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[1] We report the ionization emission associated with N2
+ 1N band in a halo event without

visible sprite streamers. To avoid the lightning contamination to the ionization emission, we
find halos whose parent lightning light is blocked by the Earth’s limb. Five halos in the
2004–2010 Imager of Sprites and Upper Atmospheric Lightning data set were identified as
halos without visible sprite streamers. A halo with maximum N2 1P brightness had
significant ionization emission of N2

+ 1N. The time-integrated photon intensity of N2 1P, N2

2P, and N2
+ 1N emission is 2.2 × 105, 2.1 × 104, and 7.4 × 102 photons cm�2, respectively at

a distance of 4130 km. The total number of photons of N2 1P, N2 2P, and N2
+ 1N band

emissions are 4.6 × 1023, 4.3 × 1022, and 1.6 × 1021 photons, respectively. In the halo region,
the electron density increased as 1–2 orders of magnitude higher than ambient electron
density. From the emission ratio of N2

+ 1N to N2 2P, the reduced electric field is estimated to
be 275–325 Td that is higher than the conventional breakdown electric field. The recorded
electric field related to this halo event is produced by a lightning discharge that has a total
charge moment change of �1450 C km. Based on the estimated electric field from optical
emissions, it is found that the lightning-induced electric field in the bright halo region is
significantly relaxed with a rate faster than that estimated using ambient electron density, in
agreement with previous modeling results showing that the electron density enhancement
due to the ionization processes leads to a short dielectric relaxation time inside the
halo region.

Citation: Kuo, C. L., et al. (2013), Ionization emissions associated with N2
+ 1N band in halos without visible sprite

streamers, J. Geophys. Res. Space Physics, 118, 5317–5326, doi:10.1002/jgra.50470.

1. Introduction

[2] Halos are pancake-like light-emitting objects with
diameters of ~80 km, occurring at altitudes of ~80 km
[Barrington-Leigh et al., 2001; Wescott et al., 2001;
Miyasato et al., 2002; Bering et al., 2004a; Bering et al.,

2004b; Frey et al., 2007; Williams et al., 2012]. Halos were
initially thought to be elves by most ground observers using
conventional cameras with 30 frames per second until
Barrington-Leigh et al. [2001] first showed that halos are
distinct from elves (the latter have a much larger diameter
of ~300 km and a shorter luminous duration of ~1 ms). The
evolution of halo and elves recorded by a high-speed (3000
frames per second) camera were found to be consistent with
the modeling results [Barrington-Leigh et al., 2001].
Bering et al. [2002, 2004a, 2004b] checked the optical obser-
vations from stratospheric balloons and found halos with
negative cloud-to-ground (�CG) lightning. Frey et al.
[2007] also showed that ~50% of halos are unexpectedly
associated with�CG lightning while nearly 99% sprites are in-
duced by positive cloud-to-ground (+CG) lightning. Wescott
et al. [2001] compared the maximum brightness geometry of
halos with lightning locations using triangulation measure-
ments. They found that the maximum brightness of the halo is
very close to the location of the parent lightning while the sprite
structure can be displaced as far as several tens of kilometers.
[3] It is noticed that the term of “halo/sprite halo” was

originally defined by an observed brief diffuse flash at alti-
tudes of ~70�85 km that accompanies or precedes more
structured sprites [Barrington-Leigh et al., 2001]. Halos
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and sprite streamers are closely interlinked phenomena,
which are both driven by quasi-static electric field produced
by lightning. It is possible that sprite streamers do exist in a
halo event but they are not observed because they lack the
required acceleration and expansion to be bright enough to
be detected [Liu et al., 2009]. Similarly, only sprite streamers
are observed but diffuse halo emissions are too weak to be
recognized [Qin et al., 2013].
[4] Many authors studied the topics about how a halo

developed into sprite streamers [Pasko et al., 1996; Pasko
et al., 1997; Hiraki and Fukunishi, 2006; Luque and Ebert,
2009; Hiraki, 2010; Qin et al., 2011, 2012, 2013]. In this
paper, we show the analysis of ionization emission associ-
ated with N2

+ 1N (0, 0) in a halo event without visible sprite
streamers [Williams et al., 2012]. The remotely recorded
electric and magnetic field from a ground ELF station for
its parent lightning is used to estimate the charge moment
change (CMC). We also estimate the magnitude of the
electric field from the emission rate ratio of N2

+ 1N to N2

2P emission bands in an Imager of Sprites and Upper
Atmospheric Lightning (ISUAL) recorded halo. The derived
ratio of emission rates shows that the magnitude of the
electric field is higher than the conventional breakdown elec-
tric field. In this halo event, we also found that significant N2

+

1N (0, 0) emission existed in the halo with maximum
brightness but without visible steamers.

2. ISUAL Experiment

[5] The ISUAL (Imager of Sprites and Upper Atmospheric
Lightning) onboard the FORMOSAT-2 satellite is the first
satellite payload dedicated to the survey of Transient Luminous
Events (TLEs) [Chern et al., 2003; Kuo et al., 2005; Mende
et al., 2005; Su et al., 2005; Chen et al., 2008; Kuo et al.,
2008; Kuo et al., 2009; Chang et al., 2010; Lee et al., 2012;
Wu et al., 2012]. The FORMOSAT-2 is a sun-synchronized
satellite with 14 daily-revisiting orbits at an altitude of 891
km. The FORMOSAT-2 was successfully launched on 21
May 2004. The ISUAL experiment is an international
collaboration between the National Cheng Kung University,
Taiwan, Tohoku University, Japan, and the instrument devel-
opment team from the University of California, Berkeley.
The ISUAL consists of three sensor packages including an inten-
sified Charge-coupled Device (CCD) imager, a six-channel
spectrophotometer, and a dual-band array photometer (AP).
The imager is equipped with six selectable filters (N2 1P, 762,
630, 557.7, 427.8 nm filters, and a broadband filter) mounted

on a rotatable filter wheel. The spectrophotometer contains six
filter photometer channels, their band passes ranging from the
far ultraviolet to the near infrared regions. The spectropho-
tometer (SP) channels include SP1 (150–290 nm), SP2
(centered at 337 nm; bandwidth 5.6 nm), SP3 (centered at
391.4 nm; bandwidth 4.2 nm), SP4 (608.9–753.4 nm),
SP5 (centered at 777.4 nm), and SP6 (228.2–410.2 nm).
The sampling rate of the ISUAL SP is 10 kHz. The dual-
channel AP is fitted with broadband blue and red filters.
The mission objectives are to perform a global survey of
lightning-induced TLEs, to determine the occurrence rate
of TLEs above thunderstorms, to investigate their spatial,
temporal, and spectral properties, and to investigate the
global distribution of airglow intensity as a function of alti-
tude. ISUAL have completed the first phase (2004–2009) of
the orbital mission. Thanks to a successful 5 year mission
and significant scientific achievements, additional funding
has been granted to the ISUAL team for an extended
mission from the National Space Organization in Taiwan.

3. Results and Discussion

3.1. Demonstration of the Existence of N2
+ 1N (0, 0)

Emissions in Halos

[6] We use the photometric measurement with the
391.4 nm filter to identify the emission associated with N2

+

1N (0, 0) band. However, ISUAL photometers have a 20 × 5°
field of view. The lightning emission at 391.4 nm would
also contribute to the photometric measurement for
ISUAL recorded halos. The Earth’s surface at the limb is a
natural blockage for lightning emission. Therefore, we
search for halo events without visible sprite streamers
whose parent lightning is below the Earth’s limb to avoid
the lightning contamination for the N2

+ 1N ionization
emission. In 2004 to 2010, ISUAL recorded a large number
of halos. But only five halos whose parent lightning origi-
nated below the Earth’s limb were found in a total of more
than 300 halo events in the ISUAL data set. The related
parameters associated with those halos are listed in
Table 1. Two halo events (31 July 2006 0626:29.850 and
22 May 2008 0630:47.294) have a higher value of bright-
ness than the other three events. We also note that only
two of these halos (the same as two mentioned before) with
maximum brightness have significant values of ISUAL SP3.
If the contribution of N2 2P emission is subtracted from the
photometric measurement of the SP3, shown in Figure 3a,

Table 1. Summary of ISUAL Halos Whose Parent Lightning Is Below the Earth’s Limb

Trigger Time (UT) Longitude Latitude
Average

Brightness (kR)a
Maximum

Brightness (kR)b SP3c N2
+ 1Nd

CMC
(C km)e

11 December 2005 1139:04.777 �168.0 41.6 150 280 No No N/A
31 July 2006 0626:29.850 �97.4 15.1 240 720 Yes Yes �1450
22 May 2008 0630:47.294 �99.2 7.7 220 640 Yes No �750
19 November 2009 11:19:25.962 �175. 9 7.3 150 570 No No �880
18 April 2011 2333:43.115 5.9 0.9 130 230 No No �920

aThe average value of brightness recorded by pixels on ISUAL Imager CCD in halo emission region.
bThe maximum value of brightness recorded by CCD pixels.
cPhotometric measurement of ISUAL SP3 (centered at 391.4 nm; bandwidth 4.2 nm).
dIf the contribution of N2 2P emission is subtracted from photometric measurement of SP3, shown in Figure 3a, the N2

+ 1N emission is significant with S/N> 3.
eThe charge moment change (CMC) estimated by the ELF data from the Nagycenk Observatory, Hungary (NCK; 47.62°N, 16.72°E, 513.8 Hz sampling

rate, 5–30 Hz passband [Sátori et al., 1996; Sátori and Zieger, 1996].

KUO ET AL.: N2
+ 1N BAND IN HALOS

5318



only the halo (31 July 2006 0626:29.850) with maximum
average brightness 240 kR of two mentioned before was
verified to have significant N2

+ 1N emission, which will be
discussed later. Although only one of the five halos has
definitively identified N2

+ 1N emission, we cannot reject the
possibility the ionization emission exists in other four halo
events since we do not know if there were emissions or not;
we just know that if there were emissions, they might have been
below the detection threshold of photometric measurement
(ISUAL SP3), which will be clarified in the end of section 3.1.
[7] Figure 1 shows the ISUAL recorded images for a halo

event recorded at UT 0626:38.806 on 31 July 2006. The
average and maximum brightness recorded by the ISUAL
Imager is 0.24 and 0.72 Mega Rayleigh (MR). Figure 2a
shows the observational geometry for the halo event where
the distance between the halo and the ISUAL payload
onboard FORMOSAT-2 is ~4130 km. The altitudes of the
FORMOSAT-2 satellite and halo are 891 km and ~80 km,
respectively. The angle between the center of field of view
(FOV) and the halo event is 6.5°, shown in Figure 2b. The
geometrical center of its parent lightning was located at
�97.1°W in longitude and 15.2°N in latitude, shown
in Figure 2c.
[8] To trace the ionization emission in the N2

+ 1N band,
we used the ISUAL SP3 photometric reading (centered at
391.4 nm) to retrieve the total N2

+ 1N band emission. We
need to calculate the percentages of halo ionization emissions
that fall in the ISUAL SP3. First, we analyze the N2

+ 1N (0, 0)

band spectra and plot the emission bands within the wave-
length range of the SP3 response in Figure 3a. The theoretical
spectra of the N2

+ 1N (0, 0) band emission is also overlaid
with relative responses of the ISUAL SP3. We multiply the
N2

+ 1N emission intensities with relative responses of
ISUAL SP3 and integrate the emission intensities within the
wavelength range of the SP3 response. The percentage of
N2

+ 1N emission for the SP3 photometric reading is the ratio
of the integrated emission intensity to the total N2

+ 1N emis-
sion band intensity.
[9] Besides N2

+ 1N (0, 0) emissions, it is found that the
pass band of SP3 also includes N2 2P (3, 6) and N2 2P
(2, 5), shown in Figure 3a. We also need to know the contri-
bution from N2 2P emissions into the SP3 photometric read-
ings. In Figure 3b, we plot the N2 2P emission bands overlaid
with relative responses of ISUAL SP2. The distribution of
the vibrational levels can be described by the Boltzmann tem-
perature Tv′, where Tv′ is close to the kinetic temperature of
thermal electrons if the vibrational-electronic energy
exchange is very efficient. The time scale of the vibra-
tional relaxation for molecular nitrogen at higher temper-
ature (Tv′ > 1 eV) also satisfies the empirical law pτv′e10�8

atm s [Millikan and White, 1963], where p is the gas pressure
in units of normal atmospheric pressure (atm) and τv′ is the
vibrational relaxation time in units of seconds. If the
vibrational levels can be redistributed, the time scale of the
vibrational redistribution must be shorter than the lifetime of
the emission band. The typical lifetime of the emission
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Figure 1. (a–f) The ISUAL recorded image sequences for a halo event at universal time 0626:38.806 on
31 July 2006. The exposure time of each frame is ~30 ms. The halo has a diameter of ~80 km, and its ap-
parent height is at altitudes of ~80–90 km. The average and maximum brightness recorded by the ISUAL
Imager is 0.24 and 0.72 Mega Rayleigh (MR).
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Figure 2. (a) The observational geometry of the halo at UT 0626:38.806 on 31 July 2006. The FOV of the
ISUAL Imager and SP is 20° (vertical) × 5° (horizontal). The inclined angle of the halo event with respect to
the optical axis of the SP is used to calculate the blue shift of the SP filter response. The nadir angle α be-
tween a line of sight of the event and the nadir direction of the FORMOSAT-2 satellite is used to calculate
the halo altitude and its mapping latitude and longitude over the Earth’s surface. (b) Projected area of the
FOV of the Imager and SP. (c) The parent lightning of the halo is located at 97.1°W in longitude and
15.2°N in latitude, shown in filled-circle.
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band is ~50 ns for 2PN2. At a halo altitude of ~80 km altitude,
p ~ 10�6 atm and τv′ ~ 10ms. The vibrational relaxation time is
longer than the lifetime of the 1PN2 band. Therefore, our spec-
tra calculation, the distribution of the vibrational levels can be
approximated as their Franck-Condon factorqXu0v′ which is a re-
sult of direct electron impact. For direct electron impact in dis-
charge phenomena, the pumping density of a specified
vibrational level v′ of the upper state u is proportional to the
Franck-Condon factor. For the relative distribution of the rota-
tional levels in molecular nitrogen, the energy separation be-
tween adjacent rotational levels is small in comparison to the
translational kinetic energy. The energy exchange rates be-
tween transitional and rotational states are high; therefore,
the equilibrium temperature of the rotational distribution is
very close to the molecular translational temperature, i.e.,
the ambient temperature. Similarly, the percentages of N2 2P
into SP2 and SP3 photometric readings are calculated,
respectively. The same as before, using the SP2 photometric
reading and the known percentage of total N2 2P intensity in
the SP2, the total N2 2P intensity for the halo event can be
obtained. Hence, the true N2 2P intensity in the SP3 photomet-
ric reading can be estimated.
[10] We also consider effects from the atmospheric trans-

mittance between the ISUAL SP and the halo event, and
the blue shift of filter response due to the angle of incidence.
For atmospheric transmittance, we consider the absorption of
major atmospheric species, O2, O3, and Rayleigh scattering
(N2, O2). The absorption of N2 is negligible within the wave-
length range of interest. The O3 density below the 100 km
altitude accounts for the majority of O3 absorption. The details
of calculating atmospheric transmittance are found in the work
ofKuo et al. [2007, 2008]. In section 3.1, the atmospheric trans-
mittance is expressed as a function of the distance between the
ISUAL SP and the halo event.
[11] The blueward shift of the center wavelength of the

filter response is also considered. The direction of incident
emission is not perfectly vertical on the filter plane. The
incident light has an inclined angle between the normal vector
of the filter plane. The length of a passage of emission light
through the SP filter is increased, while the central wavelength
of the filter response is also changed. The response waveform
of the SP filter at the corresponding wavelength will shift to
the blue as the line of sight between SP and the halo event
has an incident angle with respect to the optical axis of
ISUAL SP. The response of SP2/3 will shift into shorter (blue)

wavelength. The formula for the blueward shift effect can be
found inMorrill et al. [2002] andKuo et al. [2005]. For exam-
ple, for central wavelength of the filters at 337 and 391.4 nm
and the incident light angle, θ =6.5°, for the halo event, their
corresponding wavelength shifts are ~0.7 and ~0.9 nm.
[12] After considering the percentages of band emissions

into the SP, the atmospheric transmittances and the blueward
shifts of the center wavelength of the filter response, we plot
the percentages of band emission (N2 2P or N2

+ 1N) into SP2
or SP3 for the halo event with incident light angle θ = 6.5° as
a function of distances. As shown in Figures 4a–4c, at the
distance of 4130 km for the halo event, the percentages of
N2 2P into SP2, N2 2P into SP3, and N2

+ 1N into SP3 are
21.3 ± 5%, 0.45 ± 0.04%, and 57.8 ± 5%, respectively. The
errors of percentages are estimated using the event distance,
on average, is less than 50 km for one pixel uncertainty along
the line of sight [Chen et al., 2008]. We can use the derived
percentages to retrieve the total intensities of N2 2P and
N2

+ 1N from the SP2 and SP3 photometric readings.
[13] The SP-measured photon intensities from N2 1P, N2 2P,

and N2
+ 1N in units of 106 photons cm�2 s�1 are shown in

Figure 5. It is noted that a significant signal of N2
+ 1N did exist

in the halo emissions with signal-to-noise ratio>3. The peak of
the original SP2 and SP3 measurements are 11.4 × 106 and
1.07 × 106 photons cm�2 s�1. For the halo event, the per-
centage of N2 2P into SP2 is 21.3%, and the total N2 2P
band emission is 11.3 × 106 photons cm�2 s�1 ÷
(21.3 ± 5)% = (5.3 ± 1.2) × 107 photons cm�2 s�1. The
contribution of N2 2P emissions into SP3 measurement is
(5.3±1.2) ×106× (0.45±0.04)%= (0.24±0.06)×106 photons
cm�2 s�1. The SP3 measurement for N2

+ 1N emission is
1.07×106� (0.24±0.06)×106= (0.83±0.06)×106 photons
cm�2 s�1. The percentage of N2 2P into SP2 is 57.8%, and
the total N2

+ 1N emission is (0. 83±0.06)×106 ÷
(57.8±5)%=(1.44±0.16)×106 photons cm�2 s�1. The ratio
of total N2

+ 1N to N2 2P emission is (1.44±0.16)×106 ÷
(5.3±1.2)×107=0.027±0.007 at the time of peak emission in
the halo.
[14] Table 2 summarizes the percentages (%) of the major

molecular nitrogen bands (N2 2P, N2
+ 1N, and N2 1P) to the

channels (SP2, SP3, and SP4) of the ISUAL spectrophotom-
eters. For the distance 4130 km and under the assumption of
an isotropic emission source, the total number of time-
integrated photons for the specified band emission for the
halo event is 4πr2 × (time-integrated photon intensity), where
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Figure 3. (a) The N2
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r is the distance 4130 km. The time-integrated photon inten-
sity of N2 1P, N2 2P, and N2

+ 1N emission is 2.2 × 105, 2.1 ×
104, and 7.4 × 102 photons cm�2, respectively. For the halo
event, the total number of photons of N2 1P, N2 2P, and N2

+

1N band emission are 4.6 ×1023, 4.3 ×1022, and 1.6× 1021

photons, respectively. The effects of atmospheric transmittance
and the blue shift of the SP filter due to the inclined angle of in-
cident light are all considered for our photon calculation.
[15] The detection threshold of photometric measure-

ment (ISUAL SP3) with 391.4 nm filter for N2
+ 1N (0,

0) emission needs to be addressed. For the halo event
(31 July 2006 0626:29.850) with significant N2

+ 1N emis-
sion, the standard deviation of the photometric reading,
SP3, is ~0.1 × 106 ÷ (57.8 ± 5)%= (0.17 ± 0.09) × 106 pho-
tons cm�2 s�1 for N2

+ 1N (0, 0) band. For the distance
4130 km and under the assumption of an isotropic emis-
sion source, the total number of time-integrated photons
for the specified band emission for the halo event is
4πr2 × (time-integrated photon intensity) ~90 photons
cm�2. The detection threshold of photometric measure-
ment (ISUAL SP3) has the total number of photons of
N2

+ 1N band, 2 × 1020 photons for the halo event.
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[16] The size of halo is estimated by πr2hdh ~ 5 × 1019 cm3

where rh and dh are 40 km for radius and 10 km for height
of the halo. For the halo event (31 July 2006 0626:29.850),
the average emission photon density of N2

+ 1N band is ~32
photons cm�3. The branch ratio of N2

+ 1N band emission
to the total ionizations is 0.093 from the comparisons of peak
cross section of ionization of N2 [Vallance-Jones, 1974, p.
104]. The N2 accounts for ~78.1% of air. The increased
electron density in the halo region is estimated to be 32
photons cm�3 ÷ 0.093 ÷ 0.781 ~ 440 cm�3. The ambient
neutral and electron density is 1.14 × 1014 and 1–10 cm�3

at the altitude of 80 km. In halo region, the ioniza-
tion degree is ~4 × 10�12 and the electron density
increased as 1–2 orders of magnitude higher than ambient
electron density.

3.2. Estimate of the Electric Field in Halos

[17] For the halo event in Figure 1b, the ISUAL Imager
shows that the maximum N2 1P brightness appears in a
region near ~80 km altitude, which implies the existence of
highly reduced electric field at these altitudes since the
maximum halo brightness coincides with the highly reduced
electric field. The halo emission rates have a nonlinear rela-
tionship with the magnitude of the electric field and increase
monotonically with the reduced electric field. At the time of
peak emission, at an altitude of ~80 km, the ratio of total
N2

+ 1N to N2 2P emission derived from the ISUAL SP2
and SP3 measurement is 0.027 ± 0.007 in the previous calcu-
lation in section 3.1. The ratio of photometric measured dif-
ferent emission bands is used to estimate the electric field
in sprites, which have been used in several studies [Morrill
et al., 2002; Kuo et al., 2005; Adachi et al., 2006; Liu
et al., 2006] and also was recently detailed reviewed by
Pasko [2010, and references therein]. The electric field
measurement using spectral ratios is a very accurate
method of spectroscopic diagnostics to estimate the
electric field [Pasko, 2010].
[18] In this section, we compare the observed ratios of N2

+

1N to N2 2P emissions with the theoretical calculations from
ratios of excitation rates of N2

+ 1N to N2 2P bands from the
(A) Moss et al. [2006] and the (B) Sentman et al. [2008].
For a more detailed analysis of the temporal evolution of
excited bands, we consider the zero-dimensional models:
the (C) simple analytic model and the (D) plasma chemistry
model [Sentman et al., 2008; Sentman and Stenbaek-
Nielsen, 2009; Kuo et al., 2011; Kuo et al., 2012] with
different applied reduced electric field, E/N, where E is the
electric field and N is ambient neutral density. We want to
know a reasonable magnitude of the reduced electric field
in the halo region for the reported halo event.
[19] Halo emissions are results of time-integrated radiative

emissions, which are excited by large-scale ionized waves in

the middle atmosphere corresponding to lightning generated
electric fields [Barrington-Leigh et al., 2001; Hiraki et al.,
2004; Hiraki and Fukunishi, 2006; Luque and Ebert, 2009;
Qin et al., 2011, 2012, 2013]. For the time resolution 0.1
ms of the SP, the ratio of total N2

+ 1N to N2 2P emission de-
pends only on the local electric field. The lifetimes of N2

+ 1N
to N2 2P bands are 70 ns and 50 ns [Vallance-Jones, 1974],
respectively. Therefore, the difference in time scale of emis-
sions for calculating the emission ratio at the time of peak
value is not a serious problem [Sentman et al., 2008].
Besides, their projected areas of N2

+ 1N or N2 2P emissions
also have an impact on the calculated emission ratio since
SP integrates all emissions in the FOV of the photometric
measurement. We compare the ratio of peak emission of
N2

+ 1N to N2 2P bands with integration time 0.1 ms for
the SP with modeling results, and that would decrease the
effect due to the different projected areas of N2

+ 1N or
N2 2P emissions.
[20] The ambient conductivity at an altitude ~80 km is

~10�8–10�7 S/m, and the corresponding maximum dielectric
relaxation time τσ= ε 0/σ [Pasko et al., 1998] is 8.84 × 10�12/
10�8 ~ 1 ms for conductivity 10�8 S/m or 0.1 ms for conduc-
tivity 10�7 S/m. We used the reduced electric field waveform
with different time scale as inputs to excite the N2 2P and N2

+

1N emissions in the optical models. The general waveform of
the electric field pulse at a halo altitude 80 km is assumed to
be a Gaussian shape,

Ev tð Þ ¼ Eh � t � t0ð Þ2=τ2E
h i

(1)

with peak electric field Eh at time t0 = 3τE and possible time
constants τE = 0.01, 0.1, 0.3, 0.5 ms, shown in Figure 6.
The choices of τE are associated with ambient conductivity,
10�8–10�7 S/m or increased conductivity.

Table 2. The Percentage of N2 1P, 2P, and N2
+ 1N Emission Bands

in the SP2 (Centered at 337 nm), SP3 (Centered at 391.4 nm), and
SP4 (608.9–753.4 nm) Photometric Readings

SP2 SP3 SP4

N2 1P -- -- 20.9%
N2 2P 21.3% 0.45% --
N2

+ 1N 0% 57.8% --
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Figure 6. The assumed Gaussian shaped waveform of the
electric field pulse in the halo with τ = 0.01, 0.1, 0.3, 0.5 ms
to be considered as applied electric fields in our zero-dimen-
sional plasma chemistry models. The derived photon
emission rate of the N2

+ 1N to N2 2P in comparison with
observed ratios is used to estimate the magnitude of the
electric field.
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[21] For the (C) simple analytic model, we solve the elec-
tron density continuity equation for electric field Ev higher
than the conventional breakdown electric field Ek,

dne
dt

¼ vine; (2)

where vi is the ionization rate, as a function of electric field Ev

(t). The ionization rate coefficients can be checked in the ta-
ble of Sentman et al. [2008]. The analytic solution of electron
density in the above equation is written as

ne tð Þ ¼ ne0e
∫t0vi Ev tð Þ½ �dt (3)

where the initial electron density ne0 is ne(t) at t= 0. We also
solve numerically the number density of N2 (C

3∏ u) and N2
+

B2∑þ
u

� �
, which are upper states of N2 2P C3∏u � B2∑þ

u

� �
transition and N2

+ 1N B2∑þ
u � X 2∑þ

g

� �
transition, respec-

tively. The number density of upper states of N2 2P and
N2

+ 1N band emissions is provided by

∂nk
∂t

¼ vknenN2 � Aknk ; (4)

where ne and nN2 are the number density of electron and mo-
lecular nitrogen;nN2 is 2.8 × 10

14 cm�3 at halo altitude 80 km;
vk is a function of the reduced electric field; Ak is the Einstein
coefficient, 2.0 × 107 s�1 and 1.6 × 107 s�1 for N2 2P and N2

+

1N emission bands, respectively.
[22] For the (D) plasma chemistry model at halo altitude of

80 km, we apply the magnitudes of electric field from 150 Td
to 350 Td with every step 50 Td to obtain the ratios of N2

+ 1N
to N2 2P for τE = 0.1, 0.3, 0.5 ms. The plasma chemistry
model was adopted using the kinetic scheme [Sentman
et al., 2008; Kuo et al., 2011; Kuo et al., 2012]. In this

scheme, chemical reactions associated with N2(C
3∏ u) are

initially dominated by the electron-impact process,

eþ N2→eþ N2 C3∏u

� �
; (5)

and, for longer time scales, N2(C
3∏ u) can be excited via the

collisional activation reaction with N2 A3∑þ
u

� �
[Sentman

et al., 2008],

N2 A3∑þ
u

� �þ N2 A3∑þ
u

� �
→N2 C3∏u

� �
: (6)

[23] Other chemical reactions associated with number
density N2(C

3∏ u) are related with the quenching reactions
of N2(C

3∏ u) with N2 and O2,

N2 C3∏u

� �þ O2→N2 þ O 1S
� �þ O 3P

� �
(7)

and

N2 C3∏u

� �þ N2→N2 þ N2 a′
1
Σ�
u

� �
: (8)

[24] For Nþ
2 B2Σþ

u

� �
, the dominant chemical reaction is the

electron-impact process,

eþ N2→2eþ Nþ
2 B2Σþ

u

� �
; (9)

and the quenching processes with N2 and O2 are not impor-
tant at a halo altitude of 80 km,

Nþ
2 B2Σþ

u

� �þ N2;O2→N2;O2 þ Nþ
2 X 2Σþ

g

� �
: (10)

[25] The results of the ratio of N2
+ 1N to N2 2P emissions

from the (D) plasma chemistry model are compared with
the (C) simple analytic model at the same magnitude of ap-
plied reduced electric field for halo emission ratios.
[26] In Figure 7, the dashed line indicates the measured ra-

tio (~0.027 ± 0.007) from the emission ratio of N2
+ 1N to N2

2P in the ISUAL recorded halo, as discussed in section 3.1.
The observed ratio is compared with the ratio of photon emis-
sion rate from modeling results. We show (A) the ratio of
emission rates of N2

+ 1N to N2 2P emission in the work of
Moss et al. [2006], (B) the ratio of emission rates of N2

+

1N to N2 2P in the work of Sentman et al. [2008], (C) simple
analytic model with τE = 0.01, 0.1, 0.3, 0.5 ms, and (D)
plasma chemistry model for a time period 0.1, 0.3, and 0.5
ms of the electric field pulse [Sentman et al., 2008;
Sentman and Stenbaek-Nielsen, 2009; Kuo et al., 2011;
Kuo et al., 2012]. In Figure 7, we plot the theoretical calcula-
tions from the above models for different time scales of τE.
The lines for different time scales of τE in the model are
overlapped in Figure 7.
[27] The photon emission rates of N2

+ 1N and N2 2P bands
are dominated by their corresponding electron-impact excita-
tion and solely dependent on the magnitude of the peak
electric field at time t= t0. Different time scales of τE have
almost the same values of the emission rate ratios,
overlapped in Figure 7. If we consider the complete set of
the (D) plasma chemistry model, the results of time periods
τE = 0.1, 0.3, 0.5 ms of the electric field pulse do not change
ratios too much. That implies that photon emission rates of
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1N
/N

2 
2P

+

Figure 7. We compare the observed ratios of N2
+ 1N to N2

2P emissions with the theoretical calculations from the ratio
for the excitation rates of N2

+ 1N to N2 2P bands from (A)
Moss et al. [2006] and (B) Sentman et al. [2008]. For a more
detailed analysis of the temporal evolution of excited bands,
we consider the zero-dimensional models: (C) simple
analytic model and (D) plasma chemistry model
[Sentman et al., 2007; Kuo et al., 2011; Kuo et al.,
2012] with the applied different reduced electric field
and find a reasonable magnitude of reduced electric field
in the halo region for the reported halo event. The dashed
line indicates the value 0.027 derived from the SP photo-
metric readings.

KUO ET AL.: N2
+ 1N BAND IN HALOS

5323



N2
+ 1N and N2 2P bands are mostly dependent on associated

electron-impact excitation reactions. Other involved chemi-
cal reactions have little effect on the photon emission rates
of N2

+ 1N and N2 2P bands.
[28] The ratios derived from (A) and (B) are shown in

green and black solid lines with data points of “+” and “◇.”
The results are associated with emission rates of direct
electron-impact excitation for N2

+ 1N to N2 2P band without
considering the electron density. For considering the electron
density, the results from (C) and (D) are shown in blue and
red solid lines with data points of “” and “□.” From equation
(3), the electron density is exponentially increased by the
time-integrated constant of the ionization rate. The ionization
rate is a function ofEυ tð Þ; and the time of its maximum value
of ionization rate at t = t0 corresponds to the time of maxi-
mum electric field from equation (1).
[29] The localized electron density achieves its maximum

value at the end of the time period of the applied electric field
at a time, t > t0 þ 3τE . The emission rate, vknenN2Ak , is
proportional to the radiative emission rate (vk) of number
densities of N2 (C3Πu) and Nþ

2 B2Σþ
u

� �
, which is multiplied

by the electron density (ne), molecular nitrogen density nN2ð Þ;
and their Einstein coefficients (Ak). Since the electron
density is not reaching its maximum value at the time of
maximum electric field, the maximum value of the multipli-
cation will be delayed after the time of electric field, t = t0.
Therefore, the time of maximum emission rate is at the time
of weaker electric field, following the time of maximum
electric field. Therefore, the ratio derived from the (C)
simple analytic model has a lower value in comparison with
that from (B).
[30] The plasma chemistry model also considers the colli-

sional activation reaction with N2 A3∑þ
u

� �
[Sentman et al.,

2008] in equation (6). The number density of N2 C3Πu

� �
in the (D) plasma chemistry model has a higher value than
that of (C). The increase of emission rate of N2 2P band will
lower the value of the ratio of N2

+ 1N to N2 2P, as shown in
Figure 7. In Figure 7, the magnitude of the reduced electric
field in maximum brightness of halo is implied to be 250
Td in comparison with model (A), or 275–325 Td with
models (B), (C), and (D). Recently, modeling studies of halos
[Qin et al., 2012, 2013] have shown the case study of +CG
with charge moment change 800 C km and the duration of
lightning current 0.4 ms. The maximum electric field near
the halo altitude 80 km can be as high as ~2 Ek, which is also
applicable to the case of�CGs [Qin et al., 2013]. In compar-
ison with the observed halo, the estimated electric field is
2 ~ 3 Ek where 1 Ek is ~120 Td. If the ambient condition of
conductivity and electron density profiles is similar, the
estimated CMC of lightning for the observed halo is expected
to be higher than 800 C km.
[31] The chemical reactions associated with increased elec-

tron density include electron-impact ionization, e +N2,
O2→N2

+, O2
+ + 2e, ionization by heavy particles collision,

N2 a′
1Σ�

u

� �
þ N 2 a′

1Σ�
u

� �
→N2 þ N 2 þ e or N 2 a′

1Σ�
u

� �
þN 2 A3Σþ

u

� �
→N 2 þ N 2 þ e, and charge transfer from asso-

ciative detachment of N2 and O2, e
� +O2→O+O� and

O� +N2→N2O+ e�. From the results of the (D) plasma
chemistry model, maximum reaction rate of electron-impact
ionization is at least five orders higher than reaction rates of

ionization by heavy particle collisions and charge transfer
from associative detachment. The increase of electron
number density in the halo is dominated by ionization pro-
cesses with molecular nitrogen and oxygen. We can neglect
the contribution from ionization by heavy particles collision
and charge transfer from associative detachment of N2 and
O2. Therefore, the only ionization process in equation (2) is
considered in the (C) simple analytic model.

3.3. Impact of the Ionization Processes on the Dielectric
Relaxation Time in Halos

[32] We also seek the recorded electric and magnetic field
of the parent lightning of halos by a ground station. We can-
not estimate the electric field at halo altitudes without consid-
ering the relaxation of the electric field since the conductivity
at halo altitudes is very high. A lightning discharge can po-
tentially produce an electric field many times higher than
the conventional breakdown field at halo altitudes or at
higher altitudes. But the electric field cannot penetrate into
such high altitudes because of high ambient conductivity.
The comparison between the ambient electric field calculated
using the total charge moment change and the estimated
electric field from halo emissions could only show how fast
the field is relaxed by the conductivity in the halo region in
order to know if the conductivity is enhanced by the halo.
Based on the estimated electric field from the emissions, it
is found that the electric field is higher than the conventional
breakdown electric field and ionization emission in halo
regions is detected. The significant electron density enhance-
ment due to ionization exists in the halo region increases the
ambient conductivity. The electric field in the halo region
relaxes faster than that expected from the calculation of
relaxation time due to ambient electron density, in agreement
with previous modeling studies of halos [Pasko et al., 1997;
Qin et al., 2011, 2012, 2013].
[33] The Nagycenk Observatory, Hungary (NCK; 47.62°N,

16.72°E, 513.8 Hz sampling rate, 5–30 Hz passband) [Sátori
et al., 1996; Sátori and Zieger, 1996] provided continuous
time series of the vertical electric field and the horizontal
magnetic field. They have searched their data archive for
ELF transients corresponding to the halos detected by the
ISUAL satellite [Williams et al., 2012].
[34] In Table 1, we list the estimated charge moment

change (CMC) from NCK ELF data for five halos whose
parent lightning originated below the Earth’s limb in the
ISUAL data set. For the halo (31 July 2006 0626:29.850)
with significant N2

+ 1N emission, NCK ELF data show the
parent lightning to be a negative CG flash with an estimated
CMC �1450 C km. The halo also had the maximum
brightness among the events listed in Table 1. The
ISUAL-estimated halo coordinates lie at a ~298° azimuth
and a ~10.5 Mm distance from the NCK ELF station where
1 Mm=106 m. The source azimuth and range based in the
ELF geolocation are 300° and 11.1 Mm, respectively. The
overall distance between the ISUAL-estimated coordinates
and the ELF-geolocated coordinates is 680 km, which is
quite good for ELF data [Boccippio et al., 1995].
[35] For the halo (31 July 2006 0626:29.850) with signifi-

cant N2
+ 1N emission and the estimated CMC �1450 C km.

The CMC is expressed by Qh where h is the altitude of the
cloud charge andQ is the total charge removed. It is assumed
that the altitude of the removed charge for the parent
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lightning is ~7 km, and the corresponding removed charge
~200 C. For distances higher than the size of the charge re-
gion (several kilometers), the electric field can be simplified
as a dipole electric field, the removed charges inside the
cloud Q

4πε0 z�hð Þ2 and their mirror charges �Q
4πε0 zþhð Þ2 for the con-

ductive ground where Q is the removed charge in Coulombs
at an altitude h; z is the halo altitude at 80 km; ε0 is the electric
permittivity in free space. For total removed charges 200 C at
an altitude of 7 km, the maximum electric field at the halo al-
titude 80 km is ~100 V/m. The neutral density is 1.14 × 1020

m�6 at the altitude of 80 km. The reduced electric field is
~100 V/m/1.14 × 1020 m�6 ~ 8.7 × 10�19 Vm2. For 1 Td
(Townsend) = 10�21 Vm2, the reduced electric field for the
recorded charge moment change is ~870 Td, which is much
higher than the estimated electric field (275–325 Td) from
optical emission ratio. But, as described before, the fast
relaxation of the electric field in the halo region should be
considered. The estimated electric field using charge moment
is three times as great as the estimated electric field from halo
emissions, which is overestimated without considering
relaxation due to the ambient and increased conductivity at
halo altitudes.
[36] The ionization emissions in the observed halo show

the evidence of the increased electron density at halo alti-
tudes that also contributes the ambient conductivity. For elec-
tric field waveform with Gaussian shape of electric field
pulse (250 Td) with τE = 0.01, 0.1 ms, as described in equa-
tion (3), the electron density is increased as ~1.7 and ~100
times of the ambient electric density. The ambient electron
density in the halo region ranges between 106 and 107 m�3.
The increase of electron density also contributes to the con-
ductivity, σ= qeneυe, where υe is the drift velocity with
~105–106 m/s for magnitude of reduced electric field ~1–3
Ek. The increased ambient conductivity is qeneυe ~
1.6 × 10�19 C × 108 m�3 × 105 m/s ~ 10�6 S/m. The increased
ambient conductivity will shorten the dielectric relaxation
time ε0/σ of electric field to a smaller time period. The in-
creased conductivity 10�6 S/m or higher value corresponds
to an electric field relaxation time of 0.01 ms or shorter time.
The observational evidence discussed in section 3.1 also
supports the estimation of conductivity enhancement. For
the halo event (31 July 2006 0626:29.850), the electron
density increased as 1–2 orders of magnitude higher than am-
bient electron density. That corresponds to the assumed elec-
tric field waveform with Gaussian shape of electric field
pulse (250 Td) with τE ~ 0.01 ms or shorter time.
[37] The increased ambient electron density will shorten

the relaxation time of the electric field and will also lower
the peak value of applied electric field by lightning at halo
altitudes. For applied electric field E with a shorter relaxation
time, the ambient electric field cannot attain its peak value of
external electric field E*. That can be explained by the equa-
tion, σE þ ε0 ∂E

∂t ¼ ε0 ∂E�
∂t [Neubert et al., 2011]. The above

equation satisfies that ∇ �∇×H= 0 where H is the magnetic
field strength.
[38] Besides the increased conductivity, we discuss an-

other reason to overestimate the electric field at halo altitudes
in the previous paragraph. Due to the 5–30 Hz passband of
NCK ELF station, the minimum time resolution is ~3.3 ms.
Without high time resolution< 1 ms. We cannot obtain the
temporal evolution of current moment at the time of halo

peak emission. The characteristics of lightning current impul-
siveness cannot be resolved. Only the time-integrated current
moment is obtained. Li et al. [2012] used Duke ULF/ELF
sensor (0.1–500 Hz) and resolved the lightning current
moment of the parent lightning. Using the Duke ULF/ELF
data set, Lang et al. [2011] also found the lightning without
following sprite still had large CMC, nearly 1400 C km on
average. Lang et al. [2011, and references therein] suggest
that the time variation of the CMC along with parent-light-
ning current moment may play an important role in determin-
ing sprite occurrence. The CMC is not a perfect indicator of
sprites productivity. In simulation studies of sprite halo,
Qin et al. [2013] also concluded a minimum CMC of ~500
C km is required to produce sprites with �CG while only
~350 C km for positive sprites following +CG under typical
nighttime conditions. A more impulsive lightning current
will produce a brighter halo at halo altitudes and will lead
to more intense large-scale ionization. Due to the increased con-
ductivity, the persistence of the electric field is shorter at halo
altitudes. That cause of more impulsive ±CG leads to the
requirement of a stronger inhomogeneities in order to initiate
streamers [Qin et al., 2013]. Williams et al. [2012] also found
the ISUAL recorded halos whose parent lightning �CG with
extremely high CMC without identified sprite structure.
[39] In our results, the electric field (250–325 Td) at an al-

titude 80 km estimated using the ratio of N2
+ 1N to N2 2P in

the halo region experienced a faster relaxation than that
estimated using the ambient electron density, which implies
a significant conductivity enhancement due to ionization in
the halo region.

4. Summary

[40] To trace ionization emission of the N2
+ 1N band, we

used ISUAL SP2 (centered at 337 nm) and SP3 (centered at
391.4 nm) photometric data to retrieve the N2

+ 1N ionization
emission. The effect of atmospheric transmittance and the
blue shift of the SP filter due to the inclined angle of incident
light are considered for our photon calculation. For the halo
event recorded at UT 0626:38.806 on 31 July 2006, the
time-integrated photon intensity of N2 1P, N2 2P, and N2

+

1N emission is 2.2 × 105, 2.1 × 104, and 7.4 × 102 photons
cm�2 at the distance of 4130 km. The total photons in the
N2 1P, N2 2P, and N2

+ 1N band emission are 4.6 × 1023,
4.3 × 1022, and 1.6 × 1021 photons, respectively. The ambient
neutral and electron density is 1.14 × 1014 and 1–10 cm�6 at
the altitude of 80 km. In halo region, the ionization degree is
~4 × 10-12 and the electron density increased as 1–2 orders of
magnitude higher than ambient electron density. From the
emission ratio of N2

+ 1N to N2 2P, the reduced electric field
is estimated to be 275–325 Td in comparison with modeling
results. The measured electric field in the bright halo region is
higher than the conventional breakdown electric field. The
recorded electric field related to this halo event is produced by
a lightning discharge that has a total charge moment change of
�1450 C km. Based on the estimated electric field from optical
emissions, it is found that the lightning-induced electric field in
the bright halo region is significantly relaxed with a rate faster
than that estimated using ambient electron density, in agreement
with previous modeling results showing that the electron
density enhancement due to the ionization processes leads
to a short dielectric relaxation time inside the halo region.
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