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Abstract (less than 200 words) 31 

 32 

This paper introduces a new system that can monitor auroras and atmospheric airglows using a low-cost Watec 33 

monochromatic imager (WMI) equipped with a sensitive camera, a filter with high transmittance, and the optics 34 

which do not make parallel ray paths. The WMI system with 486-nm, 558-nm, and 630-nm band-pass filters has 35 

observable luminosity of about ~200 – 4000 Rayleigh for 1.07-sec exposure time and about ~40 – 1200 Rayleigh 36 

for 4.27-sec exposure time, for example. It is demonstrated that the WMI system is capable of detecting 428-nm 37 

auroral intensities properly, through comparison with those measured with a collocated electron-multiplying 38 

charge-coupled device (EMCCD) imager system with narrower band-pass filter. The WMI system has two distinct 39 

advantages over the existing system: One makes it possible to reduce overall costs, and the other is that it enables 40 

the continuous observation even under twilight and moonlight conditions. Since 2013 a set of multi-wavelength 41 

WMIs has been operating in northern Scandinavia, Svalbard, and Antarctica to study meso- and large-scale aurora 42 

and airglow phenomena. Future development of the low-cost WMI system is expected to provide a great 43 

opportunity for constructing a global network for multi-wavelength aurora and airglow monitoring. 44 

 45 

Keywords: aurora, airglow, imager, polar ionosphere 46 

 47 

 48 

1. Introduction 49 

 50 

Due to the rapid development of cameras and computers in recent years, various progress and new directions are 51 

seen in aurora and airglow observations. For example, electron-multiplying charge-coupled device (EMCCD) 52 

cameras and/or Scientific CMOS (sCMOS) cameras are used for ultra-sensitive high-speed aurora observations 53 

[e.g., Kataoka et al., 2011; Ozaki et al., 2018], and panchromatic observations (time resolution of about 4-sec) by 54 
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the all-sky panchromatic camera network have been carried out by the THEMIS Ground Based Observatory 55 

(GBO) [e.g., Donovan et al., 2006]. However, it is difficult to discuss the average energy and flux of precipitating 56 

electrons quantitatively from observations with the all-sky panchromatic camera network. Also, it is still difficult 57 

to develop an observation network using high-specification cameras or monochrome optical systems due to their 58 

high costs. Optical instruments with filter wheels have been used for observations of multiple wavelengths. They 59 

require mechanical motion, and the temporal resolution of each wavelength is limited to several seconds or longer.  60 

 61 

In this paper, we introduce an observation system which solves some of the problems mentioned above. The 62 

observation system, named Watec Monochromatic Imager (WMI), consists of a highly-sensitive camera made by 63 

Watec Co. ltd, a fast lens by Fujinon Co. ltd, a band-pass filter with high transmittance, and is characterized by an 64 

optical system that does not produce parallel light. Cost of the WMI system is about one-hundredth of 65 

monochrome EMCCD/sCMOS imager systems, but the system has enough sensitivity for the study of 66 

aurora/airglow. The low-cost system therefore enables us to make multi-wavelength and multipoint aurora/airglow 67 

observations. We have extended observations of the multi-wavelength WMI imagers in northern Scandinavia, 68 

Svalbard, and Antarctica since 2013. 69 

 70 

The WMI system composes of simple and high-transmittance optics with a fisheye lens and an optical filter with 71 

high transmittance. The system allows us to obtain images with the time resolution of about 1 sec, and therefore 72 

auroral substorms [e.g., Akasofu, 1964] with high spatiotemporal variations and pulsating aurora with a period of 73 

about several seconds can be targets to study with the WMI system. Other advances of the WMI system are that 74 

(1) maintenance of the WMI system (e.g., replacement of cameras, lenses and filters) is easy, and (2) the WMI 75 

system enables the continuous observation even under twilight and moonlight conditions because the risk of the 76 

WMI camera damage due to twilight or moonlight is relatively low. Disadvantages of this WMI system are that 77 

(1) the resolution of the WMI camera data is 8 bits (256 gradations) whereas expensive cameras are usually 16 78 

bits (65,536 gradations), (2) contamination of several aurora and airglow emissions near the typical auroral 79 

emissions for WMI (428-nm, 558-nm, and 630-nm) has to be taken into account because the WMI system utilzes 80 

band-pass filters with a bandwidth of 10 nm, and (3) the WMI system does not utilize a cooled CCD, and the data 81 
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from the camera is an analog video signal so that its noise level is relatively high. 82 

 83 

When regular observations are performed with the multi-wavelength WMI system at multiple points, a huge 84 

amount of data are accumulated. One image of the system has typically 200 k bytes, and a total amount of their 85 

data size is about 8 M bytes per second at the current nine stations. A total of approximately 50 T bytes of disk 86 

capacity is required in one year. We have also developed a storage and web server system that integrate and 87 

maintain the large amounts of WMI data. In this paper, we explain the outline of the low-cost multi-wavelength 88 

WMI observation system and discuss the possibilities and the future development based on data/results obtained 89 

using the system. 90 

 91 

 92 

2. A multi-wavelength WMI imager system 93 

 94 

Figure 1 shows examples of multi-wavelength WMI cameras in Tromsø, Norway and Longyearbyen, Svalbard. 95 

Eight cameras are installed and operated in each optical dome with a diameter of approximately 1-m. In addition 96 

to the WMI all-sky cameras, narrow field of view (FOV) and/or wide FOV camera(s) are included.  97 

 98 

Figure 2 shows an overview of data flows of (a) the WMI observation system in polar regions and (b) the data 99 

processing system in the National Institute of Polar Research (NIPR). Analog video signals coming out of the 100 

WMI cameras are converted into digital images (with a jpeg format) by a video encoder, and then the images are 101 

stored in two PCs in the beginning. The image data are compiled as a tar file every hour and stored in Network 102 

Attached Storage (NAS) next. The data are regularly downloaded to NIPR using another PC for data transfer. This 103 

data transfer is divided into two types: Transfer of real-time data open to the public (including keogram created 104 

automatically at the observation sites) and data transfer of raw images. When transferring raw data, a considerable 105 

load on the network occurs, and it causes failure of transferring and storing real-time images. To avoid the problem, 106 

we constructed two separated network groups in the WMI system using two routers and NAS with two network 107 

ports: (i) A network group for real-time data acquisition from the video encoder to the PCs and (ii) a network 108 
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group for subsequent data transfer to outside.  109 

 110 

The optical data transferred to NIPR has been stored in multiple NAS, and secondary processing is performed 111 

using several workstations. Some of the jpeg image files have been converted to CDF data format files, in 112 

collaboration with IUGONET project [e.g., Hayashi et al., 2013; Tanaka et al., 2013]. The IUGONET developed 113 

an integrated analysis system in collaboration with the SPEDAS project [Angelopoulos et al., 2018]. Most of the 114 

WMI databases are open to the public via a web page (http://pc115.seg20.nipr.ac.jp/www/opt/index.html). 115 

 116 

Table 1 shows the individual device names used in the WMI system and their specifications. The WAT-910 HX 117 

camera made by Watec Co. has been used for the system since 2013. The camera has four times higher sensitivity 118 

than the previous camera (WAT-120 N+ made by Watec Co.) which had been used before 2013. Also, color 119 

cameras named WAT-233 and WAT-221S2 have been used to distinguish clouds and auroras. Fujinon’s fisheye 120 

lens (F1.4) has been used, and also wide/narrow FOV observations are simultaneously used. For the three colors 121 

(428-nm, 558-nm, and 630-nm), a band-pass filter having the full width at half maximum (FWHM) of 10 nm is 122 

used. In addition, a wider band-pass filter with FWHM of 50 nm for auroras at a wavelength of ~670-nm is also 123 

used. The top part of the Watec camera is cut to insert the bandpass filter between the lens and CCD surface of the 124 

camera. The video encoders, AXIS Q7404, enables us to transfer a large amount of data from multiple cameras to 125 

PCs via Gigabit Ethernet cables. 126 

 127 

3. Calibration of filters and sensitivities of the WMI system 128 

 129 

For monochrome aurora/airglow imagers such as ASI-1 and ASI-2 [Taguchi et al., 2004], an optical system with 130 

a parallel ray path has been designed. The parallel ray path is created by combining numerous lenses, and 131 

consequently its transmittance is reduced (about 50 – 70%, private communication with Dr. Taguchi). Then, a 132 

narrow band-pass interference filter (FWHM: 1.5 ~ 3.0 nm) with transmittance of typically about 40 – 50% has 133 

been used for the monochrome imagers. On the other hand, this WMI system does not produce parallel ray path 134 

to prevent a decrease in transmittance, and therefore the light passes the filter obliquely (see Figure 1c). The all-135 
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sky image projected on to the image plane has a diameter of 4.5mm which fits within the CCD chip size of 6.0 136 

mm × 7.4 mm. Since the distance between the CCD surface and the eyepiece lens is about 9 mm, the incident 137 

angles of the ray path are mostly within about 18 deg (= tan-1(3/9)). Based on the condition of the incident angle 138 

when inserting a filter between the eyepiece and the CCD surface, we examined the capability of the aurora 139 

emission observations using the WMI system. 140 

 141 

Figure 3 shows the angular dependence of the transmission characteristics of the three filters used for typical 142 

auroral emissions (428-nm, 558-nm, and 630-nm) measured with the U-3300 spectrophotometer made by Hitachi 143 

High-Tech Science Corporation. As the incident angle increases, the transmission region shifts to the shorter 144 

wavelength, while the shape of the transmittance band does not change significantly. Their transmittance is still 145 

high (80 – 95%). The stable transmittance of the filters to the incident angle is important when we derive absolute 146 

values of auroral emission intensities. When the angle exceeds 20 degrees, auroral emissions are outside the 147 

passband. Thus we confirmed that the imager system should work if the incident angle to the filter is within ~18 148 

degrees. Regarding the filter for 630-nm aurora/airglow emission, it was found that the aurora emission of 636.4-149 

nm is also included slightly when the incident angle is small. The shift of the transmission region λθ can be 150 

theoretically described using the following equation. 151 

 152 

λθ = λ0 (1 – (Ne / N*)2 sin2θ)1/2  153 

~ λ0 (1 – θ 2 / 2 N*2),         (1) 154 

 155 

where θ is the incident angle, λ0 is the wavelength when the incident angle θ equals to zero, Ne is the refractive 156 

index of outside media (equal to 1.0), and N* is the refractive index of the filter (typically ~2.05 for band-pass 157 

filters by Andover Co.). The theoretical shift values of the center wavelengths are marked by blue symbols in the 158 

bottom of each plot in Figure 3. We found that the theoretical shifts are in good agreement with the observed shifts. 159 

 160 

The sensitivity of the WMI system has been calibrated against a National Institute of Standards and Technology 161 

(NIST) traceable 1.9-m integration sphere (Labsphere LMS-760) at NIPR. Figure 4a shows a sample image of the 162 
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integration sphere taken using the WMI imager with 558-nm band-pass filter and a 1-sec exposure time. It is found 163 

that the sensitivity is almost circularly symmetric. The background count level is already subtracted by using a 164 

dark image. The original image has a high count area on the upper left of the image, which is considered to be a 165 

characteristic of the CCD image sensor (Sony ICX2428ALL, interline system) of the camera. These calibration 166 

data serve as correction factors for sensitivity field flatness. The optics of the WMI system exhibit moderate 167 

vignetting, similar to the ASI-2 (Taguchi et al., 2004). Sensitivity at the horizon (~230 pixels from the zenith) is 168 

about two thirds of the peak sensitivity at the zenith (see Figure 4b). The ratio of sensitivity at a certain distance 169 

from the zenith to that at the zenith was approximated using the following equation. 170 

 171 

Count(R) / Count(R=0) = α×R2 +1       (2) 172 

 173 

where R indicates radial distance (in pixel). α was estimated to be ~ 6.3×10-6, using many samples with several 174 

filters and luminosity. The ratio is used to calculate sensitivity field flatness, and one of the results is shown in 175 

Figure 4c.  176 

 177 

Figure 5 shows relationship between count and Rayleigh at the zenith with four wavelengths. Note that background 178 

counts were subtracted before calculating the relationship, because an individual difference of the background 179 

offset level (~20-70 counts) exists. The background offset causes a narrower dynamic range, so we have to choose 180 

setting of gain and exposure time for aurora/airglow observations carefully. The relationships between count and 181 

Rayleigh with 486, 558, and 630-nm band-pass filters are very close, and that with 428-nm filter has higher ratio 182 

of count to Rayleigh. This difference mainly comes from characteristics of the spectral sensitivity of the CCD 183 

image sensor of the WMI system. The sensitivity at 428-nm wavelength is about 0.6 times smaller than that at 184 

558-nm wavelength, and the spectral sensitivity has a peak around 600-nm. The relationship between count and 185 

Rayleigh is written using the following equations: 186 

 187 

[Count’]  =  255  ×  ([Count] / 255) (1/γ)       (3) 188 

[Rayleigh] =   a   ×  [Count’]  +  b       (4) 189 
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 190 

where Count’ indicates the “corrected count” using the Gamma correction. We have used the Gamma correction 191 

to have a better dynamic range in the dark region, and usually use 0.45 as the Gamma (γ) value. The coefficient 192 

values of a and b based on the calibration with four Watec camera and four filters are summarized in Table 2. Each 193 

error bar in Figure 5 indicates the standard deviation of counts around the zenith. Basically shorter exposure time 194 

of the WMI imager gives a wider dynamic range, but average noise level becomes larger than that with longer 195 

exposure time. Table 2 summarizes actual noise level and observable luminosity measured with four wavelengths 196 

(428-nm, 486-nm, 558-nm, and 630-nm). The average noise levels in Table 2 were derived from the standard 197 

deviation of 9 × 9 pixels around the zenith when the background luminosity was ~600 Rayleigh. We have 198 

confirmed that the average noise levels increase due to increase of shot noise when the background luminosity 199 

increases. The average noise levels with the 428-nm filter are larger than those with other three filters. Observable 200 

luminosity with the 486-nm, 558-nm, and 630-nm filters and a camera setting of the maximum gain (41 dB) was 201 

about 40-4000 Rayleigh for 1.07-sec exposure time. When the exposure time is extended to 4.27-sec, the noise 202 

level is reduced to about one fourth, but the upper limit of the observable range drops to about 1200 R. Note that 203 

available shutter speeds are summarized in Table 1. They are suitable for observations of airglows and weak 204 

auroras. On the other hand, the observable luminosity with the 428-nm filter becomes wider than the other three 205 

filters. For the purpose of studying of bright auroras such as substorm breakup and auroral arcs, settings of the 206 

gain should be changed from the maximum to a lower value (25 dB, for example), because intensity of auroras 207 

sometimes exceeds the upper limit. As the Hβ emissions (486-nm) typically have an intensity of 100-150 R [e.g., 208 

Fujii et al., 2009], the WMI system is potentially capable of detecting the Hβ emissions. We have also confirmed 209 

that differences of the relationship between count and Rayleigh according to each individual camera are rather 210 

small. 211 

 212 

For the band-type auroral emissions at the wavelength of ~670-nm, we have used a filter with FWHM of 50 nm. 213 

We have also continuously obtained the 670-nm aurora data with the WMI system at several places, to perform 214 

quantitative investigation of auroral emissions. Note that the color cameras (WAT-233 and WAT-221S2) to 215 

distinguish clouds and auroras have been utilized without any filter. 216 
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 217 

 218 

4. Comparison of WMI 428-nm aurora emission data with high-sensitive EMCCD camera data 219 

 220 

Since auroral emission around 428-nm is known as a band emission, a careful quantitative verification is required 221 

for the WMI observation with the 428-nm band-pass filters (FWHM of 10-nm). In this study, we investigated 222 

whether the WMI system has the estimation capability of the 428 nm auroral emission intensity, by comparing 223 

with 428 nm aurora emission data observed simultaneously by the ASI-2 with the narrow band-pass filter. 224 

 225 

Figure 6 shows the comparison between 428-nm aurora emission intensities around the zenith measured with a 226 

WMI imager and monochromatic EMCCD imager at Tromsø between 23 and 24 UT on 14 March 2015. Both 227 

imagers utilized 428-nm band-pass filters, but FWHM of the filter for the EMCCD imager was about 2 nm. 228 

Exposure time of the WMI and EMCCD imagers were 4.27 sec and 2.00 sec, respectively. As shown in Figure 6, 229 

both 428-nm auroral intensities were almost identical throughout the 1-h interval, except for relatively brighter 230 

auroral intensities around 23:16 UT and 23:18 UT during which the poleward expanding and intensifying aurora 231 

was measured after substorm onset. The WMI imager data were saturated around 23:16 UT, while the WMI auroral 232 

intensity around 23:18 UT is weaker than the EMCCD one. This result suggests that, the WMI imager is practically 233 

impossible to detect 428-nm auroral emission intensities properly during brighter aurorae or the WMI data must 234 

be considered with caution for quantitative investigation of the brighter 428-nm auroral variations (> 1800 R). 235 

Nevertheless, the WMI imager data are very useful because they are in a fairly good agreement with the EMCCD 236 

imager data at least for < 1800 R. We can utilize the WMI system for brighter auroras (> 1800 R) if we change 237 

settings of the WMI camera (i.e., shorter exposure time and/or lower gain).  238 

 239 

5. Locations and acquired data of the WMI imagers  240 

 241 

Figure 7 shows locations of the WMI system with FOV coverages projected to 110 km and 250 km altitudes. Their 242 

locations are summarized in Table 3. Distribution of the WMI imagers in northern Scandinavia is rather dense, in 243 
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the horizontal range of about 50-500 km. The distribution of multipoint sites is suitable for research on three-244 

dimensional structures of auroras using the auroral tomography method [e.g., Aso et al., 1998; Tanaka et al., 2011]. 245 

428-nm and 558-nm monochromatic aurora data obtained at the multipoint sites will be newly used for the 246 

mesoscale auroral research, in combination with the current European incoherent scatter (EISCAT) radars and 247 

future EISCAT_3D radar system [e.g., McCrea et al., 2015; Tsuda et al., 2017]. Figure 8 shows examples of auroral 248 

images taken by the WMI system, and a result of aurora computed tomography analysis by using the WMI auroral 249 

images taken at Skibotn, Kilpisjarvi, and Tjautjas at 18:12:21 UT on February 19, 2018. The tomography result 250 

shows height variations of the 558-nm auroral arc along geographic longitude (See Figure 8b). Intensity of the 251 

auroral arc peaks at an altitude of about 115 km and extends to an altitude of about 140 km. On the other hand, 252 

multipoint observations of 630 nm emission in the horizontal range of about a few 1000 km are useful for studies 253 

on large scale phenomena such as dynamic variation of auroral oval and drift motion of polar patches. 254 

Longyearbyen in Svalbard, South Pole and McMurdo stations are often located in the polar cap region, so their 255 

630 nm emission data have been used for research on the polar patches. The WMI system will be also used for 256 

study on geomagnetically conjugate auroras in the auroral zone, polar cap, and sub-auroral regions. 257 

 258 

Table 4 summarizes the status of WMI observations at each site. We started monochromatic imager observations 259 

in Tromsø and Longyearbyen in 2013, and have been extended the observations in northern Scandinavia and 260 

Antarctica. The camera data have been complementarily used with a collocated high sensitivity EMCCD all-sky 261 

camera system at each site. Typical exposure time we used is 4-sec for 428-nm emission, 1-sec for 558-nm 262 

emission, and 4-sec for 630-nm emission. They are faster than those of the all-sky imager (ASI) that has been 263 

operated at the South Pole Station [Ebihara et al., 2007], for example. The 630-nm emission data are used not only 264 

for auroral study, but also airglow observation such as polar patches in the polar cap region. Panchromatic and 265 

color all-sky camera observations have been also continuously conducted for dayside auroral pulsation study [e.g., 266 

Motoba et al., 2017] even during new moon periods, as well as narrow/wide FOV camera observations mentioned 267 

in the previous section. At the South Pole and McMurdo stations, all the cameras can be operated for 24 hours a 268 

day between April and August. 269 

 270 
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In the future, similar WMI systems will be installed in Sanae (South Africa), Maitri (India), and Princess Elisabeth 271 

(Belgium) stations in Antarctica under international collaborations. The installation realizes a wide area coverage 272 

of auroral/airglow observations and is expected to contribute to the quantitative understanding of aurora physics 273 

including interhemispheric auroral research [e.g., Motoba et al., 2012]. Most of the data obtained by the multipoint 274 

observations with the WMI system will be converted into CDF format files under the IUGONET project, and they 275 

can be handled in a unified manner with software packages provided by the SPEDAS project.  276 

 277 

 278 

5. Summary 279 

 280 

This paper has indicated that the WMI observation – which utilizes an inexpensive imager system equipped with 281 

a sensitive Watec camera, a filter with high transmittance, and the optics which does not make a parallel ray path 282 

– is effective for research on auroras and atmospheric airglows. Cost of the WMI system is roughly two orders 283 

lower than those of monochrome imagers conventionally used for aurora/airglow studies. Compared to 284 

conventional imager systems, installation of the WMI system in multiple places is easier, and the risk of the WMI 285 

camera damage due to twilight or moonlight is relatively low. It is therefore expected that an increase of the 286 

number of the WMI cameras realizes observations with various settings according to the required wavelength and 287 

necessary observable luminosity range, and wide-area coverage by multipoint observations. In particular, it is 288 

important to obtain (1) 428-nm auroral data at multipoint sites (located in the horizontal range of about 50-100 289 

km) for research on three-dimensional structure of auroras using the auroral tomography method, and (2) 290 

multipoint observations with a wavelength of 630-nm (in the horizontal range of about a few 1000 km) for study 291 

of large scale phenomena such as dynamic variation of the auroral oval and drift motion of polar patches. It is also 292 

expected that the system will be effectively utilized for the study of airglow in mid- and low latitude ionosphere 293 

(for examples, observations of the atmospheric gravity wave and plasma bubble in the equatorial region). Thus 294 

the WMI system is expected to be further developed and spread to the global-scale upper atmospheric observations 295 

of multi-wavelength auroras and airglows. Most of the current WMI databases are open to the public via the web 296 

page (http://pc115.seg20.nipr.ac.jp/www/opt/index.html).  297 
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 381 

Figure captions: 382 

 383 

Figure 1: Pictures of the WMI imagers in (a) Tromsø and (b) Longyearbyen. The system includes several all-sky 384 

cameras with filters of different wavelengths, and also narrow field of view (FOV) and/or wide FOV camera(s). 385 

(c) Schematic illustration of the WMI imager with the Fujinon’s fish-eye lens, Watec camera, and the Techspec’s 386 

band-pass filter. 387 

 388 

Figure 2: An overview of the WMI system. It consists of (a) the imager system at observation sites and (b) the 389 

data servers in the National Institute of polar research (NIPR). Arrows in the figure indicate flows of image data. 390 

 391 

Figure 3: Transmittances of three filters with wavelengths of (a) 428-nm, (b) 558-nm, and (c) 630-nm. Each line 392 

indicates different incident angles between 0 and 20 degrees. Three vertical lines indicate the locations of auroral 393 

emissions at wavelengths of 427.8-nm, 557.7-nm, and 630.0-nm. The symbols marked in the bottom of each plot 394 

indicate theoretical changes of the center wavelength of each filter based on equation 1.  395 

 396 

Figure 4: Examples of (a) an original image, (b) the limb darkening characteristics of the WMI imager, and (c) a 397 

calibrated image after flat field correction. Background noise level was subtracted before the flat field correction. 398 

Note that all the WMI cameras use the settings of a gamma value of 0.45 and the maximum gain value (41 dB). 399 

 400 

Figure 5: The relationship between the corrected count and Rayleigh for the WMI system with four different 401 

wavelengths (428, 486, 558, and 630-nm) and different exposure times (1.07-sec and 4.27-sec). Note that all the 402 

WMI cameras use the settings of a gamma value of 0.45 and the maximum gain value (41 dB). 403 

 404 

Figure 6: Comparison of 428-nm emission data between the WMI system (red) and the ASI-2 with EMCCD 405 

imager (black), obtained in Tromsø on March 14, 2015. A dashed line indicates the upper limit of WMI observation 406 

with the settings of 4.27-sec exposure time, a gamma value of 0.45, and the maximum gain value (41 dB). 407 
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 408 

Figure 7: Locations of the WMI system, and coverages of observable regions projected into (green) 110 km and 409 

(red) 250 km altitudes. The edge of the all-sky circle is at 70 degrees from the zenith. 410 

 411 

Figure 8: (Left) Auroral images at a wavelength of 558 nm observed with WMI at 6 locations at 18:12:21 UT on 412 

February 19, 2018. Each image is projected into 110 km altitude. (Right) A result of aurora computed tomography 413 

analysis by using the WMI auroral images taken at Skibotn, Kilpisjarvi, and Tjautjas at 18:12:21 UT on February 414 

19, 2018. The center position of panels a, b, and c is set at 68.58 deg geographic north and 20.63 deg geographic 415 

east, and x and y indicate the local Cartesian coordinates in the zonal and meridional directions. 416 

 417 

 418 

  419 
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 420 

Table 1: Product names and their specifications composing the WMI system 421 

 422 

Camera Watec WAT-910HX/RC  

  (CCD: Sony ICX428ALL, CCD size: 7.40 mm × 5.95 mm (1/2 inch)) 

Minimum Illumination 0.0000025 Lux (× 256 frames, F1.4)  

Shutter speeds used: 0.25, 0.53, 1.07, 2.14, and 4.27 sec (×256 frames) 

Lens Fujinon Fish-eye lens YV2.2x1.4A-SA2 

Focus length: 1.4-3.1 mm, F1.4, FOV: 185° × 185° 

Optical filter Techspec, 25 mm diameter, hard coated OD4 10 nm band-pass filter 

  Center wavelengths: 430, 488, 560, and 632 nm 

  FWHM: 10 nm 

Techspec, 25 mm diameter, hard coated OD4 50 nm band-pass filter 

  Center wavelength: 675 nm  

  FWHM: 50 nm 

Video encoder AXIS Q7404 

Image resolution: 640 pixels × 480 pixels, Image format: jpeg (8bit),  

AXIS Q7424-R 

Image resolution: 640 pixels × 480 pixels, Image format: jpeg (8bit) 

 423 

  424 
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 425 

Table 2: Summary of average noise level and observable luminosity at each wavelength. The observable 426 

luminosity was estimated taking subtraction of background (~20-80 counts) and the maximum count (256 427 

counts, 8-bit) into account. All the WMI cameras use the settings of a gamma correction value of 0.45 and the 428 

maximum gain value (41 dB). The average noise levels were calculated when the background luminosity was 429 

~600 Rayleigh. The a and b in the table indicate each coefficient of Equation 4.  430 

 431 

Aurora/air 

glow emission 

Wavelength 

of filter 

Exposure 

time 

Serial number 

of camera 

a b Average 

noise level  

Observable 

luminosity 

428 nm 

(N2
+) 

430±5 nm 1.07 sec 03632 45.01 99.15 190 R 220-6000 R 

4.27 sec 03632 10.25 30.03 60 R 70-1800 R 

486 nm 

(Hβ) 

488±5 nm 1.07 sec 03633 20.95 112.83 180 R 230-4000 R 

4.27 sec 03633 5.27 16.68 40 R 40-1200 R 

558 nm 

(OI) 

560±5 nm 1.07 sec 03631 21.63 118.85 200 R 200-4000 R 

4.27 sec 03631 5.54 40.95 60 R 90-1200 R 

630 nm 

(OI) 

632±5 nm 1.07 sec 02933 22.69 90.92 140 R 200-4000 R 

4.27 sec 02933 5.52 8.92 30 R 20-1200 R 

  432 
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 433 

Table 3: Locations of multi-wavelength WMI observation stations, including possible ones near future (in Italic). 434 

 435 

Location name Code 

Geographic 

Latitude (deg) 

Geographic 

longitude (deg) 

Geomagnetic 

latitude (deg) 

Longyearbyen LYR 78.15 16.03 75.16 

Tromsø TRO 69.58 19.22 66.53 

Skibotn SKB 69.35 20.36 66.23 

Kilpisjarvi KIL 69.05 20.78 65.90 

Kiruna KRN 67.84 20.41 64.68 

Tjautjas TJA 67.33 20.75 64.14 

Sodankylä SOD 67.42 26.39 63.96 

South pole SPA -90.00 139.27 -74.11 

McMurdo MCM -77.82 166.66 -79.97 

Sanae SAN -72.67 -2.83 -62.08 

Maitri MAI -70.77 11.73 -62.83 

Princess Elisabeth PEA -71.95 23.33 -65.29 

Syowa SYO -69.19 41.05 -66.69 

 436 

  437 
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 438 

Table 4: Wavelength and exposure time used for the WMI system at each station. Each number in the table 439 

indicates exposure time of WMI camera data (equivalent to its time resolution). Note that asterisk (*) indicates 440 

usage of band-pass filters with wider bandwidth (FWHM of ~100 nm, see Ogawa et al., 2013). “BW” indicates 441 

panchromatic black-white image data, and “Color” indicates color image data taken with WAT-233 (with 4-sec 442 

exposure time) and WAT-221S2 (with 1-sec exposure time). 443 

 444 

Site Start End 428nm 558nm 630nm 670nm BW  Color  

TRO 2011-01 2013-03 1* 1* 1* - 1 - 

2013-10 2014-03 - 1 4 1 0.5 - 

2014-09 2016-03 4 1 4 1 0.25 4 

2016-09 2019-03 - 1 4 0.5 - 1 

LYR 2011-01 2013-03 1* 1* 1* - 1 - 

2013-10 2014-03 - 1 4 0.5 0.5 - 

2014-09 2016-03 4 1 4 0.5 0.25 4 

2016-09 2019-03 4 1 4 0.5 0.25 1 

SPA 2014-04 2014-08 - 0.5 4 - 0.5 - 

2015-03 2015-08 4 1 4 1 0.5 4 

2016-03 2018-08 - 1 4 1 0.5 - 

MCM 2015-03 2018-08 - 4 4 1 - 4 

KIL 2016-10 2017-03 4 - - - - - 

2017-03 2017-04 4 1 - 0.5 - - 

2017-10 2018-03 4 1 - 0.5 - 1 

2018-10 2019-03 2 1 - 0.5 - 1 

KRN 2017-01 2019-03 4 1 - 0.5 - 1 

TJA 2017-01 2019-03 4 1 - 0.5 - 1 

SKB 2018-02 2018-03 2 1 - - - 1 
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2018-09 2019-03 1 1 1 - 0.5 1 

SOD 2016-09 2019-03 - 1 - - - 1 

 445 

 446 
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