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Abstract 

A new five-wavelength photometer was developed and installed at the EISCAT Tromsø site (69.6°N, 19.2°E) in January 
2017. The photometer consists of two units: an optical unit and a control unit together with a PC. The photometer is 
capable of simultaneously observing auroral emissions with five wavelengths. A uniqueness of the present system 
is its capability of precise pointing, which enables pointing the photometer at the field-aligned position using a star 
image obtained with a coaxial digital camera. Another uniqueness of the system is its capability of taking data at a 
sampling rate of 400 Hz. Some preliminary results including correlations between 427.8 nm and 557.7 nm, 630 nm, 
777.4 nm, and 844.6 nm are presented. These comparisons are not significant unless all of the five wavelength emis-
sions emanated from exactly the same volume (i.e., magnetic zenith) in the ionosphere, which the present system has. 
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Introduction
The upper atmosphere in the polar region is significantly 
impacted by particle precipitation and the electric field 
originating from the magnetosphere. Great attention has 
been paid to auroral particle precipitation not only for 
the effect of ionizing and heating the polar thermosphere 
but also for its influence on the ozone distribution in the 
(upper) stratosphere (cf. Turunen et al. 2009; Isono et al. 
2014). Photometric observations can be used to infer an 
average energy of the precipitating electrons, which leads 
to derivation of ionospheric conductivities, and devia-
tion in the atmospheric composition induced by auroral 
heating (e.g., Gustavsson et  al. 2001; Hecht et  al. 1989, 
1999; Robinson and Vondrak 1994; Vallance Jones and 
Gattinger 1990; Scourfield et  al. 1971). The altitude of 
the lower border and the altitude of maximum emission 
depend strongly on the highest and typical energy levels 
of the precipitating electrons (Gustavsson et  al. 2001). 
For example, the emission intensities at wavelengths 
of 427.8  nm  (N2

+ first negative band) and 630.0  nm 

(metastable atomic state O(1D)) have been used to infer 
the characteristic energies and energy fluxes of them 
(Adachi et  al. 2017; Niciejewski et  al. 1989; Strickland 
et  al. 1989; Rees and Luckey 1974). The absolute emis-
sion rate of 427.8 nm radiation is related to the electron 
flux (Gustavsson et al. 2001; Rees and Luckey 1974), and 
the intensity ratio of 427.8–630.0  nm is related to the 
characteristic energy (e.g., Vondrak and Sears 1978). Fur-
thermore, the 630 nm emission is sensitive to the oxygen 
concentration (Meier et  al. 1989). For example, Hecht 
et  al. (1999) used photometric observations of auroral 
emissions (427.8, 630.0, 844.6, and 871.0  nm) to derive 
atmospheric extinction, the average energy of the pre-
cipitating electrons, and the atmospheric composition 
induced by auroral heating.

Allowed transitions (e.g., 427.8  nm, 777.4  nm, 
844.6 nm) correspond to a lifetime of the order of  10−8 s, 
while for forbidden transitions, a lifetime may range from 
milliseconds to hours; for example, the lifetime of the 
557.7 nm emission is estimated to be about 0.75 s (Val-
lance Jones and Gattinger 1990; Vallance Jones 1974). 
For observations of a highly dynamic aurora with sub-
second resolution, prompt emissions are needed. The 
most prominent atomic oxygen lines are the 3  s 5S–3p 
5P at 777.4 nm and 3 s 3S–3p 3P at 844.6 nm (see Fig. 2 
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of Lanchester et al. 2009). The 777.4 and 844.6 nm lines 
result from an allowed transition in atomic oxygen (Val-
lance Jones and Gattinger 1990; Lummerzheim et  al. 
1990). They have excitation thresholds above 10 eV and 
therefore are most suitable for characterizing low energy 
precipitation (Lanchester et al. 2009). The 777.4 nm line 
is a multiplet: 777.196  nm, 777.418  nm, and 777.54  nm 
(Hecht et  al. 1985). The 844.6 emission is also a multi-
plet that consists of three lines at 844.636, 844.638, and 
844.676 nm (Hecht et al. 1985; Krassovsky et al. 1962).

It should be noted that the photometer measurements, 
like other single-point measurements, have an unavoid-
able weakness. The time variation of emissions integrated 
along the magnetic field line is a partial differential value 
with time and a mixture of the temporal and the spatial 
variations, and hence it is not possible to differentiate 
between the two variations only from the photometer 
observation. To overcome this point, a highly sensitive 
all-sky imager has been operative at the same location, 
which would yield both temporal and spatial distribution 
of the aurora around the position where the photometer 
measures. The all-sky imager is equipped with EMCCD 
camera which enables us to observe the 2D structure 
of aurora at a temporal resolution of 100 Hz. These two 
measurements are complementary, that is, the photom-
eter is capable of providing the (1) the absolute amount 
of (2) several wavelengths emissions with (3) very fast 
samplings, all of which are difficult for the present all-sky 
imager to provide.

A four-wavelength photometer was operated at the 
EISCAT (Folkestad et  al. 1983) Tromsø site (69.6°N, 
19.2°E) between 2002 and 2016, and data were used for 
derivation of the conductivities (e.g., Adachi et al. 2017; 
Oyama et  al. 2013) and monitoring the auroral activity 
(e.g., Takahashi et  al. 2015). Adachi et  al. (2017) com-
pared height-integrated conductivities derived from the 
EISCAT radar measurements and the photometer oper-
ated at Tromsø. They used 427.8 nm and 630 nm emis-
sions for derivation of characteristic energy and flux of 
the auroral particle electrons and derived ionospheric 
conductivities. Although the photometer measurements 
tended to underestimate conductances, they showed a 
good agreement in temporal variations of height-inte-
grated conductivities (i.e., conductances) between the 
two methods, suggesting usefulness of photometer meas-
urements. Furthermore, photometer measurements pro-
vide important information on auroral activities.

First, reasons for the choice of five wavelengths are 
presented, and new features of the new photometer are 
emphasized. Second, we present some observational 
results: Differences in temporal variations between 
427.8  nm emission and the other emissions (557.7, 
630, 777.4, and 844.6  nm) are paid attention. Possible 

candidates which cause a rapid response of the 630  nm 
emission are mentioned in the discussion section. Finally, 
this paper ends with a summary and conclusion.

Choice of five wavelengths
We have adopted the following emissions: 427.8, 557.7, 
630.0, 777.4, and 844.6  nm. As already mentioned, the 
427.8 nm emission is directly related to the electron flux 
(Gustavsson et  al. 2001; Rees and Luckey 1974), and a 
combination of the 427.8 nm with any of the 630, 777.4, 
or 844.6 nm emissions will enable deriving a characteris-
tic energy of precipitating electrons (Adachi et al. 2017; 
Lanchester et  al. 2009). The 557.7 nm emission is the 
brightest line among those, about five times more intense 
than that of the 427.8 nm emission. Thus, the 557.7 nm 
emission is most effectively used for the study of less 
bright pulsating auroras. Furthermore, time lag between 
427.8 and 557.7 nm emissions can be used for derivation 
of change of molecular oxygen (cf. Scourfield et al. 1971), 
while time delay of 630 nm can be used for derivation of 
change of atomic oxygen (cf. Kalogerakis et al. 2009). For 
derivation of the characteristic energy of auroras which 
rapidly vary in intensity, such as pulsating auroras, the 
allowed lines (777.4 and 844.6  nm) are a better choice 
than the 630 nm emission.

New capabilities of the photometer
The present photometer has two new features com-
pared to the previous one. One is a pointing capability 
for ensuring the field-aligned measurements. For inci-
dent electron energies greater than a few keV, the auro-
ral spectrum is dominated by the oxygen green line at 
557.7 nm and by the band systems of  N2 and  N2

+, with 
the total luminosity proportional to net energy flux, 
while the higher altitude emissions of O and  O+ become 
increasingly significant when the characteristic energy 
(E0) decreases (Semeter et al. 2001). Under these circum-
stances, 427.8 and 557.7  nm emissions predominantly 
emanate in the lower thermosphere (about 90–130 km), 
while 630, 777.4, and 844.6  nm emissions mainly ema-
nate in the thermosphere (above about 200  km). The 
difference of heights should be considered carefully and 
taken seriously when using multiple emissions to derive 
the energy of the precipitation auroral electrons. Field-
aligned measurements are essential because the auroral 
electrons precipitate along the field lines. In other direc-
tions, the observed ratios of two emissions cannot be 
directly related to energy in a simple way (Vallance Jones 
and Gattinger 1990).

Another new feature is its fast data sampling. The 
present photometer is capable of yielding data with 
the maximum sampling rate of 400  Hz/channel, giving 
meaningful information below the Nyquist frequency, 
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400/2 = 200  Hz. Such a fast sampling enables us to dis-
cover fast varying phenomena that have never been pos-
sible to identify before. For example, more than 10  Hz 
rapid modulations that are considered to be embedded in 
pulsating auroras have not yet been observationally con-
firmed by optical instruments.

Optical unit
The photometer consists of two units: an optical unit and 
a control unit with a PC. Figure 1a illustrates a schematic 
diagram of the optical unit of the photometer. The opti-
cal unit consists of a head part, four dichroic mirrors, 
five optical bandpass filters, five photomultiplier tubes 
(PMTs), and several kinds of lenses and mirrors. The ele-
vation angle of the head part can be adjusted by an eleva-
tion adjuster.

A digital camera can be attached for pointing of the 
photometer. Figure 1b depicts the optical unit of the pho-
tometer in more detail, and Table 1 summarizes param-
eters of the optical devices used with numbers shown 
in the figure. The size of the optical part (except for the 
head part) is 509  mm (400  mm) × 200  mm × 110  mm 
(H). In Fig. 1b, the auroral light comes into the photom-
eter through the head part on the left side of the figure: 
the head part uses a lens (No. 1) and a prism mirror 
(No. 2). The incident light is focused at a pinhole (No. 4) 
with the two lenses (No. 1, and 3), expands after passing 
through the pinhole, and is collimated with a lens (No. 5). 
The diameter of the pinhole is 2 mm which determines, 
together with the lenses (No. 1 and 3), the field of view 
(FOV), more precisely the “receiving area,” of the pho-
tometer to be about 0.98 degrees. The FOV size is cho-
sen to be close to that of the EISCAT_3D radar (Tsuda 
et  al. 2016) for future simultaneous observations. Pass-
ing through the lens (No. 5), the incident light is split 
by dichroic mirrors (No. 6, 7, 8, 9); the first, second, and 
fourth dichroic mirrors are long-pass filter types, and 
the third one is a short-pass filter type. Five sets of band-
pass filters (No. 14, 15, 16, 17, 18) and PMTs are used for 
simultaneous measurements of five-wavelength auroral 
lights. Just before entering into PMTs, sets of lenses (No. 
19 or 20) adjust the beam width of the incident light to 
the acceptance surface of the PMTs. Regarding the point-
ing of the photometer, the incident light is reflected per-
pendicularly except for the light into the pinhole (No. 4). 
The reflected light passes through a field lens (No. 11) is 
collimated with the lens (No. 12) and is used for point-
ing with a coaxial digital camera. To show more clearly 
how the incident light is split and led into the PMTs, 
Fig.  1c depicts distribution of the dichroic mirrors. The 
1st dichroic mirror reflects 97% of the incident light with 
wavelengths of 350–480  nm, while it passes about 85% 
of the incident light with wavelengths of 520–1600  nm. 

The second dichroic mirror reflects 97% of the inci-
dent light with wavelengths of 460–570  nm, while it 
passes about 85% of the incident light with wavelengths 
of 625–1600  nm. Consequently, passing through the 
two dichroic mirrors, the intensity of the incident light 
is depreciated by about 30%. Ch1 and Ch2 are used for 
measurements of 427.8  nm and 557.7  nm emissions, 
respectively. The third dichroic mirror passes about 80% 
of the incident light with a wavelength of 400–680  nm: 
The passing light is used for measurements of 630  nm 
or 664.6 nm. The bandpass filter before the PMT (Ch3) 
can be easily replaced, so we can replace one of the filters 
easily with another on site. The 4th (last) dichroic mir-
ror reflects 98% of the incident light with a wavelength 
of 450–790  nm, and Ch4 is used for measurements of 
777.4  nm emission. The passing light (90%) is used for 
measurements of 844.6  nm at Ch5. The bandpass fil-
ters used are summarized in Table  2. The full width at 
half maximum (FWHM) of the filters is 2 nm except for 
777.4 nm (2.5 mm) and 664.6 nm (13 nm), and the shapes 
of the transmittance of all the filters are mostly trapezoid. 
Usually targeted wavelengths are located around the 
center of the filter transmission area except for the fil-
ter for 777.4 nm. To avoid possible contamination from 
molecule nitrogen lines (i.e., 775.37 and 775.2 nm), a fil-
ter centered at 777.9 nm is used. At channel 3, a filter of 
664.6 nm was used before April 16, 2017, and then a fil-
ter of 630 nm was used between September 6, 2017, and 
March 22, 2018. The filters used in the photometer are 
made by Andover Inc. with a diameter of about 25 mm, 
an effective diameter of 21 mm, and a thickness of about 
7 mm.

Pointing capability of the photometer
One of the major improvements in this new photometer 
as already mentioned is a pointing capability using star 
images obtained with a coaxial digital camera. Figure 2a 
depicts the schematic diagram of the divider part (No. 4 
in Fig. 1b), Fig. 2b shows its cross-section diagram. The 
diameter of the pinhole is 2 mm, and the optic axis of the 
pinhole is pointed to be parallel to the incident light from 
the prism mirror and lenses (No. 1 and 3 in Fig. 1b). The 
diameter of the outer circle of the pinhole part is 4.5 mm, 
and some of the incident light is lost when entering into 
the area between the outer circle and outside of the pin-
hole. The incident light, except for that entering the outer 
circle (diameter 4.5  mm), is reflected by the mirror for 
the input for a coaxial digital camera.

Figure  3 shows a star image obtained with a digital 
camera (Nikon D5200) with an exposure time of 10  s 
at 19:51:20 UT on September 28, 2017, on the right, 
together with a star image from the astronomical soft-
ware (StellaNavigator8 produced by AstroArts Inc.) at 
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Fig. 1 a Schematic diagram of the optical unit of the photometer. b Block diagram of the optical part of the photometer. Unit is in mm. c 
Schematic diagram of distribution of the dichroic mirrors of the photometer. Penetration and reflection efficiencies of the dichroic mirrors with 
corresponding wavelength intervals are shown
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the same time on the left. Stars which are brighter than 
a magnitude of 10 are shown. The black-filled solid cir-
cle around the center of the image on the right side (i.e., 
the image of the digital camera) corresponds to the area 
where the incident light is used for the photometer itself 
as well as the light lost due to the design (see above). 
The white cross on the left image indicates the local 
field-aligned position (i.e., Azimuth = 187.1° and Eleva-
tion = 77.6°). We compare the two images in terms of 
distribution of stars. Although shapes of stars are a bit 
distorted in the image taken with the digital camera, we 
can compare the two images well. Thus, we claim that the 
photometer observed auroral emissions along the local 
field line (i.e., magnetic zenith).

Table 1 List of optical devices

No. Device type Comments; unit is in mm

1 Lens D50 f200

2 Prism mirror Enhanced aluminum coated

3 Lens D50 f150

4 Mirror 56.57 × 40 (with pinhole)

5 Lens D25 f40

6,7,8,9 Dichroic mirror 25.2 × 35

10 Mirror 25 × 35; protected gold

11 Lens D50 f250

12 Lens D50 f100

13 Lens D25 f400

14,15,16,17,18 Bandpass filter See Table 2

19 Lens D25 f35

20 Lens D25 f30

Table 2 List of bandpass filters produced by Andover Inc.

*FWHM: Full width at half maximum

Center wavelength (error) FWHM* (error) Numbers in Fig. 1b Targeted auroral emissions

Ch1 427.8 nm (+ 0.4/− 0 nm) 2.0 nm (± 0.5 nm) 14 N2
+ 1NG:427.8 mm

Ch2 557.7 nm (+ 0.4/− 0 nm) 2.0 nm (± 0.5 nm) 15 OI(1S): 557.7 nm

Ch3 630.0 nm (+ 0.4/− 0 nm) 2.0 nm (± 0.5 nm) 16 OI(1D): 630.0 nm

Ch3 664.6 nm (± 2.0 nm) 13 nm (± 3.0 nm) 16 N2 1PG: 664.6 nm

Ch4 777.9 nm (+ 0.4/− 0 nm) 2.5 nm (± 0.5 nm) 17 OI(3p5P): 777.4 nm

Ch5 844.6 nm (+ 0.4/− 0 nm) 2.0 nm (± 0.5 nm) 18 OI(3p3P): 844.6 nm

To camera

To PMT

a b

Fig. 2 a Schematic diagram of the divider part (pinhole) of the photometer. b Cross-section diagram of the divider part of the photometer. Unit is 
in mm
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StellaNavigator8. AstroArts Inc.

Fig. 3 A star chart (left) and a sky image (right) obtained by digital camera with an exposure time of 10 s at 19:51:20 UT on September 28, 2017. The 
cross on the left chart denotes the position of the local field-aligned position (Azimuth = 187.1° and Elevation = 77.6°). The diameter of the circle on 
the left is 2 degrees, and the field of view of the star images are about 8° × 6°
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Fig. 4 a Schematic diagram of the signal processing in the optical unit, control unit, and PC. b Response of the control unit (Ch1) with a low-pass 
filter of 200 Hz as function of frequency. Output intensity is normalized
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Control unit
The control unit of the photometer is stored in a box 
(150 mm (H) X 320 mm (W) X 330 mm (D)). Figure 4a 
depicts a schematic diagram showing how the signal 
from a PMT is treated and is led into an A/D converter 
(ADC) on the board in the PC, as well as how gains of 
PMTs are controlled by PC. Signal gains are controlled in 
two ways: One is by using an amplifier (AMP1), and the 
other is using PMT high voltage (HV) controlled by PC 
through D/A converter (DAC). In general, first we choose 
an amplifier module (AMP1) at each channel and then 
control input voltage to PMTs by checking signal inten-
sities based on auroral observations. We have made four 
kinds of amplifier modules (gains being amplified by 1, 
10, 100, and 1000), and we select one for each channel 
depending on intensity of auroral emissions. The ampli-
fier module (AMP1) also adjusts the voltage offset. We 
used 100, 10, 10, 10, and 100 times gain between Febru-
ary 1 and April 16, 2017, and 100, 10, 10, 100, and 1000 
times gain between September 6, 2017, and March 22, 
2018, respectively, for Ch1 (427.8  nm), 2 (557.7  nm), 3 
(664.6  nm or 630  nm), 4 (777.4  nm), and 5 (844.6  nm). 
The amplifier modules are integral calculus inversion 
amplification circuits. The signal from a PMT is ampli-
fied at the first amplifier module (AMP1) and then passes 
through a low-pass filter (LPF). Regarding the low-pass 
filter, the cutoff frequency of either 20 Hz or 200 Hz can 
be chosen. Twenty Hertz between February 1 and April 
16, 2017, and 200  Hz between September 6, 2017, and 
March 22, 2018, were used. Then, the signal is led into 
the second amplifier module (AMP2; no amplification 
is made here, but the signal is inverted in voltage) and 
then led into an A/D converter (ADC; 16 bit, 5 micro-
sec/channel) installed in the computer (PC: ITC-N3620, 
Interface Corporation). The computer acquires data from 
the photometer in this way and also controls high volt-
age (HV) levels of the PMTs by sending signals through 
a D/A converter (DAC). Concerning the PMTs, H11902-
210 for Ch1 is used and H11902-20 is used for the other 
channels; all the PMTs are produced by Hamamatsu Pho-
tonics K.K. Gains of the PMTs are controlled by input 
voltage that ranges from + 0.5 to 1.1  V. The input volt-
age is controlled by the observational program using HV 
setting values ranging from 0 to 100 (arbitrary unit). The 
voltage signal from DAC ranging from 0 to 10 V is sent 
to the transformation circuit inside the optical unit, and 
then the circuit transforms the voltage signal to a lower 
signal level between 0 and 1.1  V. When a HV value is 
increased by 5 under conditions where HV values are 
greater than 50, the gain is roughly doubled. We set HV 
values as 75, 75, 75, 80, and 75 between September 6 to 
19, 2017, and 75, 75, 80, 80, and 75 between September 
20, 2017, and March 22, 2018, for Ch1, 2, 3, 4, and 5, 

respectively. Figure 4b depicts the response of the control 
unit (in the case of Ch1) with a low-pass filter of 200 Hz 
to input signals with frequency between 5 and 1000 Hz. 
Almost no loss of the input signal at less than 100 Hz is 
found, showing that obtained data can be used for analy-
sis of high-frequency variation of auroral emissions such 
as pulsating auroras.

Observational scheme
The observational program of the photometer is written in 
C language. The observational procedure is as follows: (1) 
power on the photometer system with zero voltage applied 
to the PMTs and amplifiers, (2) obtain dark level data at the 
beginning of the observation for 20 min with high voltage 
(HV) loaded on the PMTs, (3) obtain sky data (i.e., meas-
urements of auroral light), (4) once an hour, obtain dark 
level data for 10 s, (5) obtain dark level data for 10 min at 
the end of the observation, (6) apply zero voltage on the 
PMTs and amplifiers, and (7) power off the system. We 
obtained data at a 400 Hz sampling rate between Septem-
ber 6, 2017, and March 22, 2018, and at 20 Hz between Feb-
ruary 1 and April 16, 2017. A shutter device was installed 
during the summer season (i.e., between May and August 
2017); before then, we did not obtain dark level data.

The digital camera (Nikon D7200) automatically made 
all-sky image observations every day (http://www.isee.
nagoy a-u.ac.jp/~eisca t/obs/d5000 /html/sky_image .html) 
between September 6, 2017, and March 22, 2018. The 
observation program was written in C and Visual Basic 
languages. Sky images were taken every 30  s with an 
exposure time of 8 s, except for the first and last intervals 
of 1 h each. During these intervals, the exposure time was 
set to 1 s because of a brighter sky.

Finally, Table  3 summarizes information on PMTs, 
amplifier values in AMP1, and HV setting values used 
between September 20, 2017, and March 22, 2018. In 
addition, standard deviation values (in Rayleigh) of dark 
noise levels on the night of October 19, 2017, are listed 
for 20 Hz and 1 s data. In Table 3, those on the night of 
January 22, 2018, are presented.

Results
Here, in order to prove performance of the photometer, 
we present temporal variations as examples of auroral 
emissions obtained with the photometer on two nights. 
On both of the two nights, the auroral activity was high: 
Auroral arcs appeared in the evening sector, and diffuse 
and pulsating auroras appeared in the morning sector. 
We also present comparison of temporal variations of the 
427.8 nm emission with the others (557.7, 630, 777.4, and 
844.6 nm).

http://www.isee.nagoya-u.ac.jp/%7eeiscat/obs/d5000/html/sky_image.html
http://www.isee.nagoya-u.ac.jp/%7eeiscat/obs/d5000/html/sky_image.html
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Case 1: October 19, 2017
Figure  5 shows photometer data with five wavelengths 
obtained between about 16:34 UT on October 19 and 
about 04:25 UT on October 20, 2017. On that night, 
there was a clear sky after about 16:44 UT. The auroral 
activity was high and auroral emissions showed sharp 
rises of luminosity at several times between 16:56 UT 
and 21:00 UT. On the other hand, pulsating auroral fea-
tures could be found in the morning sector between 
about 01 and 04 UT. The photometer observed auroral 
emissions at five wavelengths: 427.8 nm  (N2

+ first nega-
tive), 557.7  nm (OI (1S)), 630  nm (OI(1D)), 777.4  nm 
OI(3p5P), and 844.6 nm (OI(3p3P)) at a 400 Hz sampling 
rate. These temporal variations of luminosity with 1 s of 
averaged data are presented from top to down, respec-
tively, in Fig. 5. At around 20:16 UT, an auroral breakup 
occurred. To show temporal and spatial development of 
auroral forms, nine all-sky images taken by digital camera 
(Nikon D7200) every 30  s with an exposure time of 8  s 
between 20:14:39 and 20:18:39 UT (time is a start time of 
the exposure) are shown in Fig. 6. The field-aligned posi-
tion is indicated by a red plus sign (+). Figure  7 shows 
temporal variations of luminosity with 0.05 s (i.e., 20 Hz) 
resolution between 20:16:48 and 20:16:59 UT when the 
auroral emissions were at maximum at all the channels. 
In particular, we focus on the time difference between 
the 427.8 nm emission and the others (557.7, 630, 777.4, 
and 844.6 nm). Due to difference of luminosity, the lumi-
nosity values of 557.7, 630, 777.4, and 844.6  nm emis-
sions were multiplied by 0.1, 5, 2, and 2, respectively. 
Comparing emissions of 427.8  nm and 557.7  nm, the 
557.7  nm emission was delayed (as expected) because 
the 557.7  mm line is a forbidden line and takes about 
0.75 s (depending on quenching effect) to emit photons. 
The temporal variations between 427.8 nm and 777.4 or 
844.6 nm lines are very similar, because these are prompt 
emissions (cf. Semeter et al. 2001; Lanchester et al. 2009). 

It is a bit surprising to see a difference of temporal vari-
ations of 427.8 nm and 630 nm emissions. There seems 
to be no time difference at the sharp rise of emissions at 
about 20:16:50 UT, although the 630 emission (OI(1D)) 
has a long radiative lifetime (about 40–120 s; cf. Ono and 
Hirasawa 1992, Semeter et  al. 2001). We will consider 
this issue later in the discussion section. Time differences 
between two lines are more clearly seen in Fig. 8, show-
ing scatter plots between 427.8  nm and 557.7  nm (top-
left) or 630  nm (top-right) or 777.4  nm (bottom-left) 
or 844.6  nm (bottom–right). The correlation between 
427.8  nm and 557.7  nm is the worst (correlation coeffi-
cient = 0.56) as shown on the top-left in Fig. 8, while the 
other emissions show a good correlation with 427.8 nm. 
Figure  9 compares temporal variations (20  Hz data) of 
auroral luminosities (557.7, 630, 777.4, and 844.6  nm) 
(red solid lines) with 427.8  nm (black solid lines) lumi-
nosities for 3 min between 20:57:00 and 21:00:00 UT on 
the same night. During the interval, rapid rises of the 
intensity of the 427.8  nm emission are seen at several 
times. Time differences are seen between 427.8 nm and 
557.7 nm or 630 nm, and the temporal variations as well 
as luminosities are very similar to each other between 
427.8, 777.4, and 844.6 nm.    

In the morning sector, pulsating auroras appeared 
as shown in Fig.  5. Figure  10 shows temporal varia-
tions of auroral luminosities (20 Hz data used) at 557.7, 
630, 777.4, and 844.6  nm together with overplotting of 
427.8 nm emission intensity for 2 min between 01:06:00 
and 01:08:00 UT on October 20, 2017. The emission of 
427.8  nm shows clearly a pulsating auroral feature, and 
also the other emissions show similar variations except 
for the emission of 630  nm. Figure  11 shows spectra of 
auroral emissions at the five wavelengths, derived by 
the Lomb–Scargle method which is based on the least-
squares frequency analysis of unequally spaced data (see 

Table 3 Standard deviation values (R) of  dark noise together with  information on  PMT, AMP1, and  HV values on  (a) 
October 19, 2017, (b) January 22, 2018

*Produced by Hamamatsu Photonics K.K

Ch1 (427.8) Ch2 (557.7) Ch3 (630) Ch4 (777.4) Ch5 (844.6)

a

 PMT* H11902-210 H11902-20 H11902-20 H11902-20 H11902-20

 AMP1(times) 100 10 10 100 1000

 HV (arbitrary unit) 75 75 80 80 75

 Dark noise (20 Hz) (R) 1.3 19.1 19.0 43.1 97.5

 Dark noise (1 s) (R) 0.7 5.3 4.8 10.4 23.6

b

 Dark noise (20 Hz) (R) 1.5 13.2 13.9 29.3 66.0

 Dark noise (1 s) (R) 1.1 2.8 2.9 6.3 14.6
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Fig. 5 Temporal variations of the auroral emissions obtained with the photometer with five wavelengths between about 16:34 UT on October 
19 and about 04:25 UT on October 20, 2017. The emissions of 427.8 nm, 557.7 nm, 630 nm, 777.4 nm, and 844.6 nm (1 s of averaged data) are 
presented from top to bottom



Page 10 of 31Nozawa et al. Earth, Planets and Space          (2018) 70:193 

Press and Rybicki 1989; Hocke 1998). The horizontal 
dashed lines denote the 99% significance level. At all the 
emissions, they show clear peaks at 1/5, 1/9.1, 1/11, and 
1/20 Hz (i.e., corresponding to periods of 5, 9.1, 11, and 
20  s, respectively) shown by vertical dotted lines. These 
oscillations lasted for several seconds to several minutes, 
and dominant periods varied with time. On the other 
hand, longer oscillations were also found. For example, 
Fig. 12 shows spectra derived from auroral emission data 
for 30 min between 01:30 and 02:00 UT on October 20, 
2017. In this case, oscillation with a period of 225 s was 
dominant except for 630 nm where a period of 200 s was 
dominant. These results prove the photometer will pro-
vide good data sets for studies of pulsating auroras.

Case 2: January 22, 2018
Figure 13 shows temporal variations of auroral emissions 
at the five wavelengths with 1  s of averaged data over 

the night between about 15:16 UT on January 22 and 
about 06:35 UT on January 23, 2018. It was partly cloudy 
until 18:50 UT on January 22, but then the sky cleared 
and remained clear until the end of the observation. The 
auroral activity was high between about 18 and 20 UT, 
and then pulsating auroras appeared in the morning sec-
tor between about 01 and 05 UT on January 23. Figure 14 
compares temporal variations of the 427.8  nm (black 
solid lines) and 557.7, 630, 777.4, and 844.6 nm (red solid 
lines) for 2 min between 19:43:00 and 19:45:00 UT, and 
Fig.  15 shows scatter plots between 427.8  nm and the 
other four emissions. Here 20  Hz data are presented. 
Figure  16 shows four sky images between 19:43:10 and 
19:44:40 UT every 30 s with an 8 s exposure time. Dur-
ing the interval, several bright discreet auroras showed 
up above Tromsø and covered FOV of the photometer. 
In Fig. 14, it is a bit surprising that no timing differences 
of the emissions between 427.8 nm and 630 nm are seen. 

Fig. 6 All-sky images taken with a digital camera (Nikon D7200) every 30 s with an exposure time of 8 s between 20:14:39 UT and 20:19:39 UT on 
October 19, 2017. The field-aligned position, where the photometer was pointed, was indicated by a red plus sign (+)
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Figure  15, scatter plots, also shows good correlations 
between 427.8 nm and the other emissions except for the 
557.7 nm emission. Although the cross-correlation value 
between the two emissions of 427.8 and 557.7 nm is 0.98, 
there seems to be some temporal difference between the 
two lines, but it is not clear compared to the other case of 
Fig. 8.

Figure  17 shows comparisons of temporal variations 
of emissions between 427.8  nm and 557.7  nm, 630  nm, 
777.4  nm, and 844.6  nm from top to down for 1  min 
between 22:33:00 UT and 22:34:00 UT. The 557.7  nm 

emission was delayed by about (less than) 1  s, and the 
630 emission also shows some delay. The other two 
lines, 777.4 and 844.6  nm, show very similar tempo-
ral variations with 427.8  nm emission. Figure  18 shows 
scatter plots and shows a clearly different response of 
the 557.7  nm emission against the 427.8  nm emission, 
although the cross-correlation value is high (0.96). The 
630  nm emission also shows a different response from 
the 427.8 nm emission.

In the morning sector, pulsating auroras with relatively 
dark luminosity appeared and lasted for about 3–4  h. 
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Fig. 7 Comparisons of temporal variations of auroral emissions (20 Hz data) between 427.8 nm (black solid line) and 557.7 nm, 630 nm, 777.4 nm, 
and 844.6 nm from top to bottom are presented for 11 s between 20:16:48 UT and 20:16:59 UT on October 19, 2017. The emission intensity values of 
557. 7 nm, 630 nm, 777.4 nm, and 844.6 nm are multiplied by 0.1, 5, 2, and 2, respectively, and denoted in red solid lines
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Figure 19 shows temporal variations of the emissions at 
557.7, 630, 777.4, and 844.6 nm (red solid lines) together 
with the 427.8 nm (black solid line) emission for 12 min 
between 02:12 and 02:24 UT on January 23, 2018. One 
second average data are presented. All the emissions 
show pulsating auroral features. The luminosity was 
relatively dark with about 0.5 kR for all the emissions 
except for 557.7 nm. A delay can be seen between emis-
sions of 427.8 nm and 557.7 nm, while no delay is seen 

between 427.8 nm and 630 nm. Figure 20 confirms these 
by scattering plots. The scatter plots between 427.8  nm 
and the others are well correlated with 427.8  nm emis-
sions except for the 557.7 nm emission. Figure 21 shows 
spectra for the five emissions derived from 20  Hz data. 
Several dominant oscillations are seen, but the period of 
16.74 s was the most dominant at all the emissions for the 
time interval.
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Fig. 8 Scatter plots of auroral intensities (20 Hz data) between 427.8 nm and 557.7 nm (top-left), 630 nm (top-right), 777.4 nm (bottom-left), and 
844.6 nm (bottom-right) between 20:16:48 UT and 20:16:59 UT on October 19, 2017. Red solid lines are fitted lines determined with the least square 
fit
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Discussion
Based on simultaneous observations of the five wave-
lengths, we have shown temporal variations of the auro-
ral lights of 427.8 nm, 777.4 nm, and 844.6 nm are very 
similar, and the emission of 557.7 nm is usually delayed 
(by about 1 s) from that of 427.8 nm. Of particular inter-
est are resemblances of temporal variations sometimes 

occurring between 427.8  nm and 630  nm emissions, 
although it is thought that the emission of 630  nm 
has a long lifetime (i.e., 40–120  s). Based on High Fre-
quency Active Auroral Research Program (HAARP) 
ionospheric heating experiments, Pedersen et  al. (2008) 
showed an altitude profile of the effective lifetime of the 
630  nm emission; the effective lifetime was below 20  s 

20:57:00 20:58:00 20:59:00 21:00:00
Time (UT)

0

1

2

3

4

Lu
m

in
os

ity
 (

kR
)

X0.1
5577 & 4278

20:57:00 20:58:00 20:59:00 21:00:00
Time (UT)

0

1

2

3

4

Lu
m

in
os

ity
 (

kR
)

X0.5
6300 & 4278

20:57:00 20:58:00 20:59:00 21:00:00
Time (UT)

0

1

2

3

4

Lu
m

in
os

ity
 (

kR
)

X1.0
7774 & 4278

20:57:00 20:58:00 20:59:00 21:00:00
Time (UT)

0

1

2

3

4

Lu
m

in
os

ity
 (

kR
)

X1.0
8446 & 4278

Fig. 9 This figure is the same as Fig. 7 except for the interval between 20:57:00 and 21:00:00 UT on October 19, 2017, and multiplied factors of 0.1, 
0.5, 1, and 1 for the emissions of 557.7 nm, 630 nm, 777.4 nm, and 844.6 nm, respectively
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at 190 km and rose to over 90 s at an altitude of 350 km. 
Rapid responses of the 630  nm emission were reported 
by Eather (1969) and Vallance Jones et al. (1987). Eather 

(1969) showed pulsations of the 630 emission with quasi-
periods of 2 to about 20 s with relative amplitude of less 
than 1% in the morning side when 427.8 and 557.7  nm 

01:06:00 01:06:20 01:06:40 01:07:00 01:07:20 01:07:40 01:08:00
Time (UT)

0.0

0.5

1.0

1.5

2.0

Lu
m

in
os

ity
 (

kR
) X0.1 5577 & 4278

01:06:00 01:06:20 01:06:40 01:07:00 01:07:20 01:07:40 01:08:00
Time (UT)

0.0

0.5

1.0

1.5

2.0

Lu
m

in
os

ity
 (

kR
) X1.0 6300 & 4278

01:06:00 01:06:20 01:06:40 01:07:00 01:07:20 01:07:40 01:08:00
Time (UT)

0.0

0.5

1.0

1.5

2.0

Lu
m

in
os

ity
 (

kR
) X1.0 7774 & 4278

01:06:00 01:06:20 01:06:40 01:07:00 01:07:20 01:07:40 01:08:00
Time (UT)

0.0

0.5

1.0

1.5

2.0

Lu
m

in
os

ity
 (

kR
) X1.0 8446 & 4278

Fig. 10 This figure is the same as Fig. 7 except for the interval between 01:06:00 and 01:08:00 UT on October 20, 2017, and multiplied factors of 0.1, 
1, 1, and 1 for the emissions of 557.7 nm, 630 nm, 777.4 nm, and 844.6 nm, respectively
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Fig. 11 Spectra for the five emissions between 01:06:00 and 01:08:00 UT on October 20, 2017. The horizontal dashed lines denote the 99% 
significance level. The vertical dotted lines denote oscillations of 1/5, 1/9.1, 1/11, and 1/20 Hz (i.e., periods being 5, 9.1, 11, and 20 s, respectively). 
Closed (open) circles denote data whose values are greater (smaller) than the 99% significance level
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Fig. 12 Spectra for the five emissions between 01:30:00 and 02:00:00 UT on October 20, 2017. The horizontal dashed lines denote the 99% 
significance level. The vertical dotted lines denote oscillations of 1/200 and 1/225 Hz (i.e., periods being 200 and 225 s, respectively). Closed (open) 
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Fig. 13 Temporal variations of the auroral emissions (1 s averaged) obtained with the photometer with five wavelengths between about 15:16 UT 
on January 22, 2018, and about 06:35 UT on January 23, 2018. The emissions of 427.8 nm, 557.7 nm, 630 nm, 777.4 nm, and 844.6 nm (1 s averaged 
data) are presented from top to bottom
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Fig. 14 Comparisons of temporal variations of auroral emissions (20 Hz data used) between 427.8 nm (black) and 557.7 nm, 630 nm, 777.4 nm, 
and 844.6 nm from top to bottom are presented between 19:43:00 UT and 19:45:00 UT on January 22, 2018. The emission intensities of 557. 7 nm, 
630 nm, 777.4 nm, and 844.6 nm are multiplied by 0.1, 5, 2, and 2, respectively, and denoted in red solid lines
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emissions showed similar pulsations with relative ampli-
tude of 60%. Eather (1969) pointed out these pulsations 
of the 630  nm emission are due to a quenching effect 
of O(1D) occurring below about 170  km (depending on 
a pulsation period). Liang et  al. (2016) showed a red-
line (630  nm) pulsating aurora whose magnitude was 
substantially smaller than that of the concurrent pul-
sating auroras and pointed out that the altitude range 
contributing most to the red-line pulsating aurora was 
systematically lower than that of the steady-state red-
line aurora. This idea would explain the pulsation event 
of the 630 nm emission appearing between 01:06:00 and 

01:08:00 UT on October 20, 2017, as shown in Fig.  10, 
because the portion of the pulsation intensity is small. 
However, as shown in Fig.  7, a swift rise of the 630 nm 
emission coordinating with the rapid rise of 427.8  nm 
cannot be explained well, because most portions of lumi-
nosity intensity show a good correlation with that of the 
427.8  nm emission. This might suggest the 630  nm line 
can emanate at much lower heights (below 170  km or 
lower) than usually expected.

A cause would be due to contamination from other 
lines. One candidate line is  N2 1PG (10,7) (632.3  nm) 
band emissions (cf. Ono 1993) which is a prompt 
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Fig. 15 Scatter plots of auroral intensities (20 Hz data) between 427.8 nm and 557.7 nm (top-left), 630 nm (top-right), 777.4 nm (bottom-left), and 
844.6 nm (bottom-right) obtained for 2 min between 19:43:00 UT and 19:45:00 UT on January 22, 2018. Correlation coefficients (CC) are also shown 
at each panel. Red solid lines are fitted lines determined with the least square fit
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emission. Figure 22 shows transmissivity (%) of the band-
pass filter used for the 630 nm measurements as a func-
tion of a wavelength (measured under about 23 °C room 
temperature). It has a transmissivity of about 1.4% at 
632.3 nm, which corresponds to about 1/50 of the trans-
missivity at 630  nm. The transmissivity has a tempera-
ture dependence that tends to shift in the direction of the 
temperature change which is up with a positive change 
and down with a negative change. When there is a clear 
sky, there is a possibility that the room temperature 
will decrease by up to 20 degrees (i.e., down to around 
0 °C). In this case, however, the wavelength dependence 
shifts to the shorter wavelength, and the transmissiv-
ity at 632.3 nm will decrease. On the nights of October 
19, 2017, and January 22, 2018, the room temperature 
was between 16 and 20  °C, and between 11 and 12  °C, 
respectively.

To investigate possible correlations between the two 
lines of 427.8  nm and 630  nm, 12 nights of data sets 
(including the two nights already shown) were analyzed 
when there was (almost) a clear sky over the night and 

the auroral activity was high. Table 4 lists the dates. In 
order to check the response of the 630 nm emission to 
stepwise changes of the 427.8 nm emission, data events 
are selected as follows: (1) the rise is greater than 4 kR/
sec of the 427.8 nm emission, and (2) 60 s of data start-
ing at the rise time defined by (1) are collected. Here 
1  s of averaged data is used. When a next rise occurs 
within 60 s following the previous one, such an event is 
treated as one event. In this case, we put the comment 
“multiple” in Table 4, while the other case is called “sin-
gle” event. Then, we have investigated dependences of 
intensity of 427.8 nm. Figures 23 and 24 show data with 
intensity of 427.8  nm greater and lower than 10 kR, 
respectively, for the 12 nights. Correlation coefficients 
(CC) between the emissions of 427.8 and 630  nm are 
also presented. In cases of the events where the inten-
sity of the 427.8 nm is greater than 10 kR, linear rela-
tions can be found between the two emissions, and 
correlation coefficients on the nights are equal to or 
greater than 0.90. This would suggest a contamination 
from 632.3  nm line, at least partly. On the two nights 

Fig. 16 All-sky images taken with a digital camera (Nikon D7200) every 30 s with exposure time of 8 s between 19:43:10 UT and 19:44:40 UT on 
January 22, 2018. The field-aligned position, where the photometer was pointed, was indicated by a red plus sign (+)
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of January 22 and February 26, 2018, the number of 
data where the 427.8  nm intensity is greater than 10 
kR is low. On the other hand, in the cases where the 
intensity of the 427.8 nm is smaller than 10 kR, almost 

half of events showing poor linear relation between 
the two lines are seen, and the correlation coefficients 
become worse (except for 3 nights of January 21 and 
22, and February 18, 2018). These cases a suggest delay 
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Fig. 17 Comparisons of temporal variations of auroral emissions (20 Hz data used) between 427.8 nm (black) and 557.7 nm, 630 nm, 777.4 nm, 
844.6 nm from top to bottom are presented for 1 min between 22:33:00 UT and 22:34:00 UT on January 22, 2018. The emission intensities of 557. 
7 nm, 630 nm, 777.4 nm, and 844.6 nm are multiplied by 0.1, 2, 2, and 2, respectively, and denoted in red solid lines
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of the 630  nm emission. On January 22, 2018, two 
single events occurred, and on February 18, a single 
event occurred. For the 2 nights, the good linear rela-
tion is found, and the correlation coefficients are high, 

indicating the two emissions are well correlated even 
for an isolated event (i.e., single event). To conclude 
this, a cause of the swift rise of 630 nm is still unclear. 
To confirm a possible contamination effect in more 
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Fig. 18 Scatter plots of auroral intensities (20 Hz data) between 427.8 nm and 557.7 nm (top-left), 630 nm (top-right), 777.4 nm (bottom-left), and 
844.6 nm (bottom-right) between 22:33:00 UT and 22:34:00 UT on January 22, 2018. Correlation coefficients (CC) are also shown at each panel
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Fig. 19 Comparisons of temporal variations of auroral emissions (1 s data used) between 427.8 nm (black line) and 557.7 nm, 630 nm, 777.4 nm, 
844.6 nm from top to bottom are presented for 12 min between 02:12:00 and 02:24:00 UT on January 23, 2018. The emission intensity values of 557. 
7 nm, 630 nm, 777.4 nm, and 844.6 nm are multiplied by 0.1, 1, 1, and 1, respectively, and shown in red solid lines
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Fig. 20 Scatter plots of auroral intensities (1 s data) between 427.8 nm and 557.7 nm (top-left), 630 nm (top-right), 777.4 nm (bottom-left), and 
844.6 nm (bottom-right) between 02:12:00 UT and 02:24:00 UT on January 23, 2018. Correlation coefficients (CC) are also shown at each panel
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Fig. 21 Spectra of normalized amplitude for the five emissions (20 Hz data) between 02:12:00 UT and 02:24:00 UT on January 23, 2018. The 
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detail, we need to observe the 632.3  nm emission as 
well, although it would be a bit difficult for the present 
photometer.   

Correlations between 427.8 nm, 777.4 nm, and 844.6 nm 
emissions
Linear relationship as well as correlations between three 
lines of 427.8  nm, 777.4  nm, and 844.6  nm is briefly 
investigated by analyzing the same data sets as shown 
in Table 4. Here, data events are selected as follows: (1) 

The rise is greater than 4 kR/sec of the 427.8 nm emis-
sion (same as before), and (2) 11  s of data starting the 
rise time defined by (1) minus 1  s are collected. The 
20 Hz data are used here. Figure 25 shows scatter plots 
of between 427.8  nm and 777.4  nm or 844.6  nm emis-
sions with correlation coefficient values. In all the events, 
almost all data show very good linear relations as well as 
good correlation coefficients. Of further interest are the 
correlation coefficients as well as linear relations between 
427.8 nm and 777.4 nm emissions, which are slightly bet-
ter than those between 427.8 nm and 844.6 nm. 

Summary and conclusions
A new photometer installed at the EISCAT Tromsø site 
(69.6°N, 19.2°E) in January 2017 is presented. The new 
photometer is able to simultaneously observe auro-
ral emissions with five wavelengths (427.8, 557.7, 630, 
777.4, and 844.6 nm) at a sampling rate of 400 Hz at the 
field-aligned position. Such a fast sampling observation 
presumably enables us to discover fast varying phenom-
ena that have never been possible to identify before; for 
example, more than 10 Hz rapid modulations are con-
sidered to be embedded in a pulsating aurora but have 
not yet been observationally confirmed. The pointing 
capability is of vital importance to derive a character-
istic energy of the precipitation auroral electrons: The 
field-aligned measurements are needed because in 
other directions the observed ratios of two emissions 
cannot be directly related to energy in a simple way due 
to spatial ambiguity (cf. Vallance Jones and Gattinger 
1990).

The photometer consists of two units: an optical unit 
and a control unit together with a PC. The photom-
eter was operated at a sampling rate of 400  Hz from 
September 6, 2017, to March 22, 2018. Some prelimi-
nary results on the two nights of October 19, 2017, 
and January 22, 2018, are presented. Furthermore, we 
have investigated correlations of temporal variations 
between 427.8 nm and 630 nm lines. Causes of why the 
swift rise of the 630 nm emission coordinates with the 
rapid rise of the 427.8  nm emission are discussed but 
are concluded to still be unclear. We have suggested 
two possibilities: the 632.3  nm emission  (N2 1PG(10, 
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Fig. 22 Transmissivity of the bandpass filter for the 630 nm emission; 
Transmissivity (in  %) of the bandpass filter for the 630 nm emission as 
function of wavelength (nm) between 627 and 633 nm

Table 4 List of data sets

Date Number 
of events

Comments

September 30, 2017 3 Single, multiple, single

October 19, 2017 2 Single, multiple

October 24, 2017 3 Multiple, multiple, multiple

January 19, 2018 3 Multiple, multiple, multiple

January 21, 2018 3 Multiple, multiple, multiple

January 22, 2018 2 Single, single

January 31, 2018 2 Multiple, multiple

February 16, 2018 2 Multiple, multiple

February 17, 2018 5 All multiple

February 18, 2018 1 Single

February 22, 2018 2 Single, multiple

February 26, 2018 1 Multiple
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Fig. 23 Scatter plots between 427.8 nm (> 10 kR) and 630 nm emission luminosities; Scatter plots between 427.8 nm and 630 nm emission 
luminosities for 12 nights where the luminosity of the 427.8 nm is greater than 10 kR



Page 28 of 31Nozawa et al. Earth, Planets and Space          (2018) 70:193 

September 30, 2017; CC = 0.98

0 2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

October 19, 2017; CC = 0.53

0 2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

October 24, 2017; CC = 0.68

0 2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

January 19, 2018; CC = 0.82

0 2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

January 21, 2018; CC = 0.93

0 2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

January 22, 2018; CC = 0.98

0 2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

January 31, 2018; CC = 0.65

2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

February 16, 2018; CC = 0.53

0 2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

February 17, 2018; CC = 0.78

0 2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6
Lu

m
in

os
ity

 (
kR

) 
at

 6
30

0

February 18, 2018; CC = 0.93

0 2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

February 22, 2018; CC = 0.38

2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

February 26, 2018; CC = 0.74

0 2 4 6 8 10
Luminosity (kR) at 4278

0

2

4

6

Lu
m

in
os

ity
 (

kR
) 

at
 6

30
0

Fig. 24 Scatter plots between 427.8 nm (< 10 kR) and 630 nm emission luminosities; This figure is the same as Fig. 23, except for the conditions 
where the luminosity the conditions where the luminosity of the 427.8 nm intensity is less than 10 kR
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Fig. 25 Scatter plots between 427.8 nm and 777.4 nm/844.6 nm emission luminosities; Scatter plots between 427.8 nm and 777.4 nm/844.6 nm 
emission luminosities for 12 nights. Red solid lines are fitted lines determined with the least square fit
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7)) is a source of contamination, and the 630 nm emis-
sion could emanate at much lower heights than usually 
expected.
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