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Abstract

Here, | review modern history of geodesy and geodynamics in Japan, highlighting a few episodes during the last two
centuries. The review starts with the first measurement of the meridional arc length in Japan by Tadataka Ino (1745-
1818) early in the nineteenth century, done as a part of the mapping campaign of the country. Next, | mention the
first international recognition of Japanese geodesy realized by the discovery of a new term in the Earth’s polar motion
by Hisashi Kimura (1870-1943) at the beginning of the twentieth century. Finally, | review an unsuccessful campaign
to detect present-day continental drift in Japan shortly before World War Il, conducted by the Geodetic Committee of
Japan being inspired by the hypothesis of active opening of the Sea of Japan by Torahiko Terada (1878-1935).
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Dawn of geodesy in Japan: first meridional arc
length measurement

Figure 1 summarizes the geodetic episodes that I intro-
duce in this article, and first of all, I focus on the first
geodesist in Japan. The last samurai government of Japan
(the Edo Bakufu in Japanese) closed the country in 1639,
prohibiting most interactions with foreign countries, and
the stable feudal regime lasted until the Meiji Restoration
in 1868. The government had an astronomical bureau
(the Tenmon-kata) responsible for compilation of calen-
dars. People in the bureau acquired necessary expertise
in astronomy from literature published in seventeenth—
eighteenth centuries in China based on knowledge
brought by Jesuit missionaries from Europe.

Tadataka Ino (1745-1818) retired from his family busi-
ness as a merchant in Sawara (currently in the Chiba Pre-
fecture, Kanto) at the age of 50. He moved to Edo (Tokyo)
and started to study astronomy and geodetic survey-
ing under Yoshitoki Takahashi (1764—1804), the leading
astronomer in the bureau nearly 20 years younger than
T. Ino. They were interested in determining the merid-
ian arc length of the Earth because they needed accurate
dimension of the Earth to compile a calendar predicting
precise dates and times of lunar/solar eclipses. Although
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the arc lengths were available in Chinese books, Ino and
Takahashi recognized their inconsistency between lit-
erature and uncertainty in the conversion to the units of
length formerly used in Japan. An accurate value of the
arc length was also necessary for astronomical calibra-
tion of latitudes in making precise maps.

Takahashi and Ino submitted a proposal to perform a
geodetic survey from Edo to the northernmost part of
the main island (Honshu) of Japan, and Ezo (Hokkaido).
The government approved their proposal, considering
its importance from the viewpoint of foreign affairs. At
that time, occasional interactions with Russians occurred
in and around Ezo, and the government recognized it an
urgent need to have precise geographic knowledge of the
country. Such a social situation matched the personal
interest of people in the astronomical bureau.

Ino and his team conducted the first survey in 1800
and obtained a preliminary quantity for the meridian arc
length by comparing the astronomical latitude differ-
ences and the distances measured by ground surveying.
Next year, his mapping mission was upgraded to an offi-
cial national project. His team finished the first compre-
hensive surveys of NE Japan and submitted the maps to
the government in 1804. By compiling the data observed
until then, he determined the one-degree meridional arc
length in Japan as 110.75 km (originally published in a
Japanese unit of length). This is only ~0.2% shorter than
the modern value 110.95 km (Fig. 2).
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Fig. 1 History of geodesy in Japan. The three pioneers in Japanese
geodesy and geodynamics, Ino, Kimura, and Terada, and related
events in Japan and the world mentioned in this article

Neither Ino nor Takahashi was aware of the elliptic-
ity of the Earth when they started the survey, i.e., they
assumed the spherical Earth. In the closed Japan, the gov-
ernment only allowed direct contacts with Dutch traders
through a tiny window at Nagasaki, Kyushu. For exam-
ple, the Dutch version of the French book Astronomie
(ver.2) (Lalande 1771) was imported to Japan as Astro-
nomia of Sterrekunde, published in 1773. Y. Takahashi
obtained the book in 1803 and immediately understood
the importance of its contents. Over subsequent years,
his group translated it into Japanese and shared the latest
astronomical and geodetic knowledge in Europe (includ-
ing the shape of the Earth) within their community. It is
important to note that Takahashi and Ino indeed meas-
ured the arc length in Japan but not for studying the
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Fig. 2 Meridian arc length measurements in Japan and the world.
Comparison of the meridian arc length measurements in eighteenth
century by Europeans (expedition to Ecuador and Lapland, northern
Finland, in early eighteenth century and measurements by the
French government to establish the metric system in late eighteenth
century), and around 1802 by Ino and his team in NE Japan
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Earth’s elliptical shape with the latitude dependence of
the arc length.

Takahashi passed away in 1804, but Ino and his group
continued geodetic surveys, also in SW Japan, subse-
quent to those in NE Japan. The prime meridian was
defined at Kyoto, the ancient capital of the country. Ino
conducted astronomical measurements to calibrate lati-
tudes in mapping NE Japan. However, SW Japan elon-
gates in east—west, and he needed to calibrate the ground
geodetic survey results by performing astronomical lon-
gitude measurements. An accurate chronometer was
necessary for precise longitude measurements, but it
was not available then in Japan. Instead of it, Ino and his
group tried to determine the longitude differences in SW
Japan in 1805 by comparing the occultation times of the
Galilean satellites of Jupiter at remote points. In doing
that, they employed the procedure explained in Lalande
(1771), brought to Japan in a Dutch version only 2 years
before. They continued observations of these Jovian satel-
lites for 6 years but were not able to obtain enough data
to calibrate longitudes in SW Japan (Kazu 2005).

They continued the survey in SW Japan, and the final
version of the whole map of Japan, known as Dai-nihon-
enkai-yochi-zenzu, was submitted to the government
in 1821, 3 years after Ino passed away. Japan resumed
foreign diplomacy shortly before the Meiji Restoration
in 1868, the turning epoch to a modern country, and
the maps made by Ino served as the basis of a series of
national maps that the new government started to issue
in 1877. The quality and technical aspects of these maps
are discussed in detail in Oda (1974). Ino is also known
in Japan as a hero who lived two lives, as a merchant and
a geodesist, proving that 50-year old is not too late to
become a geodesist.

First international recognition of Japanese
geodesy: Z-term of polar motion
It is common nowadays that Japanese earth scientists
publish papers in English journals, some of which may
become internationally recognized and frequently cited.
A paper written by Hisashi Kimura (1870-1943) in 1902
would be one of the earliest examples. It was written
in response to unduly low rating to Japanese data in an
international observing campaign of latitude variations.
In the last decade of the nineteenth century, Frie-
drich Kiistner (1856—1936) in Germany and Seth Chan-
dler (1846-1913) in America independently discovered
the Earth’s polar motion, which was theoretically pre-
dicted by Leonhard Euler (1707-1783) back in 1756.
First, Kistner reported a quasi-annual latitude variation
of 0.2 arcseconds in 1888. The International Associa-
tion of Geodesy (IAG) coordinated an observing session
in 1891 and confirmed that this variation was a polar
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motion from the phase reversal of the latitude variations
observed in Hawaii and Germany. Chandler (1891) found
a new period of ~ 14 months of latitude variation in addi-
tion to the annual term. We now know that such “Chan-
dler wobble” and annual polar motion can be driven by
mass redistribution within the Earth.

This new period was significantly longer than
305 days predicted by Euler based on the ellipticity of
the rigid Earth. The difference was soon explained by
Simon Newcomb (1835-1909) (Newcomb 1891) by
considering the elastic deformation of the Earth by cen-
trifugal force around the moving pole. Considering the
scientific importance of the Earth’s polar motion, IAG
launched the first global-scale international geodetic
campaign in 1899 as the International Latitude Service
(ILS). They planned to deploy telescopes (zenith tel-
escopes dedicated to measure latitude variations) along
the latitude 39° 08’ N to reduce systematic errors by
adopting the same set of stars for latitude observations.

The new government established after the 1868 Meiji
Restoration vigorously imported up-to-date science
and technology to catch up with Europe and America.
The Geodetic Committee of Japan welcomed it when
ILS selected Mizusawa, NE Japan, as a latitude observa-
tory in Far East. Despite the offer by ILS to send a West-
ern expert to Japan, they appointed H. Kimura, a young
astronomer from the Imperial University of Tokyo, as
the director of the observatory. The latitude variation
A6 is expressed as a function of longitude ¢ and the X
and Y components of the polar motion toward longi-
tudes 0° and 90°, respectively, i.e.,

AfO = X cos¢p + Ysing. (1)

After analyzing the data since 1899 in 1901, the ILS
central bureau at Potsdam, Germany, found that the
Japanese data show larger post-fit residuals derived with
Eq. (1) than those of the other observatories. They sent
a letter to the chair of the Geodetic Committee of Japan
suggesting the poor performance of the Mizusawa obser-
vatory. They also announced to reduce the weight of the
Japanese data in estimating X and Y. H. Kimura immedi-
ately scrutinized the zenith telescope and observing pro-
cedures but did not find any flaw. Being confident in the
accuracy of the Japanese data, he doubted the validity of
Eq. (1) itself. He found that a new longitude-independent
annually varying term, the Z-term in Eq. (2), could largely
reduce the residual (Fig. 3),

AO = Xcos¢ + Ysing + Z. (2)

He published his idea in European (Kimura 1902a)
and American (Kimura 1902b) journals (this was not a
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misconduct then). The ILS central bureau admitted and
accepted the new term (Z-term).

The Japanese observatory (International Latitude
Observatory of Mizusawa, ILOM) served as the ILS cen-
tral bureau during 1922-1934 with H. Kimura as the
director. This dramatic “turnover” of offence and defense
was recognized as a brilliant achievement in Japan. In
fact, Kimura was one of the first recipients of two newly
established prestigious awards, the Imperial Prize of the
Japan Academy in 1911 and the Order of Culture in 1937.
The whole story can be found in a book published com-
memorating one century of latitude observations in Japan
(National Astronomical Observatory 1999).

The Z-term apparently implies that all the observato-
ries move northward/southward in winter/summer by
~1 m (~0.03 arcsec). Numbers of hypotheses were pro-
posed to explain this seasonal term, e.g., north—south
movement of the Earth’s center of gravity (detected by
space geodesy as a phenomenon with a much smaller
amplitude in 1990s, see, e.g., Dong et al. 1997), an arti-
fact caused by atmospheric refraction, and so on. These
hypotheses, however, failed to explain the observed
Z-term quantitatively. It took ~70 years that the geo-
physical mechanism of the Z-term has been revealed by
Yasujiro Wako (1928-2011) (Wako 1970), who noticed
that the previously unmodeled behavior of the semian-
nual nutation can be interpreted as the Z-term.

Long-term movement of the celestial pole of the Earth
has been known as the precession since the times of the
Greeks and Romans. The spin axis of the Earth is oblique
to the normal direction of the orbital plane of the Moon
or that of the ecliptic plane of the Sun, and the luni-solar
torque exerted on the elliptical Earth drives the preces-
sion. The torque changes in various periods, e.g., by the
change of the angle between the tilt of the spin axis and
the two tide-generating bodies. They cause short-term
oscillations of the spin axis referred to as forced nutation.
The polar motion causes longitude-dependent latitude
variation as shown in Eq. (1), but the nutation causes
uniform shift of the apparent positions of the stars for all
longitudes. When ILS started, people considered that the
nutation had been “known’, i.e., they implicitly assumed
that it had been possible to calculate it with sufficient
accuracy to isolate “unknown” polar motions. Actu-
ally, however, the nutation had not been modeled suffi-
ciently. The semiannual nutation is the component with
the second largest amplitude, and the Z-term was mainly
because of the unmodeled behavior of this component
particularly due to the resonance with the free core nuta-
tion (FCN), a phenomenon occurring for a rotating body
with a fluid core like the Earth (Fig. 4).

ECN is driven by inertial coupling between the core
and the mantle at their boundary and has a period of
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Fig. 3 Latitude variation data in 1899-1901. The residual of the latitude variation at Mizusawa (a) and another one of the latitude observatories at
Carloforte, Italy, (b) before (top) and after (bottom) introducing the new longitude-independent annual term (Z-term). Red curves in a, b indicate
the monthly values of the new term. The polar motion during the first year of ILS is shown in ¢. Re-drawn using the latitude variation residuals, the
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~460 sidereal days (e.g., Wahr 1981). Excitation of FCN
has not been confirmed clearly by geodetic observations
(cf. Shirai et al. 2005). Nevertheless, FCN significantly
influences phases and amplitudes of forced nutation
components through the resonance with FCN (fluid core
resonance, FCR), especially the annual and semiannual
components.

The Z-term comes from the deviation of actual semian-
nual nutation from the model without assuming a fluid
core. Figure 5 illustrates how the unmodeled semiannual
nutation makes the Z-term signature, i.e., a longitude-
independent seasonally varying term. One important
factor was that the observatories switched the set of tar-
get stars every month to realize midnight observations
throughout a year. A longer duration of observation
makes it easier to discern nutation and polar motion, and
the finding by Wako (1970) owes much to the extension
of the observing period from 4 to 6 h realized in 1955. By
the way, FCR influences the annual term more than the
semiannual term. However, the amplitude of the annual
term is small, and it does not cause signatures like the
Z-term.

The Earth model has been improved between the
times of Kimura (1902a, b) and Wako (1970). Moloden-
sky (1961) quantified how FCR influence forced nuta-
tion terms. The theory was sophisticated by Sasao
et al. (1980), who also formulated the FCN dissipation
by electromagnetic and frictional core—mantle cou-
pling. In 1980s, optical telescopes were replaced by
very long baseline interferometry (VLBI), and accu-
rate measurements of the Earth’s rotation enabled
Herring et al. (1986) to find a few milliarcseconds of
the deviation in the annual and semiannual nutation
from the standard model incorporating FCR. Gwinn
et al. (1986) interpreted this “new Z-term” reflects

the difference of the core—mantle boundary ellipticity
from the hydrostatic equilibrium.

First geodetic campaign in Japan to aim

at detecting possible continental drift

The most popular topic in Japanese geodesy nowadays
is crustal movements. In fact, nearly half of the papers
presented in recent fall meetings of the Geodetic Society
of Japan discuss crustal deformation. Here, I introduce
one of the earliest of such studies, an ambitious geodetic
campaign conducted in 1920s-1930s to detect the move-
ment of a tiny island, Tobishima, in the Sea of Japan rela-
tive to Honshu.

Torahiko Terada (1878-1935), a professor of physics
(also a member of the Earthquake Research Institute)
in the University of Tokyo, imagined that the Islands of
Japan came apart from the Eurasian continent and have
been drifting away (Terada 1927) (Fig. 6), being inspired
by the continental drift hypothesis by Alfred Wegener
(1880-1930). Terada thought it an ongoing process, and
that the small islands off the coast of the Sea of Japan,
including Tobishima, are moving away from the main-
land fast enough to be detected in a few years by astro-
nomical positioning.

Astronomical latitudes were measured using opti-
cal zenith telescopes similar to those used in measuring
the Earth’s polar motion. Astronomical longitudes were
determined by measuring transit times of stars, whose
accuracy depended on the clock synchronization errors.
Their standard accuracy was 5-10 m (~ 0.4 arcseconds in
longitude and ~ 0.2 arcsecond in latitude). We now know
that this accuracy is insufficient for detecting secular
crustal movements, usually slower than 10 cm/year.

In the fourth edition of “The Origin of Continents and
Oceans,” Wegener (1929) wrote that Greenland is moving
36 m/year westward relative to Europe. This is based on
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the 1922-1927 astronomical longitude measurement in
Greenland conducted using the radio link for clock syn-
chronization, which enabled the most accurate longitude
measurements at that time. We now know that such a fast
velocity is unlikely, but people had little knowledge then
to disprove it. Terada considered that astronomical posi-
tioning could detect continental drift within reasonable
observing periods, and it is possible that he was inspired
by such news about the “movement” of Greenland.
Terada’s idea moved the National Committee for Geod-
esy of Japan, and they conducted the first campaign in
1928 to detect the drift of Tobishima off the coast of the
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Sea of Japan (Tobishima means “flying island’, see Fig. 7
for position) using astronomical latitude and longitude
measurements. The second campaign took place in 1934.
The comparison of the 1928 and 1934 measurements
showed meters of “movements’; just like the Greenland
case. However, the pattern was not suggestive of the
opening of the Sea of Japan (Fig. 7a) (Miyaji 1935). Terada
passed away in 1935 without seeing any positive data
supporting his hypothesis.

In the second campaign in 1934, terrestrial triangula-
tion was also done, which was repeated in 1954 by the
Geographical Survey Institute (currently the Geospatial
Information Authority of Japan, GSI). The comparison of
the 1934 and 1954 results gave much smaller estimates of
the velocity of Tobishima. Okuda et al. (1955) concluded
that the triangulation did not yield any meaningful results
for the movement of Tobishima. However, it is interest-
ing to note that the triangulation result (Fig. 7b) is not
much different from the modern global navigation satel-
lite system (GNSS) measurements (Fig. 7c). This region is
close to the convergent plate boundary along the eastern
margin of the Sea of Japan (Fig. 7d), and east—west com-
pressional strain prevails this region (Nakamura 1983).

A new piece of evidence for the opening of the Sea of
Japan came from systematic difference of paleomagnetic
declinations of Mesozoic rocks between NE Japan and
SW Japan (e.g., Kawai et al. 1961). According to recent
paleomagnetic studies, however, such an opening is con-
sidered to have completed 15 million years ago (e.g., Oto-
fuji et al. 1994). This means that geodesy cannot detect
the present-day opening of the Sea of Japan anyway. After
all, this ambitious project to detect continental drift in
Japan was not successful, but this surely was the first
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study of the current crustal movements, the most pros-
perous field in Japanese geodesy 90 years later.

Post-WWII geodesy in Japan

Advance of geodesy after World War II in Japan and the
world is rapid. Here, I just mention a few milestones. The
launches of Sputnik 1 in 1957 by the Soviet Union and
Vanguard 1 in 1958 by the United States marked the start
of space-age geodesy. Yoshihide Kozai (1928-2018) for-
mulated how the orbital elements of satellites change in
time by spherically asymmetric mass distribution of the
central body (e.g., Kozai 1959). A series of such theoreti-
cal studies paved the way for the accurate measurement
of J, (equatorial bulge) and the discovery of J; (“pear”
shape) of the Earth’s gravity field. Since the launch of
the Gravity Recovery and Climate Experiment (GRACE)
satellite system in 2002, time-variable gravity became
a major field in geodesy. Mass redistribution within the
Earth system has long been studied by analyzing the
Earth’s polar motion, but time-variable gravity replaced
the polar motion as the principal sensor monitoring the
Earth system.

In 1987, a long history of the Earth’s rotation observa-
tions with optical telescopes ended and space geodetic
techniques took over. At the same time, the International
Polar Motion Service (IPMS, the successor of ILS) was
re-organized as the International Earth Rotation Service
(IERS), which was renamed to the International Earth
Rotation and Reference Systems Service in 2003. Space
geodesy in Japan started in 1980s when the Simosato sat-
ellite laser ranging (SLR) station and the Kashima VLBI
station started to take part in the observing campaigns
conducted by NASA as Crustal Dynamics Project. Satel-
lites launched in Japan, such as Ajisai (for SLR), ALOS-
1&2 (Advanced Land Observing Satellite) (for synthetic
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aperture radar, SAR), and the Quasi-Zenith Satellite
System (QZSS) (for GNSS), play unique roles in space
geodesy.

Deployment of the dense GNSS array in Japan dur-
ing 1990s resulted in important discoveries such as slow
fault slips, seasonal crustal movements, zones of strain
concentration, and so on. Japanese researchers lead the
development of the new technique for the ocean floor
positioning known as the GNSS-Acoustic method, and
recent observations off the Pacific coast of Japan have
revealed inter-, co-, and postseismic seafloor movements
near the Japan Trench and the Nankai Trough (e.g.,
Yokota et al. 2016).

Future role of geodesy in Japan

The last section of this article presents a perspective on
the future of geodesy in Japan, emphasizing its role in
transdisciplinary studies. Majority of the studies using
the dense GNSS array in Japan have been done for crustal
dynamics of tectonic origin. However, GNSS is a useful
sensor also for meteorology, cryospheric science, aer-
onomy, oceanography, and hydrology. Here, I focus on
the 2019 super-typhoon Hagibis [2019 Typhoon No. 19,
named by the Japan Meteorological Agency (JMA)], one
of the recent natural disasters in Japan, and discuss how
geodesy helps us understand the whole event.

Since Bevis et al. (1992) showed the potential of GNSS
receivers as a sensor of atmospheric water vapor, meteor-
ological utilization of the Japanese dense GNSS network
has been sought (e.g., Tsuda et al. 1998). In fact, precipi-
table water vapor data from GNSS have been assimilated
in the meso-scale model of JMA to improve weather
forecast accuracy since 2009 (e.g., Shoji 2015).

Figure 8 shows the distribution of zenith wet delay
(ZWD) at three epochs on October 12, 2019, when the

Fig. 6 The opening of the Sea of Japan has been verified later by paleomagnetic studies, which also revealed that the opening had completed
long time ago. Terada (1927) considered that the opening still goes on and also that small islands off the coast of the Sea of Japan, such as
Tobishima, are currently moving apart from the mainland fast enough to be detected by astronomical positioning




Heki Earth, Planets and Space (2020) 72:38 Page 7 of 9
3 2 3 3 2 3 3 2 3
a o @ =) b @ ) o C o o) =) d
2 2 3 2 2 S 2 2 3
s 1 L L | L L s | L L | L L L | L L 1 g
— i — A . o S
| 1928-1934 Astronomical | [|1934-1954 Triangulation | |1996-2008 GNSS 950191 | 3915 _ §
— Tobishima i A é g
| Tobishima Misakiyama| | \ Misakiyama (fixed) | | 950194 3 §
o Z
03
| | - - 39°00'
1 o N o A
limoriyama limoriyama (fixed) 940032 (fixed)
1 0.1 arcsec/yr (~3 m/yr) 1 0.5 marcsec/yr (~1.5 cm/yr) 15 mm/yr

T T T T T T T T T T T
Fig. 7 Movement of Tobishima measured by three different techniques. a Displacement of the Tobishima station and the two mainland stations
inferred by two astronomical measurements of latitudes and longitudes conducted in 1928 and 1934 (Miyaji 1935). b Displacement of Tobishima

by triangulation in 1934 and 1954 (Okuda et al. 1955). ¢ Velocity vectors of the nearby three GNSS stations during 1996-2008 by GNSS (mekira.gsi.

gojp). The location of the maps in a—c is shown with a red square in d. The eastern margin of the Sea of Japan is considered to be a part of the
boundary between the Eurasian (Amurian) and the North American (Okhotsk) Plates

typhoon Hagibis made landfall in central Japan, derived
from the dense GNSS network in Japan (downloaded
from geodesy.unr.edu, Blewitt et al. 2018). We can see the
region of high water vapor content, expanding northward
from the center of the typhoon, moves along the typhoon
path (ZWD can be converted to precipitable water, in
mm, roughly by multiplying by 0.15). Such a detailed map
can never be drawn with conventional meteorological
instruments such as radiosondes, launched only twice a
day at ~ 10 observatories in Japan.

Such a huge amount of water vapor resulted in heavy
rains and floods. Although the former could be measured,

e.g., by rain gauges, it is difficult to infer the water depth
distribution of a widespread flood with conventional
sensors. Here, I show that a dense GNSS network can
map the water depths by measuring crustal deforma-
tion. Stormwater acts as a surface load and depresses
the crust to a detectable level. Figure 9a shows crus-
tal subsidence in five regions flooded by this typhoon. I
removed the common mode errors from the F3 solution
(final daily coordinate solution) by GSI (Nakagawa et al.
2009), selected 7 stations from each region, and calcu-
lated their averages over days spanning £ 15 days around
the typhoon landfall day. The subsidence of the GNSS
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main island of Japan, at epochs a 05 UT (14 JST), b 10 UT (19 JST), and ¢ 15 UT (24 JST). Black curves and yellow stars show the typhoon track and
its position at the epoch. We calculated sea level ZWD values using atmospheric delay gradients (Arief S, Heki K. GNSS meteorology for disastrous
rainfalls in 2017-2019 summer in SW Japan: a new approach utilizing atmospheric delay gradients, submitted to Frontiers in Earth Science)




Heki Earth, Planets and Space (2020) 72:38

Page 8 of 9

| I A AR

L

Aomori

L L L
) g

Fukushima
(=7
-
1Nagano
1 Shizuoka ¥ %
1cm|

L

Mie

L

IS L B

-15 -10 -5 0
Day from Oct.12

- 135°

-4 -3 =2
Fig. 9 Crustal subsidence by the stormwater load of the 2019 typhoon Hagibis. a Time series of vertical coordinates of the GNSS stations over a
period around 2019 October 12, located in the five flooded areas given by red boxes in b. They are the averages of seven GNSS stations from each
box, i.e, 0152,0153,0156,0158,0537,0539, 0901 (Aomori), 0201, 0205, 0211, 0212, 0581, 0920, 0945 (Fukushima), 0263, 0271, 0272, 0273, 0610,
0613, 0979 (Nagano), 0297, 0620, 0814, 0838, 3049, 3053, 3086 (Shizuoka), 0065, 0314, 0636, 1104, 1105, 1139, 1149 (Mie). On the day of the typhoon
landfall (October 12), average vertical positions show clear subsidence of 1-2 cm. b Subsidence of the GNSS stations relative to the median during
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stations is mapped as in Fig. 9b. Then, it is straightfor-
ward to map the surface water depth like Milliner et al.
(2018) did for the Hurricane Harvey in the southern
United States. Such a study will lead to the understanding
of stormwater dynamics after extreme rainfall events and
helps us forecast future floods in Japan.

An example shown here drops a hint about the future
role to be played by geodesy in Japan, i.e., it must be
transdisciplinary. Heki (2020) showed that a dense GNSS
network will contribute to ionospheric studies, espe-
cially disturbances related to earthquakes. SAR satellites
have become indispensable for monitoring volcanoes.
Recently, usefulness of SAR as a two-dimensional sensor
for atmospheric water vapor and ionospheric electrons
has been recognized (Tsuda et al. 2018). A dense GNSS
network will also complement GRACE in studying sur-
face water redistribution in higher temporal and spatial
resolutions. These research activities would yield next-
generation legends of geodesy in Japan.
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