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EXPRESS LETTER

Source area of the 1858 earthquake 
swarm in the central Ryukyu Islands revealed 
by the observations of Father Louis Furet
Takuma Oda and Mamoru Nakamura* 

Abstract 

We estimated the location and magnitude of earthquakes constituting the 1858 earthquake swarm in the central 
Ryukyu Islands using the felt earthquakes recorded by Father Louis Furet who lived in Naha, Okinawa Island, in the 
middle of the nineteenth century. First, we estimated the JMA seismic intensity of the earthquakes by interpreting the 
words used to describe the shaking. Next, using the seismic intensity and shaking duration of the felt earthquakes, 
we estimated the epicentral distance and magnitude range of three earthquakes in the swarm. The results showed 
that the epicentral distances of the earthquakes were 20–250 km and that magnitudes ranged between 4.5 and 6.5, 
with a strong correlation between epicentral distance and magnitude. Since the rumblings accompanying some 
earthquakes in the swarm were heard from a northward direction, the swarm probably occurred to the north of Naha. 
The most likely source area for the 1858 swarm is the central Okinawa Trough, where a similar swarm event occurred 
in 1980. If the 1858 swarm occurred in the central Okinawa Trough, the estimated maximum magnitude would have 
reached 6–7. In contrast, if the 1858 swarm occurred in the vicinity of Amami Island, which is the second most likely 
candidate area, it would have produced a cluster of magnitude 7–8 earthquakes.
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Introduction
Determination of historical seismicity before the start of 
modern seismic observation is important for estimating 
the long-term probability of large earthquakes and strong 
ground motions (Kawasumi 1951; Kanai and Suzuki 
1968; Frankel et  al. 1996; Headquarters for Earthquake 
Research Promotion 2005; Miyazawa and Mori 2009). 
Analysis of old literature provides information on 
historical seismicity. The distribution of damaged houses, 
degree of shaking, and various phenomena caused by 
earthquakes indicate the epicenter and fault locations 
and earthquake magnitude. For example, magnitude and 
hypocenters of the 1811–1812 New Madrid earthquakes 
and the 1855 Ansei Edo earthquake were estimated using 
an intensity distribution approximated from shaking and 
damage reports (Bakun and Hopper 2004; Bakun 2005; 

Nakamura and Matsuura 2011). Moreover, these records 
sometimes provide insights into people’s behavior during 
and after an earthquake.

The “Kyuyo,” which was the official document of the 
Ryukyu Kingdom, has been used to analyze historical 
earthquakes and tsunamis in the Ryukyu Islands region 
(Kyuyo-Kenkyu-kai 1974). Earthquakes that occurred in 
the Ryukyu Kingdom from 1664 to 1858 were recorded 
in the “Kyuyo.” The latest documented earthquakes 
constitute the 1858 earthquake swarm, which we analyze 
in this paper using the reports of Father Louis Furet. The 
1858 earthquake swarm was recorded in the “Kyuyo” as 
follows: “The earthquake shakings were felt frequently 
from August to December of 1858 in the lunar calendar. 
In that time, the shaking was felt seven or eight times 
or five or six times during the whole day and night. 
Something akin to sound accompanying the shaking 
was observed.” However, since the seismic intensity and 
the duration of shaking were not recorded, we could not 
estimate the details of these events.
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In the middle of the nineteenth century, people from 
the USA, France, and the Netherlands stayed in Naha, 
Okinawa Island, to conclude a treaty of commerce with the 
Ryukyuan people, or for Christian missionary work (Fig. 1). 
Several of these inhabitants left records of the earthquakes 
in Naha. Furet, whose reports we analyze in this study, 
was one of them (Beillevaire 1999, 2013; Demarée et  al. 
2016). Furet arrived in Okinawa from Hong Kong in Feb-
ruary 1855. Furet observed weather from April 1855. He 
lived in the Seigenji Temple, located in the north of Naha 
(Demarée et al. 2016) (Fig. 1). He returned to Hong Kong 
in May 1855, and subsequently returned to Naha again in 
1856. After the Treaty of Amity between the Ryukyu King-
dom and France was signed in November 1855, French 
inhabitants moved their residence to Matsuyama, Naha, 
in February 1856 (Historiographical Institute, Okinawa 
Prefectural Library 1984) (Fig.  1). Furet started weather 
observations there and recorded the felt earthquakes from 
1857 until Furet left Naha in October 1862 (Beillevaire 
1999, 2013). The records were written in French, and they 
have now been found and published by Demarée et  al. 
(2016). The period of observation approximately corre-
sponds to the period of the 1858 swarm, which was also 
recorded in the “Kyuyo.” Using these records, we analyzed 

the seismicity in Naha from 1857 to 1860, and investigated 
the 1858 earthquake swarm.

Data and method
The recorded felt events were duplicated in three types 
of document. These are: (1) the abstracts, “les feuilles de 
synthese”; (2) the monthly reports, “les résumés du mois”; 
and (3) the list published by Sainte-Claire Deville in the 
accounts of the Academy of Sciences in 1859, “la liste 
publiée par Sainte-Claire Deville dans les comptes ren-
dus de l’Académie des sciences en 1859.” Demarée et al. 
(2016) compiled these three catalogues into a single list. 
There was little difference in the description of the events 
between the three catalogues. The event information, 
comprising occurrence date and time and degree of seis-
mic shaking, was recorded in the report. The occurrence 
time of the felt events was generally recorded in units of 
15  min, although that of some events was recorded in 
1-min units. For some events, the duration of the shaking 
and rumbling, and the direction of the rumbling sound, 
was also recorded. The event report started from March 
1857 and ended in August 1860.

First, we picked words relating to ground shaking from 
the reported observations (Additional file  1: Table S1).  

Fig. 1 Map of French residences and JMA intensity observation points in Naha, Okinawa Island. Yellow circles show the French residences. Red 
rectangles show the JMA intensity observation points. Red annotations denote the observation periods for the JMA points. National Land Numerical 
Information data provided by the Geospatial Information Authority of Japan
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The degrees of seismic intensity were categorized from 
strongest to weakest using five phrases as follows: “vio-
lente secousse,” “forte secousse,” “secousse assez forte,” 
“légère secousse,” and “la secousse.” However, the dam-
age to houses caused by the shaking was not reliably 
documented in the report. For example, for the event at 
10:27 on January 6, 1858, Furet described that “the whole 
wooden house cracked and the swings were felt enough 
so that we could feel them on their seats.” Based on this 
description, we estimated a seismic intensity for this 
event of 2 on the JMA seismic intensity scale. The JMA 
seismic intensity scales of 2, 3, and 4 correspond to peak 
ground accelerations of 3.3–11, 11–41, and 41–147 cm/
s2, respectively (Fujimoto and Midorikawa 2005). In con-
trast, for the event of November 14, 1858, the shaking 
was described as “violente secousse.” This was the strong-
est shaking recorded; however, no house damage was 
documented. Therefore, we interpreted the phrase “vio-
lente secousse” as corresponding to seismic intensity 4 on 
the JMA scale.

Next, we assigned the other phrases to categories 1–3 
on the JMA seismic intensity scale. The phrases “forte 
secousse” and “fort tremblement” were designated as 
intensity 3; “secousse assez forte” was designated as 
intensity 2; and “légère secousse” and “secousse” were 
designated as intensity 1. The events without descriptions 
were also designated as intensity 1. Then, we converted 
all the event descriptions to the JMA seismic intensity 
scale using the above conversion.

Estimation of epicenter location and magnitude
During the observation period, both the intensity and 
the duration of shaking were recorded for 11 events. Of 
these, three events occurred during the swarm period: 
(1) For the event at 2:30 on September 22, 1858, the seis-
mic intensity and the duration were 3 and at least 60  s, 
respectively; (2) for the event at 20:00 on October 29, 
1858, the seismic intensity and the duration were 3 and 
60  s, respectively; (3) for the event at 15:36 on Novem-
ber 7, 1858, the seismic intensity and the duration were 
3 and 60–120 s, respectively. Since the durations of some 
felt events were recorded in 1-min units, it seems that 
the intuitive time measurement of 1 min by bodily sense 
was similar to that of the present day. Therefore, the time 
duration measurements can be used as rough estimations 
of the shaking duration with a measurement error in the 
order of 10–20 s.

We then estimated the epicentral distance and magni-
tude of these three events using the seismic intensity and 
the duration of shaking. We computed the theoretical 
seismic intensity and duration of shaking using empirical 
formulas by changing the magnitude and distance. Using 
the results, we searched the ranges of magnitude and 

epicentral distance of the events for which both the inten-
sity and the duration are consistent with the observed 
ones.

Calculation of duration of ground motion
To calculate the duration of ground motion, we utilized 
the empirical equation of Nojima (2014), which predicts 
the duration of a specific JMA seismic intensity under 
given values of predicted or observed JMA seismic inten-
sity. We employed their Model B (Eq.  3; Nojima 2014) 
because this model performs best at low minimum inten-
sity thresholds, as follows:

where DUAI is the duration, ΔI is the intensity difference, 
Mw is the moment magnitude, R is the distance,  AVS30 
is the average S-wave velocity up to 30  m depth, and 
Z1.4 is the top depth of the layer with Vs =  1400  m/s. 
The parameters i1, i2, m, r, n, z, Fk, fk, and σ define 
Model B of Nojima (2014). We used these parameters 
when the threshold minimum intensity was 0.5. Here, 
ΔI was set to 2.5;  AVS30 and Z1.4 were set to 187  m/s 
and 300  m, respectively, which were chosen based on 
the Japan Seismic Hazard Information Station (J-SHIS) 
(Headquarters for Earthquake Research Promotion 2005; 
Wakamatsu and Matsuoka 2013) in the area where Furet 
made his observations (Fig.  1), and we computed the 
duration for a magnitude range of 4.0–8.5 and a distance 
range of 0–600 km.

Calculation of seismic intensity
To calculate the seismic intensity, we first computed the 
peak ground velocity for the depth at which the shear 
wave velocity is 600 m/s  (PGV600) using the equation of 
Si and Midorikawa (1999):

where D is the depth, and X is the epicentral distance of 
the earthquake. We assumed a crustal earthquake, and 
set the depth to 30  km accordingly. In the case of slab 
earthquakes and interplate earthquakes, the seismic 
intensity increases by 0.2 and −0.04, respectively.

Then we computed the site amplification factor (ARV) 
using the following equation (Fujimoto and Midorikawa 
2005):

(1)

log10 DUAI = i1 · log10 �I + i2 · (log10 �I)2 +m ·Mw + r · log10 R

+ ν · log10 AVS30 + z · log10 Z1.4 +

∑
kFk · fk ± σ

(2)

log PGV600 = 0.58 Mw + 0.0038 D − 1.29

− log(X + 0.0028 × 100.50Mw)− 0.002X

(3)log ARV = 2.367− 0.852 log AVS30 ± 0.166



Page 4 of 8Oda and Nakamura Earth, Planets and Space  (2017) 69:121 

As above,  AVS30 was set to 187 m/s (J-SHIS).
Then, we computed the surface shear wave velocity 

(PGV) using the equation:

Finally, we computed the JMA seismic intensity (I) using 
the equation (Fujimoto and Midorikawa 2005):

(4)PGV = PGV600 × ARV

the rumbling or sound was observed during the swarm 
period was 35%. This is higher than the proportion of 
those for the total observation period (20%). For the 
events of November 14 and December 12, 1858, the 
rumbling could be heard from a northward direction 
(Additional file 1: Table S1).

Fig. 2 Monthly number of events in each seismic intensity class. Blue, 
cyan dotted, orange dot dashed, and red bold lines show the monthly 
number of events corresponding to JMA seismic intensities of 1, 2, 3, 
and 4, respectively

(5)

{
I = 2.165+ 2.262 log10(PGV)± 0.431 (I < 4)

I = 2.002+ 2.603 log10(PGV)− 0.213 log10(PGV)
2
± 0.344 (I > 4)

As above, we computed the intensity for a magnitude 
range of 4.0–8.5 and a distance range of 0–600 km.

Results
Temporal variation of felt events
The number of events in each seismic intensity category 
(1, 2, 3, and 4) was 26, 4, 8, and 7, respectively. The events 
were concentrated in the time period from October 1858 
to January 1859 (Fig.  2). This suggests that these events 
constitute the earthquake swarm. The time series of the 
earthquake swarm based on the seismic intensity is as fol-
lows: First, two events with a seismic intensity of 3 were 
observed on October 29, 1858. Following this, events 
with a seismic intensity of 4 were observed on Novem-
ber 14 and 16, 1858. The monthly number of felt events 
peaked (7 events/month) in December 1858. Finally, two 
felt events with an intensity of 3 were observed on Janu-
ary 19 and 25, 1859.

Accompanying these swarm events, underground 
rumbling or sound preceding the ground shaking was 
frequently observed. The proportion of events for which 

Estimation of epicentral distance and magnitude of the 
swarm events
Among all the events, the estimated range of epicentral 
distance and magnitude for the event of October 29, 
1858, was the narrowest (Fig. 3b). The calculated area for 
a seismic intensity range of 3 (2.5–3.5) is shown by red 
solid lines and red filled area in Fig. 3b. The 1 − σ error 
ranges are shown by red dotted lines. In addition, Fig. 3b 
shows the calculated area for a duration of 60 s ± 1σ by 
blue solid and dotted lines. The area for the seismic inten-
sity ranging from 2.5 − 1σ to 3.5 + 1σ and the duration 
of 60 s ± 1σ ranges between M 4.3–6.5 and a distance of 
20–240  km (Fig.  3b), which shows a strong correlation 
between epicentral distance and magnitude. In the case 
of the event of November 7, 1858 (Fig. 3c), the area for 
the seismic intensity ranging from 2.5 − 1σ to 3.5 + 1σ 
and the duration of 60–120  s ±  1σ ranges between M 
4.3–8.0 and a distance of 20–550 km (Fig. 3c). However, 
in the case of the event of September 22, 1858, we could 
not determine the range of magnitude and epicentral dis-
tance because the upper limit of the duration is unknown 
(Fig. 3a). Nevertheless, for most events, the range of mag-
nitude and epicentral distance is concentrated approxi-
mately between 4.5–6.5 and 20–250 km, respectively.

The rumbling before the ground shaking was heard 
from a northward direction (Additional file 1: Table S1). 
Since a previous study (Sato 1955) found that the direc-
tion of the rumbling sound approximately corresponded 
to the direction of the epicenter, this suggests that the 
epicenters were located to the north of Naha (Fig. 4a).

Discussion
Possible source area of the 1858 earthquake swarm
Using recent seismicity since 1923, we defined three pos-
sible source areas for the 1858 earthquake swarm, which 
are distributed to the north of Okinawa Island (Fig. 4a). 
These are: (1) the central Okinawa Trough (OT); (2) near 
Amami Island (AM); and (3) the Ryukyu Arc (RA) to the 
northeast of Okinawa Island.

If the 1858 swarm occurred in the OT, the azimuth of 
the swarm area is consistent with the observed rumbling 
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direction (Fig.  4a). The estimated magnitudes of events 
corresponding to a seismic intensity of 3 at Naha are 4.7–
6.7 and 6.5–8.1 for epicentral distances of 100  km and 
300 km, respectively (Fig. 3a–c). For a seismic intensity of 
4 at Naha, the estimated magnitudes increase to 5.5–7.5 
and 8 class for epicentral distances of 100 km and 300 km, 
respectively. The magnitude range for an epicentral 
distance of 100  km is similar to the magnitude of the 
1980 earthquake swarm. In the central OT, earthquakes 
with magnitude >6.5 occurred in 1931 (Mj 6.5), 1980 (Mj 
6.7), and 1986 (Mj 6.5); however, there is a lack of data 
around the 1950s (Fig. 4b). Of these, the 1931 and 1986 

events were unfelt in Naha, whereas the 1980 earthquake 
was felt with a seismic intensity of 2 in Naha. The 1980 
swarm activity was concentrated in a 2-month period but 
continued for 8  months, which is similar to the case of 
the 1858 swarm. Thus, the possible 1858 swarm activity 
would have produced M 6–7 class earthquakes in the 
central OT.

 The second possibility is that the swarm occurred 
near AM. The AM area is located to the northeast of 
Naha (Fig. 4a). This may not correspond to the observed 
rumbling direction; however, since the observed 
direction is ambiguous, this cannot rule out the 

Fig. 3 Duration and seismic intensity as a function of magnitude and epicentral distance. a Earthquake at 2:30 on September 22, 1858. b Earth‑
quake at 20:00 on October 29, 1858. c Earthquake at 15:36 on November 7, 1858. Red lines show the seismic intensity contours; thick solid and dotted 
red lines highlight the range of seismic intensity 3 and its error bars, respectively. Blue lines show the duration of shaking contours; blue filled area 
highlights the area where the shaking duration is in the range of the observed value including error bars
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possibility that the swarm occurred in the AM area. If 
the swarm occurred near AM, the estimated magnitudes 
for seismic intensities of 3 and 4 are 6.5–8.1 and 8 class, 
respectively, since the distance between AM and Naha is 
approximately 300 km (Fig. 3a–c). If the swarm occurred 
at the plate interface, the earthquake magnitudes 
would have been almost the same as those of a crustal 
earthquake. If the swarm occurred within the subducted 
slab, the earthquake magnitudes would have been 
approximately 0.2 smaller than for crustal earthquakes. 
Since 1900, the maximum earthquake magnitudes in the 

AM area were 8, which occurred in 1911, and 7.5, which 
occurred in 1901. The 1911 earthquake had a seismic 
intensity of 5 at Naha (Imamura 1913). This magnitude 
is similar to the estimated earthquake magnitude for an 
epicentral distance of 300 km. The 1980 swarm activity, 
which continued over 3  months, was not observed in 
this area. If the 1858 swarm occurred in the AM area, 
this suggests that a long-duration swarm accompanying 
the events with magnitude >7.5 occurred in this period, 
although long-duration activity has not been observed 
for the last 100 years.

If the swarm occurred in the RA, the estimated 
magnitudes of events with a seismic intensity of 3 are 
4.0–6.0 and 5.5–7.5 for epicentral distances of 50  km 
and 200 km, respectively. The estimated magnitudes for 
a seismic intensity of 4 increase to 5.0–7.0 and 6.5–8.0 
for epicentral distances of 50 and 200  km, respectively 
(Fig.  3a–c). However, the recent seismic activity has 
been continuously low compared to other areas, and no 
large swarms have occurred (Fig. 4a). If the 1858 swarm 
occurred in the RA, this suggests that rare swarm activity 
occurred at that time.

Thus, the most consistent source area for the 1858 
earthquake swarm is the OT. However, the possibility 
that the 1858 swarm occurred in the AM or RA areas 
cannot be excluded. Records of earthquake shaking dur-
ing the 1858 swarm have not been found in AM or RA, 
and records of earthquake shaking before the 1901 earth-
quake have not been found in AM. Discovery of new 
records in these areas would contribute to the specifica-
tion of the swarm area.

Comparison with the “Kyuyo” and JMA intensity records
The “Kyuyo” record indicates that the daily number of felt 
events reached 7 or 8 per day (Kyuyo-Kenkyu-kai 1974). 
In contrast, the records of Furet show that, although 
three events were recorded on December 9, 1858, there 
are no days when 7 or 8 felt earthquakes occurred. 
Instead, at 9:30 on December 9, 1858, it was stated that 
“the rumblings were heard many times during the day.” 
On such a day, it is possible that all the events were 
recorded collectively. This suggests that the number of 
weak-seismic-intensity events may be undercounted for 
the swarm period.

Subsequently, we compared the annual number of 
felt events at Naha between 1857 and 1860 with that 
for the last 93  years recorded by the JMA. Between 
1857 and 1860, the annual number of felt events was 
12.9  events/year including the 1858 earthquake swarm 
(from October 1858 to January 1859), compared to 
8.8  events/year excluding the 1858 swarm. The annual 
number of felt events since 1923 was 6.0 ±  4.7  events/
year (excluding the missing observation period from 

Fig. 4 Candidate source areas for the epicenters of the 1858 earth‑
quake swarm. a Seismicity for earthquakes with magnitude >5.0 
since 1923. Circles show the hypocenters of earthquakes shallower 
than 100 km that were catalogued by the JMA. Candidate source 
areas for the 1858 swarm are shown by the red solid (Okinawa Trough 
area: OT), yellow dotted (Amami Island area: AM), and blue dot dashed 
(Ryukyu Arc area: RA) ellipses. Transparent dotted ellipse denotes 
the epicenters of the 1980 swarm. Red-colored contours show the 
distance from Naha; solid black triangle shows the location of Naha. 
b Magnitude–time diagram for earthquakes with magnitude >5.0 
in the central OT, denoted by the solid rectangle in (a). c Magnitude–
time diagram for the 1980 swarm
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1945 to 1951) according to the JMA (JMA Seismic 
Intensity Catalogue 2017). Therefore, the annual number 
of felt events between 1857 and 1860 was within the 
variation range of that since 1923, which suggests that 
they were similar. However, as shown by the comparison 
with the “Kyuyo” record, some events may have been 
omitted in Furet’s record when small felt events occurred 
continuously. This suggests that the number of small felt 
events may have been underestimated during the swarm. 
However, the degree of miscounting is likely to be low, 
except during the swarm period, with most of the felt 
events being recorded.

Differences in site amplification at the observation 
points would affect the value of seismic intensity and 
would similarly have increased or decreased the annual 
number of felt events. The ground amplification con-
ditions at the observation points used by Furet and the 
JMA are different. From July 1, 1890, to May 4, 1927, 
the JMA observed the seismic intensity near the posi-
tion where the Furet had made his observations (JMA 
2002) (Fig.  1). The JMA observation point was moved 
to the western hill area from June 1927 to 1945, and to 
the eastern and southern hill areas from 1950 to present; 
however, observations were not made between 1945 and 
1949, and were made on the coastal plain area from Janu-
ary 1950 to March 1951 (Fig. 1). The observation points 
used by Furet from 1857 to 1860 and the JMA from 1890 
to 1927 were located on the coastal plain, where the site 
amplification factor is 1.9 (J-SHIS). The seismic amplifi-
cation factor in the hill area, where the JMA observed the 
seismic intensity since 1927, is 1.1 (J-SHIS). From Eqs. (4) 
and (5), this 1.7-fold increase in the seismic amplifica-
tion factor generates an increase in the seismic intensity 
by approximately 0.4, which increases the number of felt 
events. The number of observed felt events n(I) for each 
intensity class (I) at the same station is defined as follows 
(Nakamura 1925; Kawasumi 1952):

We computed the parameters a and b using this relation 
and the seismic intensity data recorded at Naha from 
1923 to 2016. In the Naha area, the increase in seismic 
intensity of 0.4 causes a 1.65  ±  0.11-fold increase in 
the number of felt events. Therefore, the annual num-
ber of felt events between 1857 and 1860, adjusted by 
this site amplification effect to that at the JMA stations, 
is 5.3  events/year. Thus, including the difference in site 
amplification factor, the annual number of felt events was 
similar to that since 1923.

In the case of the 1980 swarm, the observed maximum 
seismic intensity was 2, and intensities of 3 and 4 were 
not observed by the JMA at Naha, whereas, for the 1858 
swarm, events with intensities of 3 and 4 were observed 

(6)log n(I) = a− bI

by Furet. As mentioned above, this difference between 
the 1858 and 1980 swarms may have been caused by 
differences in hypocenter location and the magnitude 
of events. Another possible cause is the difference in 
seismic amplification factor between the observation 
points of Furet and those of the JMA. Since the difference 
in ground amplification factor causes a 0.4-fold increase 
in seismic intensity, this effect may also explain the lower 
maximum intensity of the 1980 swarm compared to that 
of the 1858 swarm.

Conclusions
From analysis of the felt events recorded by Furet, we 
obtained the sequence of earthquake swarm activity in 
the central Ryukyu Islands from 1857 to 1860. Moreo-
ver, using the calculated seismic intensity and duration 
of shaking, we estimated the magnitude and epicentral 
distance of earthquakes that constituted the swarm. The 
results showed that the swarm probably occurred to the 
north of Naha; the most likely candidate area is the OT, 
and the second most likely areas are near AM and the 
RA.

Thus, the scientific records of foreigners who stayed 
in Naha at that time contributed to clarifying the 
earthquake activity in nineteenth-century Okinawa, 
where the number of literatures documenting the felt 
earthquakes is small. Using only the “Kyuyo” record, we 
could not estimate the hypocenter locations and their 
magnitudes. However, information on the degree of 
shaking, duration of shaking, and rumbling direction, 
which were recorded by Furet, revealed the swarm area 
and the maximum magnitude. New data, in addition to 
Furet’s report, may yet be provided by the observations 
of other foreign residents in Naha in the middle of 
the nineteenth century. Finding such documents and 
analyzing historical earthquakes would contribute to 
understanding the unsolved long-term seismicity in the 
Ryukyu area.
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