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Abstract
Tropical cyclone (TC) activities over the western North Pacific (WNP) and TC landfall in
Japan are investigated by collecting historical TC track data and meteorological obser-
vation data starting from the mid-nineteenth century. Historical TC track data and TC best
track data are merged over the WNP from 1884 to 2018. The quality of historical TC data
is not sufficient to count the TC numbers over the WNP due to the lack of spatial
coverage and different TC criteria before the 1950s. We focus on TC landfall in Japan
using a combination of TC track data and meteorological data observed at weather
stations and lighthouses from 1877 to 2019. A unified TC definition is applied to obtain
equivalent quality during the whole analysis period. We identify lower annual TC landfall
numbers during the 1970s to the 2000s and find other periods have more TC landfall
numbers including the nineteenth century. No trend in TC landfall number is detected. TC
intensity is estimated by an annual power dissipation index (APDI). High APDI periods
are found to be around 1900, in the 1910s, from the 1930s to 1960s, and after the 1990s.
When we focus on the period from 1977 to 2019, a significant increasing trend of ADPI
is seen, and significant northeastward shift of TC landfall location is detected. On the
other hand, TC landfall location shifts northeastward and then southwestward in about
100-year interval. European and US ships sailed through East and Southeast Asian waters
before the weather station network was established in the late nineteenth century. Then,
we focus on TC events in July 1853 observed by the US Naval Japan Expedition of
Perry’s fleet and August 1863 by a UK Navy ship that participated in two wars in Japan.
A TC moved slowly westward over the East China Sea south of the Okinawa Islands
from 21 to 25 July 1853. Another TC was detected in the East China Sea on 15–16
August 1863 during the bombardment of Kagoshima in southern Japan. Pressure data are
evaluated by comparing the observations made by 10 naval ships in Yokohama, central
Japan during 1863–1864. The deviation of each ship pressure data from the 10 ships
mean is about 2.7–2.8 hPa.
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1 Introduction

Tropical cyclone (TC) impacts are one of the most severe disasters to affect western North
Pacific (WNP) countries, due to strong wind, heavy rain, and storm surges. Before instrumen-
tal meteorological observations were conducted routinely, the awareness of TCs was recorded
in various documents (Garcıá-Herrera et al. 2007; Chan et al. 2012). Meteorological instru-
ments were invented by G. Galilei (thermometer) and E. Torricelli (barometer) in the seven-
teenth century and expanded to East and Southeast Asia in the nineteenth century. One of the
earliest systematic meteorological observation series recorded was published in the newspaper
the Canton Register from 1830 (MacKeown 2010; Tsukahara 2013).

On 27 September 1865, a TC passage was recorded by the instruments at the Manila
Central Observatory in the Philippines by Spanish Jesuits missionaries (Deppermann 1939;
Udías 1996). From 1873, meteorological observations were shared by telegraph within Hong
Kong and Shanghai in China and Nagasaki in Japan. Such observational data were also posted
twice daily at ports in the region, and reported in the publication of China Coast Meteoro-
logical Register. TCs were traced using these observed weather data. TC tracks in the WNP
were recorded by five agencies, namely, Hong Kong Observatory (HKO), Manila Central
Observatory, Deutshe Seewarte, Zikawei Observatory, and Central Meteorological Observa-
tory Japan (CMOJ), which is the predecessor of the Japan Meteorological Agency (JMA) from
the 1880s (Visher 1925; Kubota 2012).

All of the TC track data in the region were later compiled and reported in various
documents and books. From 1977, TCs all over the open ocean could be detected by
geostationary satellites, without missing any storms. With TC best track datasets now being
regularly distributed online, historical TC track data have often been forgotten. With growing
concern about climate change and its projected impacts, the requirement for longer TC data
extending back more than 100 years has become an important component in the increasing
demand for the recovery of all historical weather observations. Since 2007, the international
Atmospheric Circulation Reconstructions over the Earth (ACRE) initiative (Allan et al. 2011)
has become a major player in the recovery of historical terrestrial and marine weather data.

Over the Atlantic basin, the historical hurricane track database (HURDAT2) has accumu-
lated TC data extending back to 1851 (Landsea and Franklin 2013). Over the WNP, TC track
data reported by theManila Central Observatory, HKO, Zikawei Observatory, and CMOJ since
1884 were recovered and digitized by the lead author of this paper (Kubota and Chan 2009;
Kubota 2012). The International Best Track Archive for Climate Stewardship (IBTrACS)
includes TC track data called “” (National Climate Data Center 1973; Knapp et al. 2010). TD
9636 was created by using other TC data sources mentioned above since 1884.

Meteorological data rescues over Asia are conducted by ACRE Japan, which is one of the
regional branches of the ACRE (Williamson et al. 2018; http://www.met-acre.net/chapters.
htm). Daily rainfall data have been recovered back to the late-nineteenth century in Japan
(Fujibe et al. 2005), Philippines (Akasaka et al. 2007; Villafuerte et al. 2014; Kubota et al.
2017), Myanmar (Inoue et al. 2018), Bangladesh (Kiguchi et al. 2018), Cherrapunji of India
(Murata et al. 2017), Indonesia (Hamada et al. 2002), and Palau (Kubota et al. 2011) for
studying of Asian monsoon variabilities. Historical temperature data have been recovered in
Japan from the 1890s for urbanization studies (Fujibe 1995, 1997). Surface pressure data have
been recovered for studying of climatic variability in the Pacific-Japan pattern from the 1890s,
especially for examining a dominant summer monsoon mode (Kubota et al. 2016). Meteoro-
logical data and TC track data are part of the global dataset of the International Surface
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Pressure Databank (ISPD) (Cram et al. 2015) and the NOAA-CIRES-DOE Twentieth Century
Reanalysis (20CR) (Slivinski et al. 2019). Utilizing meteorological station data and TC track
data for TC landfalls for the past 100 years, plus case studies of past TC landfalls before 1950,
several studies investigated TC characteristics in the Philippines (Kubota and Chan 2009;
Kubota 2018a) and Japan (Ninomiya 2013; Kumazawa et al. 2016; Fujibe 2018, 2019; Fujibe
et al. 2020). These climate variability studies have analyzed over the 100 years, although most
of the them have been limited to the twentieth century.

In this study, we focus on TC data over the WNP stating from the mid-nineteenth century.
TC landfall data in Japan are extended back to 1877 by using newly recovered meteorological
data observed by lighthouses (Zaiki et al. 2018). In East and Southeast Asian regions,
meteorological weather stations started observations during the 1860s to the 1870s. However,
the spatial range of these weather data is limited. Here, we focus on ship log weather records
made on vessels sailing through East and Southeast Asian waters. Such ship logs with weather
observations from the late-eighteenth century were found in European and US libraries and
archives (Brohan et al. 2009). In this study, we collected logs from the ships of the US Naval
Japan Expedition of Admiral Perry’s fleet, called the “Black ships” in Japan, which came to
Tokyo Bay in Japan to open the country to the wider world in the 1850s (Figs. 1, 2a, 6). We
also collected similar weather data from UK Navy ships, which came to Japan to take part in
two wars that involved the bombardment of Kagoshima, southern Japan in 1863 and Shimo-
noseki, western Japan in 1864 (Figs. 1, 2b). During 1863–1864, 11 UK Navy ships stayed in
Japan. We focus on the TCs observed by these US and UK Navy ships in the East China Sea
during July 1853 and August 1863.

˚N

Hokkaido

Honshu

Shikoku

Kyushu

Fig. 1 Four major Islands (Honshu, Hokkaido, Kyushu, and Shikoku) in Japan (shaded in black). Also shown
are CMOJ weather stations in 1882 (red dots) and locations of Yokohama (skyblue star), Hakodate, Tokyo,
Simonoseki, and Kagoshima
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In Section 2, we introduce TC track data from the mid-nineteenth century over the WNP,
meteorological observations recorded by weather stations and lighthouses in Japan, and US
and UK Navy ship logbook weather records. In Section 3, we analyze long-term variability of
TC numbers from 1884 to 2018 over the WNP and TC landfall in Japan from 1877 to 2019.
Case studies of TC tracks in 1853 and 1863 are conducted and evaluated using pressure data
observed by UK Navy ships in Section 4. Summary and discussion are given in Section 5.

2 Data

2.1 TC track data

Historical TC track data over the WNP are listed in Table 1. The domain for WNP
TC covers an area north of the equator, east of 100°E and west of the dateline.
Historical TC tracks were used by the following agencies, HKO, Manila Central
Observatory, Zikawei Observatory, and CMOJ. We merged historical TC data and
TC best track data to create long-term TC data (Appendix A). Present TC best track
data from the Regional Specialized Meteorological Center (RSMC) Tokyo, Joint
Typhoon Warning Center (JTWC), HKO and Shanghai Typhoon Institute (STI) have
adopted maximum wind speed of 35 kt for their TC definition. On the other hand,
historical TC data used less than 750 mmHg of center pressure in the Monthly
Bulletins of the Philippine Weather Bureau (MBP) and 32 kt or 64 kt of wind speed
at the HKO. However, other historical TC data did not have TC definitions.

Fig. 2 Ten fleets of Perry’s US Naval Japan Expedition logbooks from 1852 to 1855 (arrows) (a). The fleets
came to Japan in July 1853 (red bars) and February to June 1854 (blue bars) (a). Eleven UK Navy ships logbooks
from 1862 to 1865 (arrows) (b). They participated in two wars in Japan in August 1863 (orange bars) and
September 1864 (red bars) (b)
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2.2 Station data in Japan

Official CMOJ (until 1887 Tokyo Meteorological Observatory) weather station was first
established in Hakodate (Fig. 1) in 1872. Numbers of weather stations in Japan from 1873
to 2019 are shown in Fig. B1. During the nineteenth century, lighthouse weather observations
in Japan were used to reinforce the number of stations from 1877 to 1885 (Zaiki et al. 2018).
Detail of weather station and lighthouse data are described in Appendix B. Local time (LT) in
Japan is 9 h ahead of the Universal Standard Time (UTC).

2.3 TC landfall data in Japan

TC landfall is defined as the time when a TC landed on the major four islands (Honshu, Hokkaido,
Kyushu, and Shikoku) of Japan (black part in Fig. 1). The criteria for TC landfall are the timewhen
the nearest weather station measured sea level pressure less than 1000 hPa and the left/right side of
the landfall point with relation to a weather station measured anticlockwise/clockwise wind
direction change during its passage. Detailed definition is described in Appendix C. TC landfalls
in Japan from 1877 to 2019 are analyzed (data available at https://jcdp.jp/reconstructed-typhoon-
data/. Accessed 18 Jan. 2021). Annual TC intensity is calculated by the annual power dissipation
index (APDI) (Liu and Chan 2017). The APDI is the sum of each TC landfall intensity defined by
the cube of maximum wind speed during landfall. Maximum wind speed is converted from
minimum pressure using the pressure-wind relationship (Atkinson and Holliday 1977).

2.4 Meteorological data in ship logbooks

Ten fleets of Perry’s USNaval Japan Expedition logbooks from 1852 to 1855 are found in the US
National Archives. Four fleets came to Tokyo Bay, Japan in July 1853; and nine fleets came to
Tokyo from February to June 1854 (Figs. 1, 2a). The locations of the ships and meteorological
data were reported in the logbooks. Eleven UK Navy ships participated in two wars of the
bombardment of Kagoshima in August 1863 and Shimonoseki in September 1864 (Figs. 1, 2b).
The UK Navy ship logbooks are found at the UK Hydrographic Office, the UK National
Archives and the National Meteorological Archives of the UK Met Office. Detail of ship
logbooks of US and UK Navy ships utilized in this study are described in Appendix D. While
sailing, local time of each day was adjusted by sun’s culmination at noon (Wallbrink et al. 2009).

3 Long-term variability of TC numbers

3.1 TCs over the WNP

Annual TC numbers over the WNP from 1884 to 2018 are plotted in Fig. 3. Historical TC data
and TC best track data are merged to create long-term TC data. Details of five TC data
(Philippines, Hong Kong, Shanghai, Japan, and IBTrACS) are indicated in Appendix A. After
the 1950s, the TC numbers of the four agencies show consistent variability. However,
discrepancies existed among the agencies before the 1950s. In the 1950s, Hong Kong and
Philippines TC numbers were lower compared to the others. In the 1940s, IBTrACS TD9636
have high TC numbers. Before 1940, the Japan TC numbers were lower because the CMOJ
focused only on the TCs approaching Japan. Before the 1910s, all the TC decreased the
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numbers due to the lack of the area coverage over the eastern part of the WNP. TC numbers
were higher in the 1960s and around 1990. And TCs numbers were high around 1910, except
for the Japan TC data. Although, the numbers were different, interdecadal variability of TC
numbers can be seen in all the datasets. The mechanisms for interdecadal variability of TC
numbers after the 1950s are explained by the variability of sea surface temperature, WNP
subtropical high, and Pacific Decadal Oscillation (Yumoto and Matsuura 2001; Chan 2005;
Liu and Chan 2008). We obtained historical TC data back to 1884; however, we need to
examine the reliability of TC numbers to investigate the interdecadal variability before the
1950s in future study.

3.2 TC landfall in Japan

Historical TC track data have discrepancies amongst the datasets before the 1950s. In this
subsection, we utilize a combination of TC track data and meteorological data observed at
weather stations and lighthouses over land, with a focus on TC landfalls in Japan. Annual TC
landfall numbers in Japan from 1877 to 2019 are plotted in Fig. 4a. Mean numbers of TC
landfalls are 3.09 per year. Maximum TC landfall number reached 10 in 1950. No TC landfalls
were observed in 1973, 1984, 2000, and 2008: and lower than mean TC landfall numbers
appeared during the 1970s to the 2000s in the 11-year running mean. On the other hand, at least
four TCs landed each year from 2013. Above average TC landfall numbers can be seen from the
1880s to the 1960s, except for the late 1870s to the early-1880s and in the early-1930s. The
period from the 1970s to the early 1980s was the lowest TC landfall periods during the past
140 years. Interdecadal variability of TC landfall in Japan is seen, which will be discussed
further in the discussion section. No clear TC landfall trend is seen during the whole period.

Figure 4b shows the annual intensity of TC landfall accumulated by the annual power
dissipation index (APDI). Mean APDI is 9.09 × 105 (kt3) per year. High APDI periods are seen
around 1900, and in the 1910s, from the 1930s to the 1960s and after the 1990s. When we
focus on the period from 1977 to 2019, a significant increasing trend of APDI can be seen at
the 99% confidence level. Significant test is conducted by Mann-Kendall rank statistic

Fig. 3 Annual TC numbers over the WNP from 1884 to 2018. TC data are merged using historical data and best
track data: Philippines TC data (blue), Hong Kong TC data (orange), Shanghai TC data (green), Japan TC data
(red) and IBTrACS TD9636 (sky blue). Thick lines are 11-year running means
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(Kendall 1938). Estimated maximum wind speed increased by 37% during the 43 years. The
increasing trend during 1977–2019 is verified by the reduced interval of pressure observations
and the number of stations. The ADPI using hourly pressure observations showed consistent
significant increasing trend of maximum wind speed by about 42% at the 99% confidence
level during 1977–2019. When we reduced the number of weather stations to 20 and interval
of pressure observations to 12 hourly, we obtained consistent significant increasing trend at the
99% confidence level, although the magnitude is approximately one third of using all pressure
observations. Maximum wind speed increased by 32% during the 43 years. Twenty weather
stations and 12 hourly observation were available in 1882 (Fig. 1). On the other hand, we may
question whether increasing trend seen during 1977–2019 is a monotonic increase or part of
the fluctuation in the interdecadal variability. We will discuss this using on our long-term data
in the discussion section.

Figure 5 shows the longitude (a) and latitude (b) of the nearest weather station during TC
landfall in Japan from 1877 to 2019. The mean location is (135.51°E 34.26°N). Eastward shift

Fig. 4 Annual TC landfall numbers in Japan from 1877 to 2019 (bold bar) (a). Annual power dissipation index
(APDI) for TC landfall in Japan from 1877 to 2019 (thin blue line) (b). Pressure data used for APDI is based on
hourly data (green line) and condition of 1882 (12 hourly data of 20 stations) (red line). APDI is divided by
10**5. Black, green, and red dashed lines represent linear trend during 1977–2019, respectively. Significant test
is conducted byMann-Kendall rank statistic. Annual mean during the whole period is described by thin blue line,
and values are 3.09 (a) and 9.09 (b), respectively. Thick lines are 11-year running means
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of the nearest station to TC landfall location can be seen in the 1920s and after the 2000s, while
a northward shift in the 1910s to the 1930s and after the 2000s can be detected. On the other
hand, the location of TC landfall shifted southwestward during the 1970s. It seems that a
northeastward and southwestward shift of TC landfall location has a fluctuation around 100-
year period. When we focus on the period during 1977–2019, eastward and northward trends
of the TC landfall location are seen, which is significant at the 99% confidence level. This
indicates that recent TC landfall locations in Japan tend to shift northeastward in Japan. It may
be influenced by atmospheric circulation conditions over theWNP during 1977–2019 (Liu and
Chan 2019). However, the increasing tendency during 1977–2019 seems that it includes
within a fluctuation in the 100-year time scale variability from our 143 years data analysis.

4 TC observed by navy ships in the mid-nineteenth century

Because the spatial coverage of weather stations in Japan before 1877 was limited, we are not
able to expand our analysis period of counting TC landfall further back in time. In the East and
Southeast Asian regions, there were very few meteorological weather stations before the 1860s

a

b ˚N

˚E

Fig. 5 Longitude (a) and latitude (b) of nearest station during TC landfall in Japan. Thin blue line is the mean
location at (134.59° E, 33.99° N) during the whole period respectively. Thick lines are 11-year running means.
Black dashed lines represent linear trend during 1977–2019
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(Zaiki et al. 2006; Tsukahara 2013). On the other hand, European and US ships sailed through
East and Southeast Asia waters and recorded instrumental meteorological data in their
logbooks during the nineteenth century. Here, we focus on two case studies of the TCs
observed by US and UK Navy ships in that period.

4.1 TC in July 1853

One of the ships of the US Naval Japan Expedition, USS (United States Ship) Mississippi,
sailed eastward from the east coast of the US, passing through the Atlantic Ocean, around the
Cape of Good Hope, and through the Indian Ocean, reaching Tokyo Bay in Japan on 8
July 1853 in order to open up the country of Japan (Figs. 1, 6). However, negotiations were
continued into the following year. The ship left Tokyo Bay on 11 July 1853, and stayed in
Hong Kong. In 1854, the USS Mississippi came from Hong Kong to Japan again on 11
February. The treaty of peace and amity between Japan and the US was concluded. The USS
Mississippi left Japan on 25 June 1854, visiting Hong Kong and Macao; it then sailed
eastward, passing Hawaii, through the Strait of Magellan and returned to the east coast of
the US in 1855. Two TCs were observed during the cruise in East and South East Asia in
July 1853 and October 1854 (Redfield 1856). Here, we focus on the TC in July 1853 (Fig. 7a).
Four US Navy ships sailed from Tokyo: the destination of the USS Saratoga was Shanghai,
while the other three were bound for Naha in the Okinawa Islands. USS Supply stayed in Naha
on July 1853, and measured a pressure drop and rise associated with a TC passage from 20 to
24 July 1853 (Fig. 7b). The US store ship Caprice was sailing in the East China Sea during the
same period (pink line of Fig. 7a). Based on meteorological observations of pressure, wind
direction and wind force recorded by the five US Navy ships and the US store ship Caprice, a
TC track was estimated from 21 to 25 July (red dashed line of Fig. 7a). The TC moved
westward very slowly at about 7–12 km/h. A minimum pressure of 973 hPa was observed in
Naha at 15:00 LT (local time) on 22 July by the USS Supply when the TC passed by close to
the Okinawa Islands (Fig. 7b). On the same day, the Russian Navy ship Pallada recorded a
minimum pressure of 962 hPa in the East China Sea during the Japan Expedition reports
(Goncharov 1941). This TC was written in the Russian Julian calendar as being on 9 July, but
its location was not reported. The US store ship Caprice measured minimum pressure of
988 hPa at noon LT, and the USS Saratoga measured minimum pressure of 999 hPa at 18:00
LT on 24 July. The TC passed by south of the US store ship Caprice and USS Saratoga, and
progressed westward to the China coast.

˚N

˚S
Fig. 6 Ship track of USS Mississippi from 11 May 1852 to 26 April 1855. Adopted from Kubota (2018b)
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4.2 TC in August 1863

After Japan opened the country to the world, many visitors came to Japan from 1854 onwards.
A British man was killed in Yokohama, Japan in 1862, in the so-called “Namamugi Incident”
by Satsuma (old name of Kagoshima) soldier. The friction between UK and Kagoshima of
Japan became worse and a bombardment of Kagoshima occurred in the period from 15 to 17
August 1863. Seven UKNavy ships participated in the war and six of the ships weather data in
the logbooks were collected (Fig. 2b). During the battle, a TC passed by northward at west of
Kagoshima (Fig. 8). This TC was found by Cary Mock of the University of Carolina (personal
communication). The minimum pressure was observed in Kagoshima around 4:00 LT on 16
August 1863 (Table 2). The wind direction changed clockwise from east to south, and the
wind force reached up to 9 to 10 of the Beaufort scale around midnight and 4:00 LT
on 16 August (not shown) by all the UK Navy ships in Kagoshima. HMS (Her
Majesty’s Ship) Barrosa first observed a minimum pressure of 996 hPa to the west of
the Okinawa Islands at 4:00 LT on 15 August. The wind direction changed anti-
clockwise, and the wind force reached 8 of the Beaufort scale of northeasterly wind
at midnight on 15 August (not shown). The TC passed by east of HMS Barrosa

a

b

˚N

˚E

Fig. 7 Estimated TC track (red dashed line) and ship tracks (color lines) during 21–25 July 1853 (a). Numbers
indicate the date and location of TC and ship at noon. “1” means “21” July. USS supply stayed in Naha [purple
star in (a)] and pressure data in (b)
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moved northward and passed by closely to the east of HMS Osprey. HMS Osprey
observed the lowest pressure of 976 hPa among the UK Navy ships at 4:00 LT on 16
August. The TC passed through between HMS Osprey and Kagoshima, moved
northward and passed by west of Nagasaki. HMS Leopard and HMS Rattler observed
minimum pressure in Nagasaki between 6:00 and 8:00 LT on 16 August (Table 2).
HMS Rattler observed a wind force up to 11 of the Beaufort scale from the south-
southwest wind at noon LT on 16 August (not shown). In summary, a TC was
detected by 11 UK Navy ships, which moved northward to the west of the Okinawa
Islands on the morning of 15 August 1863, and passed by to the west of Nagasaki on
the following morning of 16 August. This TC passage may have influenced outcome
of the battle in Kagoshima.

˚N

˚E
Fig. 8 Estimated TC track during 15–16 August 1863 (red dashed arrow). Blue crosses indicate the locations of
ships, Nagasaki and Kagoshima. Green numbers represent date and local time when minimum pressure (red
numbers of unit hPa) observed. Green arrows show wind direction change

Table 2 Minimum pressure, its observed local time, and wind direction change at the ships during the TC
passage at Nagasaki and Kagoshima in 1863

Ship Location Date Hour Minimum pressure Wind direction change

Leopard Nagasaki Aug. 16 6:00 985.4 Clockwise
Rattler Nagasaki Aug. 16 8:00 987.4 Clockwise
Coquette Kagoshima No data Clockwise
Euryalus Kagoshima Aug. 16 4:00 990.1 Clockwise
Havoc Kagoshima No Data Clockwise
Pearl Kagoshima Aug. 15–16 23:00–6:00 992.2 Clockwise
Perseus Kagoshima Aug. 16 4:00 983.7 Clockwise
Racehorse Kagoshima Aug. 16 4:00 992.2 Clockwise
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4.3 Pressure data in Yokohama in 1863 and 1864

UK Navy ships participated in the two wars in Japan, the bombardment of Kagoshima in
August 1863 and in Shimonoseki in September 1864. During 1863–1864, UK Navy ships
stayed around Japan. The Japanese government opened a few ports, including Yokohama (Fig.
1) in the 1860s. Figure 9 shows pressure data in Yokohama during 1863–1864 observed by 10
UKNavy ships. Naval ships continued their meteorological observations even while they were
anchored at port. Mean pressure data at each local time are plotted as black dots. Pressure data
are available from the end of March 1863 to December 1864. Pressure data are evaluated by
comparing multiple ships’ observations. The numbers of observations, bias and standard
deviation of each ship compared to the mean pressure data are listed in Table S1. When more
than two ships made observations at the same time, we count the numbers as observations. The
range of the difference between ships is about 2.7–2.8 hPa from −1.57 hPa of HMS Coquette

Fig. 9 Pressure data observed in Yokohama by UK Navy ships in 1863 (a) and 1864 (b). Black dots are mean
pressure value at each local time
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to 1.24 hPa of HMS Leopard in 1863 and from −1.79 hPa of HMS Tartar to 0.87 of HMS
Barrosa in 1864 based on bais of Table S1. HMS Barrosa and HMS Leopard tended to
measure higher pressure than the mean; and HMS Perseus tended to measure lower values in
both years. On the other hand, HMS Cormorant and HMS Euryalus had small biases in both
years. These tendencies are consistent with the observations in Kagoshima on 16 August 1863
(Table 2). The pressure data are not adjusted to sea level by all ships. HMS Euryalus had a
correction report of pressure data from 1 April 1862 to 14 February 1863 stored in the National
Meteorological Archives of the UK Met Office. When we applied this value, the corrected
pressure data of HMS Euryalus became 990.6 hPa in Kagoshima on 4:00 LT 16 August. The
height of barometer of HMS Euryalus was 18 ft. from the sea surface. French naval doctor P.
Mourier observed weather four times a day on 7:00, 10:00, 16:00, and 22:00 LT in Yokohama
from December 1864 (Zaiki et al. 2006). Pressure data were adjusted to sea level. During
December 1864, only HMS Barrosa observed at the same local times as Mourier’s observa-
tions. The difference between Mourier’s observation and HMS Barrosa showed 0.44 hPa
higher by HMS Barrosa. We subtract the bias of HMS Barrosa 0.87, and applied ship height
adjustment to sea level in the same way as of HMS Euryalus. Several disturbances of low
pressures and strong winds were also observed in Yokohama on 19 August and again on 30
September 1864 associated with a TC passage (not shown). Further analysis of such TCs is
needed in future studies.

5 Summary and discussion

5.1 Summary

In this study, we investigate TC activities over the WNP and TC landfall in Japan during the
nineteenth century by analyzing historical TC track data and meteorological observational
data. Meteorological observations were obtained from weather stations, lighthouses and US
and UK naval ships. We merged the TC data from 1884 to 2018 using historical TC track data
and TC best track data over the WNP. However, the quality of historical TC data is not
sufficient to count the TC numbers over the WNP due to the lack of spatial coverage and
different TC definitions before the 1950s. We then focused on TC landfall in Japan using a
combination of TC track data and meteorological data observed at weather stations and
lighthouses from 1877 to 2019. A unified TC definition is applied to ensure consistent quality
of data during the whole analysis period. TC landfall is defined as the time when the nearest
weather station measured sea level pressure less than 1000 hPa and the left/right side of the
landfall site, station measured anticlockwise/clockwise wind direction change (Kumazawa
et al. 2016). Lower annual TC landfall numbers are found during the 1970s to the 2000s, while
more TC landfall numbers are seen during the other periods, including the nineteenth
century. No trend of TC landfall is detected. TC intensity is estimated by using APDI.
High APDI periods are seen around 1900, and in the 1910s, from the 1930s to the
1960s and after the 1990s. When we focus on the period from 1977 to 2019, we
detect a significant increasing trend of ADPI even when we reducing the interval of
weather observations and the number of weather stations to reproduce the weather
station condition in the 1880s. TC landfall locations shifted northeastward from the
1910s to the 1930s and after the 2000s, and shifted southwestward during the 1970s.
Northeastward and southwestward shifts of TC landfall location had a fluctuation of
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about 100-year interval. When we focus on the period during 1977 to 2019, we also
detect a significant northeastward shift of TC landfall location.

In East and Southeast Asia, meteorological weather stations started collecting observations
during the 1860s and 1870s. On the other hand, European and US ships sailed through East
and Southeast Asian waters, observing weather using meteorological instruments from the
nineteenth century. Here, we focus on TC events before the weather stations were established
in East and Southeast Asia in July 1853, which were observed by a US Naval Japan
Expedition of Perry’s fleet, and on TC event in August 1863 which was observed by a UK
Navy ship participated in two wars in Japan, the bombardment of Kagoshima in 1863 and
Shimonoseki in 1864. A TC in July 1853 was detected by five US Navy ships and the US store
ship Caprice using meteorological observations of pressure, wind direction and wind force.
The TC moved slowly westward over the East China Sea to the south of the Okinawa Islands
from 21 to 25 July. Another TC was detected in the East China Sea between 15 and 16 of
August 1863 during the bombardment of Kagoshima. In total, 11 UK Navy ships were
deployed to the East China Sea and in the Kagoshima and Nagasaki regions of Japan. A TC
moved northward to the west of the Okinawa Islands in the morning of 15 August 1863,
passing by on the west of Kagoshima and reaching the west of Nagasaki on the following
morning. During 1863–1864, 10 UK Navy ships anchored in Yokohama. These naval ships
continued making meteorological observations even when anchored at port. We evaluate these
pressure data by comparing multiple ships’ observations in Yokohama. The range of the
difference in pressure records between the ships is about 2.7–2.8 hPa. Compared to the land
observations conducted by a French naval doctor P. Mourier during December 1864, the
pressure taken by HMS Barrosa was higher by 0.44 hPa.

6 Discussion

The recovery and analysis of historical TC track data can improve our understanding of
historical TC activity over East to Southeast Asia in the nineteenth century. TCs left many
footprints during their passages. For example, a combination of weather station and lighthouse
measurements covered much of the country around Japan all the way back to 1877. By
utilizing alternative TC definition plus using surface meteorological observations, we recov-
ered TC landfalls in Japan for 143 years from 1877 to 2019. Recent studies presented the peak
intensity of TC shifted northward over the WNP since the 1980s (Kossin et al. 2014; Sun et al.
2019). Indeed, our analysis shows a significant increasing trend of TC intensity of landfall in
Japan from 1977 to 2019. However, these discussions are based on limited period around 40 to
50 years and lack the scope of interdecadal variability of longer time periods. In this study, we
utilize 143-year TC data from 1877 to 2019, and find TC landfall numbers and intensity in
Japan have dominant interdecadal variability. Liu et al. (2020) expanded the analysis period
from 1910 to 2019 and showed the interdecadal variability of meridional shift of TC tracks
between the South China Sea and near Japan. TC frequency near Japan became higher during
1910–1926, 1943–1963, and 1997–2019. This is consistent with the higher TC landfall
numbers in Japan (Fig. 4a). Liu et al. (2020) explained the mechanism by using the variability
of large-scale environmental flow patterns.

On the other hand, TC landfall location has a fluctuation of about 100-year
interval. When we use the TC landfall locations in each month, and the 100-year
timescale variability is seen only in August (Fig. S1), TC tends to move along the
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western edge of WNP subtropical high. Therefore, the variability of westward exten-
sion WNP subtropical high is one of the important mechanisms for interanuual and
interdecadal variability of TC tracks (Chan 2005). Nagata and Mikami (2017) showed
summer WNP subtropical high tended to shift northwestward during 1900–1950 and
southwestward during 1950–2000. It supports our analysis of northwestward shift of
TC landfall location in the early half of twentieth century and southwestward shift
during the latter half of twentieth century (Fig. 5). We need further discussions on
how much the trend obtained in the recent 40–50 years comes from anthropogenic
warming.

In this study, we utilize unified TC definition to obtain consistent quality of the data during
the analysis period. The quality of TC landfall data depends on the numbers of stations and
interval of pressure observations. Numbers of available weather stations in Japan decreased as
time goes back past 1940 (Fig. B1). On the other hand, instantaneous pressure data are
necessary to identify the signal of TC landfall. Such data are only available from 1900.
Therefore, the quality of TC landfall data is consistent from 1900. However, the data quality
became lower in the nineteenth century.

The spatial coverage of meteorological observations is necessary for a viable count of TC
number. Before 1876, numbers of meteorological observations were not sufficient in Japan. As
a consequence, in this study, we utilize instrumental meteorological records from the logbooks
of vessels sailing through East and Southeast Asia in the nineteenth century. Many European
and American ships came to China after the Opium War of the 1840s, traveling to Japan after
the country opened up to the outside world from the 1850s. Instrumental meteorological
records observed by European and US ships are stored in libraries, archives and repositories in
each of these countries, but have not been widely utilized. These data have a huge potential for
the discovery of unknown historical TC activity in the nineteenth century.
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10.1007/s10584-021-02984-7.
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