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Abstract. A new stereoscopic measurement technique is deKeywords. Atmospheric composition and structure (air-
veloped to obtain an all-sky altitude map of aurora usingglow and aurora) — lonosphere (auroral ionosphere) — Mag-
two ground-based digital single-lens reflex (DSLR) camerasnetospheric physics (energetic particles, precipitating)

Two identical full-color all-sky cameras were set with an
8 km separation across the Chatanika area in Alaska (Poker

Flat Research Range and Aurora Borealis Lodge) to find lo-

calized emission height with the maximum correlation of the 1  Introduction

apparent patterns in the localized pixels applying a method of

the geographical coordinate transform. It is found that a typ-A humber of beautiful pictures have been obtained using
ical ray structure of discrete aurora shows the broad altitugdull-color digital single-lens reflex (DSLR) cameras around
distribution above 100 km, while a typical patchy structure the world during this solar maximum. Recently, even as-
of pulsating aurora shows the narrow altitude distribution oftronomers onboard the international space station have taken
less than 100 km. Because of its portability and low cost oftons of side-view images of aurora and airglow with Nikon
the DSLR camera systems, the new technique may open BSLR cameras, which would be useful for the 3-D tomog-
unigue opportunity not only for scientists but also for night- faphy of the upper atmosphere in the near future. It is also
Sky photographers to Comp|ementari|y attend the aurora SciteaSible that the emission altitude of detailed auroral struc-

ence to potentially form a dense observation network. tures can be estimated using the stereoscopic photographs
taken by multiple ground-based cameras, because the DSLR ©

cameras are now sensitive enough for aurora observationsQ
(ISO> 12800), and the spatial resolution of more than sev- ©
eral thousand pixels by several thousand pixels is several @

Q

C
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times higher than standard scientific-grade CCD cameras. Our stereoscopic experiment focuses on the smallest scale
These are the first scientific motivations of the Aurora 3- structures of aurora, using a minimum set of instruments. We
D project fttp://aurora3d.jpwhich was originally a more use vertically directed all-sky DSLR cameras with a separa-
outreach-oriented project to challenge 3-D dome projectiortion distance of 8 km to achieve the fine spatial resolution of
by a minimum set of stereoscopic all-sky DSLR cameras. Wel®, applying a straightforward method to estimate the emis-
conducted the Aurora 3-D experiment at Poker Flat Researchion altitude by correlating the apparent patterns of aurora
Range, Alaska for three winter seasons in 2010-2011, 2011within the corresponding localized pixels. The purpose of
2012, and 2012-2013. this paper is to report the first results of the “altitude map”
Historically, about 100 years ago,®mer (1913) first as obtained from the all-sky stereoscopic analysis.

made the stereoscopic measurement of aurora to understand
the basic form and height of aurora in detail. More recent
trials of stereoscopic reconstruction of aurora were origi-

nated from the reconstruction of a luminous distribution by . . . .
a scannina photometer chain in the maanetic meridian olan We installed two identical sets of a Nikon camera system at
(Romick a?ns Belon, 1967; Vallance Jor?es et al 1991)panc‘}::':Oker Flat Research Range (65.8¢ 147.43 W, 0.51km

' ' ) ' eight from sea level) and Aurora Borealis Lodge (6584

also from the altitude determination by triangulation using ;
TV cameras (Stenbaek-Nielsen and Hallinan, 1979). There-l47'45 W, 0.73km height). We refer to these camera sys

after, Aurora Computed Tomography (ACT) was successfultems as PI1 and PI2,_respect|ver._ Thg separation _dlstance
. ) L .~ “between PI1 and PI2 is 8km, and is aligned approximately
in reconstructing the 3-D distribution of auroral luminosity

g . L . 7 _north—south. The camera system consists of Nikon D4 cam-
from monochromatic images obtained at multi-point stations

at the same time (Aso et al., 1990, 1998; Frey et al., 1996°"2 body equipped W'.th a NI.KKOR 8mm F2.8 cwqula.r fish
] : ; : eye lens, controlled with a Windows PC laptop, which is con-
Nygrén et al., 1996). The inversion technique has been de- )
. X nected to the internet to be remotely controlled even from

veloped with the construction of ground-based camera net-

) Japan using the Nikon software of Camera Control Pro 2.
works such as the Aurora Large Imaging System (ALIS) The geographic position and the Universal Time are obtained
(Steen and Bandstdm, 1993; Gustavsson, 1998). Tanaka geographic p

et al. (2011) recently developed a new method of generalfrom the GPS unit of Nikon GP-1. The original image size is

ized ACT (GACT) that reconstructs the energy and spatial4928 pix els by 3289 pixels, and thg 180 degre'es all-sky circle
L L - determines 3192 pixels by 3192 pixels at the image center as
distributions of precipitating electrons from multi-instrument

data. Suitably separated ground-based imaging systems, Wit%hown in Figs. 1 and 2.
a separation distance of several tens of km, can now there-
fore be thought of as a single “meta-instrument” accessin®d  Method of analysis
a dimension which cannot be resolved through a single-site
measurement. First of all, we aligned the focus directions of the cameras
On the other hand, in many former advanced studies (e.gusing dozens of bright stars in the original images at P11 and
Kataoka et al., 2001; Ebihara et al., 2010), the emission alP12, applying the method of Mori et al. (2013). The resul-
titude of aurora was usually assumed at a typical height otant “dome master” format is illustrated in Fig. 3a. In the
emission layer to investigate the meso-scale or global horidome-master format, geographic north is to the top, west is
zontal distribution to map an all-sky image on the geographicto the right, the center of images is the zenith, and the edge of
coordinates. Such a method of geographic transform has adhe all-sky circle is at 90 degrees from the zenith. The radial
tually been effective, as validated by the partially overlappeddistance from the center is linearly proportional to the angle
patterns of observation data obtained from a number of allfrom the zenith. The examples of obtained all-sky images in
sky imagers installed at AGOs (automatic geophysical obserdome-master format are shown in Figs. 1 and 2.
vatories) in Antarctica (Rosenberg and Doolittle, 1994) and Secondly, we remove the bright stars from the dome-
GBOs (ground-based observatories) in Northern Hemispherenaster images by using a median filter of 20 pixels by 20 pix-
(Mende et al., 2008). However, an essential problem alway®ls for each R, G, and B image separately. Then we choose
remains that the emissions from a single ground-based alla small base window of 50 pixels by 50 pixels in a dome-
sky camera originated from many different altitudes at themaster image of PI1, and we search the corresponding center
same time, as can especially be seen in the ray structure. Ipixels of the search window of the same size in the dome-
other words, such an essential problem itself has importaninaster image of P12, changing the assumed emission alti-
information of altitude profiles of small-scale aurora. Kubota tude from 50 to 400 km by a 10 km resolution. Here we set
et al. (1999) was the first who applied such a localized stereothe maximum altitude of 400 km because an altitude of more
scopic analysis on nightglow emissions. Ejiri et al. (2002) than 400 km is too high to be accurately resolved by the 8 km
used the method of Kubota et al. (1999) to estimate the smallseparation distance. The altitude of the base window is fi-
scale wave structures of nightglow emissions to investigatenally determined by the assumed altitude of the highest nor-
the generation mechanisms. malized cross-correlation coefficient of the windows of PI1

Observations
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(a) Dome Master Format (b) Geographic Coordinate System

North
A

A

East Zenith

] ) ) ~ Fig. 3. Dome-master formafa) and corresponding geographic co-
Fig. 1. All-sky images of ray structure of discrete aurora as obtained yqinate systentb), whered is the zenith angleB is the azimuth
from (left) Poker Flat Research Range and from (right) Aurora Bo- 5nge from the north, and is the longitude between the target and
realis Lodge at 09:17 UT on 17 March 2013. Camera settings ar¢ypserver. See the text for details.
1ISO6400 and 2 s exposure time. The center of images is the zenith,
geographic north is to the top, and west is to the right.

equations:

COSz = COSh COSc + Sinb Sinc COSA, 1)

COSB = (coshsinc — sinbcosc cosA)/ sina, (2)
R+ H)sin

tang = (R + H)sina (©)

(R+H)cosa— (R+h)’

wherec andh are the co-latitude and altitude of the observa-
tion point, respectivelyH is the assumed emission altitude,
andR is the Earth’s radius. On the other hand, when we need
to know the co-latitudé and longitudeA of a certain dome-
master position of and B, we use the following set of equa-

tions:
] ] ) COSh = COSc COsu + Sincsina cosB, 4)
Fig. 2. All-sky images of patchy structure of pulsating aurora as . . . .
obtained from (left) PFRR and from (right) ABL at 16:25UT on SINA = sinBsina/sinb, ®)
26 January 2013. Camera settings are 1SO3200 and 5s exposusin(d —a) = Sind (R +h)/(R + H). (6)

time. The format is the same as Fig. 1.
The last step to complete the altitude map is to remove the

potential noise values, assuming a continuity of the estimated
altitudes at neighboring base windows. In this study, we re-
move the estimated altitude of a base window when any dif-

. . : ference values from the neighboring windows are larger than
and PI2 in R, G, or B images to make it robust for the se 50 % of the estimated altitude of the base window.

lection of the color balance. The reason why we use the nor-

malized cross-correlation of the “localized pattern” is also

to make the method robust for using many different types4 Results

of DSLR cameras of which the absolute luminosity or rela-

tive luminosity between the cameras cannot always be crossthe typical example of a ray structure of a discrete aurora is

calibrated. We only use the altitude where the maximum cor-shown in Fig. 1, and the obtained altitude map withesolu-

relation coefficient was larger than 0.6. The base window istion (25 pixels) is shown in Fig. 4. It is generally known that

shifted half the size of the pixels of the base window (i.e., 25red aurora is higher than green aurora, and the obtained alti-

pixels) to repeat the same sequence until filling the centratude map clearly supports this tendency as shown in Fig. 4.

1500 by 1500 pixels to construct the altitude map. Magnetic local midnight is about 11:00 UT, and this event
A standard geographic coordinate transform is used taoccurred in the pre-midnight sector. This is a typical ray

search for the corresponding pixels between the dome-mastestructure that appeared during a substorm during the main

images of PI1 and PI2. The basic geographic coordinate sysgphase of a magnetic storm. The minimum Dst index of this

tem is illustrated in Fig. 3b. When we need to know the magnetic storm was-132 nT, which was one of the largest

dome-master position af and B corresponding to certain storms during the solar cycle 24, and the amplitude of the

co-latitudeb and longitudeA, we use the following set of associated substorm was also large, as indicated by the AE
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Fig. 4. Altitude map of a ray structure of a discrete aurora as ob-Fig. 5. Altitude map of a patchy structure of a pulsating aurora as
tained from all-sky images in Fig. 1. The superposed dots show thebtained from all-sky images in Fig. 2. The format is the same as
estimated emission altitudes, and the blue to yellow colors indicaterig. 4.
low (50km) to high & 400 km) altitudes. The full-color original
image is also shown in the background.

L/ AT A AR AL ssopraa 491428 1625 U7

index of around 1000 nT. This event occurred about 3 h after
the arrival of interplanetary shock driven by a coronal mass
ejection.

A typical example of a patchy structure of a pulsating au-
rora is shown in Fig. 2, and the obtained altitude map is
shown in Fig. 5. It is generally known that pulsating auro-
ras continue for several hours after a substorm expansion
especially post-midnight, associated with the precipitation of * 1sor
energetic electrons with higher characteristic energies than
those of other types of aurora (Brown et al., 1976). The rel- oo}
atively low altitudes as shown in Fig. 5 are consistent with :
the expected higher energies of precipitating electrons. This  sob. W
event belongs to a weak magnetic storm with a minimum %% °" 502 0o 00t 000 002 B g 208 010
Dst of =51 nT, which was driven by a high-speed solar wind
flowing from a coronal hole (e.g., Kataoka and Miyoshi, Fig. 6. The occurrence distributipns of the emission altitudes for
2006). (left) the ray structlure,. and for (right) the patchy §tructure, as also

Figure 6 shows the occurrence distributions of altitudes for>"" PY the dots in Figs. 4 and 5, respectively. Diamonds are from

- he altitude map as calculated starting from the base window in PI1,
both ray struct_ure a”O_' patchy structure as shown In F_Igs. nd triangles are from the altitude map as calculated starting from
and 5, respectively. It is clearly seen that the typical altitudey,q pase window in PI2.
of ray structure is about 100-130 km, with broad distribu-
tions of higher altitude up to 250 km. On the other hand, it
is also clearly seen that the typical altitude of the patchy aug Summary and discussions
rora is 80—90 km, with relatively narrow distributions against

the height. These results are consistent with previous reportg, symmary, we developed a new measurement technique to
on the altitude distributi.ons that depend on types of_auroraobtain an all-sky altitude map of auroras with a minimum set
(Brown et al., 1976). It is noted that the stopping height of of instruments of two all-sky DSLR cameras. The estimated

4 keV electrons is- 110 km, while that for 30keV electrons  gjtitude maps of the ray and patchy structure are reasonable
is ~ 90 km, and therefore different altitudinal profiles are re- 5 shown in Figs. 4-6, and are consistent with former obser-
sults of different energy spectra of precipitating electrons. ,ations and theories.

The largest error to estimate the altitude is originated
from the deformation of the corresponding windows, which
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