communications
earth & environment

ARTICLE (B crock o pstes

Holocene extreme hydroclimate events in the
Asian monsoon region were more frequent during
cooler intervals
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The areas affected by the East and South Asian monsoons contain almost half the world's
population. Understanding natural variability in these monsoons under warmer climates is
critical for managing future changes. Here we present a high-resolution record of Holocene
drought events derived from lake level changes in the South Asian monsoon region. By
combining the published storm events in the East Asian monsoon region, we demonstrate
that extreme hydroclimate events frequently occurred within a ca. 500-year cycle during the
cool early-late Holocene, exhibiting a fierce Asian monsoon. In contrast, there were fewer
extreme hydroclimate events during the warm mid-Holocene period. We propose that tro-
pical temperatures and air-sea interaction in the Indo-Pacific Oceans are responsible for the
occurrences of centennial-scale extreme events. Our findings suggest that tropical influences
can module climate responses in monsoon regions, and the Asian monsoon may be more
peaceful than hitherto expected under future global warming scenarios.
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have widespread impacts on economic and social develop-

ment, as well as food security in the Asian monsoon regions.
These regions consist of the South Asian monsoon and East Asian
monsoon subsystems, which account for almost half of the
population of the world!-2. It is therefore important to understand
how extreme hydroclimate events in the Asian monsoon regions
may change under expected future warming®3. Projecting
extreme hydroclimate events based on climate models is common
in Asian monsoon regions under future global warming®*.
However, there are obvious uncertainties in simulating future
extreme events using the current generation of models>°. Sce-
nario and model uncertainties lead to remarkable variability in
projecting extreme precipitation>’. Examining climate events
during warm intervals in the recent geological past is a widely
used approach to attempting to resolve these challenges®?.

The latest warm period, the Holocene, provides an oppor-
tunity to better understand the natural rhythm of extreme
hydroclimate events in the Asian monsoon regions as well as
their potential forcings®10. Over the past several decades,
paleoclimate studies have mainly focused on the sub-orbital
scale Asian monsoon evolution over the Holocene!l-16. It is
generally accepted that the Asian monsoon was strong during
the early to middle Holocene and then weakened!!-16. How-
ever, the question of how centennial-scale extreme hydroclimate
events have varied over the Holocene is still unclear due to the
lack of high-resolution climate records from many areas!”:18,
Scattered paleoclimatic records from the East Asian monsoon
have shown that extreme rainfall events occurred asynchro-
nously with a 500-y quasi-periodicity in central and northeast
Chinal?-21. The scarcity of high-quality centennial-scale climate
records from the South Asian monsoon domain limits the
understanding of extreme hydroclimate events change across
the wider Asian monsoon region.

The main reason for this deficiency is the poor sensitivity of
existing records to extreme hydroclimate events. As widely used
geological records for Asian monsoon intensity, §!80 variation
in stalagmite and lacustrine carbonate is predominately con-
trolled by large-scale atmospheric circulation, which makes
them only reliable for recording mean climate trends but not
extreme events?2. In tropical South Asian monsoon regions,
where water availability is always enough for biological growth,
frequently used biological proxies such as pollen have delayed
responses and are relatively insensitive to centennial-scale cli-
mate events?3-2°.

To address this, we present a continuous record of drought
events during the Holocene based on lake level change from
enclosed freshwater Lake Ximenglongtan (XMLT, 22°38'26" N,
99°35’45” E), which is located on the northeastern margin of the
South Asian monsoon domain (Fig. 1). This record is well-
constrained by radiocarbon dating using plant residues (Supple-
mentary Fig. 1). Investigations of modern processes demonstrate
that lake level changes are the dominant control on the dis-
tribution of the >32 um% (GS32) of sediments. Further, com-
parison with modern instrument records was used to validate the
sensitivity of lake level change to drought events for GS32 in
sediment core dated by radionuclide 219Pb and 137Cs (Supple-
mentary Fig. 2). By combining with published high-resolution
extreme rainfall records from the East Asian monsoon regions,
we investigate similarities and differences in the frequency and
intensity of events and explore the phase relationship between
extreme hydroclimate events in the two main Asian monsoon
sub-regions. Finally, by comparing our results with tropical
temperature variability and ocean-air interactions in the Indo-
Pacific sectors, the potential mechanisms for extreme hydro-
climate events are explored.

E xtreme hydroclimate events, primarily droughts and floods,

Results and discussion

Grain size indicates lake level change. Grain size sensitively
records lake level change in this small enclosed lake. Generally,
the near-shore shallow water zone has higher hydraulic energy
than the off-shore deeper water zone, resulting in a ring-shaped
distribution of grain size with fine grain fractions increasing from
the near-shore to the lake center26. This was supported by
modern investigation of Lake XMLT, which shows that finer
grains deposit in the lake center and coarser sand grains settle at
the lakeside (Fig. 2a). Therefore, when the lake level declines, the
distance between the lakeside and lake center (our Holocene
sediment core site) will decrease which facilitates the deposition
of the larger grains in the lake center sediments. Therefore, grain
size components are sensitive to lake water level variations. In
contrast to the previous use of Holocene sedimentary cores to
distinguish the grain size components sensitive to lake level
changes?’, we apply a strategy that compares modern sediment
distribution observations with past data to extract grain size
components sensitive to water depth!3.

In this study, we present the >32 pm% grain-size fraction (GS32)
of sediments from the lake center (deepest area) to resolve lake
level changes based on the investigation of grain size in modern
surficial sediments. The analysis of the grain size standard
deviation in the surface sediments shows that measuring the
percentage of particles larger than ~32um provides a sensitive
indicator of lake depth (Fig. 2 and Supplementary Fig. 3). Nearly all
particle sizes of the sediments are finer than 32 um from the deep-
water areas and coarser than 32 um in shallow-water areas (Fig. 2a
and Supplementary Fig. 3). This phenomenon is very similar to
observations in our previous study?” where >35.5 um was used as
the marker grain size. Further, a significant statistical correlation
(R2=0.97, n =128, p<0.001) between the GS32 and water depth
also confirms that GS32 in the lake center sediment is a sensitive
proxy of lake level changes with higher GS32 indicating lower lake
water depth and shrinking lake area (Fig. 2d). The regression
equation, lake water depth (m) = —0.1859 x GS32 4 17.56 (EQ 1),
can be used to predict lake level change.

Lake siltation also does change the grain size characteristics of
sediments across the Holocene. However, we still conclude that
the >32 pm component is insensitive to the ~10 m infilling of the
lakebed since the early Holocene (Supplementary Fig. 1) based on
several reasons. First, the offshore distance and slope also exert a
primary influence on grain size changes. When the minimum
offshore distance to the sample site is less than 130 m, the surface
sediments’ GS32 show a strong correlation with the minimum
offshore distance (Fig. 2¢), indicating a prominent slope input
and local hydrodynamic control. However, beyond the threshold
of 130 m, there is almost no correlation between the minimum
offshore distance and GS32 in surface sediments (Fig. 2c).
Similarly, in flat lakebeds with water depths exceeding 16 m, both
GS32 and water depth exhibit a poor correlation (Supplementary
Fig. 4). These findings suggest that GS32 is primarily sensitive in
inshore areas. Second, when the lake reaches its maximum depth
of 16-18 m, the GS32 value in the surficial sediments averages
around 5.4%, which is approaching 0%. This observation implies
that the GS32 value could not have been lower even at greater
water depths (>18 m) that occurred during the early Holocene.
Additionally, we utilize a threshold of 7% GS32 to identify
extreme events during the Holocene, and this threshold is
predominantly observed in lakebeds with water depths below
16 m rather than the deeper lakebed in modern sediments. These
observations strengthen the conclusion that the GS32 value is not
sensitive to variations in the deep water zone (>16 m) of Lake
XMLT. Third, it is theoretically expected that lake siltation would
lead to shallower water depths and coarser grain sizes. However,
the median grain size data does not support a gradual trend of
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Fig. 1 Asian monsoon circulation and studied Lake XMLT. a Asian monsoon wind field at 850 hPa from May to September. The red star indicates the site
of Lake XMLT, and the white circles indicate the sites of paleoclimatic records mentioned in the text. 1, Heshang Cave; 2, Xinya Cave; 3, Dongge Cave; 4,
Lake Tiancai; 5, Lake Twintaung; 6, Pindar basin; 7, SO189-39KL; 8, BAO3 stalagmite. b Bathymetry of Lake XMLT, the red star indicates the coring
sampling site, and the gray circles indicate the sites of surface sediment samples.
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Fig. 2 Distribution of grain size at different lake water depths. a Distribution curve of grain size in modern surface sediments with different lake depths
(solid curves) and Holocene sediments (dashed curves). b Standard deviation diagram of 28 surficial sediments at Lake XMLT. ¢ The relation between
minimum distance offshore (m) and GS32 (>32 um%) in 28 surficial sediments (diamonds). Two classes were separated based on the minimum distance
offshore of ~130 m. When the minimum distance offshore is lower than 130 m, the minimum distance offshore is very well correlated with GS32 (blue
diamonds); in any case, there is no correlation (green diamonds). d Linear correlation between lake water depth and GS32 (>32 pm%) in 28 surficial

sediments at Lake XMLT (circles).

coarsening (Supplementary Fig. 5) associated with the approxi-
mately 10-m siltation across the Holocene (Supplementary Fig. 1).
This suggests that once the water depth reaches a certain level,
potentially around 16 m, variations in grain size are primarily
governed by offshore distance rather than lake depth. Therefore,
EQ1 is primarily applicable for estimating the relative change of
the lake drop concerning the outlet sites (the modern maximum

water depth of 18 m and an elevation of 1140 m above sea level)
rather than determining the absolute depth of the lake.

We believe that strong rainfall has limited influence on changes
in the GS32 value of lake center sediments. First, as Lake XMLT is
an enclosed freshwater lake, there is a threshold for the elevation
of the highest lake level, which is consistent with the present lake
level, even during a very strong rainfall event. During strong
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rainfall, the isolation of the lake center makes it difficult for coarse
sediments to reach the middle of the lake. This is supported by
the sediment sizes in the lake center during modern high lake
levels (Fig. 2). Second, while Lake XMLT has a perennial small
inflow from its southwestern slope, there is no large stream
entering the lake, and the dense vegetation cover in the catchment
of Lake XMLT reduces the over-land transfer of coarse-grained
soil from the slopes to the lake?”. Third, there are no monitoring
data on the change of the lake level in Lake XMLT, and the
change of lake level is difficult to obtain through remote sensing
due to the very small area and steep lake shore. However, a
consistent trend between high GS32 and low lake levels is
indirectly reflected by the regional meteorological data since AD
200228, including decreased mean annual precipitation, strong
evapotranspiration, and low effective moisture (Fig. 3). Finally,
the extraordinarily high GS32 in the Holocene sediments is often
accompanied by plentiful of woody debris, which is only observed
in the littoral deposits. Both sediment types strikingly resemble
the characteristics of modern surface sediments in near-shore
shallow-water areas.

In summary, the small catchment area and the high vegetation
coverage in Lake XMLT limit the transportation of coarser
particles from the catchment into the lake center during the high
lake levels. It should be noted that the lake will overflow when the
lake level exceeds its current level (18 m depth and 1140 m a.s.l),
and thus the GS32 can not document the higher lake levels than
the present. However, the peaks of GS32 content in core
sediments undoubtedly capture the lower lake level intervals.
Conbinations of the unique characteristics of the lakebed and
surrounding catchment, as well as the investigations of modern
deposition processes, strongly support the inference that GS32 in
the lake center area is a sensitive proxy of low lake-level change.
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Fig. 3 Verification of geological GS32 record using instrumental record.
Comparison between GS32 a from the sediment core at Lake XMLT
constrained by 210Pb-137Cs chronology (Supplementary Fig. 2) and regional
instrumental data, including mean annual precipitation (b),
evapotranspiration (c), and effective moisture from the difference between
precipitation and evapotranspiration (d) since AD 1960 in Yunnan province,
China28. The thick lines are values of 5y of smoothing.

Holocene Asian monsoon extreme hydroclimate events. We
defined Holocene extreme drought events in Lake XMLT using
modern climate constraints. Regional average MAP in Yunnan
Province based on meteorological stations declined from
1130 mm to 1050 mm from 1967 to 2002 AD?8 (Fig. 3). Similarly,
the lake level declined by 0.6 m as indicated by GS32 in the
sediment of Lake XMLT, which increased from 3.6% between
1967 and 2002 to 6.9% after 2002 (Fig. 3). In particular, well-
described drought events happened between 2009 and 2012
AD?%2%, where MAP declined by approximately 15%, and GS32
increased to 7.1% compared with their average value between
1967 and 2002 (Fig. 3). Consequently, we used 7% of GS32 as a
threshold for severe drought events during the Holocene. Namely,
during the Holocene, only when GS32 exceeds 7%, we consider a
severe drought event happened.

Based on the variation of GS32 from Lake XMLT sediments,
we reconstruct the lake level change across the Holocene. We first
estimate the lake water’s maximum depth using the EQ1 and then
calculate the lake level anomaly relative to the present maximum
depth of ~18 m. The results show that three severe drought events
were observed in the early Holocene at around 7.1, 7.5, and 8.0 cal
ka BP, and five occurred at 0.3, 0.8, 1.6, 2.1, and 2.7 cal ka BP
during the late Holocene (Fig. 4). These events were characterized
by high GS32 values ranging between 21% and 76% with an
average of 39%. The lake level is inferred to have dropped by an
average of 10+ 1.2m ranging from 4m to 14m during these
episodes. In contrast, almost all the GS32 values in the middle
Holocene sediments are lower than 7%, and the dropping of lake
level is lower than 2 m, indicating a relatively constant high lake
level similar to the present. All these results indicate that frequent
drought events occurred in the early and late Holocene, while
drought events were rare during the middle Holocene. It should
be noted that we have chosen to define the boundaries of the late,
middle, and early Holocene as 3.0 ka and 7.0 ka, respectively. This
differs from the 4.2ka and 8.2 ka boundaries proposed by the
Global Boundary Stratotype Section and Point. Our selection was
motivated by the aim of better demonstrating the changes in
extreme hydroclimate events within the Asian monsoon region.

Our observations are also supported by multiple paleoclimatic
records in the South Asian monsoon region (Fig. 4). The chemical
index of alteration (CIA) in Lake Tiancai indicates a frequent
disturbance in chemical weathering after 3.0 cal ka BP, corre-
sponding to more frequent cold and dry climate events during the
late Holocene®. Similarly, the end-member modeling of Lake
Bednikund in the central Himalayas3! reveals that the content of
coarse silt (EM1) reached peaks at ~2830-2610, ~1860-1050,
~760-580, and ~500-320 caly BP. These peaks suggest abrupt
declines in lake levels, which is nearly synchronous with the
drought events documented in Lake XMLT (Fig. 4). Frequent
extreme drought events during the late Holocene have also been
observed in the southeastern Asian monsoon region through the
pollen and biomarker records®233, and paleolimnological records
in central India% In contrast, all those proxies show less
fluctuating climate conditions during the middle Holocene30-33,
It is important to note that there may be some age discrepancies
regarding the onset and duration of drought events, which may
be attributable to dating uncertainties. Additionally, slight
differences in the early Holocene among these records are
possible due to variations in lake environments and the sensitivity
of certain proxies to extreme events throughout the Holocene,
particularly considering continuous sedimentation since the early
Holocene. Nevertheless, the consistent evidence of frequent
extreme hydroclimate events during the late Holocene, as
recorded by various proxies in different regions, supports the
notion that our GS32 record should be sensitive to reflecting such
extreme events.
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Fig. 4 Holocene extreme hydroclimate events in the South Asian monsoon regions. a Grain size end-members 1 of lake sediments from the central
Himalaya3!. b The 8'3C5;.35 records from Lake Twintaung in Southeast Asia32. ¢ Chemical alteration index (CIA) from Lake Tiancai, the northeast margin of
the South Asian monsoon region30. d GS32 (>32 um%) from Lake XMLT, the northeast margin of the South Asian monsoon region (this study).

Most importantly, the Holocene drought events inferred from
the lake level changes at XMLT in the South Asian monsoon
region align well with extreme rainfall events as derived from
absolute-dated stalagmites in the distal East Asian monsoon
region (Fig. 5a)?l. Extreme rainfall events were indicated
by IRMgofi-fiux, the flux of isothermal remanent magnetization
IRM,,f, Which is traced to the variation in the flux of soil-derived
magnetite particles per year?l. Both results show that extreme
rainfall events in central China and drought events in the South
Asian monsoon region occurred frequently during the early and
late Holocene (Fig. 5). There is also a remarkable 500-y
periodicity in both records (Fig. 6). These coherences enhance
the credibility of the reduced lake levels at Lake XMLT as the
proxy for the regional severe drought events and enable us to
further explore the relationships between the extreme hydro-
climate events in the South Asian and East Asia monsoon regions.

It is noteworthy that the occurrence of drought events in the
South Asian monsoon region is often associated with extreme
rainfall events in central China, which is part of the East Asian
monsoon region. During the early Holocene, there are generally
synchronous peaks between extreme rainfall events in the
East Asian monsoon region and severe drought events in the
South Asian monsoon region centered at 7.1 and 8.0 cal ka BP
(Fig. 5a). However, during the late Holocene after 3.0 cal ka
BP, the phase relationship of extreme hydroclimate events in the
two monsoon regions became complex and even out of phase.
Due to the insensitivity of IRMof fux to drought events, we
further compared our lake level changes with a high-resolution
813C record from a stalagmite in Xinya Cave, which is close to
the Hesang Cave, Central China®®. Drought occurred simulta-
neously around 0.3, 0.8, and 1.6cal ka BP in both regions. In
contrast, around 1.2 and 2.7cal ka BP, both regions are
antiphases (Fig. 7).

In summary, extreme hydroclimate events frequently occur
with a ca. 500-y cycle during the early and late Holocene and are
rare during the middle Holocene in the whole Asian monsoon
region. The correlation in extreme hydroclimate events between
the South Asian monsoon and central China East Asian monsoon

is generally anti-phased during the early Holocene but compli-
cated during the late Holocene.

Drivers of Asian monsoon extreme drought events during the
Holocene. Ocean-air interactions in the tropical Indo-Pacific
sectors, including the El Nifio-Southern Oscillation (ENSO) and
the Indian Ocean Dipole (IOD), and tropical temperature
anomalies have synergistic effects on extreme hydroclimate events
in the Asian monsoon regions2!-36-38, Generally, during positive
ENSO (El Nifio phase) and positive IOD phases, there is an
anomalous decreasing sea surface temperature gradient across the
tropical Indo-Pacific sectors, which results in a weakened Walker
circulation3®3%, This, in turn, triggers an anomalous anticyclone
extending from the tropical northwest Pacific to the eastern flank
of the Tibetan Plateau, leading to drought conditions across most
Asian monsoon areas and flooding in Central China2!,36:40,
Alternatively, negative ENSO (La Nifia phase) and negative IOD
will cause the opposite effect?1:36:40, Therefore, an antiphase
relationship in the extreme hydroclimate variability is usually
observed between the South Asian monsoon and central China of
the East Asian monsoon regions.

Many Holocene paleo-ENSO and IOD records support this
hypothesis#!=4°. During the late Holocene, the §!80 variances of
fossil coral, foraminifera, and stalagmite support strengthened
ENSO activity*24345, Lake deposits from Ecuador?! and the
Galapagos Islands#® and model results** document strong ENSO
during the late Holocene. Geological and climate model results
(Fig. 3¢c)*1-4> also show a reduction in ENSO intensity during the
middle Holocene. Intrashell oxygen isotope of sea shells from
coastal southern Peru documented strong El Nifo events during
the early Holocene*”. Although Holocene IOD records are very
rare*8, JOD and ENSO have been frequently coupled over the last
millennium#® (Fig. 7d). Thus, we inferred the Holocene IOD is
also a paired change to ENSO. The temperature gradient (AT)
between surface sea temperature and thermocline temperature in
western Sumatra was much higher after 3.0 ka BP, which reflects
a more negative IOD mean state during the middle Holocene and
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Fig. 5 Holocene Asian monsoon extreme hydroclimate events and related forcing. a Extreme hydroclimate events derived from the change in lake level at
Lake XMLT in the South Asian monsoon region (ocean blue line, this study) and IRMsofi-riux 0f Hesang cave in the East Asian monsoon region (green line)?2.
Note that extreme hydroclimate events are opposed between East Asian monsoon and South Asian monsoon in the axis of ordinates. b Holocene Indian
Ocean Dipole (I0OD) change is indicated by the temperature gradient (AT) between surface sea temperature (SST) and thermocline temperature (TT) in
western Sumatra, Indian Ocean®C. The higher AT indicates a positive IOP-like state (plOD). ¢ ENSO changes are indicated by events per 100y from
sedimentation record in Laguna Pallcacocha, southern Ecuador (green line)#! and stalagmite §'80 estimates based on the standard deviation of the 2-7y
band in Malaysian Borneo, western Pacific warm pool42. d ENSO changes are indicated by the change in coral 8'80 stdev of the 2-7 y band in Line Islands#3
and Foraminiferal 8180 variance in V21-30, Eastern Equatorial Pacific*®. e Temperature anomaly in the tropics (red line)># and Asian monsoon intensity
from stalagmite 8'80 in Dongge cave (green line)'?. The vertical band indicates the mid-Holocene warm period.
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a more positive IOD mean state during the late Holocene
(Fig. 5b)°0. Although the amplitude of AT changes was larger
before 3.0ka BP, a relatively steady negative IOD mean state
during the middle Holocene might have enhanced the South
Asian monsoonal precipitation and limited the occurrence of
drought events. During the late Holocene, largely positive IOD
conditions especially superimposed with the high-frequency
fluctuations, should have facilitated the frequent occurrence of
drought events. Additionally, due to the limited record length, it
is challenging to fully capture the IOD signal covering the entire
early Holocene. However, during the 7-7.5ka period, AT is

15 15
~500y

129 r12
s & Lake XMLT
% 9] 9 T
2 X 95%CL
[0 [
2 61 6 2 ——Heshang Cave
o o

3] g 95%CL

hdeosige
0 T T T 0
50 500 5000

Periods (years)

Fig. 6 Approximately 500 y-cycle of extreme hydroclimate events. Power
spectrum analysis of lake level changes at Lake XMLT from the South Asian
monsoon region (blue lines, this study) and IRMsoft-flux of Hesang Cave
from the East Asian monsoon region (orange lines)2!. Dashed lines have a
95% confidence level (CL). Only the ~500-y peak exceeds 95% confidence.

slightly higher than that (it has a maximum of 5.5 °C) of the mid-
Holocene (maximum of 5.0 °C)0. Therefore, we inferred that the
IOD exhibited a positive phase during the early and late Holocene
periods, which favored the occurrence of extreme hydroclimate
events in the Asian monsoon region. In summary, although there
are still discrepancies regarding the paleo-ENSO and IOD
variabilities, it is generally agreed that the ENSO and IOD
variabilities are strong during the early and late Holocene and
weak during the middle Holocene*!-47.

The strong ENSO and IOD variabilities during the early and
late Holocene are consistent with the frequent occurrence of
extreme hydroclimate events in the Asian monsoon region.
Frequent occurrence of drought events in the South Asian
monsoon region and extreme rainfall events in central China of
the East Asian monsoon region during the early and late
Holocene also support the effect of ENSO and IOD on extreme
hydroclimate events in the Asian monsoon region (Fig. 5d). The
weak ENSO and IOD variabilities during the middle Holocene
correspond to a reliable but quiescent Asian monsoon (Fig. 5d).
Furthermore, ~500 y cycles of both extreme hydroclimate events
in both Asian monsoon regions (Fig. 6) are also consistent with
the cycles of Holocene modeled ENSO activity*4. Although there
are ~500-y solar cycles that fit our periodicity, it is hard to explain
the quiescent Asian monsoon during the middle Holocene>!.

In this context, special attention should be paid to the
contemporaneous drought events that occurred in both Asian
monsoon sub-regions after 3.0cal ka BP (Fig. 7). This
phenomenon cannot be simply explained by the variability of
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ocean-air interactions in the tropical Indo-Pacific, which would
result in an antiphase relation in the extreme hydroclimate
conditions in both monsoon sub-regions?136:40. For instance,
strong ENSO and IOD at 0.3 and 0.8 ka inferred by moving 30-y
standard deviations of coral §'80%34° should cause drought in
Lake XMLT of the South Asian monsoon region and extreme
rainfall in both Xinya and Hesang caves in Central China, while
Central China yields a drought signal at this time (Fig. 7).
Therefore, air-sea interactions alone cannot fully explain extreme
climatic events in the Holocene.

In addition to air-sea interactions, we propose that tropical
temperature change also plays an important role in extreme
hydroclimate events!3>2. Clausius-Clapeyron equation states that
a 7% increase in integrated water vapor for every degree Celsius
results in a 2-3% increase in precipitation, subject to energetic
constraints. This means that lower temperatures will decrease
atmospheric moisture and precipitation significantly®3. The co-
occurrence of drought events in both Asian monsoon sub-regions
around 1.6, 0.8, and 0.3 cal ka BP is closely associated with cool
phases in the tropics®* (Fig. 7). Across the Holocene, warm
tropics during the middle Holocene also correlates to a quiescent
Asian monsoon and cool tropics during the early and late
Holocene correlates to a fierce Asian monsoon (Fig. 5). Our
findings do not entirely align with future global warming
projections, which anticipate an increase in the frequency of
extreme hydroclimate events in the Asian monsoon regions®%.
Our observations may indicate climate responses responsible for
uncertainties in the model’, or there may be a differential
response of extreme hydroclimate events to natural warming as
opposed to human-induced warming caused by anthropogenic
CO, emissions?.

In summary, the overall pattern of active extreme hydroclimate
events in the early and late Holocene with cool tropics and
suppressed variability during the middle Holocene with warm
tropics in Asian monsoon regions. We also found that extreme
hydroclimate events frequently occurred during constant strong
or weak monsoon intensity (early and late Holocene) rather than
during the transition period from strong to weak monsoon in the
middle Holocene (Fig. 5). We propose that Holocene extreme
hydroclimate events in the Asian monsoon region have been
primarily controlled by ocean-atmosphere interactions in the
tropical Indo-Pacific and the tropical temperature. Our findings
also suggest that extreme hydroclimate events occur mainly in
cool periods rather than warm periods, which may provide a
natural benchmark for the occurrence of extreme hydroclimate
events under future global warming scenarios.

Materials and methods

The setting of Lake XMLT. Lake XMLT is located in the
southeastern Yunnan province, China (Fig. 1), which is particu-
larly drought-impacted®®. The climate around Lake XMLT is
strongly controlled by the South Asian monsoon. It is a small
enclosed lake with a surface area of only ~0.5km? and a max-
imum water depth of 18 m and 1140 m above sea level (a.s.l).
Lake XMLT is hydrologically recharged through precipitation,
surface runoff, and a perennial small stream on its southwestern
slope?”. Most rainfall (90%) occurs during the wet season between
May and October?”. With a steep and small catchment, the lake is
very sensitive to high-frequency climate oscillations. The catch-
ment of Lake XMLT is somewhat protected from erosion because
of the dense vegetation cover?’.

In July 2013, a 10.6 m sediment core (XMLT-1) was extracted
from the depocenter using a piston sampler on the UWITEC
platform system. The sediment core was subsequently sectioned
at lcm intervals and stored at ~4°C for further analysis.

However, due to the potential disturbance and contamination of
the surface sediment during the sampling process using a piston
sampler, we also collected a 30 cm gravity core (XMLT-2) near
XMLT-1. This reference core was collected using a gravity corer
and served to validate the reliability of the geological record by
comparing it with instrumental records. XMLT-2, which is 30 cm
long, was collected from a location 3 m away from the Holocene
core XMLT-1. The sediment core XMLT-2 was subsequently
sectioned at 0.5 cm intervals for grain size analysis.

Chronology of sediment cores in Lake XMLT. The chronology
was established using accelerator mass spectrometry 14C dating of
plant materials. Twelve terrestrial plant fragments picked from
different depths of the core were analyzed at the Beta Analytic
Radiocarbon Dating Laboratory, as reported in our previous
study?’. In this study, to improve age precision, the newly pub-
lished IntCal 20 calibration dataset> was applied to calibrate the
age-depth curves using raw 14C age data?’>%. After calibrated to
calendar years BP (0 BP = AD 1950), the dating results were
interpolated using a Bayesian model in the Bacon program
implemented in R 3.1.0 with default settings for lake sediments®’
to acquire the age-depth model (Supplementary Fig. 1). The final
calculated basal age of the core is ~9.4 cal ka BP with an average
deposition rate of 0.11 cm/y, which is similar to the previous
dating results?”.

The chronology of core XMLT-2 was established by
radionuclide 21Pb and 137Cs data, which were determined at
every 0.5 cm interval with a gamma spectrometer (Hyperpure Ge
detector) at 0.5 cm intervals (Supplementary Fig. 2)°8. The results
show that total 219Pb (219Pb,,.1) activity decreased exponentially
with depth. Equilibrium between 210Pb,,, and 226Ra activities
was reached at the bottom of the sediment core. The 137Cs peak
at 9 cm depth in the core should correspond to 1963AD, which
has the maximum nuclear weapon testing peak®8. The decline of
excess 210Pb (210Pbex) activity in the core follows an approximate
exponential trend with depth indicating its constant supply rate.
So, a constant rate of supply model, not a constant initial
concentration (CIC) model, was used for the chronology
construction. In addition, 28 surficial sediment samples were
acquired from across the lake to understand the sedimentation
processes, which highlighted the relationship between the grain
size and lake depth (Fig. 1).

Measurement of grain size. The grain size of sediments was
measured at 1-cm intervals (a total of 1050 samples) for the
Holocene XMLT-1 sediment core, at 0.5-cm intervals for the
XMLT-2 sediment core (a total of 18 samples), and the modern
surface samples (a total of 28 samples). It should be noted that the
grain size data in odd samples for the Holocene sediment core
(total of 526 samples) has been reported in our previous work?’,
measured by the old Malvern Mastersizer 2000 laser particle sizer.
In order to maintain uniform and comparable grain size data, we
measured the grain size of all samples using the newer Malvern
Mastersizer 3000 laser particle sizer. Before measurement, the
organic matter and carbonates in samples are removed using
H,0, and HCI, respectively. So, the analysis results only present
the grain size distribution of the clastic fractions. All the samples
were dispersed in an ultrasonic bath for 15 min after the addition
of (NaPO;)s. Each sample was measured three times, and the
three results needed to be highly similar to be considered quali-
fied. A final average value of three times was obtained to reduce
the measurement errors. In addition, power spectral analyses of
extreme hydroclimate event records in Asian monsoon regions
were carried out using PAST3.0 REDFIT software, providing
valuable insights into the temporal patterns and frequency
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distribution of these events. Firstly, data are imported into the
Past3.0 software, and oversampling and segmentation values (e.g.,
2 oversamples and 2 segments) are set. After setting up the
parameters and configurations, the power spectral analysis uti-
lizing the REDFIT algorithm was executed.

Data availability

All grain size data from Lake Ximenglongtan are available on the online data repository
Figshare (https://doi.org/10.6084/m9.figshare.23984934.v1) and are available within the
Supplementary Data.
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