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Abstract

1976.

The North Equatorial Current (NEC) bifurcates at the eastern coast of the Philippines and moves northward as the
Kuroshio, a North Pacific western boundary current. The NEC bifurcation point and Kuroshio variability are known

to be affected by changes in climate such as the El Nifo-Southern Oscillation and the pacific decadal oscillation.
However, observational data are not sufficient to examine the mechanisms of decadal fluctuation. Here, we report
seasonal radiocarbon data recorded from 1968 to 1995 in coral skeletons northwest of Luzon Island. The data sug-
gest that the East Asian winter monsoon is a dominant factor in the seasonal fluctuations in water mass northwest of
Luzon Island. Compared with other coral records reported for Guam, Ishigaki, Con Dao, and Hon Tre Island, the data
suggest that the area of the Kuroshio loop current through the Luzon Strait decreased from the 1970s to 1980s as

a result of the change in Kuroshio transport and the migration of the NEC bifurcation latitude after a regime shift in
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Background

The South China Sea (SCS) is the largest marginal sea in
southeastern Asia where the moisture of Asian summer
monsoon originates (Yokoyama et al. 2011). The surface
ocean circulation in the SCS, which is mainly driven by
the East Asian monsoon, is cyclonic in winter and anti-
cyclonic in summer. To the north, the SCS connects with
the Pacific Ocean through the Luzon Strait, where the
Kuroshio intrudes into the SCS through the Luzon Strait.
The Kuroshio is one of the western boundary currents in
the North Pacific and originates from the North Equato-
rial Current (NEC), which bifurcates at the eastern coast
of the Philippines (e.g., Nitani 1972; Toole et al. 1990; Qiu
and Lukas 1996; Lukas et al. 1996). The migration of the
NEC bifurcation latitude has seasonal and interannual
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and indicate if changes were made.

variation and affects the path and transport of the Kuro-
shio through the Luzon Strait. As a result, transport
through the Luzon Strait is generally higher in summer
and lower in winter (e.g., Qu 2000; Chu and Li 2000; Qu
et al. 2004; Potemra and Qu 2009). The mechanism of
Kuroshio intrusion into the SCS is still controversial but
is thought to be primarily related to the East Asian mon-
soon and the El Nifio—Southern Oscillation (Yuan et al.
2014). However, an accurate, observation-based estimate
of the variation in Luzon Strait transport is not avail-
able (Qu et al. 2009). Furthermore, the frequency and
characteristics of Kuroshio intrusions and their effects
on circulation patterns in the northeast SCS are not well
understood (Qu et al. 2009).

A complete understanding of the entire current sys-
tem in the SCS is difficult to obtain because most exist-
ing observations are focused on flows in particular
locations and in particular seasons (Potemra and Qu
2009). Although numerical models have recently been
improved, no agreement has been established on the
circulation mechanism in the SCS (Hu et al. 2000; Gan
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et al. 2006; Liu et al. 2009; Hsin et al. 2012). For exam-
ple, Wyrtki (1961) estimated the mean Luzon transport
as 0.5 Sv, whereas model estimates based on long-term
hydrographic data, wind stress, geostrophic velocity,
and other data range between 0.6 and 10.2 Sv westward
(e.g., Chu and Li 2000; Qu et al. 2000; Lan et al. 2004;
Hsin et al. 2012). Estimates based on short-term cruises
from 1992 to 2007 also have large uncertainties (e.g., Tian
et al. 2006; Liao et al. 2008; Yang et al. 2010; Hsin et al.
2012). Satellite altimeter data show that Kuroshio intru-
sion takes different pathways through the Luzon Strait as
a result of eddies of various timescales (e.g., Yuan et al.
2006; Caruso et al. 2006). However, Caruso et al. (2006)
reported that a longer time series of satellite data is nec-
essary to identify the effects of local and remote forcing
on the variability in Kuroshio intrusion. Long-term, high-
vertical-resolution observations are needed to improve
these models and our understanding of the SCS current
system.

The radiocarbon (C) composition of seawater is a reli-
able tracer of water mass advection and vertical mixing
(Matsumoto and Yokoyama 2013). Because of the atmos-
pheric nuclear bomb testing in the 1950s, atmospheric
C rapidly increased after 1955 and nearly doubled in
the mid-1960s (Hua et al. 2013). *C in the atmosphere
quickly oxidizes to become *CO,, which diffuses into
the surface ocean through air-sea CO, exchange; the
deep ocean is isolated from direct CO, exchange with the
atmosphere.

Coral skeletons, which are composed of CaCO; (arago-
nite), record the AMC content in the surface ocean when
they incorporate dissolved inorganic carbon from ambi-
ent seawater. After the atmospheric nuclear bomb testing
in the 1950s, the A'C in coral skeletons also increased
because excess *C was absorbed from the atmosphere
into the ocean surface through air—sea gas exchange. This
feature is known as the “bomb peak” or the “bomb curve”
(Grottoli and Eakin 2007; Hua 2009). Because of the
bomb C in the corals, A"C records in coral skeletons
can be used as a sensitive water mass tracer and contrib-
ute to our understanding of ocean circulation, thereby
improving ocean circulation models, especially in the
post-bomb period.

High-resolution '*C measurements of coral skeletons
can be used to reconstruct continuous and seasonal/
interannual variability in ocean conditions (Guilder-
son et al. 2000; Druffel et al. 2014; Andrews et al. 2016).
However, post-bomb *C data are scarcely available for
the SCS (e.g., Mitsuguchi et al. 2007; Shen et al. 2003).
Recent studies employed Iodine-129 (*?°I) in coral skele-
ton obtained from SCS as a tracer of 1950s nuclear bomb
test (Bautista et al. 2016; Chang et al. 2016). Chang et al.
(2016) reported ¥ data in the SCS corals (Con Dao and
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Xisha) and showed that '*’I is a useful environmental
tracer to reconstruct physical oceanography in the past,
though their resolution is much coarser than that from
the *C-based study. For example, variations of '?°I trend
at Con Dao and Xisha are similar to each other, whereas
high-resolution C records have apparent difference due
to the upwelling in the central SCS (Chang et al. 2016).
This can be attributed to the residence times of those
nuclides namely ~2 years and ~10 years, respectively, for
1291 and MC in the atmosphere. ?’I bomb peak recorded
in the corals are less influenced by oceanic process
(Bautista et al. 2016), while *C bomb curve varies both
in timing and magnitude among different coral loca-
tions, depending on local differences in the air-sea CO,
exchange rate and physical oceanic processes (Druffel
2002; Grottoli and Eakin 2007).

In this study, we report high-resolution data for mod-
ern corals from Currimao, a municipality on the north-
west coast of Luzon Island, Philippines. We also compare
these data with the coral data reported from Ishigaki
(Hirabayashi et al. 2017a), Guam (Andrews et al. 2016),
Con Dao (Mitsuguchi et al. 2007), and Hon Tre Island
(Bolton et al. 2016) to understand the relationship
between North Pacific western boundary currents and
SCS circulation around the Luzon Strait.

Methods

A modern coral (Porites lutea) core, PCURINO3,
was taken from the coast of Currimao (17°59.098'N,
120°E28.809’E) at a water depth of 4.8 m in November
2004 (Fig. 1). PCURINO3 was micro-sampled at 0.8-mm
intervals, and the Sr/Ca ratios were measured to deter-
mine sample age using the method of Hirabayashi et al.
(2013). Each sample (2—5 mg) from PCURINO3 was pre-
pared using a specially designed vacuum line for small
samples (Yokoyama et al. 2010; Hirabayashi et al. 2017b),
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Fig. 1 Map of the South China Sea and coral sampling site (star).
Black solid and dotted arrows indicate the wind directions of the East
Asian monsoon during winter and summer, respectively
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and 6-10 mg of each sample from PCURINO3 was pre-
pared following the method of Yokoyama et al. (2007)
(Additional file 1: Table S1). We measured 55 samples
with ages ranging from 1968 to 1994. Graphite target
samples were then analyzed with single-stage accelerator
mass spectrometry (Yamane et al. 2014; Yokoyama et al.
2016) at the Atmosphere and Ocean Research Institute,
The University of Tokyo.

Results

The AM™C values in the Currimao coral skeletons
increased from 1968 to 1970, in agreement with the
bomb MC curve (Fig. 2; Additional file 1: Table S1). In
the 1970s, seasonal variation in AC was observed,
with higher values in the summers than in the win-
ters (Fig. 3a). The average AC value in the 1970s was
146.7 %o, which lies between the average A*C values in
Guam (Andrews et al. 2016) and Ishigaki (Hirabayashi
et al. 2017a) and is lower than that in Con Dao (Mit-
suguchi et al. 2007) (Fig. 2). A limited number of A™*C
data are available for the 1970s in coral obtained from
Hon Tre Island, yet the averaged A'C is slightly higher
than that in Currimao. Although each point of data from
Hon Tre Island is represents annual average of respec-
tive years, comparisons are made for other locations in
SCS in Figs. 2 and 4b, c. To estimate seasonal changes
in the magnitude of AC, we referred to the seasonal
variation in 1969 in Hon Tre Island reported by Bolton
et al. (2016). They showed that AC in spring/summer
is lower than that in autumn/winter. Thus, it is likely that
higher values were marked in summer and lower values
in winter than the annual value (Fig. 4b, c). After 1986,
AMC in Currimao was lower than the values in Guam
(Andrews et al. 2016), Ishigaki (Hirabayashi et al. 2017a),
and Con Dao (Mitsuguchi et al. 2007) (Fig. 2). The sea-
sonality in A™C in Currimao also decreased from 1975
to 1995 (Fig. 3a).
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Fig. 2 A'C recorded in coral skeletons collected from Currimao (this

study), Guam (Andrews et al. 2016), Ishigaki (Hirabayashi et al. 2017a),

Con Dao (Mitsuguchi et al. 2007), and Hon Tre Island (Bolton et al.

2016)
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Fig. 3 a Seasonal A™C of Currimao coral. b Comparison of seasonal
A'C difference of Currimao coral and the average winter monsoon
wind velocity from December to February reported in Song et al.
(2012)

From 1972 to 1975, when AC in Currimao exhib-
ited significant seasonal variability (Fig. 3a), the A*C
level increased to the levels observed in Con Dao in the
summers of 1972 and 1973 (Fig. 4b). The winter A*C
in Currimao decreased to the level in Guam during this
period (Fig. 4c). It is difficult to compare the AC values
of Ishigaki during this period with other regions because
of the lack of data in the 1970s; however, the AMC level
of Ishigaki fluctuated between that of Guam and Cur-
rimao, whereas the AC values in Ishigaki in the 1980s
and 1990s were higher than those in Currimao (Fig. 2).
The A™C values of both Ishigaki and Guam did not show
clear seasonal differences from 1972 to 1975 (Fig. 4b, c).

Discussion

Relationship between the East Asian winter monsoon

and the A'C of the SCS

Circulation in the SCS, which is mainly controlled by the
East Asian monsoon, is cyclonic in winter and anticy-
clonic in summer (Wyrtki 1961; Hu et al. 2000). Because
of this seasonal change in circulation, the water mass
reaching northwest Luzon is different in summer and
winter (Additional file 1: Figure S1). To discuss the sea-
sonality of A'C in Currimao, we calculated the difference
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Fig. 4 a Seasonal average NEC bifurcation latitudes from 1965 to
1995 based on Zhao et al. (2013). Summer averaged latitude refers to
the average latitude value of June and July. Winter averaged latitude
refers to the average value of January and February. A™C in b sum-
mer and ¢ winter recorded in the corals sampled from Currimao (this
study), Guam (Andrews et al. 2016), and Ishigaki (Hirabayashi et al.
2017a). A™C in Con Dao (Mitsuguchi et al. 2007) and Hon Tre Island
are annual

in A"C between summer and winter within the same
year. We used the average wind velocity from Decem-
ber to February measured at Xisha as the East Asian
winter monsoon velocity (Song et al. 2012). The winter
monsoon velocity and the winter A'C were positively
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correlated from 1968 to 1995 (R = 0.64, n = 25, p < 0.01)
and strongly positively correlated after 1973 (R = 0.75,
n = 21, p <« 0.01). Song et al. (2012) reported that the
winter monsoon velocity decreased after the 1976 regime
shift. Seasonal A'C differences were smaller after 1976,
which is related to the winter monsoon velocity.

Con Dao Island lies on the Sunda Shelf in the south-
western SCS, where the waters are very shallow (Mit-
suguchi et al. 2007). Mitsuguchi et al. (2007) suggested
that the A'C record in Con Dao is primarily related to
monsoon-induced air—sea gas exchange in the semi-
enclosed shallow waters. After the East Asian winter
monsoon regime shift in 1976, monsoon-induced air—sea
gas exchange weakened, and the A'C value in Con Dao
became the same as, or lower than, that of Guam after
1985. This 10-year time lag is consistent with the time of
CO, absorption from the atmosphere into the ocean sur-
face through air—sea gas exchange with a ~10-year delay
for isotopic equilibrium (Broecker and Peng 1982; Druffel
and Suess 1983; Druffel 1987).

Comparison of our data with the A'*C data from Ishigaki,
Guam, and Con Dao by season and period

We examined the mixing of water masses northwest of
Luzon Island based on the A'C values of Guam and
Con Dao (representing water masses from the Pacific
Ocean and the SCS, respectively; see Additional file 1:
Figure S1). Hon Tre Island is located on a coastal shelf
surrounded by less than 100-m-deep waters (Bolton
et al. 2016). Comparing with the Con Dao A'C record
reported by Mitsuguchi et al. (2007), A™C in Con Dao
is consistently higher than that in Hon Tre Island. This
is attributed to the fact that Hon Tre Island coral site is
affected by shallow coastal upwelling at ~12°N during the
summer, whereas this upwelling-originated water mass
does not reach Con Dao. The A'C value of Ishigaki was
affected by the mixing of water masses from the Pacific
Ocean and Luzon Strait because of the variation in the
Kuroshio path (Hirabayashi et al. 2017a). Because Kuro-
shio intrusion in the Pacific water mass takes different
paths through the Luzon Strait because of eddies on vari-
ous timescales (e.g., Li et al. 1998; Hu et al. 2000; Wu and
Chiang 2007; Qu et al. 2009), and because surface circu-
lation in the SCS exhibits seasonal variation, we discuss
the changes in water masses separately for different sea-
sons (summer and winter) and decades (1970s and 1980s)

(Fig. 5).

Decadal comparison

Because of above-described reasons, Con Dao coral
records A'C signature of the SCS surface water. In
contrast, the A™C of Guam coral represents the value
of Kuroshio water reaching the eastern coast of the
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Philippines. Thus, the degrees of changes in two water
masses, both from Kuroshio and SCS, reaching the Cur-
rimao coast are responsible for fluctuations observed
in A"C of Currimao corals in the 1970s and early
1980s (Fig. 2). It seems likely also that the area of mes-
oscale eddies changed between 1970s and 1980s. The
coral record from Currimao indicates that the site was
less influenced by vertical mixing driven by mesoscale
eddies in 1970s because A*C in Currimao during this
period was constantly higher than/or the same as that of

Guam (Fig. 2). After the mid-1980s, the A*C in Curri-
mao was the lowest among Guam, Con Dao, and Ishigaki
although there are no data except for 1986 from the Hon
Tre Island, because vertical mixing related to mesoscale
eddies driven by Kuroshio intrusion likely diluted A'*C at
the ocean surface.

Seasonal comparison
The intrusion of the Kuroshio loop current into the Luzon
Strait is generally observed from November to March as
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a result of the northeast monsoon during the winter (e.g.,
Hsin et al. 2012; Nan et al. 2015). Observational data show
that the anticyclonic intrusion of the Kuroshio can occur
during any season, although winter is the most favorable
time of the year (Yuan et al. 2006). This Kuroshio intrusion
is affected by the bifurcation of the NEC on seasonal and
interannual timescales. Kuroshio intrusion into the Luzon
Strait tends to be stronger during El Nifo years because
bifurcation of the NEC migrates northward during El Nifio
years; this results in a weaker Kuroshio current east of
Luzon, which provides a favorable condition for the intru-
sion of Pacific waters through the Luzon Strait (Sheremet
2001; Yaremchuk and Qu 2004; Qu et al. 2004).

Summers in the 1970s

Comparing A™C among five sites depicted in Fig. 2, the
highest and the lowest sites are Con Dao and Guam,
respectively. Because of coarse resolution of coral record
obtained from Hon Tre Island (i.e., annual instead of sea-
sonal), we cannot compare directly with other coral A™C
results. However, Bolton et al. (2016) reported seasonal
variability for 1969 and found that summer A*C marked
lowest in the year because of local upwelling. Assum-
ing this upwelling had persisted during summers in the
1970s, A™C in surface water around Hon Tre Island
would possibly have been lower than that of Guam dur-
ing the summer. Currimao coral A"C during summers in
the 1970s, in particular between 1972 and 1975, records
as high A'C as Con Dao coral. It seems unlikely that the
water mass traveled via the area near the Hon Tre Island
to Currimao. According to Zhao et al. (2013), the average
NEC bifurcation latitude in summer is 12.5°N, which is
almost identical to the normal bifurcation point in sum-
mer (12.4°N from 1968 to 1994). Kuroshio intrusion into
the Luzon Strait tends to be stronger during strong El
Nifio years (Ho et al. 2004). However, the A™C of Curri-
mao from 1972 to 1973, which were strong El Nino years,
was higher than that in Guam. The NEC bifurcation lati-
tudes in the summers of 1972 and 1973 were 13.1°N and
12.0°N, respectively (Fig. 4a). The most northward migra-
tion of the NEC occurred in the winter of 1972/1973,
when the NEC bifurcation latitude was 14.7°N (Fig. 4a).
The NEC bifurcation latitude in the summer of 1973 was
not favorable for the intrusion of Pacific waters into the
Luzon Strait. In the summer of 1972, Kuroshio intrusion
into the Luzon Strait was stronger than usual because of
the higher NEC bifurcation latitude; however, the higher
AYC of Currimao compared with Guam indicates that
the intrusion did not reach Currimao. Therefore, we sug-
gest that the AMC of Currimao was mainly affected by
water mass advection from the central SCS via the East
Asian summer monsoon rather than by Kuroshio intru-
sion or vertical mixing induced by mesoscale eddies.
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The A'™C level in Ishigaki fluctuated between those of
Currimao and Guam (Fig. 4b). The A'C value in Ishigaki
reached that of Luzon Island in 1971, 1972, and 1975 and
that of Guam in 1973, 1974, and 1978. No A'C value was
recorded in Ishigaki from 1976 to 1977. The sample site
at Ishigaki is known for seasonal upwelling (Sowa et al.
2014; Hirabayashi et al. 2017b). The higher A'*C value of
Ishigaki likely resulted from the water mass that passed
through the Luzon Strait via the Kuroshio loop current;
the lower A'C values likely resulted from the water mass
that did not pass through the Luzon Strait and was trans-
ported directly to Ishigaki.

Summers after the mid-1980s

Among the four locations except Hon Tre Island, the
AMC levels decreased in the following order: Ishi-
gaki > Guam > Con Dao > Currimao. This trend is dif-
ferent from that observed in the 1970s. Only 1986 data
are available for Hon Tre Island but it is likely that the
boreal summer value in A"C was lower than that of Cur-
rimao because of upwelling reported by Bolton et al.
(2016). It is difficult to ascertain the origin of the water
mass that reached Currimao because the difference in
AMC between Guam and Con Dao became smaller after
the mid-1980s compared with that in the 1970s, although
the A*C value in Con Dao was annual.

The average NEC bifurcation latitude from 1985 to
1994 was 12.5°N, which migrated southward comparing
to the average bifurcation latitude of 12.9°N from 1968
before the regime shift in 1976/1977. Southward shift of
the NEC bifurcation corresponds to a stronger Kuroshio
transport off the Philippines (Qu et al. 2004). Consider-
ing Kuroshio transport off the Philippines in the 1970s
and 1980s, Kuroshio intrusion into the Luzon Strait was
probably weaker in the 1980s because stronger Kuroshio
transport is not favorable for the penetration of Pacific
waters into the SCS through the Luzon Strait (Qu et al.
2004). Therefore, we suggest that the water mass reach-
ing northwest of Luzon in the 1980s originated from the
SCS.

We also suggest that different water masses reached
northwest Luzon in 1985, 1989, and 1990. The A'C in
Currimao decreased during these years; this trend was
not observed in the other studied locations. Abrupt
northward migration of the NEC bifurcation latitude was
also observed in 1985, 1989, and 1990 (Fig. 4a). Hu et al.
(2015) reported that Kuroshio intrusion into the Luzon
Strait becomes stronger when the NEC bifurcation lati-
tude migrates north. Thus, we suggest the following sce-
nario during 1985, 1989, and 1990. Kuroshio intruded
into the SCS but did not reach the region northwest of
Luzon Island. Additionally, Kuroshio intrusion induced
mesoscale eddies around Luzon Island (Nan et al. 2011,
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2015), causing the AMC of Currimao to decrease as a
result of vertical mixing.

Winters in the 1970s

The fact that the A'C values in Currimao were similar
to those in Guam during the 1970s indicates that the
water mass that reached this area may have originated
from the Kuroshio loop (Fig. 4c). It is difficult to com-
pare Currimao data with Con Dao and Hon Tre Island
because of coarse resolution for latter sites; however, we
can conclude that SCS water masses did not reach Cur-
rimao given that A'C in Hon Tre Island would have been
higher than the values in Fig. 4c.

Because of the lack of data for Ishigaki, it is difficult
to deduce the mechanism of changes in the water mass
around Ishigaki; however, the higher A™C in Ishigaki, at
least from 1975 to 1977, suggests that this region was not
affected by mesoscale eddies around Taiwan or the Luzon
Strait. The average NEC bifurcation latitude in the 1970s
before the regime shift in 1976/1977 was 13.1°N, whereas
the average latitude after 1985 was 12.7°N (Fig. 4a). Dur-
ing the winter of 1972/1973, which fell during a strong
El Nifio year, the NEC bifurcation latitude was 14.7°N
(Fig. 4a), which is favorable for the intrusion of Pacific
waters through the Luzon Strait (Sheremet 2001; Yarem-
chuk and Qu 2004; Qu et al. 2004). Because of this, A1*C
in Currimao was similar to that in Guam, indicating that
the Pacific water mass reached Currimao via a strong
Kuroshio intrusion in the winter of 1972/1973. The Kuro-
shio loop current may have expanded southwestward to
include the area northwest of Luzon Island because of
the northward migration of the NEC bifurcation latitude
(Fig. 4a) (Hu et al. 2015).

Winters after the mid-1980s

During winters after the mid-1980s, the AC values
were lowest in Currimao among the studied locations,
and the A'C values in Guam and Ishigaki were similar
(Fig. 4c). In this period, A™C data in 1986 are the only
data reported from Hon Tre Island. Annual A™C data
in 1986 in Hon Tre Island are the same as those in Cur-
rimao, but considering the seasonal variation, winter
AMC in Hon Tre Island would be higher than Curri-
mao. Therefore, during winters after the mid-1980s, the
AMC values were lowest in Currimao among the studied
locations. Although the Con Dao data are annual, the
AMC value in Con Dao was higher than that in Curri-
mao during winter because of vertical mixing induced
by mesoscale eddies northwest of Luzon Island. These
mesoscale eddies are thought to be induced by Kuro-
shio intrusion into the Luzon Strait. The average NEC
bifurcation latitude after 1985 was 12.7°N, which is
located south of the bifurcation point in the 1970s
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(Fig. 4a). Therefore, Kuroshio intrusion into the Luzon
Strait was weaker in the 1980s than in the 1970s, and
the water mass of the Kuroshio did not reach northwest
of Luzon Island. However, Kuroshio intrusion induced
mesoscale eddies in that area, which caused the AC in
Currimao to be the lowest among the five studied loca-
tions. According to Tseng et al. (2009), weakening of the
monsoon decreases the extent of vertical mixing in the
northern SCS. The East Asian winter monsoon velocity
decreased from the 1970s to the 1980s (Song et al. 2012);
thus, the area of mesoscale eddies decreased in size after
1976. However, we suggest that the mesoscale eddies lin-
gered in the area northwest of Luzon Island.

Conclusion

High-resolution A'C data were generated from a coral
skeleton collected in Currimao, northwest of Luzon
Island. We examined the variability in the Kuroshio loop
current and the effects of climate change and the East
Asian monsoon by comparing the seasonal and annual
variations in A™C in Currimao with previously reported
data for Guam, Ishigaki, Con Dao, and Hon Tre Island.
The seasonal variation in A*C in Currimao, which indi-
cates seasonal fluctuation in the water mass northwest
of Luzon Island, correlated with the East Asian winter
monsoon velocity in the SCS from 1968 to 1995. The
lower A™C at Currimao in the 1970s and 1980s com-
pared with the other locations was attributed to the
transport of an SCS water mass to the northwest of
Luzon Island. This transport was triggered by the over-
all southward shift of the bifurcation latitude associated
with the 1976 regime shift, which led to a decrease in the
magnitude of Kuroshio intrusion into the Luzon Strait.
Additional investigation is required to understand the
detailed mechanism of the relationship between Kuro-
shio intrusion and the regime shift. However, the data
presented herein contribute to our understanding of
the physical oceanography of the North Pacific western
boundary current.

Additional file

Additional file 1: Table S1. Radiocarbon data in the PCURINO3 coral. For
the samples which includes (s) in the Lab No., we conducted small-scale
radiocarbon dating with the sample amount of 2-5 mg. For the samples
of (*), we measured same samples twice and took an average of them.
Figure S1. Schematic illustration of surface ocean circulation in the South
China Sea. The main current (black solid lines) of the South China Sea is
based on Wang and Li (2009).

Authors’ contributions

YY designed the research and collected coral samples. SH carried out experi-
ments and wrote paper with YY. AS advised ICP-AES measurements YM and
TA ran AMS. YM and FS conducted fieldwork in Philippines with YY. All authors
read and approved the final manuscript.


http://dx.doi.org/10.1186/s40562-017-0081-8

Hirabayashi et al. Geosci. Lett. (2017) 4:15

Author details

! Atmosphere and Ocean Research Institute, The University of Tokyo, 5-1-5 Kashi-
wanoha, Kashiwa, Chiba 277-8564, Japan. 2 Department of Earth and Planetary
Science, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bun-
kyo-ku, Tokyo 113-0033, Japan. > Geological Survey of Japan, National Institute
of Advanced Industrial Science and Technology (AIST), 1-1-1 Higashi, Tsukuba,
Ibaraki 305-8567, Japan. * Marine Science Institute, University of the Philippines,
Diliman, 1101 Quezon City, Philippines. 5 Institute of Natural and Environmental
Sciences, University of Hyogo, 6 Yayoigaoka, Sanda, Hyogo 669-1546, Japan.

Acknowledgements

We thank T. Kobayashi, Y. Yoshinaga, and T. Okai for field and laboratory assis-
tance. K. Yokoyama and H. Adachi are thanked for their help in the sampling.
We thank the Municipality of Currimao for allowing us to sample there. This
work was supported by a Grant from the Japan Society for the Promotion

of Science (JSPS) KAKENHI (15KK0151, 17H01168), and JSPS Fellows DC1
(JP14J09489).

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials

Radiocarbon data of the Currimao coral are shown in Additional File 1: Table
S1. Any additional data may be obtained from SH (s-hirabayashi@aori.u-tokyo.
acjp) and YY (yokoyama@aori.u-tokyo.ac,jp).

Consent for publication
All the authors agree for publication.

Ethics approval and consent to participate
We consent to participate and have no competing interests.

Funding

SH is supported by the Japan Society for the Promotion of Science (JSPS) Fel-
lows DC1 (JP14J09489). This work was also partly supported by JSPS KAKENHI
(15KKO0151, 17H01168).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 26 April 2017 Accepted: 29 July 2017
Published online: 10 August 2017

References

Andrews AH, Asami R, Iryu Y, Kobayashi DR, Camacho F (2016) Bomb-pro-
duced radiocarbon in the western tropical Pacific Ocean: Guam coral
reveals operation-specific signals from the Pacific Proving Grounds. J
Geophys Res Ocean 121(8):6351-6366

Bautista AT, Matsuzaki H, Siringan FP (2016) Historical record of nuclear activi-
ties from 1291in corals from the northern hemisphere (Philippines). J
Environ Radioact 164:174-181

Bolton A, Goodkin NF, Druffel ER, Griffin S, Murty SA (2016) Upwelling of Pacific
intermediate water in the South China Sea revealed by coral radiocarbon
record. Radiocarbon 58(1):37-53

Broecker WS, Peng T-H (1982) Tracers in the Sea. ELDIGIO Press, New York, p
690. Lamont-Doherty Earth Observatory, Palisades

Caruso MJ, Gawarkiewicz GG, Beardsley RC (2006) Interannual variability of
the Kuroshio intrusion in the South China Sea. J Oceanogr 62(4):559-575.
doi:10.1007/510872-006-0076-0

Chang CC, Burr GS, Jull AT, Russell JL, Biddulph D, White L, Prouty NG, Chen
Y-G, Shen C-C, Zhou W, Lam DD (2016) Reconstructing surface ocean
circulation with 1291 time series records from corals. J Environ Radioact
165:144-150

Chu PG, Li R (2000) South China Sea isopycnal-surface circulation. J Phys
Oceanogr 30(9):2419-2438. doi:10.1175/1520-0485(2000)030<2419:5CS
1SC>2.0.C0;2

Page 8 of 9

Druffel ERM (1987) Bomb radiocarbon in the Pacific: annual and
seasonal timescale variations. J Mar Res 45(3):667-698.
doi:10.1357/002224087788326876

Druffel ERM (2002) Radiocarbon in corals: records of the carbon cycle, surface
circulation and climate. Oceanography 15(1):122-127

Druffel ERM, Suess HE (1983) On the radiocarbon record in banded corals:
exchange parameters and net transport of '“CO, between atmos-
phere and surface ocean. J Geophys Res 88:1271-1280. doi:10.1029/
JC088iC02p01271

Druffel ERM, Shelia G, Glynn DS, Dunbar RB, Mucciarone DA, Toggweiler JR
(2014) Seasonal radiocarbon and oxygen isotopes in a Galapagos coral:
calibration with climate indices. Geophys Res Lett 41(14):5099-5105. doi:
10.1002/2014GL060504

Gan J, Li H, Curchitser EN, Haidvogel DB (2006) Modeling South China Sea
circulation: response to seasonal forcing regimes. J Geophy Res: Oceans.
doi:10.1029/2005JC003298

Grottoli AG, Eakin CM (2007) A review of modern coral 6'80 and A'C proxy
records. Earth-Sci Rev 81(1):67-91. doi:10.1016/j.earscirev.2006.10.001

Guilderson TP, Schrag DP, Wellington GM, Goddard E, Kashgarian M, Wellington
GM, Linsley BK (2000) Southwest subtropical Pacific surface water radio-
carbon in a high-resolution coral record. Radiocarbon 42(2):249-256.
doi:10.1017/50033822200059051

Hirabayashi S, Yokoyama Y, Suzuki A, Kawakubo Y, Miyairi Y, Okai T, Nojima
S (2013) Coral growth-rate insensitive Sr/Ca as a robust temperature
recorder at the extreme latitudinal limits of Porites. Geochem J 47(3):.e1-
e5.doi:10.2343/geochem;j.2.0259

Hirabayashi S, Yokoyama Y, Suzuki A, Miyairi Y, Aze T (2017a) Multidecadal
oceanographic changes in the western Pacific detected through
high-resolution bomb-derived radiocarbon measurements on corals.
Geochem Geophys Geosyst 18:1608-1617. doi:10.1002/2017GC006854

Hirabayashi S, Yokoyama Y, Suzuki A, Miyairi Y, Aze T (2017b) Short-term fluc-
tuations in regional radiocarbon reservoir age recorded in coral skeletons
from the Ryukyu Islands in the north-western Pacific. J Quat Sci 32(1):1-6.
doi:10.1002/j05.2923

Ho C-R, Zheng Q, Kuo J-J, Tsai C-H, Huang NE (2004) Observation of the
Kuroshio intrusion region in the South China Sea from AVHRR data. Int J
Remote Sens 25(21):4583-4591. doi:10.1080/0143116042000192376

Hsin Y-C, Wu C-R, Chao S-Y (2012) An updated examination of the Luzon Strait
transport. J Geophy Res. doi:10.1029/2011JC007714

Hu J, Kawamura H, Hong H, Qi Y (2000) A review on the currents in the
South China Sea: seasonal circulation, South China Sea warm cur-
rent and Kuroshio intrusion. J Oceanogr 56(6):607-624. doi:10.102
3/A:1011117531252

Hu D, Wu L, Cai W, Gupta AS, Ganachaud A, Qiu B, Gordon AL, Lin X, Chen Z,
Hu S, Wang G, Wang Q, Sprintall J, Tangdong Q, Kashino Y, Wang F, Kessler
W (2015) Pacific western boundary currents and their roles in climate.
Nature 522(7556):299-308. doi:10.1038/nature 14504

Hua Q (2009) Radiocarbon: a chronological tool for the recent past. Quat
Geochronol 4(5):378-390. doi:10.1016/j.quage0.2009.03.006

Hua Q, Barbetti M, Rakowski AZ (2013) Atmospheric radiocarbon for
the period 1950-2010. Radiocarbon 55(4):2059-2072. doi:10.2458/
azu_js_rcv55i2.16177

Lan J, Bao X, Gao G (2004) Optimal estimation of zonal velocity and transport
through Luzon Strait using variational data assimilation technique. Chin J
Oceanol Limnol 22:335-339. doi:10.1007/BF02843626

Li L, Nowlin WD, Su J (1998) Anticyclonic rings from the Kuroshio in
the South China Sea. Deep-Sea Res | 45:1469-1482. doi:10.1016/
S0967-0637(98)00026-0

Liao G, Yuan'Y, Xu X (2008) Three dimensional diagnostic study of the circula-
tion in the South China Sea during winter 1998. J Oceanogr 64:803-814.
doi:10.1007/510872-008-0067-4

Liu G, He Y, Shen H (2009) On sensitivity of Kuroshio modeling in the Luzon
Strait with ERS-1/2 wind field forcing. In: Geoscience and remote sensing
symposium, 2009 IEEE international, IGARSS 2009, vol 3, p I11-45. IEEE

Lukas R, Yamagata T, McCreary JP (1996) Pacific low-latitude western boundary
currents and the Indonesian throughflow. J Geophys Res 101:12209—
12216.doi:10.1029/96JC01204

Matsumoto K, Yokoyama'Y (2013) Atmospheric AM™C reduction in simulations
of Atlantic overturning circulation shutdown. Glob Biogeochem Cycles
27(2):296-304. doi:10.1002/gbc.20035


http://dx.doi.org/10.1007/s10872-006-0076-0
http://dx.doi.org/10.1175/1520-0485(2000)030%3c2419:SCSISC%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0485(2000)030%3c2419:SCSISC%3e2.0.CO;2
http://dx.doi.org/10.1357/002224087788326876
http://dx.doi.org/10.1029/JC088iC02p01271
http://dx.doi.org/10.1029/JC088iC02p01271
http://dx.doi.org/10.1002/2014GL060504
http://dx.doi.org/10.1029/2005JC003298
http://dx.doi.org/10.1016/j.earscirev.2006.10.001
http://dx.doi.org/10.1017/S0033822200059051
http://dx.doi.org/10.2343/geochemj.2.0259
http://dx.doi.org/10.1002/2017GC006854
http://dx.doi.org/10.1002/jqs.2923
http://dx.doi.org/10.1080/0143116042000192376
http://dx.doi.org/10.1029/2011JC007714
http://dx.doi.org/10.1023/A:1011117531252
http://dx.doi.org/10.1023/A:1011117531252
http://dx.doi.org/10.1038/nature14504
http://dx.doi.org/10.1016/j.quageo.2009.03.006
http://dx.doi.org/10.2458/azu_js_rc.v55i2.16177
http://dx.doi.org/10.2458/azu_js_rc.v55i2.16177
http://dx.doi.org/10.1007/BF02843626
http://dx.doi.org/10.1016/S0967-0637(98)00026-0
http://dx.doi.org/10.1016/S0967-0637(98)00026-0
http://dx.doi.org/10.1007/s10872-008-0067-4
http://dx.doi.org/10.1029/96JC01204
http://dx.doi.org/10.1002/gbc.20035

Hirabayashi et al. Geosci. Lett. (2017) 4:15

Mitsuguchi T, Dang PX, Kitagawa H, Yoneda M, Shibata Y (2007) Tropical South
China Sea surface * C record in an annually-banded coral. Radiocarbon
49(02):905-914. doi:10.1017/50033822200042776

Nan F, Xue H, Xiu P, Chai F, Shi M, Guo P (2011) Oceanic eddy formation and
propagation southwest of Taiwan. J Geophys Res: Oceans 116:C12045.
doi:10.1029/2011JC007386

Nan F, Xue H, Yu F (2015) Kuroshio intrusion into the South China Sea: a review.

Prog Oceanogr 137:314-333. doi:10.1016/j.pocean.2014.05.012

Nitani H (1972) Beginning of the Kuroshio. In: Stommel H, Yashida K (eds)
Physical aspects of the Japan current. University of Washington Press,
Kuroshio, pp 129-163

Potemra JT, Qu T (2009) Seas of Southeast Asia. In: Encyclopedia of ocean
sciences 2nd edn. Academic Press, Cambridge, p 305-316. doi:10.1016/
B978-012374473-9.00598-1

Qiu B, Lukas R (1996) Seasonal and interannual variability of the North Equato-
rial Current, the Mindanao Current, and the Kuroshio along the Pacific
western boundary. J Geophys Res 101:12315-12330

QuT (2000) Upper-layer circulation in the South China Sea. J Phys Oceanogr
30:1450-1460. doi:10.1175/1520-0485(2000)030<1450:ULCITS>2.0.CO;2

Qu T, Mitsudera H, Yamagata T (2000) Intrusion of the North Pacific waters
into the South China Sea. J Geophys Res 105:6415-6424. doi:10.1029/19
99JC900323

QuT, KimYY, Yaremchuk M, Tozuka T, Ishida A, Yamagata T (2004) Can Luzon
Strait transport play a role in conveying the impact of ENSO to the South
China Sea? J Clim 17(18):3644-3657

QuT, Song YT, Yamagata T (2009) An introduction to the South China Sea
throughflow: its dynamics, variability, and application for climate. Dyn
Atmos Oceans 47:3-14. doi:10.1016/}.dynatmoce.2008.05.001

Shen G, YuK, Sun,YiW,Yang Y, Zhou B (2003) Interannual variations of
bomb radiocarbon during 1977-1998 recorded in coral from Daya
Bay, South China Sea. Sci China Ser D Earth Sci 46(10):1040-1048.
doi:10.1360/03yd0282

Sheremet VA (2001) Hysteresis of a western boundary cur-
rent leaping across a gap. J Phys Oceanogr 31:1247-1259.
doi:10.1175/1520-0485(2001)031<1247:HOAWBC>2.0.CO;2

Song S, Peng Z, Zhou W, Liu W, Liu Y, Chen T (2012) Variation of the winter
monsoon in South China Sea over the past 183 years: evidence from
oxygen isotopes in coral. Glob Planet Change 98:131-138. doi:10.1016/].
gloplacha.2012.08.013

Sowa K, Watanabe T, Kan H, Yamano H (2014) Influence of land development
on Holocene Porites coral calcification at Nagura bay, Ishigaki island,
Japan. PloS ONE 9(2):e88790. doi:10.1371/journal.pone.0088790

Tian J,Yang Q, Liang X, Xie L, Hu D, Wang F, Qu T (2006) Observation of Luzon
Strait transport. Geophys Res Lett 33:L.19607. doi:10.1029/2006GL026272

Toole JM, Millard RC, Wang Z, Pu S (1990) Observations of the Pacific North
Equatorial Current bifurcation at the Philippine coast. J Phys Oceanogr
20:307-318.doi:10.1175/1520-0485(1990)020<0307:00TPNE>2.0.CO;2

Tseng CM, Gong GC, Wang LW, Liu KK, Yang Y (2009) Anomalous biogeo-
chemical conditions in the northern South China Sea during the EI-Nifio

Page 9 of 9

events between 1997 and 2003. Geophys Res Lett 36:L.14611. doi:10.102
9/2009GL038252

Wang P, Li Q (2009) Oceanographical and geological background. In: Wang P,
Li Q (eds) The South China Sea. Developments in paleoenvironmental
research, vol 13. Springer, Dordrecht. doi:10.1007/978-1-4020-9745-4_2

Wu C-R, Chiang T-L (2007) Mesoscale eddies in the northern South China sea.
Deep Sea Res Il 54:1575-1588. doi:10.1016/j.dsr2.2007.05.008

Wyrtki K (1961) Physical oceanography of the Southeast Asian waters, vol 2.
Scripps Institution of Oceanography, University of California, La Jolla, p
195

Yamane M, Yokoyama Y, Miyairi Y, Suga H, Matsuzaki H, Dunbar RB, Ohkouchi
N (2014) Compound-specific 14C dating of IODP expedition 318 core
U1357A obtained off the Wilkes Land Coast, Antarctica. Radiocarbon
56(3):1009-1017.doi:10.2458/56.17773

Yang Q, Tian J, Zhao W (2010) Observation of Luzon Strait trans-port in sum-
mer 2007. Deep Sea Res Part | 57:670-676. doi:10.1016/j.dsr.2010.02.004

Yaremchuk M, Qu T (2004) Seasonal variability of the large-scale cur-
rents near the coast of the Philippines. J Phys Oceanogr 34:844-855.
doi:10.1175/1520-0485(2004)034<0844:SVOTLC>2.0.CO;2

Yokoyama Y, Miyairi Y, Matsuzaki H, Tsunomori F (2007) Relation between acid
dissolution time in the vacuum test tube and time required for graphiti-
zation for AMS target preparation. Nucl Instrum Methods Phys Res Sect B
259(1):330-334. doi:10.1016/j.nimb.2007.01.176

Yokoyama Y, Koizumi M, Matsuzaki H, Miyairi Y, Ohkouchi N (2010) Developing
ultra small-scale radiocarbon sample measurement at the university of
Tokyo. Radiocarbon 52(2):310-318. doi:10.1017/50033822200045355

Yokoyama Y, Suzuki A, Siringan F, Maeda Y, Abe-Ouchi A, Ohgaito R, Kawahata
H, Matsuzaki H (2011) Mid-Holocene palaeoceanography of the northern
South China Sea using coupled fossil-modern coral and atmosphere—
ocean GCM model. Geophys Res Lett. doi:10.1029/2010GL044231

Yokoyama Y, Anderson JB, Yamane M, Simkins LM, Miyairi Y, Yamazaki T, Koi-
zumi M, Suga H, Kusahara K, Prothro L, Hasumi H, Southon JR, Ohkouchi
N (2016) Widespread collapse of the Ross Ice Shelf during the late Holo-
cene. Proc Natl Acad Sci 113(9):2354-2359. doi:10.1073/pnas.1516908113

Yuan DL, Han WQ, Hu DX (2006) Surface Kuroshio path in the Luzon Strait area
derived from satellite remote sensing data. J Geophys Res. doi:10.1029/2
005JC003412

Yuan, Liao G, Yang C, Liu Z, Chen H, Wang Z-G (2014) Summer Kuroshio intru-
sion through the Luzon Strait confirmed from observations and a diag-
nostic model in summer 2009. Prog Oceanogr 121:44-59. doi:10.1016/j.
pocean.2013.10.003

Zhao J, LiY,Wang F (2013) The role of mindanao dome in the variability of the
Pacific North equatorial current bifurcation. J Oceanogr 69(3):313-327.
doi:10.1007/510872-013-0175-7

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://dx.doi.org/10.1017/S0033822200042776
http://dx.doi.org/10.1029/2011JC007386
http://dx.doi.org/10.1016/j.pocean.2014.05.012
http://dx.doi.org/10.1016/B978-012374473-9.00598-1
http://dx.doi.org/10.1016/B978-012374473-9.00598-1
http://dx.doi.org/10.1175/1520-0485(2000)030%3c1450:ULCITS%3e2.0.CO;2
http://dx.doi.org/10.1029/1999JC900323
http://dx.doi.org/10.1029/1999JC900323
http://dx.doi.org/10.1016/j.dynatmoce.2008.05.001
http://dx.doi.org/10.1360/03yd0282
http://dx.doi.org/10.1175/1520-0485(2001)031%3c1247:HOAWBC%3e2.0.CO;2
http://dx.doi.org/10.1016/j.gloplacha.2012.08.013
http://dx.doi.org/10.1016/j.gloplacha.2012.08.013
http://dx.doi.org/10.1371/journal.pone.0088790
http://dx.doi.org/10.1029/2006GL026272
http://dx.doi.org/10.1175/1520-0485(1990)020%3c0307:OOTPNE%3e2.0.CO;2
http://dx.doi.org/10.1029/2009GL038252
http://dx.doi.org/10.1029/2009GL038252
http://dx.doi.org/10.1007/978-1-4020-9745-4_2
http://dx.doi.org/10.1016/j.dsr2.2007.05.008
http://dx.doi.org/10.2458/56.17773
http://dx.doi.org/10.1016/j.dsr.2010.02.004
http://dx.doi.org/10.1175/1520-0485(2004)034%3c0844:SVOTLC%3e2.0.CO;2
http://dx.doi.org/10.1016/j.nimb.2007.01.176
http://dx.doi.org/10.1017/S0033822200045355
http://dx.doi.org/10.1029/2010GL044231
http://dx.doi.org/10.1073/pnas.1516908113
http://dx.doi.org/10.1029/2005JC003412
http://dx.doi.org/10.1029/2005JC003412
http://dx.doi.org/10.1016/j.pocean.2013.10.003
http://dx.doi.org/10.1016/j.pocean.2013.10.003
http://dx.doi.org/10.1007/s10872-013-0175-7

	Radiocarbon variability recorded in coral skeletons from the northwest of Luzon Island, Philippines
	Abstract 
	Background
	Methods
	Results
	Discussion
	Relationship between the East Asian winter monsoon and the Δ14C of the SCS
	Comparison of our data with the Δ14C data from Ishigaki, Guam, and Con Dao by season and period
	Decadal comparison
	Seasonal comparison
	Summers in the 1970s
	Summers after the mid-1980s
	Winters in the 1970s
	Winters after the mid-1980s


	Conclusion
	Authors’ contributions
	References




