced by lightning located in front
of the Earth’s limb are shown in Fig. 5. Although the parent
lightning is also in the FOV of the SP1, the lightning emis-
sion in the FUV band is difficult to transmit through the at-
mosphere from 10 km altitude to FORMOSAT-2 (~890 km)
(Chang et al. 2010). According to the elves simulation pre-
sented by Kuo et al. (2007), a relationship exists between
the time-integrated N, 1P photon flux and the time-integrat-
ed SP1 FUV photon flux. Hence, we can estimate the stan-
dard total photon flux in SP1.

We followed the procedures presented in the previous
subsection to estimate the Imager N, 1P photon flux (/)
and the FUV photon flux of the SP1 (Agp;) of the selected
elves. The photon flux of the elves in the Imager was cor-
rected as the standard light source (A ) by applying
the Imager sensitivity degradation rate determined in the
subsection 2.1. The uncertainty in the elves standard pho-
ton flux estimation in the Imager (o,,, ,) was obtained by
dividing 0,,, by the degradation factor. Based on the elves
simulation model presented by Kuo et al. (2007), the theo-
retical relationship between the N, 1P photon flux in the SP4
(Agps) and the FUV photon flux in the SP1 (/Agp;) could be

obtained and is shown in Chang et al. (2010, dashed line
in their Fig. 4a). According to the result in subsection 2.1,
the N, 1P photon flux in the Imager is ~1.88 times the N,1P
photon flux in the SP4. By taking into account this factor,
the standard photon flux of the elves in the Imager could be
converted into the standard photon flux of the elves in SP1
(Asp1.4a). The error in the estimated standard photon flux
for the elves (o,,, ) can be estimated using o0, ., and the
error propagation method.

The ratio of Agpi/Aspi s is shown in Fig. 6a. The er-
ror bars in the ratio are obtained by considering the propaga-
tion error following Eq. (4). As shown in Fig. 6a, the ratio
of the SP1 photon flux to the standard SP1 photon flux of
elves Agpi/Aspi qa decreases monotonically with MET.
The decreasing ratio results from the SP1 sensor sensitivity
degradation. By fitting the data with the exponential decay-
ing function to estimate the decreasing rate, it is found that
the sensitivity decreases with the rate of o = 0.00028. As
the fitting curve is normalized to the remaining efficiency
which is defined as 100% at MET = 0, the remaining SP1
efficiency is displayed in Fig. 6b. It shows that the com-
pound annual SP1 sensitivity degradation rate is estimated
at 9.7% and is comparable to other SP channels, as shown
in Fig. 3 in Chen et al. (2012).

The estimated annual SP1 degradation rate the SPI
PMT and the SP1 optics degradation rates. In our calcula-
tion, the SP1 degradation rate was obtained by analyzing the
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Fig. 5. Elves triggered by lightning located in front of the Earth’s limb. (a) The pre-trigger frame, (b) the trigger frame, and (c) the associated FUV

signal of the SP1 around the trigger time.
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ratio of the measured Agp; to the estimated Agp 4, Where
Ngp1 qa Was estimated from the Ajyc 0 value. As we men-
tioned at the end of Section 2.1, the Imager degradation rate
would be underestimated if the SP4 optics degradation could
not be neglected. This effect may cause the value of Ajyg,
as well as Agp; s and the SP1 degradation rate given in our
study to be underestimated. Our estimation could give the
least ISUAL SP1 sensor degradation rate for reference.

3. DISCUSSION AND SUMMARY

We introduced an indirect but effective method to es-
timate the ISUAL Imager with filter #1 (633 - 751 nm) and
SP1 (150 - 290 nm) degradation rates. Elves were selected
as the calibrator because of their well-investigated emis-
sion properties. We chose the behind-the-limb elves first,
and calculated the Imager N, 1P photon flux as well as the
calibrated SP4 N, 1P photon flux for selected elves. The
decreasing Imager-N, 1P photon flux ratio to the calibrated
SP4-N, 1P photon flux shows that the Imager sensitivity
degrades annually with the compound rate of ~8.4%. We
next estimated the N, LBH photon flux of the SP1 and the
standard SP1 photon flux to determine the SP1 sensitiv-
ity degradation rate. The compound annual SP1 degrada-
tion rate is about 9.7%. The sensitivity degradation rates of
the ISUAL Imager and the SP1 are comparable to other SP
channels reported by Chen et al. (2012). From the annual
Imager and SP1 degradations, the ISUAL Imager and the
SP1 sensitivity will reduce to less than 70 and 60% after 5
years operation, respectively. This fact means that the Im-
ager and SP1 degradations should be seriously considered
in the FORMOSAT-2 ISUAL data analyses.

The SP1 degradation rate estimation is useful for the
ISUAL and also for other space missions. For instance,
another space missions with TLE research, JEM-GLIMS
(Global Lightning and Sprite Measurements of Japanese
Experiment Module), was also equipped with the same FUV

detecting sensor (Sato et al. 2015). As the JEM-GLIMS was
nadir viewing rather than limb viewing like the ISUAL, the
method for estimating the SP1 degradation rate presented
in this paper would be difficult to carry out. However, the
ISUAL SP1 degradation rate estimated in this paper would
be an important reference for considering the JEM-GLIMS
FUV sensor degradation rate.
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