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Abstract

The rainfall patterns in Eastern Asia are largely a consequence of the Asian winter and summer monsoons. On time-
scales 10*-10° of years, the position and strength of the monsoons change as a result of variations in Northern Hemi-
sphere summer insolation. However, locally, it is possible there is a superimposed signal due to sea level change. Due
to the growth of ice sheets, primarily in northern North America and Europe, global average sea level fell about 120 m
during the Last Glacial Maximum (27,000-19,500 years ago). This caused the broad shallow continental shelf regions
in coastal Eastern Asia to be exposed, and also greatly limited the flow of warm Pacific water into the Sea of Japan.

In this study, we perform climate modelling experiments to isolate the impact of the lower sea level on the rainfall
patterns in Eastern Asia. We find that the lowered sea level locally increases the summer precipitation, impacting

the southern parts of Japan as well as Eastern China. The lower sea level also causes a decrease in winter precipi-
tation in Japan. Our oxygen isotope modelling results show that the lower sea level alone is sufficient to explain

the extremely depleted 8'80 values measured from proxies in Last Glacial Maximum sediments in the Sea of Japan.
These results show that the rainfall proxy records in the coastal Eastern Asia region, especially near the East China
Sea, should not be interpreted as purely due to insolation driven changes to the monsoon front, as they also contain
a local signal due to sea level changes. Further impacts of sea level changes on continental proxy records are likely
limited, and they are measuring a purely global climate change signal.
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1 Introduction

East Asia is a region extending near the boundary
between the Eurasian Continent and the Pacific Ocean.
This continent and the ocean form a climate peculiar
to East Asia, that is, the East Asian monsoon. The East
Asian summer monsoon is characterized by south-
erly winds between the subtropical Pacific high and the
large-scale thermal low formed over the Eurasian conti-
nent, while the East Asian winter monsoon is character-
ized by northerly winds due to the Siberian high and the
Aleutian low. The East Asian summer monsoon, along
with the Indian monsoon and the Southeast Asian mon-
soon, brings a rainy season to this region. Thus, the East
Asian monsoon is a result of global scale climate, and its
changes are of critical importance in diagnosing global
climate change. On the scale of thousands of years, the
position and strength of the monsoon are affected by
solar radiative forcing, North Atlantic Ocean conditions,
and global topographic changes due to the formation of
continental ice sheets (Sun et al. 2015; Liu et al. 2020;
Gao et al. 2020). Shifts in the monsoon front have also
impacted human civilizations (Chen et al. 2020).

The Last Glacial Maximum (LGM, 26—19.5 ka, Clark
et al. (2009)) was the culmination of the last glacial cycle
when continental ice sheets reached their maximum.
The respective increase in COy between the LGM and
the Preindustrial and Preindustrial to present are similar
in magnitude. Therefore, it is instructive to compare the
changes in the monsoon between the LGM and Prein-
dustrial to examine how large changes in radiative forcing
can affect it. However, to qualitatively assess the changes
in monsoon due to global climate changes, local effects
like topography changes also need to be investigated and
accounted for.

The climate of the LGM has been one of the focuses of
the Paleoclimate Intercomparison Project (PMIP), as a
way to test climate models at a time when the Earth’s cli-
mate was radically different than present (Kageyama et al.
2017). Globally, temperatures were lower due to overall
reductions in atmospheric CO; concentrations, reduced
northern hemisphere summer insolation, and the growth
of large continental ice sheets. These changes caused a
weakening of the East Asian monsoons, and caused con-
tinental regions to be drier (Gao et al. 2020). Overall, the
climate during the LGM is simulated to be generally drier
in mainland Eastern Asia, as a result of global scale shifts
in circulation patterns due to North American ice sheet
albedo (Yanase and Abe-Ouchi 2007, 2010). The calcu-
lated precipitation in many of the PMIP models exhibit
an anomaly in the summer precipitation in the eastern-
most parts of Asia, specifically in the East China Sea and
around western Japan (see the supplementary materi-
als, and Gao et al. (2020)). The main hypothesis of this
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Fig. 1 Map showing the paleotopography of Eastern Asia

at the Last Glacial Maximum (20 ka) (Gowan et al. 2021), and several
of the locations mentioned in the text. Green areas show places
with exposed land that is within 150 m of sea level. The black
outline is the modern shoreline. The red outline shows the area
where the topography from the LGM was inserted into the in

the preindustrial iICESM climate modelling experiments to test

the impact topography change due to the sea level lowering

on the climate. Areas outside of the red outline use modern
topography in the experiments. The location caves with speleothem
records mentioned in the text are indicated: X—Xiaobailong, S—
Sanbao, H—Hulu, Y—Yangzi, L—Luoshui, G—Gyokusen
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feature is that it is unrelated to global climatic factors,
and is related to the drop in global sea level (e.g. Sun et al.
2021), but this has never been qualified with targeted
experiments.

During the Last Glacial Maximum, global average sea
level lowered by at least 115 m (Yokoyama et al. 2018;
Gowan et al. 2021). In the vicinity of Japan, lowered sea
level due to the growth of the ice sheets had two major
impacts. The first is that it caused a near complete suba-
erial exposure of the East China Sea (Fig. 1). The second
is that the effective closure of the Tsushima Strait pre-
vented the inflow of warm Pacific Ocean water into the
Sea of Japan. These two factors changed the local surface
temperature conditions, which in turn would affect pre-
cipitation patterns (Sun et al. 2021). In this study, we are
interested to evaluate the impact of the drop in sea level
on the precipitation patterns in eastern Asia. Our study
focuses on the impact of sea level change in the absence
of other changes in the Earth system.
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To investigate this, we compare the results of idealized
climate modelling experiments using the isotope ena-
bled iCESM 1.2 model that adjust a preindustrial climate
simulation with modified topography in Eastern Asia and
another with the addition of lower CO5 levels. This allows
us to distinguish the impacts of these two factors in iso-
lation from other major changes in the climate system
induced by the growth of ice sheets (which were already
investigated in detail by Sun et al. (2021)) and changes
in the Earth’s axis of rotation. We compare the results in
January and July to assess the impacts of the topography
changes to winter and summer climate. The use of iso-
topes allows us to compare against geological proxies of
climate changes. These idealized experiments indicate
that the LGM climate in Eastern Asia was affected by
both global scale and local factors.

2 The LGM in Eastern Asia

2.1 Modifications of topography

The growth of continental ice sheets caused global aver-
age sea level to lower by between 115 and 135 m below
present during the LGM (Gowan et al. 2021; Yokoyama
et al. 2000; Peltier et al. 2015). Around Eastern Asia, this
had a consequence of exposing the broad continental
shelf, and isolating the Sea of Japan from Pacific inflow
(Fig. 1). The LGM coastline of mainland Asia extended
far to the east of where it is currently (Saito 1998), and
the portion of the East China Sea that covers the con-
tinental shelf was subaerially exposed. At present, the
main entrances of Pacific water into the Sea of Japan
are the Tsushima Strait, located between Kyushu Island
in Japan and South Korea, and Tsugaru Strait, which is
between Hokkaido and Honshu Island in Japan. During
the LGM, the Tsushima Strait was a narrow channel with
a throughflow about 95% less than present (Park et al.
2000). The strait was sufficiently wide and deep to serve
as a geographical barrier for the migration of animals
into Japan during the LGM (Kawamura 2007). The Tsug-
aru Strait remained open through the LGM, as evident by
the limited migration of animals from Hokkaido to Hon-
shu Island (Kawamura 2007), though narrower and also
greatly reduced in throughflow (Koizumi et al. 2006).

2.2 Oxygen isotope proxies

The oxygen isotope proxies from foraminifera in ocean
sediment cores and from speleothems record fluctua-
tions in the precipitation of the East Asian monsoons.
The proxies are a measure the relative difference in the
fraction of 80 and '°O to a standard, denoted as §80.
The §'80 values in speleothems are related to the tem-
perature of the cave where the speleothem grows, and the
8180 value of the precipitation-derived drip water (Lach-
niet 2009). The water §'%0 depends on the values from
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the source reservoir of the precipitation, the distance
from the precipitation source, the temperature of the air
mass and altitude (Lachniet 2009). In Eastern Asia spe-
leothem records, depleted 830 values are considered to
correlate with a weaker summer monsoon (Wang et al.
2008). The fluctuations of 880 are intimately linked to
changes in Northern Hemisphere summer insolation
(Wang et al. 2008), with secondary signals superimposed
that are related to North Atlantic climatic events (Cai
et al. 2015). The 8180 values in foraminifera are depend-
ent on the foraminifera species, water temperature, and
the latent seawater 8180 (Pearson 2012). Global ocean
water 8180 changes due to the growth and retreat of con-
tinental ice sheets (since §'80 is depleted in precipita-
tion), so when ice sheets are large, there is an increase in
8180 in the ocean. During the LGM, the increase in sea-
water 8180 due to the growth of ice sheets is estimated
to be 1%o0 (Duplessy et al. 2002). We subtract this value
to facilitate comparing the LGM and Holocene proxy
values. Decreasing the ocean temperature also causes
an increase in 8180 in foraminifera records. This is not
accounted for in our comparison, so the anomalies in the
data will reflect a combination of changes in latent sea-
water 8180 and the impacts of temperature changes.

Oxygen isotope data from planktic foraminifera were
retrieved from data files included with the original stud-
ies, or in the NOAA National Centers for Environmen-
tal Information (NCEI). In some cases, we had to digitize
the data from plots in the papers. The original age model
was used for the proxy records if it was included. If an
age model was not included, it was calculated using the
OxCal P_Sequence function (Bronk 2008; Bronk Ramsey
2009).

The isotope data from speleothems from Japan and
eastern China were largely derived from the SISAL ver-
sion 2.0 database (Atsawawaranunt et al. 2018; Comas-
Bru et al. 2020). A few additional recently published
records were also included. For data derived from the
SISAL database, there are a number of age models. We
used the BChron-derived age model when available (Has-
lett and Parnell 2008), otherwise we use the linear inter-
polation age model. The choice to use the BChron model
is because it was available for most of the speleothem
records.

Oxygen isotope records for speleothems and plank-
tonic foraminifera from ocean sediment cores are shown
on Fig. 2. The location and averages for speleothems are
shown on Table 1 and planktic foraminifera on Table 2.
For the purposes of our analysis, we included a record
if it had data in the target time ranges that we regard as
representing the Holocene and LGM. For the Holocene,
the range is between 0 and 7 ka (i.e. after the majority of
the ice sheets had retreated to present levels and sea level
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Fig. 2 §'%0 proxy records, including speleothems and planktonic foraminifera, from Eastern Asia that includes LGM and late Holocene data. §'80
values are relative to PDB or VPDB standards. The impact of the average difference in global sea water §'80, which is approximately 1%o (Duplessy
et al. 2002), has been removed in order to assess the local changes. The source of the data can be found on Tables 1 and 2. a Holocene, b LGM, ¢

Difference between records that have both Holocene and LGM values

stabilized) and 19-26 ka for the LGM (the time defined
by Clark et al. (2009)). We acknowledge that this smooths
some of the variability within these time periods, but
regard it as a first order way to estimate the difference in
8180 between the two periods.

In terms of the anomaly (LGM-PI) patterns in these
records, data from the Pacific side of Japan show a gen-
eral increase in 8180 values, while the Sea of Japan has
generally lower values. The two records in the Ryukyu
Islands and north of Taiwan do not show any changes
after removing the signal from the ice sheets. The records
from the northern South China Sea show a slight increase
in §180. The speleothems in central China have a slightly
lower 8§80 value, while the one in southern China has a
greater §'80. The Gyokusen cave in Okinawa does not
have a Holocene record, but the modern speleothem
8180 values are 1.4—2.4%o lower than the LGM values
(Uemura et al. 2016; Asami et al. 2021). If these values are
comparable to the Holocene, this would indicate a posi-
tive anomaly during the LGM.

2.3 Other proxies for precipitation

Although 680 proxies are a common way to evaluate
changes to the Asian monsoons, these records are still
sparse in terrestrial Japan and the Korean Peninsula,
which are closest to the East China Sea shelf. Here, we
highlight some records that provide information on the
LGM precipitation in this area. Jo et al. (2014) provided

records of the timing of speleothem growth in the
Korean Peninsula. The lack of speleothems dating to the
LGM implies potentially drier conditions. In contrast,
the paleoenvironmental reconstructions of the LGM
by U et al (2023) indicate the central Korean Peninsula
maintained a relatively wet environment that could sus-
tain wetlands and diverse fauna. Iwamoto and Inouchi
(2007) analysed total carbon in a sediment core from
Lake Biwa in central Japan, which reflects productivity
in the lake due to influx of nutrients into the lake dur-
ing the summer monsoon. This record implies that the
summer monsoon was at its strongest in the late Holo-
cene and was relatively weaker in the last glacial period,
though not necessarily weakest during the LGM. Kuwae
et al. (2004) investigated diatoms in Lake Biwa and also
concluded that precipitation was lower relative to the late
Holocene during the LGM. Gallagher et al. (2018) inves-
tigated the colours of IODP core U1427, located near the
coast of Japan in the eastern Sea of Japan, and found that
in the LGM, the winter monsoon dominated, while in the
Holocene the summer monsoon dominated. Their result
indicates that this is controlled in part by the influence of
depth of the Tsushima Strait. Vats et al. (2020) performed
principle component analysis on foraminifera species
abundance from IODP core Ul429, located southwest
of Kyushu. They concluded that the summer monsoon
remained strong during the LGM. Zhao et al. (2018)
investigated the sediment provenance from U1429, and
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concluded there was reduced precipitation in Kyushu
during the LGM, but that precipitation levels were pos-
sibly higher than present on the exposed East China Sea
shelf.

3 Climate modelling methodology

3.1 Modifications of topography due to lower sea level
The experiments use a preexisting preindustrial climate
model simulation with present-day topography, with
the exception of the topography in Eastern Asia modi-
fied to be the same as in LGM from PaleoMIST (Fig. 1).
The land-sea distribution in this region is the same as in
the 20 ka time slice in PaleoMIST (Gowan et al. 2021).
The characteristics of the modifications to Eastern Asia
topography are as follows. The shelf regions with bathym-
etry >—130 m between Vietnam and the Okhotsk Sea are
exposed. The models require a connection between the
Sea of Japan and the Pacific Ocean. This connection is set
to be at the Tsugaru Strait between Hokkaido and Hon-
shu, while the Tsushima Strait between Japan and South
Korea is set to be closed in the experiment.

3.2 iCESM

The climate modelling experiments were done with the
isotope enabled version of CESM, iCESM. We used the
Community Earth System Model version 1.2, iCESM
(Brady et al. 2019). iCESM tracks isotopes of water (iso-
tope tracing), including '°O and 80, in the hydrological
system, including ocean water and precipitation. From
the output, 5180 can be calculated. The model uses phys-
ics based processes to determine the relative flow of the
isotopes, and ensures conservation of the isotopes. This
model has been evaluated against modern observations
of oxygen isotopes (LeGrande and Schmidt 2006), and
provides a reasonable representation of surface ocean
seawater and precipitation §'%0. The resolution of the
atmosphere model is 1.9° in latitude and 2.5° in longi-
tude, and the ocean has a resolution of 320x384.

In order to demonstrate the role of topography
changes, we have run three experiments. The first experi-
ment (denoted as PI) is a standard preindustrial climate
model simulation that has been run until it has reached
equilibrium conditions (Otto-Bliesner et al. 2016). The
other two experiments used this equilibrium condition
as the starting point, but with the topography in the
region defined in Fig. 1. In one experiment, the climate
model is run for 350 model years using preindustrial cli-
mate parameters (denoted as MT, i.e. modified topogra-
phy). The second experiment is run for 330 model years,
but with greenhouse gas concentrations set to be the
LGM values used in the PMIP4 experiments (denoted
as MTCO2) (Kageyama et al. 2017). The atmospheric
greenhouse gas concentrations in MTCO2 are 190 PPM
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for COq9, 375 ppb for CHy, and 200 PPB for NoO. The
duration of these model runs is deemed long enough to
adjust the ocean surface and atmosphere to investigate
the changes in the land—sea mask. The evaluation of the
experiments includes the average of the last 100 years
of the simulations. In order to evaluate the results of
topography changes, we focus on the results of January
(to assess the effect on the East Asian Winter Monsoon)
and July (to assess the effect on the East Asian Summer
Monsoon).

Unfortunately, due to limitations on time and comput-
ing resources, we were unable to run a full LGM simu-
lation with iCESM 1.2. However, a PMIP4 compliant
LGM simulation was completed by Zhu et al. (2017). This
simulation used the ICE-6G ice sheet and topography
reconstruction (Peltier et al. 2015). This reconstruction is
different than PaleoMIST, but in Eastern Asia during the
LGM, the topography changes are similar. We have com-
pared our results with the precipitation and precipitation
8180 from this LGM simulation (denoted as LGM in our
plots). Zhu et al. (2017) used a different version (iCESM
1.3) of the model. Though not the same version, they
state that the results are qualitatively similar to experi-
ments performed with iCESM 1.2 (Zhu et al. 2017).

4 Separating the effect of lower sea level

with oxygen isotope modelling
4.1 Precipitation
Figure 3 shows the January precipitation for the experi-
ments. In the vicinity of Japan, the main change from
the PI experiment in MT is a decrease in precipitation
(1-2 mm/day) centred over the middle of Japan. This low
precipitation anomaly extends eastward to about 160° E.
The change in precipitation in the MTCO2 experiment
is not substantially different from MT in January in the
study area, indicating a limited role of lower greenhouse
gas concentrations in regulating the precipitation in Jan-
uary. The precipitation is lower in the LGM experiment
compared to the PI. The MT experiment cancels much
of this anomaly around the island of Honshu, while there
still remains a small negative anomaly south of Kyushu
and to the east of Honshu. The MTCO2 experiment fur-
ther reduces the anomaly south of Kyushu. These results
suggest a role of sea level fall in the winter precipitation
patterns around Japan.

Figure 4 shows the July precipitation for the experi-
ments. The MT experiment has much greater rainfall in
the East China Sea and southern Japan (an anomaly of
>2 mm/day), indicating a large role in lowered sea level
on the precipitation in this area. This does not extend
into the Sea of Japan, which sees a decrease of precipita-
tion. It seems the rain front may split into east and west
bands when the East China Sea is exposed. The MTCO2
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Fig. 3 Preindustrial (PI) January precipitation and anomalies between the iCESM experiments. a Pl precipitation, b Modified topography (MT)
precipitation, ¢ modified topography with lower CO, (MTCO2) precipitation, d LGM precipitation (Zhu et al. 2017), e MT-PI, f MTCO2-PI, g MTCO2-

MT, h LGM-PI, i LGM-MT, j LGM-MTCO2

experiment causes precipitation near coastal East Asia to
decrease (an anomaly of 1-3 mm/day), especially in the
northern South China Sea. The lowered greenhouse gas
concentrations does not change the overall pattern of
increased precipitation in the East China Sea and south-
ern Japan. The LGM experiment, which also includes
global sea level changes, ice sheet topography, and inso-
lation changes, also has a positive precipitation anomaly
over the East China Sea, though not as high of magni-
tude as the MT experiment. The anomaly relative to the
MTCO?2 experiment is close to being the same. There is
a positive precipitation anomaly (1-2 mm/day) in south-
eastern Asia in the LGM compared to the negative anom-
aly further north (e.g. northern China and central Japan),
which is likely an indication of a southward shift of the
summer monsoon. The precipitation changes caused by
lowered sea level appears to compensate for the south-
ward shift of the monsoon front.

4.2 Temperatures

Figure 5 shows the January temperature changes for the
PI, MT, and MTCO?2 experiments. The exposure of the
shelves in the MT experiment causes a large drop in tem-
peratures in area around the East China Sea, as well as
in the Sea of Okhotsk. This seems to also result in some-
what cooler temperatures (1-2 °C) in mainland China.
The MTCO2 experiments has generally cooler tempera-
tures everywhere, which are not amplified by the regions
of shelf exposure.

Figure 6 shows the July temperature changes. The
temperature anomaly in the exposed shelf in the MT
experiments is the opposite of the winter, with warmer
temperatures. The Sea of Japan region is 1-2 °C cooler
than the PI experiment. The MTCO2 experiment also
has warmer temperatures in the shelf regions compared
to the PI experiment, but the generally cooler global tem-
peratures means that it is not as pronounced as the MT
experiment.
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Fig. 4 Preindustrial (PI) July precipitation and anomalies between the iCESM experiments. a Pl precipitation, b Modified topography (MT)
precipitation, ¢ Modified topography with lower CO, (MTCO2) precipitation, d LGM precipitation (Zhu et al. 2017), @ MT-PI, f MTCO2-PI, g MTCO2-

MT, h LGM-PI, i LGM-MT, j LGM-MTCO2

4.3 Oxygen isotopes

Figure 7 shows the precipitation §'80 values for January.
For the MT experiment, the January results show sharply
lower (— 1%o and lower) in areas where the topography
was modified (Fig. 1). The anomaly is especially pro-
nounced in the Sea of Japan. The MTCO2 experiment
has generally lower precipitation 8180, likely a result of
overall lower surface temperatures. When the MTCO2
experiment is compared with the MT experiment, the
East China Sea and Sea of Japan shows a smaller anomaly
than the rest of Eastern Asia, demonstrating the domi-
nance of sea level and topography change on the results.
The LGM experiment has a slight positive anomaly in
eastern China and a negative anomaly in the Sea of Japan
and East China Sea regions, relative to the PI. When
compared with the MT and MTCO2 experiments, the
negative anomaly is not as strong in the Sea of Japan,
while eastern China and the East China Sea have a much
more positive (1-2%o) §180.

Figure 8 shows the precipitation §1%0 values for July.
There is a general increase (0.5—1.5%o) in precipitation
8180 to the southeast of Japan, while there is a substan-
tial decrease in the East China Sea and southern Sea of
Japan (a decrease greater than —2%o). This pattern per-
sists in the MTCO2 experiment, though areas on land
have a generally lower precipitation 6§80 (—0.5%0 and
lower) likely due to lower surface temperatures. In the
LGM experiment, there is a strong (< —2%o) negative
anomaly starting from the East China Sea region east-
ward between 30 and 35°N. The anomaly with respect to
the MT experiment is reduced in the vicinity of the East
China Sea and southern Sea of Japan. It is reduced even
further in the MTCO2 experiment.

Figure 9 shows the near ocean surface seawater §180
values. The ocean surface seawater §'80 in our experi-
ments is relatively insensitive to seasonal changes, so
we only show the July anomaly. The modelled PI results
are consistent with observed ocean surface seawater
8180 (LeGrande and Schmidt 2006). There is a sharply
negative seawater §180 anomaly in the Sea of Japan in
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the MT experiment, and a slightly negative anomaly off
the coast of the East China Sea and eastern Japan. The
difference between the MTCO2 and MT experiments
demonstrates that this anomaly is almost entirely due
to the changes in sea level. The anomaly in the Pacific
can be explained by the coastline of the East China Sea
moving eastward, allowing 80 depleted water to reach
the Pacific Ocean. The LGM experiment, after subtract-
ing the 1%o rise in §'80 due to the growth of ice sheets,
displays a similar negative anomaly relative to PI in the
Sea of Japan and off the coast of the East China Sea.
Further negative anomalies in the North Pacific and

South China Sea are likely a consequence of other cli-
matic impacts and ocean circulation changes during
the LGM that are not captured in the MT and MTCO2
simulations.

5 Discussion

5.1 Comparison of proxies with modelled 580

To facilitate comparison, scatter plots of precipitation
8180 to speleothem and foraminifera 6§80 are in sup-
plementary Figures 7 and 8, and surface seawater §180 to
foraminifera 180 are in supplementary Figures 9 and 10.
In all plots, the LGM experiment has had 1%o subtracted
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Fig. 6 Preindustrial (Pl) July near surface temperature and anomalies between the iCESM experiments. a Pl, b Modified topography (MT)-PI,
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to account for the changes in §'%0 due to the growth of
ice sheets.

In the mainland China speleothems, it is expected that
a decrease in precipitation from the Asian Summer Mon-
soon will cause an increase in the §'%0 values (Wang
et al. 2008). The speleothems in Xiaobailong Cave and the
combined Sanbao and Hulu records (Wang et al. 2008)
indeed shows this, while the two other caves (Yangzi and
Luoshui) are not as affected (Table 1). In the iCESM LGM
simulation, we find an increase in §'80 in the summer
precipitation with respect to PI in Eastern China south
of 35°N and otherwise strongly negative values. The

modified topography experiments MT and MTCO?2 indi-
cate a complex interplay of partially opposing effects. In
mainland China, we find positive §80 anomalies in sum-
mer in the MT experiment and negative anomalies in the
MTCO2 experiment. Overall, the iCESM experiments
indicate that the positive §'80 found in the other caves
likely requires full LGM boundary conditions (namely
insolation changes and Northern Hemisphere ice sheets)
to properly simulate those the observed increased §'20, if
indeed the speleothem 680 values are a primary record
of summer precipitation. The modelled January values
actually more closely correspond to these data (Fig. 7).
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Fig. 7 Preindustrial (Pl) January precipitation §'80 and anomalies between the iCESM experiments. For the LGM experiment, 1%o has been
subtracted to account for the increase of §'80 due to the growth of ice sheets. a PI §'80, b Modified topography (MT) 8180, ¢ Modified topography
with lower CO, (MTCO2) 8180, d LGM 8'80 (Zhu et al. 2017), e MT=PI, f MTCO2-P, g MTCO2-MT, h LGM-PI, i LGM-MT, j LGM-MTCO2

All three experiments show a positive anomaly over the
location Xiaobailong Cave, and zero or weakly negative
anomaly in the location of the Yangzi and Luoshui caves.
Only the MTCO?2 experiment is unable to match the data
at Xiaobailong Cave.

In Japan, there are only two speleothem records that
cover both the late Holocene and LGM. The speleo-
them from the Sea of Japan side has a negative anomaly
(Fukugaguchi cave), while the one from the Pacific Ocean
side (Kiriana cave) is positive. The LGM precipitation
8180 anomaly is strongly negative (<—2%o) at both loca-
tions, and is insensitive to season (Fig. 7h, 8h). The pat-
tern exhibited in Japan most closely resembles the July
precipitation 880 values from the MT experiment. The
record from the Sea of Japan side of Japan likely is very
negative because of strong relationship with the Sea of
Japan ocean surface seawater 8180 values. However, in
the LGM experiment, the pattern more resembles Janu-
ary precipitation §'80, which has a positive anomaly
in the eastern side of Japan, and negative values on the
western side (Fig. 7h). In Okinawa, there is another

speleothem record from the LGM that can, however, only
be compared against modern measurements (Uemura
et al. 2016; Asami et al. 2021). If the modern values are
comparable to the late Holocene, this record indicates
there was a positive $180 anomaly at the LGM by as
much as 1.5%o after correcting for global ice volume. The
LGM experiments have large negative anomalies in both
January and July, inconsistent with this data. This value
is consistent with the MT experiment July precipitation
8180 (Fig. 8e).

The planktonic foraminifera 8180 values will be affected
by a number of parameters, including ocean temperature,
salinity, and latent seawater §'30, the later which will be
influenced by precipitation and runoff. Our modelling
results of ocean surface seawater §'0 only account for
latent seawater, so care must be taken when interpret-
ing the modelled values with the measured values from
foraminifera that can be affected by the other factors. The
foraminifera records in the Sea of Japan generally have a
negative anomaly in the LGM, while the Pacific Ocean is
positive, except the records near Taiwan and Okinawa.
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Fig. 8 Preindustrial (Pl) July precipitation §'0 and anomalies between the iCESM experiments. For the LGM experiment, 1%o has been subtracted
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Since the global ice volume is removed from these
records, it should reflect a more local source for changes,
or ocean temperature changes. Our modelling results
confirm that the lower sea level is responsible from the
sharply negative 8180 proxy values found in these records
in the Sea of Japan in all three experiments (Figure. 9).
This is despite the fact that lower surface temperatures
may cancel part of the signal. The surface seawater
8180 has a weakly negative anomaly in the locations of
the records in the South China Sea and Pacific Ocean,
though these data show mostly positive to zero anoma-
lies. The precipitation 680 in the LGM experiment in
July is positive in the South China Sea and negative else-
where in the location of these cores. The other foraminif-
era records east of Eastern Asia more closely resemble
the July precipitation §'80 from the MT experiment than
the ocean surface seawater §'80. This could indicate that
there is a summer precipitation signal in these records,
though a positive §'%0 anomaly can also indicate colder
water temperatures affecting the foraminifera calcite
8180. In eastern Japan, off the coast of Honshu, the values

most closely resemble the precipitation from January in
the LGM experiment. In this area, the impact of sea level
change on the §!30 are likely limited.

From our results, the LGM §'80 proxy records from
Eastern Asia may include a signal from precipitation
changes related to lower sea level, at least in areas proxi-
mal to the exposed East China Sea and the isolated Sea of
Japan. The summer monsoon on the near coastal Pacific
side of East Asia is dominated by changes in topography
caused by the exposure of the East China Sea and the clo-
sure of the Tsushima Strait. This causes increased precip-
itation in the East China Sea, South Korea, and the Pacific
side of Japan (Fig. 4). The areas east of Honshu Island in
Japan appear to be more related to winter precipitation,
and is likely not impacted by sea level change. In the Sea
of Japan and western Japan, the §!80 proxies are strongly
negative, which seems mostly related to the drop in sea
level that changed the seawater §'30 in the Sea of Japan
(Fig. 9). The large magnitude (>2%o) anomalies in the pre-
cipitation anomaly for much of Eastern Asia in the LGM
experiment make it difficult to absolutely conclude an
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influence of sea level changes on precipitation §'80 in the
mainland speleothems and Pacific coastal foraminifera
records.

5.2 Changes in the East Asian monsoons

Long-term shifts in the East Asian Monsoons are
strongly correlated to orbital forcing, namely precession.
This is modulated by the cooling due to the lowering of
greenhouse gases and the atmospheric effects of the ice
sheet topography and albedo, and the Atlantic Meridi-
onal Overturning Circulation. More locally, as we have
demonstrated, the exposure of the continental shelf and
the closure of the Tsushima Strait also had an effect of
shifting the summer monsoon front southwards. Since
much of this precipitation anomaly is centred over what
is now most of the East China Sea, there are few direct
proxies of this shift in the summer monsoon front. In the
winter, the model experiments show that the colder Sea
of Japan would reduce the winter monsoon precipitation

in Japan. This may explain why extensive glaciers did not
form in Japan during the LGM (Ono et al. 2005).

One of the main features that is likely the result of the
sea level changes is that the Baiu (early summer) precipi-
tation front appears to fork into two branches, one that
is directed towards the Korean Peninsula, the other that
extends along the east coast of Japan. This is possibly a
combined result of warmer temperatures over the East
China Sea and cooler temperatures over the Sea of Japan
(Fig. 6e). The westward branch is prominent in many cli-
mate model simulations of the LGM that includes sea
level changes (see the Supplementary Material). Sus-
tained summer precipitation on the Korean Peninsula
has been inferred from paleoenvironmental reconstruc-
tions (U et al. 2023). The Lake Biwa precipitation proxies
(Iwamoto and Inouchi 2007; Kuwae et al. 2004) indicate
generally lower precipitation, which may indicate that
this area was more under the influence of the lowered
precipitation regime of the Sea of Japan. No proxies exist



Gowan et al. Progress in Earth and Planetary Science (2025) 12:18

Page 13 of 19

Table 1 Speleothem-derived 8'80 values used in this study. §'80 values are relative to PDB or VPDB standards. Uncertainties are 1o

Cave name Longitude (°E)  Latitude (°N)  Holocene§'%0 (%0)  LGM§'80 (%0)  LGM-Holocene Reference
580 (%0)!

Xiaobailong cave 103.36 242 - 139+1.1 -11.0£07 19413 Caietal. (2015)
Yangzi cave 107.7833 29.7833 -82+05 —-76+04 -04+06 Wu et al. (2020)
Dongge cave 108.0833 25.2833 —-79+05 - - Cheng et al. (2009)
Luoshui cave 109.1167 29.7333 —-79+07 —-73+02 —-04+07 Wang et al. (2022)
Yaoba Don cave 109.83 288 - —-52+05 - Cosford et al. (2008)
Haozhu cave 109.9833 30.6833 - -78+02 - Zhang et al. (2016)
Sanbao cave 1104333 31.667 —-95+05 - - Wang et al. (2008)
Xiangshui cave 110.92 25.25 - —41+0.7 - Cosford et al. (2008)
Lianhua cave, Shanxi 113.7167 38.1667 -95+06 - - Dong et al. (2018)
Hulu cave 11917 325 - -63+03 - Cheng et al. (2006)
Maboroshi cave 133.2166 34.8166 —-74+03 - - Kato et al. (2021)
Kiriana cave 136.7666 346166 -59+0.2 —-38+0.2 1.1+03 Mori et al. (2018)
Ohtaki cave 136.9833 357333 -74+03 - - Mori et al. (2018)
Fukugaguchi cave 137.7998 36.9687 —-76+03 —-89+05 —-23+06 Sone et al. (2013);

Amekawa et al.

(2021)
Gyokusen cave 127.7492 26.1406 - -41+02 - Asami et al. (2021)

"Difference takes into account the 1%o change in 8'80 due to the volume of ice sheets at the LGM. §'80 values are relative to PDB or VPDB standards

on the eastern side of Japan can confirm the result of a
southward shift in the Baiu front.

We may understand the processes that make differ-
ences in the precipitation of July in and around the East
China Sea through the thermal and frictional differences
between the land and sea surfaces. The occurrence of
atmospheric convection would be favourable with the
increased temperature of the exposed land surface than
with low temperature of the sea surface. The large fric-
tion of the land surface can easily yield atmospheric con-
vergence near the surface, which induces upward flow,
compared to the small friction of the sea surface. The
frictional difference is also effective in producing cyclonic
circulation near the land—sea boundary of the East China
Sea by the southerly winds in July.

Clemens et al. (2018), who investigated the planktic
foraminifera 680 in core U1429, located adjacent to
Kyushu Island, demonstrated that it did not exhibit the
expected precession paced variations like the speleo-
them §'80 in China. Instead, the record had a stronger
obliquity (41,000 year) signal. Our results show that
the larger amount of summer precipitation due to the
exposure of the East China Sea shelf and/or isolation
of the Sea of Japan can explain this. Since Northern
Hemisphere ice sheet fluctuations are more strongly
influenced by obliquity (Huybers and Wunsch 2005), it
would also mean that the exposure of the shelf would
also be controlled by this factor. In this case, the East
Asian Summer Monsoon is only locally affected by sea

level changes (and therefore ice sheet changes), rather
than the entire monsoon system. In a situation where
the Northern Hemisphere summer insolation was low
and ice sheets were relatively small (such as in Marine
Isotope Stage (MIS) 5d, 116-109 ka), this rainfall pat-
tern would likely not exist.

The LGM experiment shows much greater changes
to precipitation patterns than the MT and MTCO02
experiments, which demonstrate that the overall posi-
tion of the East Asian summer and winter monsoons
is controlled by insolation and changes to Northern
Hemisphere ice sheets. The increased summer precipi-
tation anomaly in the East China Sea still exists in the
LGM experiment (Fig. 4h), but the global scale climate
changes reduce its amplitude compared to the MT and
MTCO?2 experiments. The reduction in precipitation in
the area around Japan appears to be more strongly con-
trolled by the lower sea level, and the anomaly of the
LGM experiment with respect to the MTCO2 experi-
ment is close to 0 mm/day (Fig. 3j).

In the supplementary materials, we present the Janu-
ary and July anomalies with respect to preindustrial from
two PMIP4 compliant LGM simulations by the MIROC
(Hasumi et al. 2004; Sherriff-Tadano and Abe-Ouchi
2020) and AWI-ESM (Stevens et al. 2013; Danilov et al.
2017; Scholz et al. 2019; Sidorenko et al. 2019) mod-
els using the PaleoMIST topography reconstruction.
The notable difference of the setup of these models is
that the AWI-ESM experiment changes the land—ocean
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Table 2 Sediment cores and marine planktic foraminifera values 8'80 used in this study. §'80 values are relative to PDB or VPDB

standards. Uncertainties are 1o

Core name Longitude (°E) Latitude (°N) Species Holocene §'80 LGM §'80 LGM- Reference
(%0) (%o0) Holocene
880 (%o)'
Core 17940-1/2 1173833 20.1167 Globigerinoides —-25+02 —1.2+0.1 03+0.2 Wang et al. (1999)
ruber
A7 126.9783 2782 Globigerinoides —-22+02 - - Sun et al. (2005)
ruber
KT94-15 PCO9 GH93  139.4068 39.5727 Globigerina umbili-  2.0+0.8 21+£06 -09+10 Xu and Oda (1999)
KI-5 cata
C11,C21,C26 131 36.5 Neogloboquadrina  22+0.2 0.6+0.5 —26+05 Kim et al. (2000)
pachyderma
C11,C21,C26 131 36.5 Globigerina 25402 0.6+0.5 —29+405 Kim et al. (2000)
bulloides
MDO01-2421 141.78 36.0233 Globigerina -00+03 24406 14407 Oba et al. (2006)
bulloides
MDO01-2421 141.78 36.0233 Globorotalia inflata 0.7 +0.2 23+03 06+04 Oba et al. (2006)
U1429 128.9975 31617333 Globigerinoides —-24+0.2 —-0.7%0.1 0.7+0.2 Clemens et al. (2018)
ruber
KT90-9, 21 144.3167 4245 Globigerina 24+02 - - Oba and Murayama
bulloides (2004)
KT90-9, 5 143.5167 41.1167 Globigerina 20+05 32403 02+06 Oba and Murayama
bulloides (2004)
KH94-3, LM-8 143.3667 38.8833 Globigerina 1.1£06 30+03 09+0.7 Oba and Murayama
bulloides (2004)
S0204B 115.34 19.85 Globigerinoides -26+02 —14+0.1 02+02 Yang et al. (2020)
ruber
S02048B 115.34 19.85 Globigerina 08+03 0.8+0.0 -1.0+03 Yang et al. (2020)
bulloides
PC-1 1284133 314583 Globigerinoides -21+£04 -03+03 08+05 Chang et al. (2015)
ruber
ODP 1145 117.631 19.5840 Globigerinoides —-24+02 -09+02 0.5+03 Oppo and Sun
ruber (2005)
ODP 1146 116.2667 19.45 Globigerinoides —-25+0.1 -1.1+£02 04+02 Caballero-Gill et al.
ruber (2012)
pPC4 142.4003 411183 Neogloboquadrina 2.1 +0.1 35+0.1 04+0.1 Hoshiba et al. (2006)
pachyderma
123 134.31 40.19 Neoglobogquadrina  3.3+0.6 20+05 —-23+08 Gorbarenko et al.
pachyderma (2022)
M12 138.1383 37.5348 Globigerina 09+03 1.3+05 -06+06 Gorbarenko et al.
bulloides (2022)
-1 134.31 40.19 Neogloboquadrina ~ 2.9+0.2 1.7+£05 —-22+05 Gorbarenko et al.
pachyderma (2022)
L3 139.9483 47.04 Neogloboquadrina ~ 3.3+0.2 18405 —-25+05 Gorbarenko et al.
pachyderma (2022)
L3 139.9483 47.04 Globigerina - 13+04 - Gorbarenko et al.
bulloides (2022)
L33 139.05 46.48 Neogloboquadrina ~ 3.1+0.1 21+03 -20+03 Gorbarenko et al.
pachyderma (2022)
DGKS9603 127.2706 28.14781 Globigerinoides -23+03 -08+02 05+04 Lietal. (2001)
ruber
DGKS9603 127.2706 28.14781 Neogloboquadrina  —1.0+0.2 03+0.2 03+03 Lietal (2001)
dutertrei
KT05-9p2 135.8667 39.4667 Neogloboquadrina  2.9+0.0 30400 -09+00 Minoura et al.
pachyderma (2012)
KH82-4-14 129.035 31.74 Globigerina -07+02 09+0.2 06+0.3 Xu and Oda
bulloides (1999)
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CH84-14 142.55 41.7333 Globigerina
bulloides

MDO01-2407 134.1833 37.1833 Neogloboquadrina
pachyderma

MDO01-2407 134.1833 37.1833 Globigerina
bulloides

ODP 1202 1225 248 Neogloboquadrina

dutertrei

23+0.1 - - Kallel et al. (1988)

1.0+£0.2 1.8+£0.5 -02+05 Yokoyama et al.
(2007)

- 1.6+04 - Yokoyama et al.
(2007)

-1.1£02 -0.1£02 00+0.3 Wei et al. (2005)

Difference takes into account the 1%o change in §'80 due to the volume of ice sheets at the LGM

geometry to account for the effects of the lower sea level,
while MIROC uses the present-day ocean—land configu-
ration (e.g. only modifying the ice sheet geometry). One
of the qualitative differences between these simulations
is that there is a large positive precipitation anomaly in
the East China Sea in July for AWI-ESM, while MIROC
does not have this. In January, the MIROC result also
does not show the lower precipitation anomaly in the Sea
of Japan and western Japan, while the AWI-ESM result
does. These results provide support that sea level changes
locally impact the precipitation during the LGM.

The implication of this change is that it may be difficult
to assess the future trajectory of rainfall patterns in the
Japan and coastal Eastern Asia region by comparing with
the changes between the LGM and present. The changes
in the past in this area were at least partially governed
by sea level changes, compared to future changes that
will be dominantly controlled by increased atmospheric
greenhouse gas concentrations. Untangling the relative
contribution of sea level induced changes and global cli-
mate changes in the proxy records from this region may
not be possible.

5.3 Effect of CO, changes

The MTCO2 experiment was intended to show if the
impacts of the topography changes on the climate in
Eastern Asia during the LGM could be cancelled out
by globally lower temperatures due to lower atmos-
pheric CO». In the East China Sea region, the MTCO2
experiment has lower summer temperature (Fig. 6d),
and it does somewhat lower the precipitation anom-
aly observed there compared with the MT experiment
(Fig. 4g). The MTCO2 experiment has a very large nega-
tive precipitation anomaly in the South China Sea com-
pared to the MT experiment (Fig. 4g). This appears to be
due to a southeastward shift in the summer intertropical
convergence zone (ITCZ). During the winter, there is no
apparent difference between the MT and MTCO?2 exper-
iments, showing the dominance of lowering sea level
to controlling the winter monsoon regime in the area
around Japan (Fig. 3g). The lack of a stronger response

in the MTCO2 demonstrates that CO, change does not
drive large changes in the East Asian monsoons. This is
consistent with the Chinese speleothem record, which
shows that the position of the East Asian Summer Mon-
soon is largely controlled by Northern Hemisphere inso-
lation (Wang et al. 2008).

The precipitation §'80 in continental regions is gen-
erally decreased in both the winter and summer (Fig. 7f,
8f) in the MTCO2 experiment. This is mostly due to the
impact of lowered temperatures. This more than com-
pensates for the increase in continental precipitation
8180 in the experiment when only the topography is
modified (Fig. 8e). The lowered CO3 has little impact in
the sea surface seawater 180 in the Sea of Japan (Fig. 9f),
demonstrating the dominance of sea level impacts on the
8180 on depleting the oxygen isotopes, despite some rela-
tive decrease in precipitation in the MTCO2 experiment.
Although there is greatly depleted precipitation §180 in
exposed shelf regions, the continental precipitation 180
signal is still dominated by global climatic changes.

5.4 Sea level changes

The oxygen isotope values in the Sea of Japan are inti-
mately linked with sea level changes. Planktic foraminif-
era 8180 values decrease by 2—3%o when sea level falls
enough to prevent significant Pacific inflow into the Sea
of Japan (Sagawa et al. 2018). From our results, in the
absence of other external forcings, the drop in sea level is
sufficient to explain the isotopic changes. The long-term
proxy records in the Sea of Japan can therefore be used as
a way to assess global ice volume even in the absence of
strong climatic changes. As an example, the record from
Sagawa et al. (2018) shows sharp light seawater oxygen
isotope anomalies in the glacial periods of the LGM, and
the MIS 6 (190-130 ka) and 10 (370-330 ka) glacial peri-
ods. The MIS 8 (300-240 ka) glacial period has a much
smaller peak, indicating that the global ice volume was
not as large. There is no anomaly during the MIS 4 (75—
55 ka) glaciation, which was estimated by Gowan et al.
(2021) to have a sea level equivalent (SLE) ice volume of
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about 73 m (compared to the LGM estimate of 107 m).
If this value is correct, it suggests that global ice volume
must exceed 73 m SLE to produce the light oxygen iso-
tope signature in the Sea of Japan. Given that the MIS 8
glaciation had a smaller anomaly than the other glacia-
tions, it must have just barely achieved the threshold.

6 Conclusions

The results of our study demonstrate that the East Asian
winter and summer monsoon are affected by sea level
changes, even with this exclusion of other factors such
as insolation, ice sheets, and greenhouse gases. Many
climate model simulations of the LGM show a large
summer rainfall anomaly in the East China Sea and
south of Kyushu Island. This can be attributed to the
exposure of the East China Sea and isolation of the Sea
of Japan due to sea level fall. The oxygen isotope analy-
sis shows that the sea level fall can also explain the §1%0
values observed in planktic foraminifera in the Sea of
Japan. The lower sea level also causes a decrease in win-
ter precipitation in Japan, driven by lowered sea surface
temperatures. A reduction in atmospheric CO; con-
centrations reduces the impact of the exposure of East
China Sea to increase the summer rainfall. An overall
cooler climate caused by the reduction in CO; causes
a further reduction of summer rainfall in the northern
South China Sea, likely caused by a southward shift in
the summer ITCZ. For climate model simulations that
do not include the sea level fall during the LGM, it is
unlikely that the pattern of precipitation 180 changes
will be well represented in the coastal areas of Eastern
Asia. In continental regions of Asia, the impact of sea
level change is not as substantial, and the oxygen iso-
tope proxies are likely recording a predominantly global
climate change signal.
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