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Abstract 

This study presents a first simultaneous observation of N+

2
 Meinel (0,0) band (hereafter, N+

2
 (M)) aurora by cutting-edge 

short-wavelength infrared imaging spectrograph (NIRAS-2) and monochromatic camera (NIRAC) installed at the Kjell 
Henriksen Observatory (78◦ N, 16◦E). On January 21 2023, N+

2
 (M) intensification that is associated with a band-

shape aurora structure was observed by the NIRAS-2 and the NIRAC having temporal resolutions of 30 s and 20 s, 
respectively. In addition, the European incoherent scatter Svalbard Radar also observed electron density varia-
tions at the same time. Electron density measured at altitude range from 100 km 120 km shows similar variations 
as of N+

2
 (M) intensity, which implies that a primary source of N+

2
 (M) emissions is direct collisions of N2 by precipitating 

electrons penetrating down to around 100 km altitude (up to 10 keV). However, the observation also demonstrated 
moderate correlations between N+

2
 (M) intensity and electron density above 140 km, which implies that different 

N
+

2
 (M) generation process, N2 charge exchange with O+ , may work up to near 160 km and make a non-negligible 

contribution to N+

2
 (M) emissions. This hypothesis would be verified with further radar observations or stereo imaging 

observations useful to estimate the vertical distribution of the emission layers. The N+

2
 (M) is a very promising target 

wavelength for aurora observation because the quality of sensors is highly expected to improve further and further. 
Continuous observations with our new instruments will undoubtedly provide an important information of N+

2
 (M) 

characteristics, for future missions of both balloon-borne and satellite-borne imaging.
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Graphical Abstract

Introduction
Auroral emission bands resulting from transitions 
between the A2

�u and X2
�

+
g  states of N+

2  in near infra-
red regions have been discovered by Meinel (1951). Fol-
lowing the discovery of this N+

2   Meinel system, several 
N

+

2   Meinel bands and N2 1st positive bands were also 
found in short-wavelength infrared (SWIR) regions (Har-
rison and Jones, 1957 and references therein). More 
detailed spectroscopic investigations in SWIR ( ∼ 1.6 
µm  ) have intensively been done in the 1970s (e.g. Gat-
tinger and Jones 1973; Jones and Gattinger 1976; Gat-
tinger and Jones 1981; Dalin et  al. 2015); however, only 
a few study focusing on SWIR aurora was done after 
Remick et  al. (2001). In contrast, SWIR measurements 
of hydroxyl (OH) airglow have been active over the past 
decade because of recent advances in indium gallium 
arsenide (InGaAs) focal plane array (FPA). It enables to 
measure OH (3,1) band at 1.5 µm with high temporal res-
olutions by a 1-D imaging spectrograph (Schmidt et  al. 
2013; Singh et  al. 2023) and a monochromatic imager 
with narrow full-width at half-maximum (FWHM) opti-
cal filters (Pautet et al. 2014).

Zhou et  al. (2007) proposed to take images of sunlit 
aurora continuously using a monochromatic N+

2   Meinel 
(0,0) band camera mounted on a scientific balloon fly-
ing at upper stratospheric altitudes. They also did test 
observations of a panchromatic InGaAs camera in twi-
light from the ground, and succeeded in taking auroral 
structures in a slant view. More recently, Nishiyama et al. 
(2021) reported detailed spectral characteristics in OH 
Meinel (3,1) band and N+

2   Meinel band (1,2) measured 
ground-based 1-D InGaAs spectrograph of Near Infra-
Red Aurora and airglow Spectrograph, hereafter NIRAS. 

The NIRAS also succeeded updating auroral spectrum 
from 0.9 µm  to 1.3 µm associated with auroral breakup 
with a 30-s time resolution (see Additional file 1 in more 
detail).

However, despite growing its importance, SWIR aurora 
is less observed so far, and therefore, further investiga-
tions are obviously needed for understanding SWIR 
auroral properties such as generation process, inten-
sity, emission altitude, precipitating electron energy, etc. 
Simultaneous N+

2  Meinel (0,0) band and incoherent scat-
ter radar observations have never been done. This is why 
typical center altitudes of N+

2   Meinel (0,0) band emis-
sion layer were mainly speculative based on only optical 
measurements, and therefore, the generation process of 
N

+

2   in the state A2
�u is still under debate. In addition, 

since N+

2  Meinel (0,0) band is thought to be not affected 
by resonant scattering from N+

2  uplifted to the upper ion-
osphere (Remick et  al. 2001), pure auroral emissions in 
N

+

2  Meinel (0,0) band can be measured from the ground 
in twilight/sunlit time when N+

2  in the upper ionosphere 
are illuminated by solar radiations. This is important 
especially for high-latitude regions, where twilight hours 
are longer than at mid and low latitudes. In accordance 
with this scientific background, two cutting-edge opti-
cal instruments have been developed to further eluci-
date SWIR aurora: Near InfraRed Aurora and airglow 
Spectrograph-2 (NIRAS-2) and Near InfraRed Aurora 
and airglow Camera (NIRAC). Ground-based observa-
tions with the new two instruments have been initiated at 
the Kjell Henriksen Observatory (KHO), Longyearbyen 
(78.1◦ N, 16.0◦ E) since November 2022 to study magne-
tosphere–ionosphere–atmosphere coupling processes in 
the high polar regions. In this paper, initial results based 
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on simultaneous observations of the two instruments and 
the European incoherent scatter Svalbard Radar (ESR) 
are presented.

Instruments
The NIRAS-2 is a brand-new SWIR imaging spectro-
graph designed for the wavelength range from 1.05 to 
1.35 µm in which sky background intensity is weaker than 
in visible subrange. It targets on strong auroral emissions 
such as the N+

2  Meinel (0,0) band (hereafter, N+

2  (M)) and 
the N 2 1st Positive bands (0,0, and 0,1) as well as on the 
airglow of OH Meinel bands. The NIRAS-2 is composed 
of three SWIR lenses, three slits (30-, 60-, and 90-µm  ), 
two volume phase holographic gratings (VPHGs) (950 
lpmm and 1500 lpmm), an optical filter to remove higher 
order diffraction light, and 2-D InGaAs FPA. Different 
types of slits and VPHGs can be switched by actuators, 
and therefore, wavelength and spectral resolution of the 
observation target can be changed remotely. If the high-
dispersion grating is used (called aurora fine mode), 
spectral bandpass are 0.21 nm and 0.44 nm with the 30- 
and 60-µm slits, respectively. Its field-of-view (FOV) and 
angular resolution are 55 degrees and 0.11 degrees per 
pixel.

The NIRAS measures only at single point along the 
magnetic filed line and is equipped with an InGaAs FPA 
with relatively large dark noise (-52±0.2◦C). On the other 

hand, the NIRAS-2 has one-dimensional FOV and, is 
characterized as low and stable dark noise of the InGaAs 
FPA due to 4-stage peltier cooling system (-80±0.01◦C). 
The former allows us to distinguish spatial and temporal 
changes in highly variable aurora phenomena along the 
meridional direction. As a result, auroral arc structures 
with meridional width as narrow as few degrees can be 
spatially resolved. The latter is important especially for 
analysis of airglow emissions. The main target of the 
NIRAS-2 airglow observations is the OH Meinel bands 
from 1.05 to 1.35 µm  that are relatively weak compared 
to the OH (3,1) band. The NIRAS-2 can not only meas-
ure the OH bands intensities with enough quality but it 
also estimates OH rotational temperature, which has 
been difficult to perform with the NIRAS.

In addition to the NIRAS-2, a brand-new SWIR imager, 
NIRAC, has been developed focusing on aurora emis-
sions in N+

2  (M). The N+

2  (M) is about two orders brighter 
than the N+

2  1st negative band at 427.8 nm (Remick et al. 
2001), which means that the band can be a good indi-
cator of energetic electron precipitations. The imager 
consists of a few commercial SWIR lenses that are typi-
cally used for security/defense purposes, plano-convex 
lenses, a custom optical filter (center: 1113 nm, FWHM: 
13.8 nm) and a 2-D InGaAs FPA. Total optical system is 
fast (F-number 1.5) and its meridional coverage of the 
NIRAS-2 (84◦ × 68◦ ) is slightly wider than the meridi-
onal coverage of the NIRAS-2. NIRAC can visualize two-
dimensional structures of not only aurora but also even 
weak OH airglow with a cadence of less than 30 s. Thus, 
the NIRAC is used as a twin instrument to the NIRAS-2 
to help in interpreting meridional scan data obtained 
from the NIRAS-2. Detailed specifications of the both 
optical instruments are shown in Table 1.

Absolute sensitivity of both the instruments was cali-
brated by light sources consists of two integrated spheres 
with different diameters (76-inch and 6-inch) and dif-
ferent lamps in the following two steps. At first, using 
spatially uniform light, which is traceable to the spectral 
irradiance standard of National Metrology Institute of 
Japan, emitted from a port (diameter less than 20 mm) of 
the small integrated sphere, absolute sensitivity was cali-
brated only in the centers of the FOVs. Next, light from 
the large integrate sphere, which can illuminate the whole 
FOVs, was used to calibration for non-uniform sensitivity 
within the FOVs caused by each optical system.

FOV calibration of the NIRAC was performed by esti-
mating positions of reference stars. The camera opti-
cal model was chosen as the third-order polynomial. 
By comparing theoretical horizontal coordinates of 
reference stars with their measured coordinates, ten 
coefficients of the third-order polynomial were calcu-
lated. These ten coefficients describe all possible optical 

Table 1 Key properties of the NIRAS-2 and the NIRAC 

a  Other three modes with different targets and resolutions are also available

Specifications of the NIRAS-2

  Field-of-view 0.11◦ × 55◦ (Meridional direction)

  Spatial resolutions 0.11◦ , 0.19 km near the center 
of the FOV

  Time resolutions 30 seconds

  2-D FPA 640 × 512 pixels, 15-µm pixel size, -80.0◦

C

  Aurora fine modea

  Spectral resolutions 
(FWHM)

0.21/0.44 nm with 30-/60-µm slit

  Wavelength range 1065 –1135 nm

  Target emissions N
+

2
 Meinel (0,0) (and OH Meinel (5,2))

Specifications of the NIRAC 

 Field-of-view 84◦ × 68◦

 Spatial resolutions 0.13◦ , 0.25 km near the center 
of the FOV

 Time resolutions 15 or 20 or 30 sec

 Filter center wavelength 1113 nm

 Filter width (FWHM) 13.8 nm

 2-D FPA 640 × 512 pixels, 20-µm pixel size, -55.0◦

C

 Target emissions N
+

2
 Meinel (0,0) and OH Meinel (5,2)
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distortions in the whole camera optical path. Then the 
georeference procedure, projecting each pixel of the sen-
sor on the Earth’s surface, was done assuming the mean 
N

+

2   (M) emission altitude of 110  km. Detailed informa-
tion on the optical calibration, georeference procedure 
and error analysis can be found in Dalin et  al. (2015). 
The NIRAS-2 has captured many dark frames in differ-
ent modes and at different exposure times previously in 
a laboratory. For the NIRAC, six dark frames are taken 
automatically before doing every daily observation.

In addition with such optical instruments, a result of a 
special experiment for the ESR requested by the United 
Kingdom on January 21, 2023 is demonstrated. In the 
experiment, only a 42-m antenna radar aligned along the 
direction of the local geomagnetic field (elevation 82.3◦ 
and azimuth 189.6◦ ) was in operation. The FOV of the 
NIRAC covers the local magnetic zenith, but the one of 
the NIRAS-2 does not. This is because it is approximately 
along the magnetic meridian and rotated by -25 ◦ in the 
azimuthal direction.

Results
One event in which intensification of N+

2   (M) was 
observed by the NIRAS-2 and the NIRAC on January 
21, 2023 is reported. This was the first ever simultane-
ous spectral and monochromatic imaging of N+

2   (M) 
from the ground. In addition, the ESR also observed 
ionospheric variations associated with the auroral activ-
ity at the same time. Figure 1 shows (a) an aurora image 
taken by the NIRAC with 20-s exposures that is mapped 
onto geographical coordinate at 110-km altitude and 

(b) a dark-subtracted image of aurora spectrum in for-
mat of wavelength (horizontal) and space (vertical) axes 
taken by the NIRAS-2 with 30-s exposures. In Fig. 1(a), 
a darkmagenta line indicates the FOV of the NIRAS-2, 
and darkmagenta circle, diamond, and cross are the posi-
tions of the KHO, the NIRAS-2 data of interest in sub-
sequent analyses, and the ESR beam. The NIRAC shows 
a banded-shape structure with a peak intensity is 35 kR 
and the intensity corresponding to the position of the 
magenta diamond is about 30 kR. More detailed tempo-
ral and spatial variability of the aurora event can be seen 
in Additional file 2 that is a NIRAC movie for 24 h start-
ing from local noon on the date. Enhanced aurora spec-
trum of N+

2  (M) can be seen in between pixels 380 (1103 
nm) to 500 (1120 nm) along the wavelength axis. Figure 2 
shows the corresponding spectral lines for a region sur-
rounded by the white region in Fig. 1(b).

Figure 2(a) shows 10-min averaged spectrum as refer-
ence of background made from ones taken before begin-
ning of the aurora activity (blue) and taken at the peak 
intensification (orange), respectively. Nominal aurora 
spectrum, which is created by subtracting the reference 
from the spectrum of interest, is a red line plot in Fig-
ure 2b. Three peaks related to N+

2   rotational motion are 
clearly seen with a spectral resolution of 0.44 nm. Abso-
lute intensity integrated between 1103 and 1120 nm 
(indicated by red vertical lines) is estimated to be about 
50.0 kR. On the other hand, a green line plot is convolu-
tion of the nominal aurora spectrum and the NIRAC fil-
ter function. It demonstrates that the NIRAC can capture 
the most part of N+

2   (M) spectrum. Absolute intensity 

Fig. 1 a An image of a band-shaped aurora obtained by the NIRAC. It is mapped onto geographical coordinates at 110 km altitude. White dotted 
lines on the image are Altitude-Adjusted Corrected GeoMagnetic (AACGM) latitude and longitude (Shepherd 2014). A darkmagenta line indicates 
the FOV of the NIRAS-2, and darkmagenta circle, diamond, cross are the positions of the KHO, the NIRAS-2 data of interest in subsequent analyses, 
and the ESR beam. b A dark-subtracted image obtained by the NIRAS-2 when the band-shaped aurora appeared. Horizontal and Vertical axes 
correspond to wavelength and space (meridional), respectively
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with the NIRAC filter is 38.6 kR, which is roughly con-
sistent with the NIRAC measurements.

Focusing on time evolution of N+

2  (M), a summary plot 
with a ground-based magnetometer at Longyearbyen and 
the ESR is shown in Fig. 3. N+

2  (M) intensity was enhanced 
twice between 18:20 and 18:55 UT (b and c) synchro-
nized with the observed H-component depletions (a). 
But, interestingly, the latter highest peak of N+

2   (M) was 
seen with a shallow depletion of the H-component. Fig-
ure  3b demonstrates the N+

2   (M) intensity observed by 
the NIRAS-2 and the NIRAC showing similar time vari-
ations with a high positive correlation coefficient of 0.90. 
Although the NIRAC underestimated the N+

2  (M) inten-
sity especially when the intensity became larger, the dif-
ference is still acceptable taking account into the NIRAC 
filter and optical dome transmittance. This is discussed 
below in more detail. Figure  3d shows electron density 
variations along the field line with 30-s cadence from 
80 to 300  km altitude observed by the ESR. During the 
same period, strong ionizations down to 90-km altitude 
occurred twice as well. Figure 3e shows electron density 

variations at specific altitudes (81, 97, 114, and 142 km) 
along the field line. Electron densities changed at these 
altitudes roughly in the same way as N+

2   (M) intensity, 
but the change is not clear at the lowest altitude. With 
regard to 142 km altitudes, electron density still kept high 
even after N+

2  (M) intensity decreased, which implies that 
N

+

2  (M) is effectively generated by electron precipitations 
penetrating down to around 100 km altitude.

More detailed comparisons between N+

2   (M) inten-
sity and electron density at different altitudes for the 
time interval from 18:20:07 to 18:54:07 are presented 
in Fig.  4. Figure  4a displays scatter plots for N+

2   (M) 
intensity observed by the NIRAS-2 versus electron 
density observed at 85–200 km altitudes, showing that 
the electron density is higher with increasing N+

2   (M) 
intensity. If ionization rate is proportional to square 
of electron density, which is true if electron den-
sity can be regarded as a steady state in the E region, 
then it would be expected that volume emission rate 
of N+

2   (M) has the same relationship with electron 
density. Figure  4b is correlation between the N+

2   (M) 

Fig. 2 a 10 min averaged spectrum taken before the aurora intensification (blue) and spectrum taken at the peak of the aurora intensification 
(orange). b Nominal aurora spectrum (red, see details in the text) and spectrum created from convolutions of the observed N+

2
 (M) spectrum 

and the NIRAC filter transmittance functions (green)
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Fig. 3 Summary plots for temporal evolution of the observed N+

2
 (M) with ionospheric variations. a H-component of geomagnetic fields, b 

N
+

2
 (M) intensity observed by the NIRAS-2 and the NIRAC, c dynamic spectrum from 1065 to 1135 nm obtained by the NIRAS-2, d electron density 

along the filed line as functions of altitude and time, and e electron density variations for the four different altitudes along the filed line observed 
by the ESR

Fig. 4 a Scatter plots for N+

2
 (M) intensity observed by the NIRAS-2 and electron density for different altitudes. b Correlation coefficients 

between the N+

2
 (M) intensity and the squared electron density as a function of altitudes. c A scatter plot for 110 km altitude in the same format as a. 

A red line is a fitted curve for the assumption that N+

2
 (M) intensity is proportional to the squared electron density
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intensity and the squared electron density as a func-
tion of altitudes from 85 to 200 km. The correlation is 
high in altitude range from 100 to 120 km with a peak 
at 110  km and the highest correlation coefficient of 
0.86. The correlation drops sharply near 130  km, and 
a sub-peak is also found at 162  km. It may be due to 
different production mechanism playing a role at dif-
ferent altitudes for the production of N+

2  (M) emission. 
Figure  4(c) is the same plot as (a) but for the altitude 
of 110  km. A red line is a fitted curve assuming that 
N

+

2   (M) intensity is proportional to squared electron 
density and it shows a good agreement with the obser-
vation. Therefore, the assumption, N+

2   (M) is mainly 
generated by direct electron impacts and its intensity 
is proportional to squared electron density, is estab-
lished well at the altitude. This is examined not only 
by the NIRAS-2 measurements (Corr. coeff., 0.86) but 
also by the NIRAC measurements (Corr. coeff., 0.72).

Discussion and conclusions
The first ever simultaneous spectroscopic and imaging 
observations of N+

2   Meinel (0,0) band at KHO on Janu-
ary 21, 2023 are presented. The former was done by the 
wide FOV imaging spectrograph with a 30-s cadence 
and a spectral resolution of 0.44 nm. The latter was suc-
cessfully done as the first monochromatic imaging of 
N

+

2   (M) aurora structures so far. The auroral intensi-
ties of N+

2   (M) measured by the both instruments show 
some agreement: 38 kR and 30 kR by the NIRAS-2 and 
the NIRAC, respectively. The intensity by the NIRAS-2 is 
1.3 times greater than by the NIRAC. Possible reasons for 
this discrepancy include differences in the time resolu-
tion and timing of the respective measurements, but fur-
ther investigation is needed. N+

2  (M) system has multiple 
lines in 1103–1134 nm range, and those at wavelength 
shorter than 1120 nm mainly contributed to total inten-
sity of N+

2  (M) as shown in Fig. 2. Intensity of the lines at 
longer wavelength is minor, and it is difficult to measure 
from the ground since they should be greatly absorbed by 
water vapor in the troposphere. A part of P-branch in OH 
(5,2) band also exists in the wavelength range, but typical 
their intensity is up to 3 kR, which is not significant with 
respect to the N+

2  (M) intensity. Therefore, measurement 
of N+

2  (M) up to 1120 nm is one of the key ways of gain-
ing signal-to-noise ratio especially for monochromatic 
imaging.

This case study shows the first simultaneous optical 
N

+

2   (M) observation and incoherent scatter radar obser-
vation. Generation processes of N+

2  (M) are poorly under-
stood partly due to the lack of simultaneous ionospheric 
observations. Previous studies have suggested that direct 
electron impact plays a dominant role in production of 
N

+

2   (A2
�u) (Jones and Gattinger 1976; Gattinger and 

Jones 1981; Remick et al. 2001). Based on the ESR obser-
vation, N+

2  (M) intensity correlates with squared electron 
density at 100–120 km very well. This is consistent with 
that a primary source of N+

2  (M) emissions is direct col-
lisions of N2 by precipitating electrons (up to 10 keV). 
However, the result also suggests that N+

2  (M) generation 
process worked at the same time near 160 km. A plausi-
ble candidate is charge exchange with O+ (Omholt 1957), 
which is expected to occur at higher altitude (> 120 km) 
(Dalin et  al. 2015). The charge exchange is believed 
to effectively produce N+

2   (A2
�u, ν

′
= 1) rather than 

N
+

2  (A2
�u, ν

′
= 0) , but this process may make a non-neg-

ligible contribution to N+

2   (M) emissions. This hypoth-
esis would be verified with further radar observations or 
stereo imaging observations useful to estimate the ver-
tical distribution of emission layers. Although the ESR 
demonstrated that continuous ionizations above 120 km 
probably associated by soft electron precipitations after 
19 UT, no any increases in N+

2   (M) intensity are seen 
during the period. This implies that for N2 −O+ charge 
exchange to be efficient energetic electron precipitations 
must be required as well.

Although further improvements will be applied to our 
system, it can be concluded that one method of ground-
based auroral observation in SWIR has been established 
and verified. N+

2   (M) is a very promising target wave-
length for aurora observation because the quality of 
InGaAs FPA is highly expected to improve further and 
further. Since N+

2   (M) intensity for International Bright-
ness Coefficient III aurora is estimated 160 kR (Gattinger 
and Jones 1981), such bright aurora events enable us to 
measure with high spectral resolutions and/or high tem-
poral resolutions. In addition, sky background intensity is 
weaker in SWIR than in visible subrange. Spectroscopic 
observations with higher spectral resolutions are effec-
tive in to suppress sky background intensity, which may 
allow us to more twilight/daytime aurora measurements 
even from the ground as was done in visible subrange 
(e.g. Rees et al. 2000; Pallamraju and Chakrabarti 2005). 
Another important aspect of N+

2  (M) is that it is consid-
ered as a target wavelength for sunlit auroral observations 
from stratospheric balloons (Zhou et al. 2020). Continu-
ous observations based on the new ground-based instru-
ments will undoubtedly provide an important feature 
of N+

2   (M), both for balloon-based observations and for 
future satellite-borne imaging missions.

Abbreviations
SWIR  Short-wavelength infrared
OH  Hydroxyl
InGaAs  Indium gallium arsenide
FPA  Focal plane array
FWHM  Full-width at half-maximum
NIRAS  Near InfraRed Aurora and airglow Spectrograph
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NIRAS-2  Near InfraRed Aurora and airglow Spectrograph-2
NIRAC   Near InfraRed Aurora and airglow Camera
KHO  Kjell Henriksen observatory
ESR  European incoherent scatter Svalbard radar
N
+

2
 (M)  N+

2
 Meinel (0,0) band

VPHG  Volume phase holographic grating
FOV  Filed of view
AACGM  Altitude-adjusted corrected geomagnetic coordinates
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Additional file 1: SWIR aurora and airglow spectrum observed by the 
NIRAS on May 8, 2018. This spectrum is obtained from the NIRAS working 
at Syowa station, Antarctica in 2018, and a spectral resolution is about 1.9 
nm. Top and bottom panels show spectrum from 0.9   to 1.15   and those 
from 1.00   to 1.30   , taken at the same night. Black lines are nightly mean 
spectrum that can be regard as background OH and     airglow spectrum. 
Red and blue lines are nominal aurora spectrum with 2.5 min and 30 s 
resolutions, corresponding to aurora intensification at 01:54:00 UT, May 
9, 2018. Many auroral emissions such as N+

2
 Meinel bands 

(

v
′
, v

′′
)

 = (1,0), 
(2,1), and (0,0) and N2  1st positive bands 

(

v
′
, v

′′
)

  = (0,0) and (0,1) are 
recognized.

Additional file 2: An NIRAC movie on January 21, 2023. This movie is 
created from the NIRAC images with 20-sec cadence. Time period of this 
movie is 24 h, starting form local noon on the date. A color scale ranges 
from 0 kR to 30 kR. White dotted lines in the image correspond to latitude 
and longitude calculated by AACGM version 2. The symbols indicate the 
same positions as shown in Fig. 1(a). Sky was covered with clouds in the 
most of the period; however, drastic changes in N+

2
(M) auroral intensity 

and structure can be seen during the period from 18 to 19 UT.
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