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Abstract The full-color photographs of aurora have been taken with digital single-lens reflex cameras
mounted on the International Space Station (ISS). Since these photographs do not have accurate time and
geographical information, in order to use them as scientific data, it is necessary to calibrate the imaging
parameters (such as looking direction and angle of view of the camera) of the photographs. For this
purpose, we calibrated the imaging parameters using a city light image taken from the Defense
Meteorological Satellite Program satellite following the method of Hozumi et al. (2016, https://doi.org/10.
1186/s40623-016-0532-z). We mapped the photographs onto the geographic coordinate system using the
calibrated imaging parameters. To evaluate the accuracy of the mapping, we compared the aurora taken
simultaneously from ISS and ground. Comparing the spatial structure of discrete aurora and the temporal
variation of pulsating aurora, the accuracy of the data set is less than 0.3 s in time and less than 5 km in
space in the direction perpendicular to the looking direction of the camera. The generated data set has a
wide field of view (∼1,100× 900 km), and their temporal resolution is less than 1 s. Not only that, the field
of view can sweep a wide area (∼3,000 km in longitude) in a short time (∼10 min). Thus, this new imaging
capability will enable us to capture the evolution of fine-scale spatial structure of aurora in a wide area.

1. Introduction
Aurorae are luminous and colorful phenomena seen in the high-latitude part of the Earth's upper atmo-
sphere at altitudes from 90 to 300 km (Jones, 1971). Such auroral emissions originate from atoms and
molecules excited by energetic charged particles precipitating from the magnetosphere along the Earth's
magnetic field line. This allows us to employ the two-dimensional distribution of optical emission as a proxy
for the pattern of particles precipitating from the magnetosphere (e.g., Akasofu, 1965). In this sense, optical
observations of aurora are of particular importance in monitoring the Geospace environment on the Earth's
atmosphere in the framework of space weather forecasting.

For such purposes, various types of optical observations have been performed in the history. Especially,
ground-based optical observations have been carried out since 1960s. In the early stage of ground-based
observations, the images are recorded at the video rate (30 Hz) (e.g., Davis, 1966; Scourfield & Parsons,
1969). Recently, the Electron Multiplying Charge Coupled Device (EMCCD) all-sky imagers (ASIs) are
used to obtain images with further improved temporal resolution such as 0.01 s (i.e., 100 Hz sampling)
(e.g., Nishiyama et al., 2012; Ozaki et al., 2016). Those high temporal resolution optical measurements
are fairly sufficient to track fast modulations in aurora (e.g., pulsating aurora: PsA) (e.g., Hosokawa et al.,
2015; Lessard, 2012). However, a single ASI has a limitation in the coverage of the field of view (FOV). In
order to overcome this problem, the Time History of Events and Macroscale Interactions during Substorms
ground-based observation (THEMIS-GBO) succeeded in imaging the detailed spatial structure of aurora in a
wide area extending from Alaska to Labrador by deploying a cluster of ASIs as a network (Mende et al., 2008).
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However, the temporal resolution of the THEMIS-GBO imagers is 3 s, which is often insufficient for detect-
ing the rapid temporal variation of PsA. Moreover, since the ground-based observation is greatly affected
by the local weather conditions, the probability of the simultaneous observations at multiple stations is not
high. For these reasons, wide FOV optical observations from space have been highly demanded.

Since the late 1970s, optical instruments onboard satellites such as Freja (Marklund et al., 1998), Viking
(Elphinstone et al., 1995), DE-2 (Killeen et al., 1988), Akebono (Oguti et al., 1990), and Polar (Acuña et al.,
1995) have visualized large-scale structures of aurora from space. In the 2000s, several ultraviolet (UV) cam-
eras having a wide FOV onboard the IMAGE satellite (Burch, 2000) have widely been used for studies of
aurora (e.g., Burch et al., 2001). In particular, a lot of researchers have investigated the relationship between
the temporal evolution of the entire auroral oval and the solar wind parameters (e.g., Milan et al., 2009;
Zhang et al., 2002). However, because of the use of low spatial resolution (∼52 km× 52 km, Mende et al.,
2000) UV imaging, it has been difficult to image the fine-scale structure of aurora such as typical patches of
PsA whose spatial scale ranges from a few tens to a few hundreds of kilometer. After that, the multispectral
auroral camera (MAC) instrument (Sakanoi et al., 2003) onboard the Reimei satellite succeeded in observ-
ing the fine-scale structure of discrete aurora (Asamura et al., 2009) and the rapid temporal variation of PsA
(Miyoshi et al., 2015) using visible lights. Still, however, the limited FOV of MAC (∼80 km× 80 km, Sakanoi
et al., 2003) did not allow us to observe such fine-scale/fast variations of aurora in a wide area. Thus, it is still
difficult to observe the detailed spatial/temporal characteristics of aurora in a wide area, which has been a
major obstacle for revealing the origin of the fine structure and the rapid temporal variation of aurora.

To overcome this limitation, we use the color digital camera photographs from the International Space Sta-
tion (ISS) for the study of aurora. The color photographs (ISS photographs) taken in the rim of the Earth
direction often have spatial and temporal resolutions sufficient for studying aurora, and those photographs
are available online with Photo ID (Gateway to Astronaut Photography of Earth, 1995). However, they do
not have accurate time and geographical information because they have not been taken for the purpose of
scientific researches. If we correctly estimate the so-called imaging parameters (such as looking direction
and angle of view of the camera) by calibrating the photographs, we could project the color photographs
onto the altitude of auroral emission with accurate time stamps, which would be utilized for researches of
various kinds of aurora. Riechert et al. (2016) proposed a calibration method of the photographs using star
lights, but it was not possible to guarantee the time accuracy because the change of the apparent positions
of star lights is small relative to the demanded time resolution of 1 s or less. They argued that additional use
of city light positions can reduce the error in time to 1 s. However, since they did not take the distortion of
window into consideration, the geographical location of the projected points has errors larger than 20 km.

Later, Hozumi et al. (2016) proposed another calibration method of the ISS photographs using city lights in
the images. Since city lights are located much closer to the camera onboard the ISS than star lights, rapid
change of their apparent positions in time enables us to better estimate the imaging parameters. They used
a city light image captured by the Operational Linescan System (OLS) sensor of the Defense Meteorological
Satellite Program (DMSP) satellite (Version 4 DMSP-OLS Nighttime Lights Time Series, 2015) as a refer-
ence for the city light location. They employed the calibrated photographs for the studying airglow in the
low-latitude region and proved the accuracy of the proposed method by comparing the height profile of the
derived emission with the location of equatorial anomaly. In this study, we applied the method of Hozumi
et al. (2016) for mapping discrete aurora and PsA and examined the feasibility of using the photographs for
the research of aurora at high latitudes. In particular, through comparison between the mapped ISS pho-
tographs and simultaneously obtained ground-based ASI observations, we clarify (1) whether we are able
to map the spatial structure of discrete aurora correctly and (2) whether we are able to extract the temporal
variation of PsA.

2. Data Set and Method
2.1. Data Set
ISS has been orbiting the Earth with a period of ∼90 min with an inclination angle of 51.6◦. The orbital
altitude of ISS is about 400 km, from which the digital camera observations have often been performed in
the rim of the Earth direction (mostly looking north at high latitudes). During the events focused in this
paper, Nikon D4 was used for a digital single-lens reflex camera and AF-S NIKKOR 24 mm f/1.4G ED was
used for the lens. The size of the photographs taken by the camera was 4,928× 3,280 pixels, and the temporal
resolution was 1 s. The exposure time of the image capturing was 1/3 s, and the ISO speed rate was 5,000.
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The data from the THEMIS-GBO ASI (THEMIS ASI) installed in Gakona, Alaska (62.41◦ N, 145.16◦ W) and
the EMCCD ASI installed in Athabasca, Canada (54.60◦ N, 113.64◦ W) were used for the comparisons with
the mapped ISS photographs. The THEMIS ASI observes all visible light (i.e., panchromatic observation)
with a temporal resolution of 3 s. The EMCCD ASI has a temporal resolution of 0.01 s and observes only
the prompt emission by using the BG3 filter (Samara et al., 2012), which allows us to filter out typical green
aurora (5,577 Å). Hereinafter, a rim direction photograph taken from the ISS is called “ISS image,” a city
light image captured by the OLS sensor of the DMSP satellite is called “DMSP image,” and an image taken
by ground-based ASI is called “ASI image.”

2.2. Methods
Hozumi et al. (2016) have proposed a calibration method for the ISS images using city lights. The detailed
method is as follows. By applying the pinhole camera model (e.g., Jähne, 1997; Trucco & Verri, 1998), the
relation between a city light position on the Earth and that in the ISS image is given by the following
equations:
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where [x 𝑦 z]T is the position of the city light in the camera coordinate system fixed to the camera on
ISS and [X Y Z]T is the position of the city lights in the world coordinate system. In equation (1), t is
the camera position in the world coordinate system, and R is the rotation matrix representing the looking
direction of the camera. The matrix R transforms a point in the world coordinate system to the camera
coordinate system. In equations (2) and (3), (u, v) is the coordinate of the city lights in the DMSP image
projected onto the ISS image, and the focal length 𝑓 is a function of the angle of view (AOV) as expressed
by 𝑓 = 1

tan(AOV∕2)
Npix

2
, where Npix is the number of horizontal pixels of the ISS image. (Cx,C𝑦) is the position

of the center of the ISS image in units of pixel. The Euler angles 𝜃, 𝜎, and 𝜙 are used to describe the looking
direction of the camera relative to ISS. The relation between R and the ISS orientation RISS can be expressed
as a function of the Euler angles:
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In order to remove the lens distortion, the following equations were used according to Brown's (1971) lens
distortion model:

ucorrect = u(1 + k1r2 + k2r4), (5)

vcorrect = v(1 + k1r2 + k2r4), (6)

where r is the distance from the center of the ISS image in units of pixel and k1 and k2 are the radial distortion
coefficients. Using the above equations, we can project the city lights in the DMSP image onto the ISS image.

During the imaging sequence, the camera location was assumed to be the same as that of ISS. Although
the location of ISS is given as a function of time, the time stamp recorded in the metadata of the ISS image
is not accurate because it is not routinely adjusted with a reliable time server such as GPS. Therefore, it is
also necessary to treat the time stamp as an unknown parameter. Since the attitude of ISS is also given as a
function of time, the looking direction of the ISS camera can also be determined if the time lag is estimated
correctly. Regarding the estimation of the time of the ISS image, we interpolated the ISS position provided
every 1 s with 0.1 s intervals using the spline function. Eventually, we need to determine the seven unknown
parameters (three Euler angles, time lag, AOV, and two distortion coefficients k1 and k2). Once a parameter
set is assumed, a virtual view city light image is created from the DMSP image using equations (1)–(6).
To find the best parameter set, the mean distance between the city light positions in the ISS image and
those in a virtual image is calculated. This process keeps iterated over the parameter space until the mean
distance reaches a minimum value. There are seven unknown parameters in total, and each city light has
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two-dimensional information; thus, it is sufficient to use at least four city lights for the calibration process.
However, in order to further improve the accuracy, we use more than four city lights. The city lights used for
the calibration have to be selected manually, but as small as possible ones were chosen intensionally from
a wide area to improve accuracy. In addition, to evaluate the variance of the parameters, we carry out the
calibration with several ISS images taken during a single sequence of the photographs. Note that each ISS
image contains a different set of city lights, so the combinations of city lights used for the calibration were
different for each case. Since the position and orientation of ISS are given as a function of time, it is sufficient
to use only single parameter set throughout the sequence. Therefore, a parameter set that minimized the
mean distance was used for mapping all the photographs in the sequence.

Once the seven imaging parameters are determined, each pixel of the ISS image can be projected onto
the surface of the emission altitude of aurora at 110 km by the following procedure. First, we consider a
line-of-sight vector of each pixel of the ISS image and a WGS84 spheroid whose major and minor axes radius
are RE+ 110 km. Then the intersection points of the spheroid and the line-of-sight vector are calculated.
In actual, two intersection points are derived, but we choose the one closer to ISS because it is the desired
point of projection. We can map the entire ISS image onto the altitude of aurora in the geographic coordi-
nate system by carrying out the above calculation for all the pixels. However, in order to reduce the resource
for computation, we prepare latitude/longitude grids having 0.05◦ resolution and only calculate the pixels
corresponding the vertexes of these grids. It is necessary to assume the projection altitude in each case, but
we followed previous researches (e.g., Brown et al., 1976; Kataoka et al., 2013; Romick & Belon, 1967), and
it was assumed to be 110 km for discrete aurora and 100 km for PsA.

In order to evaluate the validity of the proposed mapping method, we compared the spatial/temporal
variations of discrete aurora and PsA seen in the ISS images with those simultaneously captured by the
ground-based ASIs. Since the ISS images are full color, it is preferable to use the THEMIS ASI which observes
all the visible lights for comparison. For PsA, however, it is needed to use the EMCCD ASI because the tem-
poral resolution of the THEMIS ASI (3 s) is close to the typical pulsating period of PsA. When comparing,
the EMCCD ASI data were down-sampled to ∼3 Hz to match the exposure time of the ISS image. In addi-
tion, to evaluate the time accuracy of the ISS image, we performed a cross-correlation analysis of the two
time series of optical intensity (i.e., ISS image and ground-based ASI image) with a 0.1 s resolution of shifted
time. The ISS camera has three channels (i.e., red, green, and blue), and it might be preferable to use the
green channel to observe the typical green aurora (5,577 Å). However, the EMCCD ASI observes prompt
emission of N+

2 and N2 (e.g., 4,278 Å; 8,446 Å); thus, the blue channel was used for the comparisons instead
of the green one.

3. Results
3.1. Calibration Result
We calibrated the imaging parameters for several photographs in the sequence obtained on 28 September
2017. During this image sequence from 07:38 to 07:55 UT, ISS was on a pass from the northern Pacific
Ocean, just south of Alaska, down to the Gulf of Mexico, south of Florida (the approximate trajectory
and image sequence are available at https://eol.jsc.nasa.gov/SearchPhotos/ShowQueryResults-TextTable.
pl?results=1573195985157562). The aurora was observed above Alaska and central Canada from 07:38 to
07:47 UT. An example of the rim direction ISS images used for the calibration is shown in Figure 1a, where
the locations of the eight city lights used for the calibration process are marked by the blue circles. At this
time, ISS was located near Seattle (48.32◦ N, 121.31◦ W), and the camera was pointing toward the northeast-
ward direction and looking at a broad region of diffuse aurora distributing in the northern Canada. Figure 1b
provides the reference city light image from DMSP satellite covering the corresponding area, in which the
eight city lights indicated in Figure 1a are again marked by the red circles.

We calibrated the imaging parameters for five ISS images in this sequence. When the imaging parameters
were calibrated by comparing these two images, the resolution of time lag was set to 0.1 s, those of angles
were 0.01◦ , and those of k1 and k2 were 10−11 and 10−18, respectively. Table 1 is a summary of the calibration
results. The top row of Table 1 is the best parameter set, and the bottom row provides the standard deviation
of each parameter. It can be seen that each parameter does not change with time. This result suggests the
validity of using single parameter set for the entire sequence. The fake shot made from the DMSP image
with the best parameter set is given in Figure 1c, which demonstrates that the best parameter set reproduces
exactly the same viewing geometry as that of the ISS image shown in Figure 1a. In Figure 1d, we overplotted
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Figure 1. The calibration flow of a rim direction photograph taken from ISS using city light image taken from the
DMSP satellite: (a) Photograph taken from ISS at 07:44:23 UT on 28 September 2017. Recorded Photo ID is
ISS053-E-51088. The city lights enclosed by the blue circle were used for the calibration. (b) City light image taken from
the DMSP satellite in the corresponding area captured from ISS. (c) Virtual view image obtained by processing (b)
using an assumed parameter set (we have used the best parameter set for this case). (d) Image of (b) overlaid on (a). We
have calculated the mean distance between the city lights enclosed by the blue and red circles and estimated the best
parameter set.

the fake shot DMSP image onto the original ISS image, which again confirms the accuracy of the mapping
result. The best parameter set, giving a minimum mean distance of 2.2 pixels, was employed for mapping
all ISS images during the sequence. In the first half of this sequence on 28 September 2017, we saw a few
discrete aurorae over the southern Alaska, and later, when the FOV of the ISS camera covered the northern
Canada, clear signatures of PsA were captured. In the subsequent sections, we compare the mapped ISS
images of discrete aurora and PsA with those simultaneously obtained from the ground-based ASIs having
a common FOV with the mapped ISS images.

3.2. Mapping Result: Discrete Aurora
First, we mapped the discrete aurora arcs in the beginning of the interval using the estimated “best param-
eter set” described in Table 1. The arcs were observed in the southern Alaska by both the ISS camera and
the THEMIS ASI in Gakona, Alaska. The snapshot images from both the optical instruments every 18 s
are shown in Figure 2 which have already mapped onto the geographic coordinate system. An animation
showing the full sequence of those images accompanies the electronic version of this article ( Movie S1).
The colored images are from ISS, and monochromatic images are from the ground-based ASI. To map the
ground-based ASI images on the geographic coordinate system, we have assumed the emission height of
110 km and ignore the pixels whose elevation angle is less than 20◦ . Note that the black area in the upper

Table 1
Imaging Parameters Determined by the Calibration

Photo ID Recorded time (UT) # of city lights Time lag (s) 𝜃 (deg) 𝜎 (deg) 𝜙 (deg) AOV (deg) k1(× 10−9) k2(× 10−16)
51088 7:44:23 8 −5.6 −86.41 −118.49 −86.17 72.50 −1.4 −1.4
51036 7:43:31 8 −5.1 −86.05 −118.45 −86.04 72.38 −2.3 −1.7
51060 7:43:55 8 −5.4 −86.28 −118.48 −86.08 72.17 −6.1 6.2
51380 7:49:15 8 −5.4 −84.34 −118.67 −83.81 72.58 −2.2 1.8
51550 7:52:05 7 −5.8 −84.14 −118.74 −83.48 72.75 2.8 −9.8
SD 0.3 1.11 0.13 1.35 0.22 3.2 5.9
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Figure 2. Snapshots of discrete aurora in the southern Alaska observed from both of the ISS camera and THEMIS ASI
at Gakona, during 07:39–07:41 UT on 28 September 2017. The observed images were mapped onto the geographical
coordinates by assuming that the aurora emission was at an altitude of 110 km.

right part of the ISS images is the solar panel of ISS and the mottled patterns seen in the ASI images are
water droplets on the optical dome or cloud. Although there was 0.4 s offset in the timing of image capturing
between the ISS camera and the THEMIS ASI due to the coarse cadence of the ASI, the approximate shape
of the discrete aurora features in both the images is almost consistent throughout the sequence. However,
there are a few mismatches between the observations from space and from ground, which will be discussed
in the next part.
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Figure 3. (a) Zoom-in images of Figure 2d. The red dashed lines trace discrete aurora observed by the THEMIS ASI. (b) Same data as (a), but the ISS image is
overplotted on the THEMIS ASI image. The red dashed lines in (a) are again plotted. The blue horizontal dashed line indicates the shape of discrete aurora
observed only by the ISS camera.

Figure 3 gives a zoom-in view of Figure 2d where two discrete arcs extending from north to south (so-called
N-S arc) were seen in the intersection region of FOVs of the ISS camera and ASI. Such characteristic N-S arcs
are traced by the vertical red dashed lines in Figure 3a. Figure 3b displays the same data as Figure 3a, but, in
this case, the ISS image is overplotted on the ground-based ASI image to better show the consistent location
of the N-S arcs in both the data. The red dashed lines marking the location of N-S arcs in the THEMIS ASI
image well trace the similar N-S structure in the ISS image. That is, the two N-S arcs parallel to the line
of sight of the ISS camera are seen in the same geographic location in both the image within an offset of
0.1◦ (∼5 km) in the longitudinal direction.

In contrast to the two N-S arcs, the blue dashed line in Figure 3b outlines another clear discrete arc captured
by the ISS camera, elongating more in the east to west direction. This arc was not observed by the THEMIS
ASI in the same geographic location but was located slightly poleward as indicated by the horizontal dashed
red line in Figure 3a. Namely, the structure perpendicular to the line of sight of the ISS camera has a spa-
tial offset between the two images, which was about 0.3◦ (∼30 km) in the latitudinal direction. Thus, the
accuracy in the mapping of ISS images depends on the relationship between the direction of discrete arc
elongation and the line of sight of the ISS camera, which will be discussed in detail in section 4.

3.3. Mapping Result: Pulsating Aurora
Here we introduce the mapping results for a case of PsA seen in the later interval during the same image
sequence, when ISS flew over the central Canada. At around 07:45 UT, the PsA feature was observed by both
the ISS camera and the EMCCD ASI in Athabasca, Canada. The FOV of the EMCCD ASI was embedded well
within the viewing area of the ISS camera. Figure 4 highlights the result of the comparison between the two

Figure 4. PsA observed by both the EMCCD ASI and the ISS camera, at 07:44:49.4 UT on 28 September 2017. The
white dashed line gives the cross section that is for producing the north-south keogram in Figure 5. (a) Red lines are
PsA patches in the EMCCD ASI. (b) We reproduce the red outlines in (a) to better see the correspondence between the
two data sets.
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Figure 5. N-S keogram along the cross sections shown by the white dashed line in Figure 4. The top panel is from the
EMCCD ASI, and the bottom panel is from the ISS camera. The white dashed line shows the interval used for the
cross-correlation analysis shown in Figure 6.

camera systems. An animation showing the full sequence of this PsA interval accompanies the electronic
version of this article (Supporting Information Movie S2). To map the EMCCD ASI data from Athabasca, we
assumed the emission height of 100 km, and the data whose elevation angle is larger than 30◦ are plotted.
The mapped EMCCD ASI image (black and white data in Figure 4a) shows that there were a few patches of
PsA at this time, which were outlined by the red lines. These PsA patches are seen in the ISS image as white
and/or pink regions in the northern half of the mapped area. It is a little hard to find one-to-one spatial
correspondence between the location of PsA patches between the ISS and ASI images. For example, on the
southeastern side of the FOV of the EMCCD ASI, the two arc-type PsAs were observed, but the ISS camera
was not able to distinguish them. It is more difficult to find a good contrast between the bright (white and/or
pink) and dark parts of the PsA patches in the ISS image than the EMCCD image. This could be due to the
background continuous precipitation of PsA. Miyoshi et al. (2015) showed that, when PsA appears, there
exist background continuous precipitations of low-energy (<1 keV) electrons even during the OFF phase
(or outside PsA patches). While the EMCCD ASI observes prompt emission caused by high-energy (>1 keV)
electrons, the ISS image contains contributions from both the low- and high-energy electrons. This might
have made it difficult to identify the structure of PsA patches clearly.

Now we compare the temporal variation of the PsA observed by both the ISS camera and the EMCCD ASI.
Figure 5 is the so-called keogram, made from the ASI and ISS images, which is a time series of the cross

Figure 6. Time series of the optical intensity of PsA observed by the ISS camera and the EMCCD ASI. The vertical axis
is the normalized ISS image blue channel (blue) and the ASI image raw count (red).
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Figure 7. Cross-correlation coefficient between the two time series shown
in Figure 6. The horizontal axis is the time lag between the two data sets.

sections depicted by the white dashed line in Figure 4. In both the data,
clear signatures of optical pulsations are seen in the latitude range from
55◦ N to 56◦ N, which are manifestations of PsA in the keogram. The
period of PsA ranges from 3 to 5 s in this interval, which is more clearly
identified in the EMCCD ASI data. More importantly, optical pulsation is
also seen in the ISS data, and the periodicity is likely to be the same.

To better see the correspondence between the two cameras, we plotted
the data in the central 1 min interval indicated by the white dashed line as
time series in Figure 6. Here, to remove the background trend, the mov-
ing average was subtracted, and the variations whose periodicity is longer
than 10 s have been filtered out. In addition, we have normalized the val-
ues of the blue channel of the ISS images (blue) and the raw count value
of the ASI images (red). Although the magnitudes of the two lines do not
always agree with each other, there exist a peak-to-peak correspondence
between the two variations. This implies that both the camera systems
detected common temporal variations of PsA. In addition, we calculated

the cross-correlation coefficient between the two time series by shifting time every 0.1 s, which is shown in
Figure 7. The best correlation coefficient was 0.5 with a time lag of 0.1 s, which indicates that the error in
the calibrated time of the ISS camera is less than at least 0.1 s.

4. Discussion and Conclusion
From the calibration results summarized in Table 1, it was implied that the imaging parameters were con-
stant regardless of time. This indicates that it is sufficient to calibrate the imaging parameters once at one
place in a single sequence. Therefore, if there is a single image including city lights without cloud contam-
ination in the sequence, aurora could be mapped even if the rest area is covered by cloud. For the image
sequence in the southern hemisphere, if the South Africa or the Australian is captured, the mapping of
aurora is possible even over the sea.

For the case of discrete aurora, as shown in Figures 2c–2e, the aurora arcs extending in the north-south
direction were observed in the same location by the two camera systems. The displacement was less than
0.1◦ (∼5 km) in the longitudinal direction. Although there was a difference of 0.4 s in the timing of the
image capturing of both the cameras, this result suggests that the accuracy of the mapping in the direction
perpendicular to the line of sight of the ISS camera (i.e., E-W direction in this case) is less than 5 km, and
possible error in the calibrated time of the ISS image is at least less than 3 s (the temporal resolution of the
THEMIS ASI). In contrast, another discrete feature indicated by the blue line in Figure 3 was not observed in
the same location by the two cameras. Although this difference might have been due to the contamination
by clouds in the ground-based ASI image, it is more likely that the accuracy in the mapping of the ISS image
depends on the viewing direction. That is, the mapping is inaccurate for structure perpendicular to the
line of sight of the ISS camera. This should be taken into account when we examine the L-shell aligned
discrete aurora because the line of sight of the ISS camera is perpendicular to the local L-shell in many cases.

For the case of PsA, the temporal variations of optical pulsation demonstrated in the keogram in Figure 5
were similar in both the cameras. That is, periodic enhancements in the luminosity are commonly identified
in both the keograms. The results shown in Figures 6 and 7 suggest that the calibrated time is correct within
0.1 s. However, since the time lag parameter has a standard deviation of 0.3 s, as summarized in Table 1, we
conclude that the temporal accuracy should be at least within 0.3 s. In addition, it was indicated that the
spatial structure parallel to the line of sight of the ISS camera was not correctly mapped except in the lower
altitude part of aurora because their height profiles should be projected on the plane as shown in Figure 4.
Therefore, when analyzing the data set obtained by the proposed method, it is necessary to pay attention
to the effect of the height profile of aurora on the mapped horizontal structure. The temporal variation is
a manifestation of “main pulsation” of PsA, whose period ranges from a few to a few tens of second (e.g.,
Lessard, 2012; Yamamoto, 1988) shown in the upper part of both keograms. Since the temporal resolution of
the ISS camera was 1 s for the current case, it is possible to track this main pulsation using the digital camera
observations from ISS. The keogram made from the EMCCD ASI shows tiny scintillation in the optical
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intensity embedded within single pulses of main pulsation, that is, the so-called 3 Hz internal modulation
(e.g., Røyrvik & Davis, 1977). Important point is that similar quicker variation is not seen in the keogram of
the ISS data, which indicates a limitation of the ISS camera to detect the internal modulation of PsA directly
due to the insufficient temporal resolution of the image capturing.

The mapping method using star light positions proposed by Riechert et al. (2016) did not guarantee the time
accuracy, but they argued that the time accuracy improved within 1 s or less by additional use of city light
positions. However, since the window distortion was not taken into consideration, there were geographical
errors of about 20 km even after using city light positions. In this research, we calibrated the time accuracy
within an order of 0.1 s. Therefore, the proposed method has a certain advantage to the previous one espe-
cially when observing aurora that rapidly change their shape and luminosity like PsA. In particular, when
observing a PsA whose spatial extent is ∼30 km in the latitudinal direction shown in Ozaki et al. (2018), our
method has a great advantage compared to that of Riechert et al. (2016).

Since the periodicity of the main pulsation of PsA ranges from a few to a few tens of second, the ISS images
can be used to observe its modulation with sufficient temporal resolution. However, since the periodicity
of the internal modulation of PsA is around several Hertz, thus, it is difficult to find its signature in the ISS
images. Recently, several characteristics of PsA, such as their shape, periodicity, and temporal evolution,
have been investigated. For example, the statistical analysis of the size of patchy pulsating aurora (PPA) was
performed by Partamies et al. (2019). They suggested that the size of PPA increases during the substorm
expansion phase. Although, in that study, they were able to track PPA from the beginning to the end of the
entire interval using a ground-based ASI, it was difficult to visualize their large-scale spatial distribution at
the same time under the same geomagnetic condition. In contrast to such a study using ground-based ASIs,
the ISS images cannot be used to observe the same area for a long time, but it could be used to track the
spatiotemporal evolution of aurora, including PsA, in a wide area for a short interval (∼10 min) because the
FOV of the camera sweeps the surface of the Earth along the trajectory of ISS.

Yang et al. (2015) demonstrated that PPA moves with the background plasma convection by comparing the
ionospheric drift from SuperDARN (Super Dual Auroral Radar Network) with the speed of PPA estimated
by the ground-based optical data. This indicates that the motion of PPA is controlled by the E×B drift at the
ionospheric altitudes, suggesting that the motion and spatial structure of PsA are closely related to those of
cold plasma in the source region near the equatorial plane of the magnetosphere. Utilizing the current data
sets having wide FOV will enable us to reveal the relationship between the larger-scale plasma convection
and the motion of PPA in detail. In addition, the ISS images have three color channels, that is, red, green,
and blue channels. Given that the green channel corresponds to the 5,577 Å emission of O and the blue
corresponds to the band emission of N+

2 , it might be possible to estimate the energy of the aurora from the
ratio between RGB values. Hosokawa and Ogawa (2015) suggested that the energy of PsA electrons tends to
be higher in the morning side rather than the night side. Such a tendency could also be confirmed by using
the ISS images covering a wide area in the direction of the magnetic local time.

5. Summary
We introduced a method for mapping the full-color photographs of aurora that have been taken with digital
single-lens reflex cameras mounted on the ISS. The imaging parameters of these images were estimated by
the calibration method using city lights proposed by Hozumi et al. (2016), and these images were projected to
the altitude of auroral emission. Comparison with simultaneous optical observations from the ground sug-
gests that the time accuracy of the current estimation is less than 0.3 s and the spatial accuracy is less than
5 km in the direction perpendicular to the looking direction of the camera. In the direction parallel to the line
of sight, however, mapping is less accurate because the vertical structure of aurora is mapped onto the hor-
izontal plane. We also succeeded in extracting temporal variations of PsA, ranging from a few to a few tens
of second, from the ISS images. The cameras used for this observation have a wide FOV (∼1,100× 900 km)
and sweep the aurora oval in the longitude direction in a short time (∼10 min), which enables us to visual-
ize the large-scale (>1,000 km) structure of aurora in a fine-scale (<30 km). Such completely new imaging
data from space are particularly useful for analyzing the spatiotemporal characteristics of PsA, which can
contribute to better understanding the generation and loss processes of space plasma by using aurora
as a tracer.
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