amt-2018-120, Response to Referee #2
Dear Dr. Yasuhiro Murayama,

thank you very much for your insightful and helpful comments. We carefully
revised the paper according to your comments fogether with comments from
other reviewers. In addition, we used a commercial English language editing
service to correct English mistakes in the manuscript.

Comments:

This paper has firstly employed high-resolution images observed with the
meteorological satellite Himawari-8 to retrieve signals of polar mesospheric
clouds (PMCs). Although this is not the first study using geostationary satellite
images for PMC detection, the reviewer recognizes its important potential
toward future development of PMC/NLC/PMSE research to understand detailed
and long-term behaviors of PMCs by using the high-quality images obtained by
such an operational meteorological satellite at the geostationary orbit. However,
the reviewer suggests the weakness of this paper as follows; although it is the
first report from Himawari-8 data of PMC observation, it is not an intensive
validation study, nor it is not a strong message to show readers a big (more
concrete) potential of this Himawari-8 data. The authors may wish to improve
the manuscript from one of (or those multiple) viewpoints. The reviewer
recommends publication after revising the manuscript regarding the comments
below.

Reply:

Thank you very much for your understanding of importance of this paper. As you
pointed out, we realized that this paper does not include intensive validation.
Although the present investigation is a brief validation, a major point of this
paper is to make a *rapid™ report in the PMC observation by Himawari-8 to the
related community. This is because there was no PMC report from the Japanese
GEO satellite observations before this work. More concreate investigations are
obviously needed, but it will take much more time. So, it is beyond the scope of
the present paper. To make this point more clearly, we slightly rewrote title,
abstract, the last paragraph in section 3, and summary.



Comments:

p.2, Section 2. Data or in any appropriate place: May the authors describe what
longitudinal region the observation covers?

Reply:

To show the observation coverage, we added a figure (i.e., Figure 3).

Comments:

p.3, 1.3: "Some fine structure" may not be clear for readers. At least specify
time and height ranges as well as time and vertical scales of the features that
the authors intend to show to readers.

Reply:

To clarify it, we rewrote the descriptions as follows.

"(3rd paragraph, section 3) We confirm that the PMC-like emission layer has a
wavelike structure in the height-latitude cross section. For example, the
heights of the layer were 80-81 km at ~81°N, 81-82 km at ~80°N, ~81 km at
~79°N, and 81-82 km at ~78°N. We attribute these fluctuations to atmospheric
waves. Because the latitude range of 79-81°N corresponds to about a distance
of ~700 km over the Arctic ocean (see Figure 3), the wavelength of the
wavelike structure can be estimated to be ~700 km."

Comments:

Figure 2: Many slant line structures are found in the time-height sections, but
no description is given on those. The authors may wish to address if they are
artifact by instrumentation or not, and also what mechanism generates. This will
give readers more insights for how to interpret the diagram.

Reply:

To clarify it, we rewrote the descriptions as follows.

"(2nd paragraph, section 3) Our observations also show oblique, step-like
structures with a spatial scale of ~1 km. These artifactual structures are
because of the height resolution and the mapping calculation of the tangential
point. Before application of the mapping calculation, images show step-like
structures that are not oblique but horizontal, with a spatial scale of ~1 km, be-
cause of ~1-km height or spatial resolution. These artifactual structures are
because of a limitation of the height resolution. Such horizontal, step-like
structures then become oblique, step-like structures through the mapping
calculation from the pixel coordinate in the original images to the height-
latitude coordinate in the tangential points.”



Comments:

p.3, Il. 11-13: In spite of mentioning possible use of the 3 visible bands for
future estimation of particle size, it is not very clear about if those bands with
their precisions and band widths etc. are suitable enough for estimating
expected PMC particle sizes and distribution. The authors may wish to discuss
how much this observation can be (can be expected to be) an advantage for such
advanced PMC parameter estimations (quantitative discussion is welcome, but if
too difficult, at least qualitatively please).

Reply:

At this moment, it is not easy to give quantitative discussion, because this issue
is beyond the scope of this paper. So, we rewrote the descriptions as follows.
"(4th paragraph, section 3) Emission intensity was the strongest in the blue
band, and the weakest in the red band. This result can be explained by Rayleigh
or Mie scattering of sunlight by water-ice particles (i.e., PMCs). According to
the Mie theory (cf. Bohren and Huffman, 2007), Rayleigh scattering is Mie
scattering in the limit where particle size is much smaller than the wavelength.
In the Rayleigh scattering region, the scattering cross section at a fixed
wavelength decreases with decreasing particle size, and the scattering cross
section at a fixed particle size decreases with increasing wavelength. Most PMC
particles are understood to have radii of 20-60 nm, along with a very small
number of ~200 nm particles (cf. DeLand et al., 2006). Such particle size is
smaller than the visible observation wavelengths: blue (0.47 pm), green (0.51
pm), and red (0.64 pm). Hence, the scattering would be close to Rayleigh
scattering, whereas it may not be the pure Rayleigh scattering. Therefore, the
predominance of such small particles (20-60 nm) would account for the higher
scattering intensities or stronger emission intensities at shorter wavelengths.
Although additional quantitative evaluation would be helpful, the inferential
framework described above would imply that the three visible images obtained
by Himawari-8 may contain information on the size of PMC particles. In
addition, Himawari-8 observation can cover an entire day of local time (i.e.,
00:00-24:00 JST), which means that emission data at almost all scattering
angles (i.e., 0-360°) are available. Such information may be useful for particle
size investigation, considering the wavelength dependence and the angle
distribution in the Rayleigh to Mie scattering region. However, this concern is
beyond the scope of the present paper.”

Comments:

p.3,1.25: The "consistency" of Figure 3 with past observations is derived only
from a simple feature of "summer increase". Is it possible for the authors to
make more detailed comparison or argument, for further confirmation? For



example, can we say that the increase rate of PMC occurrence from spring to
summer (and decease rate from summer to fall) is consistent with other
observations? Do a peak time and width of the summer-peak coincide ones in
past observations? Or, the summer peak in the southern hemisphere is higher
than one in the northern hemisphere. How do the authors discuss this feature in
context of validating the PMC detection (consistency with past observation?),
or, if it is difficult, is it possible to discuss that this feature is not suitable for
data validation or scientific analysis of PMC occurrence distribution?

Reply:

To make a more careful investigation, we rewrote the descriptions as follows.
"(5th paragraph, section 3) As shown in Figures 4a and 4b, PMC-like emissions,
expressed as total pixel values, were active only during local summer months.
The observed active periods would be similar to the typical PMC active period,
from ~20 days before summer solstice to ~60 days after summer solstice (cf.
Deland et al., 2006).”

Comments:

p.3 11.27-28: The authors claim that summer-increase signal is "concrete
evidence" of PMC detection, without a further validation study (including
detailed quantitative comparison and perhaps discussion of possible errors). The
final conclusion is suggested to be left for the next or future validation study,
unless more quantitative/qualitative discussion is made. At least points
suggested by the other comments in this report are recommended to be clear.
(The reviewer expected that, this paper may be to say "yes, we are successful
to detect possible PMC signals (very likely PMCs, so it is exciting!)", and readers
may expect the next paper "we made a validation study and the result was OK".
Then those papers will be referred by future papers of scientific analysis and
new findings? Please correct this reviewers' perspective if there are mistakes.)
Reply:

As you pointed out, we realized that this paper does not include intensive
validation. Although the present investigation is a brief validation, a major point
of this paper is fo make a *rapid* report in the PMC observation by Himawari-8
to the related community. This is because there was no PMC report from the
Japanese GEO satellite observations before this work. More concreate
investigations are obviously needed, but it will take much more time. So, it is
beyond the scope of the present paper. To make this point more clearly, we
slightly rewrote title, abstract, the last paragraph in section 3, and summary.



Comments:

Figure 3 and the third paragraph on p.3: Data processing is unclear to derive
each data point in Figure 3. Is each point a daily value? What does "total count"
mean (emission count data were summed up for the latitudinal range?; what
altitude?), is the count value be linearly interpretable to an emission intensity
value?

Reply:

To clarify it, we rewrote some descriptions as follows.

"(section 2) The color value has a linear relation with the emission intensity for
each band."

"(5th paragraph, section 3) To investigate seasonal variation of PMC emissions in
2016, we calculated total pixel values in specific regions (i.e., sum of pixel values
in localized pixels).”



10

15

20

Initial report on polar mesospheric cloud observations by
Himawari-8

Takuo T. Tsuda', Yuta Hozumi', Kento Kawaura', Keisuke Hosokawa', Hidehiko Suzuki?, and
Takuji Nakamura™*

'Department of Computer and Network Engineering, The University of Electro-Communications, Chofu, Japan.
2Department of Physics, Meiji University, Kawasaki, Japan.

3National Institute of Polar Research (NIPR), Tachikawa, J apan.

4Department of Polar Science, Graduate University for Advanced Studies (SOKENDAI), Tachikawa, Japan.

Correspondence: Takuo T. Tsuda (takuo.tsuda@uec.ac.jp)

Abstract. We provide an initial report on polar mesospheric cloud (PMC) observations by the Japanese Geostationary-Earth-
Orbit (GEO) meteorological satellite Himawari-8. Heights of the observed PMCs were estimated to be 80-82 km. Observed
PMCs were active only during summertime in both the northern and southern polar regions. These observations are consistent
with known PMC behavior. From its almost fixed location relative to the Earth, Himawari-8 is capable to continuously mon-
itoring PMC every 10 min with three visible bands: blue (0.47 pm), green (0.51 pum), and red (0.64 pm). Thus, Himawari-8

would contribute to the PMC research in the near future.

1 Introduction

Polar mesospheric clouds (PMCs) or noctilucent clouds (NLCs) consist of water-ice particles, which can be produced in sum-
mer at the mesopause region, mainly at high latitudes. The first report on PMCs was made by Leslie (1885). Since then, various
methods have been used to perform PMC observations. Optical observations by ground-based cameras, imagers or lidars are
often limited by weather conditions, because a clear sky is required for such observations. Hence, satellite observations from
space are valuable for more continuous observations, which enable significant systematic data coverage. Such systematic data
coverage would be of benefit, for example, for monitoring long-term PMC activity, which may be related to global change (cf.
Thomas, 1996; von Zahn, 2003) because water-ice particle production can be enhanced by CO; cooling and H2O increase,

which may be induced by CO, and CHy increases (cf. Roble and Dickinson, 1989).

A comprehensive review of PMC observations from satellites can be found in DeLand et al. (2006). In addition, the Aeron-
omy of Ice in the Mesosphere (AIM) satellite has been in operation, making PMC observations since 2007 (Russell et al.,
2009). These observations include both limb- and nadir-viewing from low-Earth-orbit (LEO) satellites. By contrast, there are
only few reports of PMC observations by limb-viewing Geostationary-Earth-Orbit (GEO) satellites (Gadsden, 2000a, b, 2001;
Proud, 2015). The first PMC observations from a GEO satellite were reported using images by Meteosat First Generation
(MFG) (Gadsden, 2000a, b, 2001), and their PMC images had ~2.5-km spatial resolution in a single visible band. Subse-
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quently, Proud (2015) extended such observations to Meteosat Second Generation (MSG), and he reported PMC observations
using ~1-km spatial resolution images in a single visible band. This kind of GEO satellite can produce full-disk images in-
cluding the Earth’s limb, which would provide valuable opportunities for PMC observations by continuous limb-viewing from

its almost fixed location relative to the Earth.

In the present paper, we make an initial report on PMC observations from Himawari-8, the Japanese GEO meteorological
satellite. Our PMC images from Himawari-8 have ~1-km spatial resolution in three visible bands. Japanese GEO meteorolog-
ical satellites have a long history from 1977 (Himawari-1) to the present (Himawari-8). However, there was no PMC report
from Japanese GEO satellite observations before this work. Therefore, in the present paper we examine basic features in PMC
emissions observed by Himawari-8 and compare those with typical PMC characteristics, as a first step for our PMC research

using Himawari-8 data.

2 Data

Himawari-8 is the Japanese GEO meteorological satellite (Bessho et al., 2016), that was successfully launched in October
2014. It has 16 observation bands, including three visible bands: blue (0.47 pm), green (0.51 pm), and red (0.64 pm). In the
initial survey for PMCs, we used full-disk images in Portable Network Graphics (PNG) format, generated from the level-1a
data, Himawari Standard Data (HSD). The PNG full-disk image is a true-color image, i.e., a composite of the three visible
bands. Each color has a 8-bit resolution (i.e., values ranging from 0 to 255), describing emission intensities from 0 to 641.5092
W m~2 sr=! um~! for the blue band, from 0 to 601.9766 W m~2 sr—! zm~! for the green band, and from 0 to 519.3457
W m~2 sr=! um~! for the red band. The color value has a linear relation with the emission intensity for each band. The
PNG full-disk image has a spatial resolution of ~1 km and is obtained every 10 min. The geometric accuracy of the images is
typically less than 0.6 km, i.e., less than the ~1-km spatial resolution. More detailed information for the PNG images can be
found in Bessho et al. (2016). For the present survey, we collected a year of PNG images for 2016, and focused our attention

on the Earth’s limb region, namely the middle and upper atmospheric regions.

3 Results and discussion

Figure 1 shows an example of PMC emissions observed at 21:00 UT on 9 July 2016 in the northern high latitudes. It is difficult
to see any emissions in the limb region in the original true-color image (see Figure 1a), but the 50x enhanced image makes it
obvious that clear emissions exist in the limb region (see Figure 1b). The appearance of these emissions is similar to that of
PMC emissions in previous reports (Gadsden, 2000a, b, 2001; Proud, 2015). Here, we calculated tangential points in each line-

of-sight (LOS) direction (i.e., for each pixel in the image). The image is described by the normalized geostationary projection,
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so the pixel corresponds to the LOS angle. From each LOS angle, we derived each vector along each LOS direction. Then, we
considered intersections between each vector and the Earth-like ellipsoid of eccentricity defined by World Geodetic System
1984 (WGS84). The equation for the intersections is expressed as a quadratic equation. Hence, if there is only a single solution
of the equation, there is only a single intersection that corresponds to the tangential point. Thus, we solved the equation by
changing the radius of the ellipsoid to produce only a single solution. Thus, we obtained information for the tangential points
for each pixel in the image. The heights and latitudes of tangential points are overlaid in Figure 1c. As shown in Figure 1c, the

typical height of the emissions was about 80 km.

For further details, Figure 2 shows height-latitude distributions of emission intensities in the three visible bands. The emis-
sions were mainly located at 80—82 km height at latitudes of 78—81°N. This emission height is consistent with typical reported
PMC heights of 82-83 km (cf. DeLand et al., 2006). It should be noted that the tangential height may be an underestimation
of the actual emission height because emissions may be coming from not only the tangential point but also foreground or
background points. Our observations also show oblique, step-like structures with a spatial scale of ~1 km. These artifactual
structures are because of the height resolution and the mapping calculation of the tangential point. Before application of the
mapping calculation, images show step-like structures that are not oblique but horizontal, with a spatial scale of ~1 km, be-
cause of ~1-km height or spatial resolution. These artifactual structures are because of a limitation of the height resolution.
Such horizontal, step-like structures then become oblique, step-like structures through the mapping calculation from the pixel

coordinate in the original images to the height-latitude coordinate in the tangential points.

We confirm that the PMC-like emission layer has a wavelike structure in the height-latitude cross section. For example,
the heights of the layer were 80-81 km at ~81°N, 81-82 km at ~80°N, ~81 km at ~79°N, and 81-82 km at ~78°N. We
attribute these fluctuations to atmospheric waves. Because the latitude range of 79—81°N corresponds to about a distance of
~700 km over the Arctic ocean (see Figure 3), the wavelength of the wavelike structure can be estimated to be ~700 km. Such
PMC structures can be observed by several methods using observations from LEO satellites such as the Cloud Imaging and
Particle Size experiment (CIPS) onboard AIM and the Optical Spectrograph and InfraRed Imager System (OSIRIS) onboard
Odin. For example, AIM/CIPS can provide PMC nadir imaging, which is a powerful tool to observe horizontal information
for PMC structures (e.g., Chandran et al., 2010; Yue et al., 2014; Zhao et al., 2015). In addition, tomographic techniques using
AIM/CIPS (Hart et al., 2018) and Odin/OSIRIS (Hultgren et al., 2013) can provide horizontal and vertical information for
PMC structures. By contrast, Himawari-8 observation would feature high-cadence and wide limb-viewing PMC observation
from its almost fixed location relative to the Earth. The Himawari-8 full-disk image can be obtained every 10 min, and its FOV
coverage can be several thousands of kilometers (see Figure 3). These features would provide valuable data, which can be

complementary to PMC data from the LEO satellites.

Emission intensity was the strongest in the blue band, and the weakest in the red band. This result can be explained by

Rayleigh or Mie scattering of sunlight by water-ice particles (i.e., PMCs). According to the Mie theory (cf. Bohren and Huff-
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man, 2007), Rayleigh scattering is Mie scattering in the limit where particle size is much smaller than the wavelength. In the
Rayleigh scattering region, the scattering cross section at a fixed wavelength decreases with decreasing particle size, and the
scattering cross section at a fixed particle size decreases with increasing wavelength. Most PMC particles are understood to
have radii of 20-60 nm, along with a very small number of ~200 nm particles (cf. DeLand et al., 2006). Such particle size is
smaller than the visible observation wavelengths: blue (0.47 pm), green (0.51 pm), and red (0.64 pm). Hence, the scattering
would be close to Rayleigh scattering, whereas it may not be the pure Rayleigh scattering. Therefore, the predominance of
such small particles (20-60 nm) would account for the higher scattering intensities or stronger emission intensities at shorter
wavelengths. Although additional quantitative evaluation would be helpful, the inferential framework described above would
imply that the three visible images obtained by Himawari-8 may contain information on the size of PMC particles. In addition,
Himawari-8 observation can cover an entire day of local time (i.e., 00:00-24:00 JST), which means that emission data at almost
all scattering angles (i.e., 0-360°) are available. Such information may be useful for particle size investigation, considering the
wavelength dependence and the angle distribution in the Rayleigh to Mie scattering region. However, this concern is beyond

the scope of the present paper.

To investigate seasonal variation of PMC emissions in 2016, we calculated total pixel values in specific regions (i.e., sum
of pixel values in localized pixels). We set two regions; one is a region at heights of 70-90 km and latitudes of 60-90°N
for the northern polar region (see Figure 4a), whereas the other is a region at heights of 70-90 km and latitudes of 60-90°S
for the southern polar region (see Figure 4b). The height range of 70-90 km covers typical PMC occurrence heights, and the
latitude range of 60-90° covers typical PMC occurrence latitudes. It should be noted that the upper limit of the latitude range
is actually ~81° (see Figure 3), that is, the highest latitude of the tangential points when the height range is set to 70-90 km.
Seasonal variation in the total pixel values is shown in Figure 4. To remove within-day variation, data in Figure 4 include only
data at a single local time each day, 06:00 JST (21:00 UT). At that local time, 06:00 JST, the LOS of Himawari-8 is almost
perpendicular to the sunward direction. This configuration would be beneficial, providing solar illumination to some extent
while minimizing sun-induced noise, such as the stray light of direct sunlight, which can be a problem close to local midnight
(00:00 JST) (cf. Proud, 2015). As shown in Figures 4a and 4b, PMC-like emissions, expressed as total pixel values, were active
only during local summer months. The observed active periods would be similar to the typical PMC active period, from ~20

days before summer solstice to ~60 days after summer solstice (cf. DeLand et al., 2006).

As discussed in the above text, the heights and seasonal variations of the PMC emissions are consistent with the general
characteristics of PMCs. These results suggest that the peculiar emissions observed by Himawari-8 are indeed PMCs. We fur-
ther suggest that the availability of imaging in three visible bands constitutes a particular advantage of Himawari-8 for PMC
study. This capability may provide valuable opportunities, for example, for obtaining information on the size of PMC particles.
In addition, collaborations between Himawari-8 and LEO satellites such as AIM would allow a synergy of complementary

capabilities. In particular, high-time resolution data (imaging every 10 min) from Himawari-8, when combined with data from
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LEO satellites, can contribute to PMC research in the near future, e.g., diurnal PMC variation.

4 Summary

In this paper, we introduced new PMC observations by Himawari-8. These observations concerning PMC height and seasonal
PMC activity are consistent with previously reported PMC characteristics (cf. DeLand et al., 2006). Although these are not new
scientific findings, they serve as a brief but essential validation of Himawari-8 observational data as PMC emissions. The detec-
tion of emissions consistent with PMC emissions demonstrates that Himawari-8 is capable of PMC observations. Himawari-8
can indeed provide data on new aspects of PMCs, and it can provide valuable opportunities for new PMC research in the near
future. In particular, Himawari-8 PMC observations would have the following advantages: (1) high-time resolution (imaging
every 10 min); (2) high-spatial resolution (one pixel every ~1 km) in the height-latitude (or height-horizon) cross-section; (3)
three visible bands (blue: 0.47 pm, green: 0.51 pm, and red: 0.64 pum); (4) continuous monitoring from its almost fixed location

relative to the Earth.

Data availability. The Himawari-8 data, provided by the Meteorological Satellite Center of the Japan Meteorological Agency (JMA), are

available from the National Institute of Information and Communications Technology (NICT) Science Cloud.
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2016-07-09 21:00

Figure 1. (a) An original true-color image (composite of the three visible bands) around northern high latitudes at 21:00 UT on 9 July 2016.
(b) Same as Figure 1a, but the color scale is 50x enhanced. (c) Same as Figure 1b, but latitudes and heights of the tangential points are

overlaid.
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Figure 2. (a) Height-latitude distribution of emission intensity in the blue band at 21:00 UT on 9 July 2016. (b) Same as Figure 2a, but in the

green band. (c) Same as Figure 2a, but in the red band.
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Figure 4. (a) Yearly variation in the total emission intensities for a region at heights of 70-90 km and latitudes of 60-90°N in 2016. Blue,
green, and red lines correspond to the blue, green, and red visible bands, respectively. It should be noted that the upper limit of the latitude
range is actually ~81°, that is, the highest latitude of the tangential points when the height range is set to 70-90 km. Vertical black lines
indicate the northern summer solstice in 2016 (i.e., 20 June 2016), 20 days before the solstice (i.e., 31 May 2016), and 60 days after the
solstice (i.e., 19 August 2016), in reference to the typical PMC period. (b) Same as Figure 4a, but for a region at heights of 70-90 km and
latitudes of 60-90°S. Vertical black lines indicate the southern summer solstice in 2016 (i.e., 21 December 2016), 20 days before the solstice
(i.e., 1 December 2016), and 60 days after the 2015 southern summer solstice (i.e., 20 February 2016), in reference to the typical PMC

period.
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Abstract. We make-provide an initial report on polar mesospheric elouds<(PMECs)-observed-by-Himawari-&;—cloud (PMC
observations by the Japanese Geostationary-Earth-Orbit (GEO) meteorological satellite Himawari-8. Heights of the observed

PMCs were estimated to be 80-82 km. The-Observed PMCs were active only during summertime in both the northern

and southern polar regions. These re

behavior, From its almost fixed location relative to the Earth, and-it-would-enhanee-Himawari-8 is capable to continuousl

monitoring PMC every 10 min with three visible bands: blue (0.47 pm), green (0.51 pym), and red (0.64 ym). Thus, Himawari-8

would contribute to the PMC research in the near future.

1 Introduction

Polar mesospheric clouds (PMCs) or noctilucent clouds (NLCs) consist of water-ice particles, which can be produced at
cold-summer-in summer at the mesopause region, mainly at high latitudes. The first report on PMCs was made by Leslie
(1885). Since then, PM i i i :
spaeevarious methods have been used to perform PMC observations. Optical observations by ground-based cameras, imagers or

lidars are often limited by weather conditions, because the-a clear sky is required for such observations. Hence, satellite obser-

vations from the-space are valuable for more continuous observations, which enable mere-significant systematic data coverage.
Such systematic data coverage would be of benefit, for example, to-monitor-for monitoring long-term PMC aetivitiesactivity,
which may be related with-the-to global change (cf. Thomas, 1996; von Zahn, 2003) because mesesphere-coolingwhich-ean
enhanee-water-ice particle production ;-can be enhanced by CO, cooling and H»O increase, which may be induced by CO;
and CHy increases (cf. Roble and Dickinson, 1989).

A comprehensive review t-of PMC observations from satellites can be found in DeLand et al. (2006). In addition, the Aeron-

omy of Ice in the Mesosphere (AIM) satellite has been in operationfer-, making PMC observations since 2007 (Russell et al.,
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2009). These observations include both limb- and nadir-viewing from low-Earth-orbit (LEO) satellites. On-the-other-handBy
contrast, there are only a-few-reperts-enfew reports of PMC observations by limb-viewing frem-Geostationary-Earth-Orbit
(GEO) satellites (Gadsden, 2000a, b, 2001; Proud, 2015). The first PMC observations from GES-a GEO satellite were reported
using images by Meteosat First Generation (MFG) (Gadsden, 2000a, b, 2001), and their PMC images had ~2.5-km spatial res-
olution in a single visible band. ThenSubsequently, Proud (2015) extended such observations to Meteosat Second Generation
(MSG), and they-he reported PMC observations using ~1-km spatial resolution images in a single visible band. This kind of
GEO satellite can produce full-disk images including the Earth’s limb, which would provide valuable opportunities for PMC

observations by continuous limb-viewing from its almost fixed loeations-location relative to the Earth.

In the present paper, we make an initial report on PMC observations from Himawari-8, the Japanese GEO meteorological
satellite. Our PMC images by-from Himawari-8 have ~1-km spatial resolution in 3-three visible bands. Fhe-Japanese GEO
meteorological satellites have a long history from 1977 (Himawari-1) to the present (Himawari-8). However, there was no
PMC report from the-Japanese GEO satellite observations before this work. Fer-this-reasonTherefore, in the present paper we
examine basic features in PMC emissions observed by Himawari-8 and compare those with typical PMC characteristics, as a

first step for our PMC research using Himawari-8 data.

2 Data

Himawari-8 is the Japanese GEO meteorological satellite (Bessho et al., 2016), whieh-that was successfully launched in Oc-
tober 2014. Himawari-8-It has 16 observation bandsineluding-3-visible-bands:, including three visible bands: blue (0.47 ym),
green (0.51 pum), and red (0.64 pm). In the initial survey for PMCs, we used full-disk images in Portable Network Graphics
(PNG) format, which-are-generated from the level-1a data, Himawari Standard Data (HSD). The PNG fult-diskAfull-disk image
is a true-color image(eomposites-of-the-3-visible-bands), i.e., a composite of the three visible bands. Each color has a 8-bit
resolution (i.e., values ranging from 0 to 255¢eounts)-which-deseribes-), describing emission intensities from 0 to 641.5092 W
m~2 sr~! um~! for the blue band, from 0 to 601.9766 W m~2 sr—! pum~" for the green band, and from 0 to 519.3457 W m—2
st~! um~! for the red band. The color value has a linear relation with the emission intensity for each band. The PNG full-disk
image has the-a spatial resolution of ~1 km and is obtained every 10 minutes—min. The geometric accuracy of the images is
typically less than 0.6 km, i.e., less than the ~1-km spatial resolution. More detailed information for the PNG images can be
found in Bessho et al. (2016). For the present survey, we collected ene-year PNG-images-in-a year of PNG images for 2016,

and focused our attention on the Earth’s limb regionwhich-corresponds-to-the-outside-of-the-spherical- Earth-(-e-, namely the
middle and upper atmospheric regiorjregions.
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3 Results and discussion

Figure 1 shows an example of PMC emissions observed at 21:00 UT on 9 July 2016 in the northern high latitudes. It is difficult
to see any emissions in the limb region in the original true-color image (see Figure 1a), but itis-the 50x enhanced image
makes it obvious that clear emissions exist in the limb region in-the-50-times-enhanced-image{(see Figure 1b). The appearance
of emissions-are-very similarto-those-these emissions is similar to that of PMC emissions in the-previous reports (Gadsden,
2000a, b, 2001; Proud, 2015). We-caleulated-heights-and-tatitudes-of-Here, we calculated tangential points in each line-of-
sight (LOS) direction (i.e., for each pixel in the image). The image is described by the normalized geostationary projection, so
the pixel corresponds to the LOS angle. From each LOS angle, we derived each vector along each LOS direction. Then, we
1984 (WGS84). The equation for the intersections is expressed as a quadratic equation. Hence, if there is only a single solution
of the equation, there is only a single intersection that corresponds to the tangential point. Thus, we solved the equation by

changing the radius of the ellipsoid to produce only a single solution. Thus, we obtained information for the tangential points
for each pixel in the image. The heights and latitudes of tangential points are overlaid in Figure 1c. As shown in Figure 1c, the

typical height of the emissions was reughly-about 80 km.

Fo-see-in—more-detail;-For further details, Figure 2 shows height-latitude distributions of the-emission intensities in the 3
Hsﬂ%ﬁﬂwm%gﬂfﬁwm The emissions were malnly located at 80—82 km height #a-at latitudes of

78-81°N. This emission height is consistent
with typical reported PMC heights of 82-83 km issi
mmwﬁw@%mmww
underestimation of the actual emission height because emissions may be coming from not only the tangential point but also
foreground or background points. Qur observations also show oblique, step-like structures with a spatial scale of ~1 km. These
artifactual structures are because of the height resolution and the mapping calculation of the tangential point. Before application
of the mapping calculation, images show step-like structures that are not oblique but horizontal, with a spatial scale of ~1 km,
because of ~1-km height or spatial resolution, These artifactual structures are because of a limitation of the height resolution.
Such horizontal, step-like structures then become oblique, step-like structures through the mapping calculation from the pixel
coordinate in the original images to the height-latitude coordinate in the tangential points.

We confirm that the PMC-like emission layer has a wavelike structure in the height-latitude cross section. For example, the

heights of the layer were 80—81 km at ~81°N, 81-82 km at ~80°N, ~81 km at ~79°N, and 81-82 km at ~78°N. We attribute
these fluctuations to atmospheric waves; : i i i i

7. Because the latitude range
of 79-81°N corresponds to about a distance of ~700 km over the Arctic ocean (see Figure 3), the wavelength of the wavelike
structure can be estimated to be ~700 km. Such PMC structures can be observed by several methods using observations from
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LEO satellites such as the Cloud Imaging and Particle Size experiment (CIPS) onboard AIM and the Optical Spectrograph
and InfraRed Imager System (OSIRIS) onboard Odin. For example, AIM/CIPS can provide PMC nadir imaging, which is a

owerful tool to observe horizontal information for PMC structures (e.g., Chandran et al., 2010; Yue et al., 2014; Zhao et al., 2015

. In addition, tomographic techniques using AIM/CIPS (Hart et al., 2018) and Odin/OSIRIS (Hultgren et al., 2013) can provide
horizontal and vertical information for PMC structures. By contrast, Himawari-8 observation would feature high-cadence and
wide limb-viewing PMC observation from its almost fixed location relative to the Earth. The Himawari-8 full-disk image can

be obtained every 10 min, and its FOV coverage can be several thousands of kilometers (see Figure 3). These features would

rovide valuable data, which can be complementary to PMC data from the LEO satellites.

The-emission-intensity-Emission intensity was the strongest in the blue bandwas-the-strongest—and-that-, and the weakest
in the red bandwas—the-weakest—This-maybe reasonable-if-we-consider—the-. This result can be explained by Rayleigh or
Mie scattering of sunlight by water-ice particles (i.e., PMCs). TheMie-seattering—can-be—effective—when—theparticlesize
reaches roughty one-tenth-According to the Mie theory (cf. Bohren and Huffman, 2007), Rayleigh scattering is Mie scattering.
wwwmmthe Wavelength Heﬂee—%ma}}e%pame}ewetﬂd—mdﬂee%uﬁhgh{—%e&&em%g

%HW&WWHWMABWW
wavelength decreases with decreasing particle size, and the scattering cross section at a fixed particle size decreases with
increasing wavelength. Most PMC particles are understood to have radii of 20-60 nm, along with a very small number of
~200 nm particles (cf. DelLand et al.,
pm), green (0.51 pm), and red (0.64 pm). Hence, the scattering would be close to Rayleigh scattering, whereas it may not
be the pure Rayleigh scattering. Therefore, the predominance of such small particles (20-60 nm) would account for the
higher scattering intensities or stronger emission intensities at shorter wavelengthseould-be-stronger—This-would-imply-that

3-. Although additional guantitative evaluation would be helpful, the inferential framework described above would imply that
the three visible images obtained by Himawari-8 may be-able-to-provide-useful-contain information on the size of water-iee

We-ealenlated-total-eounts PMC particles. In addition, Himawari-8 observation can cover an entire day of local time (i.e., total
ission- e-00:00-24:00 JST), which means that emission

are available. Such information may be useful for particle size investigation

2006). Such particle size is smaller than the visible observation wavelengths: blue (0.47

. 0-360°

considering the wavelength dependence and the angle distribution in the Rayleigh to Mie scattering region. However, this
concern is beyond the scope of the present paper.

data at almost all scattering angles (i.e.

To investigate seasonal variation of PMC emissions in 20462016, we calculated total pixel values in specific regions (i.e.
sum of pixel values in localized pixels). We set two regions; one is a region at heights of 70-90 km and latitudes of 60-90°N

for the northern polar region (see Figure 4a), whereas the other is a region at heights of 70-90 km and latitudes of 60-90°S for
the southern polar region (see Figure 4b). The height range of 70-90 km ean-eever-covers typical PMC occurrence heights, and
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the latitude range of 60-90° ean-covercovers typical PMC occurrence latitudes. It should be noted that the upper limit of the
latitude range is actually ~81° (see Figure 3), that is, the highest latitude of the tangential points when we-set-the height range
ofis set to 70-90 km. Fhe-seasonal-variations-Seasonal variation in the total eounts-are-pixel values is shown in Figure 4;-which
wasfronr, To remove within-day variation, data in Figure 4 include only data at a single local time each day, 06:00 JST (21:00
UT)to-remove-daily-—variations—At-the-, At that local time, 06:00 JST, the LOS of Himawari-8 is almost perpendicular to the
sunward direction. This configuration would be beneficial, providing solar illumination to some extent and-while minimizing
sun-induced noise, such as the stray light of direct sunlight, which can be a problem close to local midnight (00:00 JST) (cf.
Proud, 2015). As shown in Figures 4a and 4b, the PMC-emissionsPMC-like emissions, expressed as total pixel values, were
active only during local summer menthes—This-is-well-consistent-with-months. The observed active periods would be similar

to the typical PMC active periods—(i-e-summertime)-period, from ~20 days before summer solstice to ~60 days after summer
solstice (cf. DeLand et al., 2006).

As mentioned-above-discussed in the above text, the heights and seasonal variations of the PMC emissions are wel-consistent
with the general characteristics of PMCs. These results are-conerete-evidences-suggest that the peculiar emissions observed
by Himawari-8 are indeed PMCs. Thus;new-PMC-data-obtainedfrom-We further suggest that the availability of imagin,

WMWMMMHImawaH 8 are-introduced—As-an-advantage-of Himawari-8;-we
is-for PMC study. This capability may provide valuable op-
portunities, for example t&eb%aﬁm%&lnformatlon on the size of water-ice—particles;beecause-the-Mie—seattering
RPMC particles. In addition, collaborations between
Himawari-8 and LEO satellites such as the-AlM-satellite-would-be-complementary—Espeeially AIM would allow a synergy
of complementary capabilities. In particular, high-time resolution data (imaging every 10 min) from Himawari-8(10-minutes

resolution)combined-with-those by Himawari-8, when combined with data from LEO satellites, would-largely enhance PME
research-sueh-as-divrnal-PMC-variations-can contribute to PMC research in the near future—, e.g., diurnal PMC variation.

4 Summary

In this paper, we introduced new PMC observations by Himawari-8. The-results-in-the-These observations concerning PMC
height and the-seasonal PMC activity are wel-consistent-with-the-consistent with previously reported PMC characteristics (cf.
DeLand et al., 2006). Fhese-Although these are not new scientific findings, butthese-are-essentially- tmportantfor-validation-of
the PMEC-emissions-obtained-fromnew-they serve as a brief but essential validation of Himawari-8 data-Thus;-we-demonstrated
observational data as PMC emissions. The detection of emissions consistent with PMC emissions demonstrates that Himawari-
8 is definitely—capable of PMC observations. Himawari-8 can previde-new-PMEC-data-indeed provide data on new aspects
of PMCs, and it would-enhanee—can provide valuable opportunities for new PMC research in the near future. Espeetattyln
particular, Himawari-8 PMC observations would have the following advantages: (1) high-time resolution (+6-minimaging
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every 10 min); (2) high-spatial resolution (one pixel every ~+-kml km) in the height-latitude (or height-horizon) cross-section;
(3) 3-visible-bands—-blue(three visible bands (blue: 0.47 pm);-greent, green: 0.51 pmy, and red¢: 0.64 pm); (4) continuous

monitoring from its almost fixed location relative to the Earth.
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Figure 1. (a) An original true-color image (eempeosites-composite of the 3-three visible bands) around northern high latitudes at 21:00 UT
on 9 July 2016. (b) Same as Figure 1a, but the color scale is 50times-x_enhanced. (c) Same as Figure 1b, but latitudes and heights of the

tangential points are overlaid.
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Figure 2. (a) Hight-tatitade Height-latitude distribution of the-emission intensity in the blue band en-at 21:00 UT on 9 July 2016. (b) Same

as Figure 2a, but in the green band. (c) Same as Figure 2a, but in the red band.

10



60°W 30°W 0°

460°N  60°S| 60°S

60°N i 460°N  60°S}| 160°S

“120°E 150°E 180° 180° 150°E 120°E

Figure 3. (a) Arctic map showing footprints (red line) of the tangential points at tangential heights of 80-85 km. (b) Same as Figure 3a, but

Antarctic map. It should be noted that the center longitude is the sub-satellite longitude of Himawari-8: 140.7°E.
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Figure 4. (a) Yearly variations-of-variation in the total emission intensities in-for a region at heights of 70-90 km and latitudes of 60-90°N
in 2016. Blue, green, and red lines correspond to the 3-vistble-bands;-blue, green, and red visible bands, respectively. It should be noted that
the upper limit of the latitude range is actually ~81°, that is, the highest latitude of the tangential points when we-set-the height range of-is
set to 70-90 km. Vertical black lines 20 June 2016), 20 days before the solstice (i.e., 31
May 2016), and 60 days after the solstice (i.e., 19 August 2016), in reference to the typical PMC period. (b) Same as Figure 4a, but these

indicate the northern summer solstice in 2016 (i.e.

2

in-for a region at heights of 70-90 km and latitudes of 60-90°S. Vertical black lines indicate the southern summer solstice in 2016 (i.e., 21
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December 2016), 20 days before the solstice (i.e., 1 December 2016), and 60 days after the 2015 southern summer solstice (i.e., 20 Februar
2016), in reference to the typical PMC period.
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