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Abstract
The plasmas (electrons and ions) in the inner magnetosphere have wide energy ranges from electron volts to mega-electron volts (MeV). These plasmas rotate around the Earth longitudinally due to the gradient and curvature of the geomagnetic field and by the co-rotation motion with timescales from several tens of hours to less than 10 min. They interact with plasma waves at frequencies of mHz to kHz mainly in the equatorial plane of the magnetosphere, obtain energies up to MeV, and are lost into the ionosphere. In order to provide the global distribution and quantitative evaluation of the dynamical variation of these plasmas and waves in the inner magnetosphere, the PWING project (study of dynamical variation of particles and waves in the inner magnetosphere using ground-based network observations, http://​www.​isee.​nagoya-u.​ac.​jp/​dimr/​PWING/​) has been carried out since April 2016. This paper describes the stations and instrumentation of the PWING project. We operate all-sky airglow/aurora imagers, 64-Hz sampling induction magnetometers, 40-kHz sampling loop antennas, and 64-Hz sampling riometers at eight stations at subauroral latitudes (~ 60° geomagnetic latitude) in the northern hemisphere, as well as 100-Hz sampling EMCCD cameras at three stations. These stations are distributed longitudinally in Canada, Iceland, Finland, Russia, and Alaska to obtain the longitudinal distribution of plasmas and waves in the inner magnetosphere. This PWING longitudinal network has been developed as a part of the ERG (Arase)-ground coordinated observation network. The ERG (Arase) satellite was launched on December 20, 2016, and has been in full operation since March 2017. We will combine these ground network observations with the ERG (Arase) satellite and global modeling studies. These comprehensive datasets will contribute to the investigation of dynamical variation of particles and waves in the inner magnetosphere, which is one of the most important research topics in recent space physics, and the outcome of our research will improve safe and secure use of geospace around the Earth.[image: A40623_2017_745_Figa_HTML.gif]


                     

Keywords
All-sky airglow/aurora imagerInduction magnetometerRiometerLoop antennaEMCCD cameraInner magnetosphereSAR arcMagnetospheric ELF/VLF waveEMIC waveRadiation belts
Abbreviations
A/Danalogue-to-digital


ATHAthabasca


CCDcharge-coupled device


CDFcommon data format


CGMcorrected geomagnetic coordinates


CNAcosmic noise absorption


ELFextremely low frequency


EMCCDelectron multiplying charge-coupled device


EMICelectromagnetic ion cyclotron


ERGenergization and radiation in geospace


FMIFinnish Meteorological Institute


GAKGakona


GI-UAFGeophysical Institute, University of Alaska Fairbanks


GPSGlobal Positioning System


HUSHusafell


IDLinteractive data language


IKFIAYu.G. Shafer Institute of Cosmophysical Research and Aeronomy, Siberian Branch of the Russian Academy of Sciences, Russian Federation


ISEEInstitute for Space-Earth Environmental Research


ISTIstok


ISTPInstitute of Solar-Terrestrial Physics, Siberian Branch of the Russian Academy of Sciences, Russian Federation


IUGONETInter-university Upper Atmosphere Global Observation Network


JSPSJapan Society for the Promotion of Science


JYVJyväskylä


KANKannuslehto


KAPKapuskasing


KEVKevo


LEMILaboratory of Electromagnetic Innovations


MAMMaimaga


MEXTMinistry of Education, Culture, Sports, Science and Technology


MLATmagnetic latitude


MLONmagnetic longitude


MLTmagnetic local time


NAINain


NICTNational Institute of Information and Communications Technology


NIPRNational Institute of Polar Research


NURNurmijärvi


NYRNyrölä


OMTIsoptical mesosphere thermosphere imagers


OSoperating system


PCpersonal computer


PiBPi burst


PPSpulse per second


PsA projectPulsating Aurora project


PWINGstudy of dynamical variation of particles and waves in the inner magnetosphere using ground-based network observations


QDCquiet-day curve


SAR arcstable auroral red arc


SGOSodankylä Geophysical Observatory


SPEDASSpace Physics Environment Data Analysis Software


SuperDARNSuper Dual Auroral Radar Network


TBDto be determined


ULFultra-low frequency


UPSuninterruptible power supply


UTuniversal time


VLFvery low frequency


ZGNZhigansk




Introduction
The inner magnetosphere is a key region of the Earth’s magnetosphere to understand dynamical variations of plasma and electromagnetic fields and their connection to the ionosphere and atmosphere. This region contains both the highest and lowest energy plasmas in the Earth’s magnetosphere, i.e., electrons with energies more than mega-electronvolts (MeV) in the radiation belts (e.g., Baker et al. 1986) and plasmas (electrons and ions) with energies less than one electronvolt (eV) in the plasmasphere (e.g., Carpenter 1966). The processes that cause acceleration of electrons to energies of MeV are still not clear. The injection of plasma-sheet particles to the inner magnetosphere causes betatron acceleration, which is not sufficient to create MeV electrons (e.g., Reeves et al. 2013). One of the major acceleration processes to create MeV electrons is the interaction between plasma waves and electrons (e.g., Summers et al. 1998; Miyoshi et al. 2003; Omura et al. 2007). The wave–particle interaction also contributes to the loss of the electrons and ions to the atmosphere (e.g., Abel and Thorne 1998; Summers and Thorne 2003; Shoji and Omura 2012). Both electron cyclotron waves with frequencies on the order of kHz [at extremely low frequency (ELF)/very low frequency (VLF) range] and electromagnetic ion cyclotron (EMIC) waves with frequencies on the order of Hz (ULF range) contribute to these acceleration and loss of the electrons and ions in the inner magnetosphere. In addition, Pc 5 geomagnetic pulsations with frequencies at mHz also contribute to the acceleration and loss of plasmas through drift-bounce resonance (e.g., Elkington et al. 1999).
The high-energy plasmas drift around the Earth with timescales of hours to tens of minutes due to gradient and curvature of the magnetic field. On the other hand, the electron–cyclotron (ELF/VLF) waves and EMIC waves are localized mainly in the dusk and dawn sectors, respectively (e.g., Li et al. 2011; Wang et al. 2015). Thus, observations of longitudinal distribution of these waves and drifting plasmas are essentially important to understand particle energization and loss in the inner magnetosphere quantitatively. One can obtain longitudinal distribution of waves and particles through statistical analyses of long-term single satellite data by using its orbital motion. However, instantaneous measurement of the longitudinal distribution of waves and particles is essential to provide quantitative understanding, because, for example, statistical analysis of long-term single satellite data can lead to misinterpreting a moving localized wave source as a wide spatial extent of the source region. However, multi-point measurements in the equatorial plane of the magnetosphere are difficult due to the limited number of satellites exploring this region in situ.
The particles and waves in the inner magnetosphere can be monitored from ground-based instruments installed at subauroral latitudes, because charged particles and waves basically propagate along geomagnetic field lines. Such a longitudinal ground-based network at subauroral latitudes has not been developed previously. We started a new project called the PWING project (study of dynamical variation of particles and waves in the inner magnetosphere using ground-based network observations) in April 2016. The PWING project provides a longitudinal network of ground-based instruments that monitor ULF/ELF/VLF waves and high- and low-energy plasmas at eight stations at geomagnetic latitudes (MLATs) of ~ 60° in the northern hemisphere. The 60° MLAT was chosen because it is connected to the magnetic field line of L = 4 which is the key radial distance to study the wave–particle interaction in the vicinity of the plasmapause. In this paper, we show details of ground-based instruments developed by the PWING project, which are all-sky airglow/aurora imagers, induction magnetometers, loop antennas, riometers, and electron-multiplying charge-coupled device (EMCCD) cameras. By combining these ground-based network measurements with in situ measurements of plasma and waves by the Arase and Van Allen Probes satellites (Miyoshi et al. 2017a, this issue; Mauk et al. 2013) and with global modeling of particles and waves (Seki et al. 2017, this issue), quantitative understanding of particle acceleration and loss in the inner magnetosphere will become possible. The quantitative understanding of high-energy particle dynamics in the inner magnetosphere also contributes to improvement of space weather forecast for practical use of geospace, because the existence of high-energy particles is one of the major causes of spacecraft anomalies (e.g., Baker 2000).

Overview of the stations and instruments
Table 1 shows the geographic and geomagnetic coordinates, instruments, and collaborators of the stations newly deployed by the PWING project. The magnetic latitudes (MLAT), magnetic longitudes (MLON), L values, and UT at zero magnetic local time (MLT) are calculated using corrected geomagnetic coordinates (CGM) by https://​omniweb.​gsfc.​nasa.​gov/​vitmo/​cgm_​vitmo.​html at an altitude of 100 km. Figure 1 shows the locations of these stations in MLT-MLAT maps. The PWING project deploys four instruments, i.e., all-sky airglow/aurora imagers, induction magnetometers, broad-beam riometers, and loop antennas, at eight stations. EMCCD cameras with a sampling rate of 100 Hz are also installed at three stations. At some stations, we share data of preexisting instruments operated by local institutions. The dates of the start of automatic operation of the instruments are shown in a year/month/day (yymmdd) format. All these instruments had started their automatic operations before March 22, 2017, except for the instruments at Nain, and the all-sky imagers, riometers, and loop antennas at two Russian stations.Table 1Geographic and geomagnetic coordinates of the PWING stations, instruments with their start dates in year/month/day (yymmdd), and local collaborators


	Station
	Country
	Abbreviation
	Geographic latitude (N)
	Geographic longitude (E)
	MLAT (N)
	MLON (E)
	
                                          L value
	UT of zero MLT

	Nyrölä
	Finland
	NYR
	62.34
	25.51
	59.0
	103.2
	3.8
	21.4 UT

	Istok
	Russia
	IST
	70.03
	88.01
	65.9
	162.6
	6.0
	18.0 UT

	Zhigansk
	Russia
	ZGN
	66.78
	123.37
	61.9
	195.7
	4.5
	16.2 UT

	Maimaga
	Russia
	MAM
	63.06
	129.56
	58.0
	202.0
	3.6
	15.8 UT

	Gakona
	USA
	GAK
	62.39
	214.78
	63.2
	271.0
	4.9
	10.7 UT

	Athabasca
	Canada
	ATH
	54.60
	246.36
	61.5
	308.3
	4.4
	8.1 UT

	Kapuskasing
	Canada
	KAP
	49.39
	277.81
	59.0
	353.4
	3.8
	5.5 UT

	Nain
	Canada
	NAI
	56.50
	298.30
	63.4
	22.4
	5.0
	3.7 UT

	Husafell
	Iceland
	HUS
	64.67
	338.97
	64.9
	66.5
	5.6
	0.3 UT

	Kevo
	Finland
	KEV
	69.76
	27.01
	66.7
	108.4
	6.4
	21.1 UT


	Station
	Country
	Abbreviation
	All-sky imager
	Induction magnetometer
	Riometer
	Loop antenna
	EMCCD camera
	Collaborator

	Nyrölä
	Finland
	NYR
	PWING (C18 (CI)) 170124-
	SGO (NUR) preexisting
	SGO (JYV) preexisting
	SGO (KAN) preexisting
	 	FMI

	Istok
	Russia
	IST
	PWING (C20 (CK)) 171029-
	ISTP (LEMI-30) preexisting
	PWING (RIO03) 171029-
	PWING (VLF05) 171029-
	 	ISTP

	Zhigansk
	Russia
	ZGN
	PWING (C14(CE)) TBD
	PWING 160914-
	PWING (RIO06) 170927-
	 	 	IKFIA

	Maimaga
	Russia
	MAM
	 	 	 	PWING (VLF03) 170418-
	 	IKFIA

	Gakona
	USA
	GAK
	PWING (C19 (CJ)) 170303-
	PWING (amp002) 170303-
	PWING (RIO04) 170109-
	PWING (VLF06) 170929-
	PWING 170303-
	GI-UAF, Univ. Florida

	Athabasca
	Canada
	ATH
	PWING (C7) 050903-
	PWING 050907-
	PWING (RIO01) 161025-
	PWING (VLF01) 120219-
	PWING 120924-
	Athabasca Univ.

	Kapuskasing
	Canada
	KAP
	PWING (C16 (CG)) 170225-
	PWING (amp001) 161214-
	PWING (RIO02) 170224-
	PWING (VLF02) 161212-
	 	Virginia Tech.

	Nain
	Canada
	NAI
	PWING (C17 (CH)) TBD
	PWING (amp003) TBD
	PWING TBD
	PWING (VLF04) TBD
	 	Augsburg College

	Husafell
	Iceland
	HUS
	PWING (C21 (CL)) 170321-
	NIPR preexisting
	NIPR (RIO05) preexisting
	NIPR preexisting
	 	NIPR, Univ. Iceland

	Kevo
	Finland
	KEV
	 	 	 	 	PWING 170127-
	FMI



                                 FMI Finnish Meteorological Institute, ISTP Institute of Solar-Terrestrial Physics, Siberian Branch of the Russian Academy of Sciences, Russian Federation, IKFIA Yu.G. Shafer Institute of Cosmophysical Research and Aeronomy, Siberian Branch of the Russian Academy of Sciences, Russian Federation, GI-UAF Geophysical Institute, University of Alaska Fairbanks, NIPR National Institute of Polar Research, Japan, SGO Sodankylä Geophysical Observatory, NUR Nurmijärvi, JYV Jyväskylä, KAN Kannuslehto, TBD to be determined, magnetic latitudes (MLAT), magnetic longitudes (MLON), L value, and UT at zero MLT are calculated by the Corrected Geomagnetic Coordinates (CGM) by https://​omniweb.​gsfc.​nasa.​gov/​vitmo/​cgm_​vitmo.​html at an altitude of 100 km


 
                        [image: A40623_2017_745_Fig1_HTML.gif]
Fig. 1PWING stations in the magnetic local time—magnetic latitude map. Blue dots and red stars indicate preexisting and new sites deployed by the PWING project, respectively. The red circles indicate rough area of the field of view of all-sky imager




                     
In the longitude of Finland, we deploy an all-sky airglow/aurora imager at Nyrölä (NYR) in collaboration with the Finnish Meteorological Institute (FMI), while other instruments have already been operated by the Sodankylä Geophysical Observatory (SGO, http://​www.​sgo.​fi/​) at nearby stations. Istok (IST) is a remote station which is ~ 100 km north of the nearest city Norilsk in Russia. The Institute of Solar-Terrestrial Physics (ISTP), Siberian Branch of the Russian Academy of Sciences, Russian Federation, operated an induction magnetometer and auroral cameras in a container house at Istok, while the PWING installed another container house to install other instruments. Zhigansk (ZGN) is an observatory operated by the Yu.G. Shafer Institute of Cosmophysical Research and Aeronomy (IKFIA), Siberian Branch of the Russian Academy of Sciences, Russian Federation. Since the ZGN observatory is close to an airport facility where high electromagnetic noise is expected, the loop antenna was installed at the Maimaga Observatory (MAM) of IKFIA, which is located ~ 500 km southeast of ZGN. Gakona (GAK) is an observatory of Geophysical Institute, University of Alaska Fairbanks (GI-UAF). University of Florida and University of New Hampshire operate a loop antenna and an induction magnetometer, respectively, at Gakona. We installed an additional loop antenna and induction magnetometer at Gakona. Athabasca University Geophysical Observatory in Athabasca (ATH) is the oldest site among these stations. We installed an all-sky airglow/aurora imager and induction magnetometer there in 2005. The loop antenna and riometer were installed in 2012 and 2016, respectively. Kapuskasing (KAP) is a newly deployed station in 2016–2017 in collaboration with Virginia Tech. which operates a SuperDARN radar there. The PWING site is in a farmer’s field about 10 km east of the radar site at KAP. Nain (NAI) is also a newly deployed station in 2017–2018 in collaboration with Augsburg College which operates a fluxgate magnetometer at NAI. The Husafell (HUS) site belongs to the National Institute of Polar Research (NIPR), Japan, which operates an induction magnetometer, a riometer, and a loop antenna. PWING deployed an all-sky airglow/aurora imager at HUS. Kevo (KEV) is a site run by FMI where we installed an EMCCD camera in 2017.
As shown in Fig. 1, these eight stations (except for KEV) are distributed longitudinally around the north geomagnetic pole at ~ 60° MLAT with similar local time separation of ~ 3 h. This configuration is optimized to monitor longitudinal distribution of particles and waves in the inner magnetosphere around L = 4. Some other preexisting sites shown by blue points shown in Fig. 1 help to see the latitudinal differences of the particles and waves.
Figure 2 shows photographs of the five types of instruments installed by the PWING project including their installation. The induction magnetometers (Fig. 2e, f), riometers (Fig. 2c), and loop antennas (Fig. 2g) are installed outside, while the all-sky imagers (Fig. 2a, b) and EMCCD cameras (Fig. 2j) are installed either in the container house or in the insulated camera box. All these five instruments are controlled by personal computers (PCs) in buildings (Fig. 2d). The four instruments except for EMCCD cameras are operated by Visual Basic software (Fig. 2h, i, k) developed by Institute for Space-Earth Environmental Research (ISEE), Nagoya University, for automated data acquisition. The EMCCD cameras are controlled by PCs with Linux OS.[image: A40623_2017_745_Fig2_HTML.gif]
Fig. 2Photographs of the five instruments installed by the PWING project for a, b all-sky airglow/aurora camera at KAP, c riometer at KAP, d inside of container house at KAP, e, f induction magnetometer at ATH, g loop antenna at ATH, h PC window for magnetometer and riometer, i PC window for loop antenna, j EMCCD camera at ATH, and k PC window for all-sky airglow/aurora imager




                     

Description of the instruments and discussion
All-sky airglow/aurora imager
The all-sky airglow/aurora imagers developed for the PWING project have basically the same specifications as those used by the optical mesosphere thermosphere imagers (OMTIs) of the ISEE, Nagoya University (Shiokawa et al. 1999, 2009a). Thus these imagers are operated as part of the OMTIs network. Figure 3 shows the block diagram of the all-sky imager system. The optics of the imager is developed by KEO Scientific Ltd. (KEO Sentry 3) with a fish-eye lens (Mamiya 645 PRO, F4.0, f = 24 mm) and a 6-position filter wheel. The cooled charge-coupled device (CCD) detector of the camera is made by Hamamatsu (C11090-22B) with 1024 × 1024 pixels. We use it with a 2 × 2 binning, and thus the image resolution is 512 × 512 pixels. The CCD camera and the filters are controlled by a Windows PC with software written in Visual Basic. The on/off time of the imager is pre-calculated by considering the condition that the elevation angles of the sun and moon are less than − 12° and 0° under the horizon, respectively, and written in a schedule file in the PC (filename: kansoku.txt). The filter sequence, exposure time of each filter, and binning are also set by another configuration file (filename: filter1.txt). Figure 2k shows the PC window of the imager control software in which these schedule and configuration parameters are shown. The CCD camera, optics, and PC can be restarted by the network power switch (watchboot) through the internet. The power of the whole system is backed up by an uninterruptible power supply (UPS). The transformer made by SANKOSHA with a power capacity of 1 kVA is to convert local voltages to 100 V (Japanese standard) as well as to protect the system from surge currents on the power line (mainly due to lightning). The clock of the PC is synchronized to either the GPS clock or network time server to keep the correct time of data recording.[image: A40623_2017_745_Fig3_HTML.gif]
Fig. 3Block diagram of the all-sky imager system




                        
Table 2 shows the list of the interference filters used in the all-sky imagers and their specifications. As shown in the calibration dates, the imagers #7 and #14 were developed before the start of the PWING project (April 2016). Imager #7 has the optical system described by Shiokawa et al. (2009a), which is basically identical with that of the KEO Sentry 3 optics. Imager #14 uses the KEO Sentry 3 optics. The other six imagers were developed by the PWING project after May 2016 and have basically identical specifications with the KEO Sentry 3 optics. All the PWING imagers have five filters to observe oxygen emissions at wavelengths of 557.7 and 630.0 nm, hydroxyl (OH) band emissions at 720–1000 nm, hydrogen beta line at 486.1 nm, and background continuum emissions without airglow/aurora lines at 572.5 nm at filter channels 1–5, respectively. The sixth filter position is masked by a metal plate and used to reflect out the daylight when the observation is stopped. The bandwidths of these filters are 1.3–1.8 nm except for the OH band filters which pass emissions above 720 nm. The CCD sensitivity is reduced at these longer wavelengths, becoming nearly zero at ~ 1000 nm. Usually one imager takes images of 557.7 nm (15-s exposure), 630.0 nm (30 s), and 486.1 nm (30 s) every 1.5 min. Thus time resolution of the all-sky imager for these three emissions is 1.5 min. The images of OH band emissions (1 s) and background emission at 572.5 nm (30 s) are taken every 10 min.Table 2Filter characteristics, typical sensitivities, and exposure times of the all-sky imagers


	Filter number
	Species
	Observation wavelength (nm)
	Filter bandwidth (nm)
	Typical sensitivity (count/r/s)
	Exposure time (s)
	Binning

	Camera #7 (C7, Athabasca, calibration date: November 18, 2014, 512 × 512)

	 1
	OI
	557.7
	1.760
	0.2000
	5
	2 × 2

	 2
	OI
	630.0
	1.650
	0.3190
	30
	2 × 2

	 3
	OH
	720–910
	190.000
	–
	1
	2 × 2

	 4
	Hb
	486.1
	1.320
	0.1930
	40
	2 × 2

	 5
	bg
	572.5
	1.630
	0.2140
	15
	2 × 2

	 6
	OI
	844.6
	1.200
	0.1480
	25
	2 × 2

	 7
	Na
	589.3
	1.500
	0.5430
	15
	2 × 2

	Camera #14 (CE, Zhigansk, calibration date: May 18, 2015, 512 × 512)

	 1
	OI
	557.7
	1.636
	0.2497
	30
	2 × 2

	 2
	OI
	630.0
	1.645
	0.3970
	40
	2 × 2

	 3
	OH
	>720
	–
	–
	1
	2 × 2

	 4
	OI
	865.0
	9.837
	0.1853
	40
	2 × 2

	 5
	bg
	572.5
	1.515
	0.2935
	30
	2 × 2

	Camera #16 (CG, Kapuskasing, calibration date: December 26, 2016, 1024 × 1024)

	 1
	OI
	557.7
	1.783
	0.5185
	15
	2 × 2

	 2
	OI
	630.0
	1.644
	0.5343
	30
	2 × 2

	 3
	OH
	>720
	–
	–
	1
	2 × 2

	 4
	Hb
	486.1
	1.346
	0.3558
	30
	2 × 2

	 5
	bg
	572.5
	1.498
	0.4542
	30
	2 × 2

	Camera #17 (CH, Nain, calibration date: December 26, 2016, 1024 × 1024)

	 1
	OI
	557.7
	1.757
	0.4923
	15
	2 × 2

	 2
	OI
	630.0
	1.677
	0.5123
	30
	2 × 2

	 3
	OH
	>720
	–
	–
	1
	2 × 2

	 4
	Hb
	486.1
	1.373
	0.3455
	30
	2 × 2

	 5
	bg
	572.5
	1.495
	0.4567
	30
	2 × 2

	Camera #18 (CI, Nyrola, calibration date: December 26, 2016, 1024 × 1024)

	 1
	OI
	557.7
	1.742
	0.5715
	15
	2 × 2

	 2
	OI
	630.0
	1.632
	0.6019
	30
	2 × 2

	 3
	OH
	>720
	–
	–
	1
	2 × 2

	 4
	Hb
	486.1
	1.375
	0.4115
	30
	2 × 2

	 5
	bg
	572.5
	1.509
	0.5472
	30
	2 × 2

	Camera #19 (CJ, Gakona, calibration date: December 26, 2016, 1024 × 1024)

	 1
	OI
	557.7
	1.781
	0.4966
	15
	2 × 2

	 2
	OI
	630.0
	1.685
	0.5504
	30
	2 × 2

	 3
	OH
	>720
	–
	–
	1
	2 × 2

	 4
	Hb
	486.1
	1.364
	0.3621
	30
	2 × 2

	 5
	bg
	572.5
	1.492
	0.4586
	30
	2 × 2

	Camera #20 (CK, Istok, calibration date: December 26, 2016, 1024 × 1024)

	 1
	OI
	557.7
	1.717
	0.5190
	15
	2 × 2

	 2
	OI
	630.0
	1.627
	0.6032
	30
	2 × 2

	 3
	OH
	>720
	–
	–
	1
	2 × 2

	 4
	Hb
	486.1
	1.344
	0.4036
	30
	2 × 2

	 5
	bg
	572.5
	1.508
	0.5242
	30
	2 × 2

	Camera #21 (CL, Husafell, calibration date: December 26, 2016, 1024 × 1024)

	 1
	OI
	557.7
	1.769
	0.4860
	15
	2 × 2

	 2
	OI
	630.0
	1.614
	0.5493
	30
	2 × 2

	 3
	OH
	>720
	–
	–
	1
	2 × 2

	 4
	Hb
	486.1
	1.379
	0.3778
	30
	2 × 2

	 5
	bg
	572.5
	1.512
	0.5030
	30
	2 × 2




                        
All these all-sky imagers were calibrated using facilities at NIPR, Japan, as has been done for other OMTIs imagers. Details of the calibration procedures were shown by Shiokawa et al. (2000). The sensitivities shown in Table 2 are mostly 0.2–0.6 counts/R/s at the center of the images. The imagers developed by PWING (imagers #16–21) have better sensitivities than those of previous OMTIs imagers (imagers #7 and #14 in Table 2 and those in Shiokawa et al. 1999, 2009a). This is mainly because of the increase of sensitivities of the CCD detectors. The sensitivity of 0.5 counts/R/s can give 600 counts for 10 R emissions with a 30 s exposure and a 2 × 2 binning (= 0.5 × 10 R × 30 s × 2 × 2). The readout noise of the CCD camera is six electrons r.m.s. which is much smaller than the airglow counts. For Hamamatsu cooled CCD camera (C11090-22B), the 1 count corresponds to 1.26 electrons in the slow scan mode. The 600 counts with a signal-to-noise ratio S/N 
                           [image: $$= \frac{600}{{\sqrt {600} }} = 24$$] will be sufficient to study airglow/aurora structures in the images. Thus these imagers are highly sensitive to subvisual airglow/auroral emissions.
Figure 4 shows the cross section of the sensitivities of the imagers #16–21 with a filter #1 for the 557.7 nm emission. The sensitivity decreases from the center to the edge of the images by about 20–30% because of decrease in transmission of the optics. This decrease in the sensitivity at an edge of the image is slightly larger than those shown by Shiokawa et al. (2000) for OMTIs imagers #1–3. Since the front fish-eye lens (Mamiya 645 PRO) and the back imaging lens (Canon 50 mm/F0.95 TV lens) are the same for all the OMTIs imagers, this difference would be due to the difference of the telecentric lenses in the middle of the optics. The small notches and dips at ~± 350 pixels are due to a defect (seam of two hemispheres) of the integrating sphere of the NIPR calibration facility.[image: A40623_2017_745_Fig4_HTML.gif]
Fig. 4Horizontal cross section of the sensitivities of the all-sky airglow/aurora imager #16–21 measured by an integrating sphere of NIPR




                        
Figure 5 shows examples of an auroral image and keograms for the 630.0 nm emission obtained by these all-sky airglow/aurora imagers on March 30, 2017 during the 1st ERG-ground campaign observations. Five imagers at GAK, ATH, KAP, HUS, and NYR were in operation during the campaign. The keograms are the time sequence of meridional cross sections of the auroral images in geographic latitudes. The all-sky images are converted to geographical coordinates, assuming the height of auroras at 400 km. This height assumption is higher than typical airglow and auroral altitudes. We adopted this assumption because stable auroral red (SAR) arcs [typical altitudes are ~ 400 km (e.g., Rees and Roble 1975; Okano and Kim 1987)] were observed in the images. This night is during the recovery phase of the moderate geomagnetic storm that started on March 27, 2017.[image: A40623_2017_745_Fig5_HTML.gif]
Fig. 5North-south keograms of 630.0 nm emission (a–e) and an image (f) of 630.0-nm auroras obtained by the all-sky airglow/aurora imagers on March 30, 2017 at GAK, ATH, KAP, HUS, and NYR. They are shown in geographical coordinates. Black vertical dashed lines indicate the time of zero MLT. Red vertical dashed line in (c) is the timing when the image in (f) was taken




                        
In the keogram in Fig. 5a, auroral activity is seen in the northern sky of GAK after clouds disappear at 09:20 UT. A detachment of an arc from this northern aurora is observed at ~ 12 UT, indicating a detached SAR arc from the main auroral oval, as reported by Shiokawa et al. (2009b). A similar detachment of the SAR arc is seen at KAP in Fig. 5c at 03 UT. An image of this detached SAR arc is shown in Fig. 5f. This SAR arc is a very thin 630.0-nm arc extended generally in the geomagnetically east–west direction. The intensity is mostly less than 2 kR. The poleward part of the SAR arc below the main oval is filled by weaker 630.0 nm emissions with intensities less than 1 kR, suggesting that there is also precipitation of low-energy electrons in this region. Because the SAR arc is a manifestation of interaction between ring-current high-energy ions with plasmaspheric low-energy electrons, the dynamical variation of SAR arcs provides useful information to monitor this interaction process from the ground. The sky at ATH was mostly clear on this night, but similar SAR arc was not observed at ATH, though ATH is at a longitude between GAK and KAP. This fact indicates longitudinal localization of the observed SAR arc. Active aurora was observed at HUS in Iceland throughout the plotted interval in Fig. 5d, while few activities are seen in NYR in Finland. This difference may be because HUS is at higher geomagnetic latitudes closer to the auroral zone. The combined observations of this night indicate the capability of the PWING all-sky imagers to observe the longitudinal structure of weak aurora/airglow phenomena.

Induction magnetometer
Several different types of induction magnetometer sensors are used in the PWING project. One is the preexisting sensors before the PWING project, i.e., those made by Tierra Technica (ULC-150) for ZGN and those reused from the STEP polar magnetometer network in Canada for ATH. The amplifiers of these sensors were assembled by ISEE, Nagoya University, and details are given by Shiokawa et al. (2010). New sensors (Schlumberger BF-10 sensors with an amplifier by Tohoku Denshi Sangyo) were also introduced for the PWING project by the National Institute of Information and Communications Technology (NICT) for KAP, GAK, and NAI. The induction magnetometers at the SGO stations and at IST by ISTP are made by the Laboratory of Electromagnetic Innovations (LEMI) in Ukraine. The induction magnetometer at HUS has been run by NIPR since 1983.
Figure 6 shows the block diagram of the induction magnetometer and riometer system developed for the PWING project. The induction magnetometer sensors are buried under the ground as shown in Fig. 2f. We put the sensors into insulated PVC pipes to avoid penetration of water into the sensor. The sensors are usually ~ 200 m away from the main building to avoid electromagnetic noise from the power. The recording is made by a Windows PC with a software written in Visual Basic to control the analogue-to-digital (A/D) conversion board. The sampling rate is 64 Hz. Geomagnetically northward (H-) component and eastward (D-) component are recorded in the first and second channels, respectively, while the riometer output is recorded at the third channel. The 1 pulse-per-second (PPS) signal generated by a GPS receiver is recorded in the fourth channel as a time standard. The PC window of the data recording software is shown in Fig. 2h, in which the output curves of channel 1–4 are shown from top to bottom in white, green, red, and yellow curves. The PC clock is synchronized to standard time either by the GPS receiver via serial cable or by the network time server. The watchboot, UPS, and power transformer have the same specifications as those used for the all-sky imager.[image: A40623_2017_745_Fig6_HTML.gif]
Fig. 6Block diagram of the induction magnetometer and riometer system




                        
Figures 7 and 8 show the sensitivities and phases of the induction magnetometers of BF-10 (amp001, amp002, and amp003 for KAP, GAK, and NAI, respectively) and ULC-150 for ZGN. The six BF-10 sensors show almost identical sensitivities and phases. The three ULC-150 sensors also show nearly identical sensitivities and phases. The sensitivities of the BF-10 sensors are nearly flat at 0.4–0.6 V/nT at frequencies from 0.3 to 10 Hz. On the other hand, the sensitivity of the ULC-150 sensors for ZGN linearly increases with frequencies up to the peak of 0.38 V/nT at 1.4 Hz, as expected from the ordinary coil response to the input magnetic field variations, and then decreases toward higher frequencies due to low-pass filters. These sensitivity and phase responses of ULC-150 are similar to those of other ULC-150 magnetometers used at Magadan and Paratunka, Russia (Shiokawa et al. 2010).[image: A40623_2017_745_Fig7_HTML.gif]
Fig. 7Frequency dependence of sensitivities of the induction magnetometers




                           [image: A40623_2017_745_Fig8_HTML.gif]
Fig. 8Frequency dependence of phase of the induction magnetometers




                        
As shown in Table 1, installation of the induction magnetometers had been finished for seven stations by the time of the first ERG-ground campaign in March 2017. Figure 9 shows an example of the dynamic spectra of magnetic field variations at 0.1–32 Hz observed by these induction magnetometers at seven stations on March 30, 2017, during the campaign period. The broadband bursty emissions are Pi burst (PiB). For example, two PiBs are nearly simultaneously observed at 15 UT and 17 UT at IST and ZGN (Fig. 9b, c), while such PiB is not clear at neighboring stations at NUR in Finland (Fig. 9a) and at ATH (Fig. 9e). This reflects the local time extent of less than 7 h of the ionospheric and field-aligned current perturbations that create the observed PiB variations around the midnight associated with substorm auroras. Monochromatic emissions at a frequency range of ~ 1 Hz were observed at GAK, ATH, and KAP (Fig. 9d–f) at ~ 07–12 UT in the midnight–post-midnight local times, indicating the local time extent of ~ 5.5 h. They are Pc1 magnetic pulsations, which correspond to EMIC waves in the magnetosphere. Simultaneously, Pc1 pulsations with lower frequencies at 0.2–0.3 Hz are observed at NUR, IST, and ZGN (Fig. 9a, c) in the noon-dusk sector. The monochromatic emission observed only at NUR at ~ 18 UT with increasing frequencies seems to be the intervals of pulsations diminishing in periods (IPDP). Unfortunately, the data at HUS are rather noisy particularly at lower frequencies, and the noises prevent us to identify corresponding wave activities.[image: A40623_2017_745_Fig9_HTML.gif]
Fig. 9One-day dynamic spectra of H-component magnetic field variations observed at seven stations around the north geomagnetic pole on March 30, 2017. Vertical dashed lines indicate 00 MLT (magnetic local midnight) at each station




                        
The observations shown in Fig. 9 indicate the capability of the PWING induction magnetometers to monitor the longitudinal extent of the PiB and Pc1/EMIC magnetic pulsations. Engebretson et al. (2015) recently reported intense EMIC waves extending over 12-h MLTs using combined ground and satellite measurements. The PWING magnetometers can provide the opportunity to monitor the spatial extent of such waves on a routine basis. The Pc1 waves propagate horizontally through the ionospheric duct over a few thousand kilometers (e.g., Fraser 1975; Kawamura et al. 1981). As shown by Jun et al. (2014, 2016), comparison of Pc1 pearl structures (amplitude modulation) at different stations may help understanding the generation mechanisms of the pearl structure through beating of different waves during duct propagation. Comparison with all-sky airglow/aurora imager data gives us an interesting opportunity to monitor interaction between EMIC waves and ring-current protons/relativistic electrons (e.g., Sakaguchi et al. 2007, 2008, 2012; Miyoshi et al. 2008; Nomura et al. 2011, 2012, 2016; Ozaki et al. 2016).

Broad-beam riometer
The broad-beam riometer is made by La Jolla Sciences with an operating frequency of 30 MHz and a frequency bandwidth of 250 kHz. The riometer has dual half-wave dipole antennas with a separation of 14 feet (4.27 m) at more than 60 inches (1.52 m) above the ground (Fig. 2c). Two reflectors are located 30 inches (0.76 m) below the antennas. As shown in Fig. 6, the intensities of 30 MHz radio waves from the galaxy and active radio stars are amplified by the riometer receiver near the antenna, transferred to the main building with a 200-m signal cable, and recorded at the third channel of the recording PC with a sampling rate of 64 Hz. The recording PC is the same as that used for recording of the induction magnetometer data.
Figure 10 shows an example of the broad-beam riometer data obtained at GAK, ATH, KAP, and HUS on March 30, 2017, during the first ERG-ground campaign period. The output voltages, which are proportional to the 30-MHz radio wave intensity, are plotted in Fig. 10b, d, f, h. The quiet-day curves (QDCs) are also shown by thin curves in these panels. The QDCs are calculated every 1 s as the 70th percentile of the 1984 (= 64 Hz × 31 days) data points of the riometer output voltages (Vout) for ± 15 days of the observation day. By using the QDC, we calculate cosmic noise absorption (CNA) as 10log10(QDC/Vout).[image: A40623_2017_745_Fig10_HTML.gif]
Fig. 10Output voltages, quiet-day curves (QDCs) and cosmic noise absorption (CNA) measured by the broad-beam riometer at GAK, ATH, KAP, and HUS on March 30, 2017. Vertical dashed lines indicate the time of zero MLT (magnetic midnight) at each station




                        
In Fig. 10, strong CNA of more than 2 dB is observed at GAK and ATH after 11 UT in the second half of the day in the post-midnight to noon local time sectors. The CNA is caused by absorption of 30-MHz radio waves in the D-region ionosphere at altitudes of 60–90 km associated with high-energy (~ 30–100 keV) electron precipitation. Thus the CNA enhancement in the post-midnight to noon local times is consistent with the downward drift and energization of electrons in the inner magnetosphere. These data are useful to monitor the longitudinal extent of high-energy electron precipitation at subauroral latitudes. GAK and HUS observe stronger CNA than those at ATH and KAP. This may be because GAK and HUS are at slightly higher latitudes closer to the auroral zone. The data before 04 UT at KAP are contaminated by local radio noise.
In the PWING project, the effects of ionization change in the lower ionosphere due to energetic electron precipitation (> 100 keV) are also measured by using VLF/LF radio wave receivers along the propagation path between standard VLF/LF transmitters and the receivers (Adachi et al. 2009). Vertical monopole antennas for this purpose were installed at ATH on October 24, 2010, (before PWING) and MAM on April 21, 2017.

Loop antenna
The loop antennas developed by the PWING project for the ELF/VLF wave measurements are made by the Creative Design Corp. (HR130C) with pre-amplifiers made by the Meiwa System (VLF-lL2). They are basically the same as those used by Ozaki et al. (2012) at the Syowa Station in Antarctica. The antenna at Kannuslehto (KAN, 67.7°N, 26.3°E), operated by SGO is different from these PWING antennas, and is a 10 m by 10 m square loop antenna in north–south and east–west directions with 10 turns each, as described in detail by Manninen (2005).
Figure 11 shows the block diagram of the loop antenna system. The delta-type loop antenna (HR-130C) has a 5.3 m height and a ~ 15 m width including the antenna stay wire in geomagnetically north–south and east–west directions, as shown in Fig. 2g. The antenna has a 10-turn loop for each direction. The antenna and pre-amplifier are ~ 300 m away from the main building to avoid electromagnetic noise from the power line. The recording is made by a Windows PC with software written in Visual Basic to control the analogue-to-digital (A/D) conversion board. The sampling rate is 40 kHz. Magnetic field variations in geomagnetically northward and eastward directions are recorded in the first and second channels, respectively, while the 1 PPS signal generated by a GPS receiver is recorded in the third channel as a time standard. The PC window of the data recording software is shown in Fig. 2i, in which the output curves of channel 1–3 are shown from top to bottom in white, green, and red curves. The recording is made for 590 s (9 min 50 s) every 10 min, allowing 10-s resting time for the PC to avoid memory hang up. The PC clock is synchronized to the standard time either by the GPS receiver via a serial cable or by the network time server. The watchboot, UPS, and power transformer are the same as those used for the all-sky imager, induction magnetometer, and riometer.[image: A40623_2017_745_Fig11_HTML.gif]
Fig. 11Block diagram of the loop antenna system for ELF/VLF wave measurements




                        
Because of the high-sampling rate of 40 kHz, the data size of the loop antenna becomes huge (0.7 TB per month). To store these huge data, an extra hard disk of ~ 10 TB was attached in the PC. Because of this huge data size, calculation of the dynamic spectra also takes time. We install an additional Linux PC, which shares the hard disk, to calculate dynamic spectra of the ELF/VLF waves every 10 min in near real time, and store both the raw waveform data and the spectral data into the hard disk. The size of the spectral data is much smaller (25 GB per month) than the original data. This on-site data processing and data-size reduction is essentially important to monitor the operation of the system remotely from Japan, since we cannot transfer the raw data via the network. The raw data are copied into a 2-TB portable hard disk every 2 months which is mailed to Japan via post by local collaborators.
Figures 12 and 13 show frequency dependence of sensitivities and phase of the loop antennas used at ATH. The highest sensitivity is 0.69 V/pT at 8 kHz. The sensitivity linearly increases at 0.2–8 kHz, as expected from loop response to the magnetic field variations, and then decreases rapidly at above 10 kHz due to low-pass filter. The loop antenna sensitivity is more than 0.01 V/pT at 0.13–20 kHz. The phase relationship between the input radio signal and output voltage signal rotates two times in this frequency range. These sensitivity and phase curves are nearly identical for the channels 1 and 2.[image: A40623_2017_745_Fig12_HTML.gif]
Fig. 12Frequency dependence of sensitivities of the loop antenna to measure the ELF/VLF radio waves




                           [image: A40623_2017_745_Fig13_HTML.gif]
Fig. 13Frequency dependence of phase of the loop antenna to measure the ELF/VLF radio waves




                        
The sensitivity and phase curves of the loop antenna for ATH in Figs. 12 and 13 were measured for the maximum gain volume of the pre-amplifier and 20 dB gain (defined as no attenuation) for the volume of the main amplifier. The gain volume of the pre-amplifier is always set to be maximum at all the PWING stations, while the gain volume (attenuator) of the main amplifier is adjusted depending on the noise level of the stations.
Figure 14 shows an example of the 1-day dynamic spectra of the ELF/VLF waves observed at KAN, ATH, and KAP on March 30, 2017, during the 1st ERG-ground campaign. Vertical dashed lines in each panel indicate the location of magnetic midnight. The contamination from global lightning activities is seen at frequencies above ~ 4 kHz at all the stations at night because of less attenuation of the radio waves from lightning through the ground–ionosphere waveguide at night. The ELF/VLF waves originating from the magnetosphere can be seen at frequencies below 4 kHz at KAN intermittently at 01–12, 13–17, and 22–23 UT, and at ATH at 15–20 UT. On the other hand, no magnetospheric ELF/VLF activities are recognized at KAP, though KAP is only 2.6 h different from ATH in MLT. Strong line emissions are observed at KAP at frequencies below ~ 4 kHz at 13–21 UT due to human activities in daytime.[image: A40623_2017_745_Fig14_HTML.gif]
Fig. 14Twenty-four-hour spectra of ELF/VLF waves (north–south magnetic field variations) observed by loop antennas at KAN, ATH, and KAP. Vertical dashed lines indicate the time of zero MLT (magnetic midnight) at each station




                        
The intensity color scale of KAP is two orders larger than that of ATH. Considering this color scale, the intensity of lightening at 09–11 UT at KAP is about 1.5 order stronger than that at ATH. In the conversion from the raw voltage data to this absolute intensity, we used the sensitivity curve shown in Fig. 12. Since the gain volume of the main amplifier at ATH and KAP is 20 dB (0 dB attenuation) and 6 dB (14 dB attenuation), we reduced the sensitivity at KAP to be 14 dB smaller than that at ATH in Fig. 12. However, this procedure may cause some ambiguity of the absolute gain due to the ambiguity of the gain of the main amplifier. We are planning to do on-site calibration of the VLF antenna to fix this ambiguity at KAP.
Figure 15 shows 10-min dynamic spectra observed at ATH and KAP at 1800–1810 UT on March 30, 2017. These plots are shown with the power of the original output voltages (V2/Hz) to avoid saturation at the lower frequency side. Quasi-periodic chorus emissions at frequencies below 3 kHz are seen at ATH at 1800–1803 UT and change their spectral shape to more hiss-like at after 1803 UT. On the other hand, no such chorus/hiss emissions are seen at KAP.[image: A40623_2017_745_Fig15_HTML.gif]
Fig. 15Ten-minute spectra of ELF/VLF waves observed by loop antennas at ATH, and KAP




                        
The comparison of KAN, ATH, and KAP indicates the capability of the PWING loop antennas to monitor the spatial extent of the magnetospheric ELF/VLF waves at subauroral latitudes. Although the chorus emissions were observed at ATH over 5 h at 15–20 UT, no emission was observed at KAP at 2.6-h different MLT. This indicates that the magnetospheric ELF/VLF emissions can be generated in a quite localized region. These emissions are considered to be generated by temperature anisotropy of drifting high-energy electrons in the inner magnetosphere (e.g., Kennel and Petschek 1966). Such high-energy (~ 10–100 keV) electrons drift around the Earth with a time scale of several hours. Thus it seems to be difficult to create a localized distribution of drifting electrons with scale sizes less than 2.6 h in MLT. The background plasma density also controls the generation and propagation of the magnetospheric ELF/VLF waves and may cause the observed localization of the magnetospheric ELF/VLF waves. As shown by Ozaki et al. (2008), the ELF/VLF waves expand only about 500 km from the exit point of the ionosphere to the ground, allowing the PWING stations to see the localization of the magnetospheric ELF/VLF waves.
Recently Yonezu et al. (2017) examined the simultaneous occurrence rate of the magnetospheric ELF/VLF emissions using 48-day loop antenna data obtained at ATH, KAN, and the Syowa station in Antarctica. These stations are separated in local times of 3, 8, and 11 h. The simultaneous occurrence rates are 9.8, 2.5, and 3.6% for SYO-KAN (3-h local time difference), ATH-SYO (8 h), and ATH-KAN (11 h), respectively. However, this analysis does not consider the difference of spectral features (structures and frequencies) of the waves, because the data are obtained with loop antennas of different specifications and sampling rates. In the PWING project, we expect to use quite a uniform dataset for comparison of the waves at different local times. Comparison with Arase and Van Allen Probes also provides important information on the propagation of magnetospheric ELF/VLF waves to the ground (e.g., Martinez-Calderon et al. 2016).

EMCCD camera
The EMCCD cameras used by the PWING project are made by Hamamatsu (C9100-23B) with a fish-eye lens (Fujinon FE185C086-1, F1.8). It has nearly an all-sky field of view. Broadband filters, named as BG3 for transmission wavelengths at 300–500 nm and above 700 nm or named as RG665 for wavelengths above 665 nm, are set on top of the fish-eye lens, as shown in Fig. 2j. They remove both the 557.7 and the 630.0 nm emissions, yet passes the prompt (microsecond to nanosecond lifetimes) blue and near-infrared emission lines of N2 and N2+. By using high transfer voltages during the transfer of electrons on the register, the EMCCD camera can amplify electrons on the CCD chip. Thus fast image sampling with low readout noise becomes possible for the EMCCD camera. The sampling rate of images is 100 Hz, giving an opportunity to obtain one of the fastest images of low-intensity auroras. Every frame is triggered by the pulse signals from GPS-locked signal generator, which enables us to assure the accurate time stamp and to stabilize the 100 fps data acquisition. The image resolution is 256 × 256 pixels (e.g., Kataoka et al. 2011). Three EMCCD cameras are installed at ATH, GAK, and KEV. The EMCCD cameras at KEV and GAK are used in collaboration with the Pulsating Aurora (PsA) Project (http://​www.​psa-research.​org/​english/​), which provides two more EMCCD cameras in the northern Scandinavia region to cover a wide spatial area of the auroral oval.
Figure 16 shows an example of auroral image and north–south keograms obtained by the EMCCD camera at GAK on March 22, 2017, at 1307 UT (04 h MLT). Intense pulsating patches were observed around the center of the image at this time (Fig. 16a) during the recovery phase of a large substorm (maximum AE index (provisional) of ~ 1000 nT) started at 11 UT. In the 1-min north–south keogram in Fig. 16b, auroral pulsations with periods of a few to 10 s are clearly seen. By focusing on the 10 s at 1307:20–1307:30 UT (Fig. 16c), we can see faster intensity modulation of these pulsating patches with a period of ~ 0.3 s, which indicates so-called 3-Hz modulation of pulsating aurora due to interaction of high-energy electrons with magnetospheric ELF/VLF emissions (e.g., Samara and Michell 2010; Miyoshi et al. 2015a, b, Nishiyama et al. 2016). Thus comparison of these EMCCD data with data from the loop antenna will be very interesting to investigate such a wave–particle interactions, though usually the magnetospheric ELF/VLF emissions are masked by the highly conductive ionosphere during pulsating aurora. Comparison of the EMCCD camera images of isolated proton aurora with EMIC waves observed by induction magnetometer will be more promising to study the interaction of high-energy ions and EMIC waves (e.g., Ozaki et al. 2016). Comparison with the Arase and Van Allen Probes satellites will be essential to study these wave–particle interaction processes by monitoring their spatial and temporal motion by using this ground EMCCD camera.[image: A40623_2017_745_Fig16_HTML.gif]
Fig. 16Image (a) and north–south keograms (b, c) of pulsating auroral patches observed by an EMCCD camera with an R665 filters at GAK on March 22, 2017




                        

Database construction
Because the PWING project operates many instruments at many stations continuously, the amount of data becomes very large. Table 3 summarizes the amount of data produced by the PWING project for 5 years. The total amount of data except for those from the three EMCCD cameras is 331 TB for the 5 years. The EMCCD camera produces data of 670 TB per station, but we plan to abandon many of the EMCCD data with cloudy skies and no-aurora time to reduce the data amount. In total we expect that about 500 TB of data will be generated from a 5-year operation of the PWING instruments. The PWING project and PsA project operate a high-capacity (1 PB) data storage facility at the ERG Science Center of ISEE, Nagoya University (http://​ergsc.​isee.​nagoya-u.​ac.​jp) to store these data.Table 3Data amount from the PWING instruments


	Instrument
	1 data size (Byte)
	Sampling (Hz)
	Per day (MB)
	Per month (GB)
	Per year (TB)
	5 years (TB)

	All-sky camera
	552,000
	0.03
	715.3920
	14.3078
	0.1717
	0.8585

	VLF antenna (2ch + GPS)
	6
	40,000
	20,736.0000
	642.8160
	7.7138
	38.5690

	VLF spectra (2ch)
	5,700,000
	1/600
	820.8000
	25.4448
	0.3053
	1.5267

	Induction magnetometer (2ch + GPS)
	6
	64
	33.1776
	1.0285
	0.0123
	0.0617

	Riometer (1ch, merged with magne)
	2
	64
	11.0592
	0.3428
	0.0041
	0.0206

	Riometer (raw, QDC, CAN in ascii)
	37
	64
	204.5952
	6.3425
	0.0761
	0.3805

	Total per station
	 	 	22,521.0240
	690.2824
	8.2834
	41.4169

	For 8 stations
	 	 	180,168.1920
	5522.2595
	66.2671
	331.3356

	EMCCD camera (per station)
	100,000
	100
	360,000
	11,160.0000
	133.9200
	669.6000




                        
It is vitally important to prepare quick-look plots of the data just after the data acquisition at the site. The quick-look plots are used (1) to check whether the automated operation of the instruments is going correctly or not, and (2) to find interesting events in the data, and (3) to make it easy to compare different types of data. Quick-look plots of all the five types of instruments in the PWING project are prepared and opened on the Web site, which is linked to the PWING Web site at http://​www.​isee.​nagoya-u.​ac.​jp/​dimr/​PWING/​en/​.
In addition to these quick-look plots, the real data that can be used for data analysis are provided through the ERG Science Center in Common Data Format (CDF) (Miyoshi et al. 2017b, this issue). The information on the instruments and stations are also registered into the metadata database built by the inter-university upper atmosphere global observation network (IUGONET) project at http://​www.​iugonet.​org/​ (Hayashi et al. 2013). The ERG Science Center and the IUGONET project also provides data analysis tools for these PWING ground-based data based on the framework of the Space Physics Environment Data Analysis Software (SPEDAS) written in IDL (Angelopoulos 2008). These fruitful database facilities and frameworks allow us to make the data open to the international community and to stimulate collaborative researches with other related projects.


Summary
The PWING project was started in April 2016. The five types of instruments, i.e., all-sky airglow/aurora imagers, induction magnetometers, riometers, loop antennas, and EMCCD cameras were deployed mostly during the fiscal year of 2016 (April 2016 – March 2017) and started their automatic operation by March 22, 2017, except for the instruments at Nain, and all-sky imagers, riometers, and loop antennas at two Russian stations. The all-sky imagers measure invisible auroral/airglow emissions which correspond to electron and ion precipitations at low to middle energy ranges from eV to 10 keV. The riometers measure electron precipitation at a high energy range of ~ 30–100 keV. The EMCCD cameras provide fast auroral images with a sampling rate of 100 Hz. The induction magnetometers measure Pc1/EMIC waves at frequencies of the order of Hz, which are related to the ion cyclotron instabilities. The loop antennas measure magnetospheric ELF/VLF emissions at frequencies of kHz, which are related to electron cyclotron instabilities. Quick-look plots and real-data/metadata database have been constructed together with the analysis tools by the ERG Science Center and IUGONET on the SPEDAS framework, in order to make the data open to the international community and to stimulate collaborative research with related projects.
The PWING instruments are longitudinally distributed around the north geomagnetic pole at subauroral latitudes of ~ 60° MLAT (L ~ 4) and provide a new opportunity to investigate local time/longitudinal extent of these particles and waves in the inner magnetosphere. By combining this longitudinal ground network with the in situ measurements of particles and waves in the equatorial plane of the magnetosphere by Arase and Van Allen Probes and with global modeling efforts, we can investigate energization and loss of the particles in the inner magnetosphere in a quantitative way. The quantitative understanding of plasma dynamics in the inner magnetosphere will also contribute to the safe and secure use of geospace around the Earth.
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