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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY
= Western Pacific Subtropical High (WPSH) shapes the long-term rainfall heterogeneity in subtropical East Asia.

Mid-Holocene warming intensified the WPSH and led to prolonged droughts in subtropical East Asia.

Late Holocene cooling resulted in a weakened WPSH and increased precipitation in subtropical East Asia.

Solar forcing and the related temperature gradients likely regulate the long-term WPSH behaviors.
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Growing lines of evidence reveal an unexpectedly dry mid-Holocene but
wetting late Holocene in subtropical East Asia, which is anti-phase/out-of-
phase to the widely recognized northern hemisphere solar-insolation-
forced Asia summer monsoon precipitation trend. This asynchrony implies
that some key processes are missing in the current understanding of the
Asia summer monsoon dynamics across different monsoon subsystems.
Here we further confirm this spatial rainfall heterogeneity with robust
biogeological evidence, corroborated by archeological evidence and simu-
lations of transient climatic models. We propose that the location and
intensity of the western Pacific subtropical high (WPSH) are most likely
responsible for the observed orbital/suborbital spatial hydroclimatic
heterogeneity, while the tropical Indo-Pacific sea surface temperature
(SST), the SST gradients between the west-east equatorial Pacific, as well
as the temperature gradients between southern-northern hemispheres, are
the governing factors that combinedly regulate the WPSH behaviors and
ultimately modulate the orbital/suborbital rainfall heterogeneity in subtropical
East Asia.

INTRODUCTION

Globally, areas controlled by subtropical highs are generally characterized
by higher temperatures and less precipitation due to the anticyclone feature
of the subtropical highs, which is responsible for the widely distributed
arid/semi-arid landscapes in the global subtropical zones.' The uplift of the
Tibetan Plateau has intensified Asia summer monsoon (ASM) and the asso-
ciated water vapor transportation,” triggering a transition from arid/desert to
wet conditions in subtropical East Asia since the early Neogene, and result-
ing in the modern "South Yangtze River water towns" that are obviously
different to the widely distributed arid/semi-arid landscapes in the global
subtropical zones. Thus, rainfall patterns in subtropical East Asia are the
result of competing processes: the drying effect of the subtropical highs and
the rainfall effect of the ASM, which might operate differently on different
timescales.

On seasonal/annual scales, the WPSH significantly influences the modern
rainfall distribution in subtropical East Asia. One example should be the year
2022, when the WPSH was unprecedently strong and extended westward to
approximately 90°E, leading to serious summer/autumn rainfall failure and a
once-a-century drought across the entire Yangtze River reaches;” both the
riverine runoff and sand loads were also significantly decreased.” On
decadal/centennial scales, the movement and changes in intensity of the
WPSH can largely influence the rainfall differences between its core zone and
the south and north China, leading to clearly spatiotemporal rainfall hetero-
geneity, such as the tripolar and bipolar rainfall patterns, which have been
observed both in the modern epoch and in the last millennium."®

On orbital/suborbital scales, classical Asia monsoon forcing theory holds
that Northern Hemisphere summer solar insolation governs the intensity of
the Asian summer monsoon.”'” Therefore, it has long been widely accepted
that the long-term trends of monsoon precipitation are consistent across the
East Asian Summer Monsoon domain, the Indian Summer Monsoon domain,
and their transitional zones. Whereas, the recent one more decade saw
increasing lines of biogeological evidence pointing to heterogenous rainfall
patterns in subtropical East Asia, i.e,, relatively dry mid-Holocene but wetting
late Holocene in subtropical East Asia,'"'” which is clearly anti-phase/out-of-
phase to the trends of NH summer solar insolation,”® north China precipita-
tion,"* as well as the stalagmite-5'¥0-based ASM intensity.'® Thus, there is a

need to reconstruct and confirm the spatiotemporal characteristics of the
heterogenous rainfall patterns on orbital/suborbital timescales and under-
stand the mechanisms that govern these processes.

Subtropical East Asia is defined here as roughly (but not necessarily limited
to) the region between (90°E-140°E, 15°N-35°N; Figure 1); this area is densely
populated and is one of the main regions of the global early civilizations.
Knowledge of the spatiotemporal rainfall heterogeneity and its linkage to the
long-term WPSH behavior is critical not only for a more comprehensive
understanding of the ASM dynamics, but also for understanding the relation-
ship between natural hydroclimatic changes and early civilization develop-
ment. In this study, we developed a new record and compiled robust paleocli-
mate records from this region (Figure 1 & Table ST1). We focus on the
orbital/suborbital rainfall heterogeneity inferred from these lines of biogeo-
logical evidence, and compared it with archeological evidence and transient
climate simulations; the forcing mechanisms of the observed rainfall hetero-
geneity were then particularly discussed.

MATERIALS AND METHODS
Lake Caohai records

We collected a surface short core (CH18-3-4; 137cm long) in the deep
central area of Lake Caohai, 2018, and sampled the core at an interval of
every 1 cm. Radioactivity of *'Cs and #'°Pb was measured by a gamma
detector (Ortec Germanium (HPGe) well detector; GWL-15-250; Figure 2).
Twenty-two samples were dated by radiocarbon dating (Figures 3-4, Text S1
& Table S2). Element compositions were determined on an X-ray fluores-
cence spectrometry (Bruker S8 Tiger series II). In this study, the sedimentary
Fe/Mn and Sr/Ca ratios were used to trace the long-term weathering inten-
sity (see details in Text S2), lower sedimentary Fe/Mn and Sr/Ca ratios corre-
sponding to stronger chemical weathering and higher rainfall amount, and
vice versa, which is consistent with the long-term monsoon precipitation as
inferred from other proxy indices (see Figures 5 & S1).

Other data collection

Lake Xingyun radiocarbon reservoir. \We corrected the radiocarbon ages
in Lake Xingyun'® by subtracting an old carbon reservoir of ~250 years based
on the radiocarbon dating of the modern lake water, living submerged water-
weeds, and living aquatic snails (see details in Table S3).

Lake Huguangyan. Sedimentary total organic carbon flux in Lake
Huguangyan is calculated based on the total organic carbon content (TOC)
and bio-Si0O, contents and the bio-SiO, flux data provided in Yancheva et al,,
2007," using an equation: Fluxyoe= FluXy,-sioz* TOCl/[bio-SiO,]. We do not use
the TOC flux data of the last 2000 years to avoid possible strong anthro-
pogenic impacts.

Data assimilation. We normalized curves compiled in this study
(Figures 5e-p) to [-1,1] and then resampled each curve with a common 10-yr
resolution. The resampled data were then stacked to generate a composited
one (Figure 5g), and was used to represent precipitation over the subtropical
East Asia areas.

Climatic parameter definition

The WPSH intensity, WPSH ridge line, and the WPSH western ridge point
are defined below:

The WPSH ridge line index is characterized by the mean of the latitude
location of the zonal wind shear line where the zonal wind u = 0 and ou/dy > 0
encircled by the 5880 gpm isolines within the range of 110°E-150°E and north
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Mid-Holocene rainfall heterogeneity
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Figure 1. Mid-Holocene rainfall heterogeneity in subtropical East Asia (A) shows the
compiled mid-Holocene dry sites in subtropical East Asia (purple rectangle; 90°E-
140°E, 15°N-35°N). Orange-cyan shades show summer (June to September) rainfall
difference between mid-Holocene (8000-6000 a BP) and 4200 a BP based on TraCE
simulation (mm/day; orange and cyan correspond to a wetter mid-Holocene and a
wetter later Holocene, respectively).” (B) is a magnified view of the red rectangle in A
and shows the mid-Holocene dry sites in the lower Yangtze River reach (LYRR)
inferred from sedimentation rates and archaeological evidence. Blue filled circles with
red digital numbers in (A) denote parts of the mid-Holocene dry sites mentioned in the
text (see details in Table ST). Red filled circles (both in A & B) show lakes and wetlands
that exhibited a drop in sedimentation rate during ~7000-4000 a BP; while green
circles show the locations of the Liangzhu ancient wells (note some of the points are
overlapped).'’ Purple triangles show the riverine estuary areas where the sedimenta-
tion rates were dropped during the mid-Holocene (Table S1). Purple filled circle in
panel A shows the location of Lake Dali in northern China, of which the lake-level
changes are thought to represent the history of northern China precipitation.'

of 10°N; If there is no 5880 gpm isoline, the zonal wind shear line (u = 0 and
au/dy > 0) encircled by the 5840 gpm isolines will be considered. If the 5840
gpm isolines are absent, the historical minimum value of the corresponding
month since 1951 will be taken as the substitute.

The WPSH western ridge point is the westernmost point characterized by
the longitude of the westernmost 5880 gpm isolines within the range of 90°E-
180°E and north of T0°N. If it lies to the west of 90°E, it will be denoted
uniformly as 90°E; if there is no 5880 gpm isoline in a certain month, the
historical maximum value of the corresponding month since 1951 will be
taken as the substitute.

RESULTS
Age model of Core CH18-3-4

A "¥'Cs peak was observed at 22cm in Core CH18-3-4 (Figure 2A), corre-
sponding to the 1964-yr time-marker.”>”' Global multi-national above-ground
nuclear weapon tests began in the early 1950s, and atmospheric '*'Cs fallout
can be detected in lake sediments from approximately AD 1852.%*" As shown
in Figure 2A, the "¥'Cs departures from baseline at 25cm, which can be used
as the time-marker of AD 1952. The ?'°Pb activity show a broadly exponential
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Figure 2. Radioactivity of *'Cs (A) and ?"°Pb (B) in Core CH18-3-4 in Lake
Caohai Two time-markers of 1964 and 1952 are identified according to the '*'Cs
radioactivity (A); dotted curve in (B) is the logarithmic fit of the?'°Pb radioactivity.

pattern (Figure 2B), suggesting a stable sedimentation process at the deep-
central area in Lake Caohai during the past several decades.”’ The fraction
modern carbon (F'*C) values of two samples (CH18-3-4-20 and CH18-3-4-
10) are 1.06778 and 1.28369, respectively, suggesting that these two
samples are modern samples. The '“C ages of these two modern samples
were obtained by comparing with the modern global atmospheric '“C
concentration curve (Figure 3; http://calib.org/CALIBomb/), which are consis-
tent with the results inferred from the '*’Cs age model.

An old carbon reservoir of 604 years was estimated by comparison
between the C ages and the '*Cs time-markers. Both a linear age model
and a bacon age model were generated based on the corrected “C ages and
the "*'Cs timer-markers (Figure 4), and the results are similar; we used the
bacon age model in this study. The lithological facies and the “C ages
suggest that a hiatus could have occurred between the last glaciation maxi-
mum and the Holocene (Figure 4); while from the early Holocene to mid-
Holocene, Lake Caohai was most likely a shallow wetland and/or almost
desiccated, with a low sedimentation rate as compared to the late Holocene
(Text S1).

Biogeological evidence for the orbital/suborbital rainfall heterogeneity
Southwest China. e previously reconstructed lake level changes of Lake
Chenghai, a closed-basin lake in southwestern China with robust beach-
evidence (Figure 5e),'* and the results show that from the last deglaciation to
the early Holocene (~16000-8000 a BP) lake levels were similar in trends to
the stalagmite 5'®0 in Dongge Cave (Figure 5b),' the sedimentary records at
Lake Tengchong-Qinghai”” and Lake Huguangyan,'® as well as the recon-
structed lake levels at Lake Dali (Figure 5¢)." However, Lake Chenghai expe-
rienced a low lake level period during the mid-Holocene (~8000-4000 a BP),
while during the late Holocene (~4000 to 100 a BP) the lake levels were grad-
ually arising (Figure 5e), indicating a prolonged drought during the mid-
Holocene but wetting trend during the late Holocene, which is inverse to the
widely recognized NH summer solar insolation trend (Figure 5a),"” the stalag-
mite 5'®0-based ASM trend (Figure 5b),”” and the lake level-based north

92USI0s099 uoljpoAouUu| ay |

[I J—

The Innovation Geoscience 4(3): 100225, July 21, 2026 3




www.the-innovation.org/the-innovation-geoscience

LU [N Geology
Core CH18-3-4-10 (F'*C=1.2836910.00295)

1.750 T T T T
0.

1.700 NHZ3/intcal20

1.650

1.600
1.550
1.500

FC

1.450
1.400
1.350
1.300
1.250

1.200 LA
1962 1964 1966 1968 1970 1972 1974 1976 1978 1980 1982

cal BC/AD
Core CH18-3-4-20 (F'*C=1.06778+0.00235)

1.800 T T T T
NHZ3/intcal20
1.700 9 E

1.600 | E

1.500 F E

1.400 F E

F1C

1.300 | E

1.200 | E

1.100 ¢ E

1.000 E

0.900 . . . . .
1950 1960 1970 1980 1990 2000

cal BC/AD

2010

Figure 3. The fraction modern carbon (F'*C) of two surface samples (CH18-3-4-
10:1979AD, left; CH18-3-4-20:1958AD, right) in Core CH18-3-4 in Lake Caohai The
“C ages were obtained by comparing with the global atmospheric "“C concentration
curve (http://calib.org/CALIBomby/).

China precipitation trend (Figure 5¢)."

The age model of Core CH18-3-4 in Lake Caohai (Figure 4, see more
details in Text ST) and changes in lithological facies suggested that the lake
was almost desiccated during the mid-Holocene and expanded during the
late Holocene, consistent with the lake level changes in Lake Chenghai.”” The
sedimentary Fe/Mn (Figure 5d) and Sr/Ca ratios (Figure ST) in Lake Caohai
suggest weak chemical weathering and low precipitation during the mid-
Holocene, but stronger chemical weathering and higher precipitation during
the late Holocene (Text S2), which is also consistent with the lake level
changes at Lake Chenghai (Figure 5e).

The sedimentary carbonate contents in Lake Xingyun'® and Lake Fuxian®
were increased since the early Holocene and reached the highest values at
approximately 3000 a BP (as high as ~50%); after 3000 a BP, they gradually
decreased to the recent content (~10%) (Figures 5g-h). Such high carbonate
contents during the mid-Holocene in both lakes point to substantial chemical
precipitation due to high lake water salinities, which is likely due to the
contemporarily relatively lower rainfall amount and stronger evaporation
during the mid-Holocene. This is consistent with the rainfall trends inferred
from the lake levels at Lake Chenghai'” and the Fe/Mn ratios in Lake Caohai
(Figure 5).

Middle Yangtze River reach and adjacent regions. Hopanoid concentra-
tion increased significantly in the Dajiuhu peatland (Figure 5h), middle
Yangtze River reach during the mid-Holocene,'" suggesting a lowered peat-
land water table and decreased precipitation. The hopanoid concentration in
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Figure 4. Age model of Core CH18-3-4 in Lake Caohai.

Zhaogongting peatland in Yanling County, Hunan Province, shows similar
trend (Figure 5i).” The peatland water table quantitatively reconstructed from
fossil phytoliths also shows a relatively dry period between 7500-3500a BP at
Dajiuhu peatland, and the peat deposition rate dropped sharply and even
stopped.”” The magnetic parameters in stalagmites in this region also
suggest an increasing precipitation trend from mid-Holocene to late
Holocene (Figure 5j).° TOC values in the Daping peatland were low during the
mid-Holocene but showed an increasing trend during the late Holocene,”’
also suggesting a "dry mid-Holocene but wetting late Holocene" (Figure 5m).
These lines of evidence suggest drought conditions over the middle Yangtze
River reach and adjacent regions during the mid-Holocene.

Lower Yangtze River reach and adjacent regions. Sedimentation rates in
many lakes/wetlands in the lower Yangtze River reach slowed down
substantially and even stopped during the period of ~7000-4000 a BP. This
phenomenon has been observed in Nanyi Lake, Caizi Lake, Shengjin Lake,”
as well as in a large number of wetlands in the Hangjiahu Plain (see locations
in Figure 1), indicating widely extended drought conditions over the lower
Yangtze River reach. One example is the Dongtiaoxi River, where sedimenta-
tion rate declined and the river channel was replaced by peatland during the
period of ~7000-4000 a BP,” suggesting a desiccated or shallow wetland
environment. Chemical weathering indices of Nanyi Lake (Figure 5p) also
point to relatively weak precipitation during the mid-Holocene.” Collectively,
these lines of evidence suggest a broad range of drought in the lower
Yangtze River reach during the mid-Holocene.

Southeast coast zone. The sedimentary Ti contents in Lake Huguangyan
are similar in trend to the hydroclimatic trends inferred from other indices,
such as lake levels in Lake Chenghai from the last deglaciation to mid-
Holocene (Figure 5k);'*'" while during the late Holocene the sedimentation
rates increased by 2-3 times due to enhanced human activities around Lake
Huguangyan, which could have diluted the Ti content and masked the
climatic significance.'”'” Whereas the calculated sedimentary TOC flux in this
lake (Figure 5l; see MATERIALS AND METHODS) also points to a relatively dry
mid-Holocene, similar to the precipitation trend in subtropical East Asia. The
sedimentary Fe/Mn and Rb/Sr ratios of Lake Huguangyan also suggest a
relatively dry mid-Holocene (see the Rb/Sr ratios in Figure 5n as an
example). In addition, the K/Rb ratios in Dahu Lake, north Taiwan, indicate
enhanced weathering and increased runoff and precipitation during the late
Holocene (Figure 50).** The lithological facies of a sediment core in Lake
Dahu, Jiangxi Province, southern China, indicate that the lake shifted from
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Figure 5. Comparison between hydroclimates in subtropical East Asia, NH summer
solar insolation (curve a),"* and ASM precipitation inferred from stalagmite 5'°0
(curve b)™® c. Lake levels of Lake Dali."* d. Sedimentary Fe/Mn ratios in Lake Caohai
(this study). e. Lake levels of Lake Chenghai.'” f. Sedimentary carbonate content in
Lake Xingyun (see MATERIALS AND METHODS).”® g. Carbonate content in Lake
Fuxian.” h. Hopanoid concentration in Dajiuhu peatland, Hubei Province.'" i. Hopanoid
concentration in Zhaogongting peatland, Yanling County, Hunan Province.” j. Stalag-
mite magnetic susceptibility in Heshang Cave, Hubei Province.”” k. Sedimentary Ti
content in Lake Hguangyan.'” |. Total organic carbon flux in Lake Huguangyan (see
MATERIALS AND METHODS)."” m. TOC content in Daping peatland, Hunan Province.”’
n. sedimentary Fe/Mn ratios in Lake Huguangyan.® o. K/Rb ratio in Lake Dahu, north
Taiwan.” p. Chemical weathering index (CIA) in Lake Nanyi.”” g. Composited subtropi-
cal East Asia precipitation (based on indices from e to p; see MATERIALS AND METH-
0ODS). r. Simulated precipitation in TraCE-2Tka simulation in subtropical East Asia
(20°N-27°N; 110°E-125°E).'*'® Vertical red rectangle shade represents the mid-
Holocene. See details in Table ST.

lake to peatland during ~6000-4000 a BP, and shifted from peatland to lake
again after ~4000 a BP, which also points to a dry mid-Holocene and wetting
late Holocene. ™ The peat cellulose 5'°0 from a peatland in Fujian Province,
southeastern China,” also indicates an increasing precipitation trend from
the middle to late Holocene.

Estuary sedimentation rate. Sedimentation rates of several cores
collected in the Yangtze River estuary (see locations in Figure 1 & Table ST)
were much lower during the period of ~7000-4000 a BP, suggesting less
sand load, which should be most-likely ascribed to the decreased runoff, and
averagely reduced precipitation in the Yangtze River reach during this period.
This is analogous to the modern observed "decreased precipitation~
decreased sand load" relationship across the entire Yangtze River reach, e.g,,
in 2022,° and is consistent with the aforementioned lines of biogeological
evidence that point to a drought mid-Holocene. In addition, the sedimenta-
tion rates at the Pearl River estuary were also lower during the mid-
Holocene.™ Based on records compiled above, we contend that the mid-
Holocene drought can be extended to a wide region in subtropical East Asia

Geology W::{N[eE3

(including both the Yangtze River reach and the Pearl River reach). We previ-
ously extracted precipitation in the subtropical East Asia (20°N-27°N; 110°E-
125°E; Figure 5r) from TraCE simulation,'*' and the result is also similar in
trends to the precipitation inferred from the above-mentioned evidence in
subtropical East Asia (see each curve and a composited one in Figure 5).

Evidence from the development of early Chinese civilization

Subtropical East Asia is densely populated and thus the mid-Holocene
drought could have impacted the development of the early Chinese civiliza-
tion in this region. Due to the primitive techniques, early ancestors generally
settled in warm and arid regions close to water. For example, the
Mesopotamian Civilization, the Egyptian Civilization, and the Indus River Civi-
lization, all thrived in warm arid environments and were adjacent to big
rivers.” The archaeological sites of the mid-Holocene in subtropical East
Asia, especially between 5300-4000 a BP, were centered in the lowland and
streamsides in the Jianghan Basin, middle Yangtze River reach,'" of which
some ancient settlements are submerged today. This ancient settlement
pattern suggests a relatively dry condition at that time. During the late
Holocene, the archaeological sites are located in higher elevations, such as
the archaeological sites of the Xia and Shang Dynasties during 4000-3000 a
BP,"" implying wetter conditions during this time. Such hydroclimatic condi-
tions inferred from the distribution of archaeological sites are roughly consis-
tent with those inferred from biogeological evidence, supporting a mid-
Holocene drought on one hand, and providing clues to understand how early
human societies adapted to nature on the other hand.

The Taihu Lake in the lower Yangtze River reach experienced a substantial
contraction in the mid-Holocene,”” and considerable remains of the Liangzhu
Culture (5300-4000 a BP) are submerged in the modern lake (e.g., stone axe,
stone port, triangle pottery, etc.),”’ suggesting dry conditions during the mid-
Holocene that favored people settling around the lake's periphery. The lake
was gradually filled during the late Holocene, as can be inferred from the
Chungiu wells (Chungiu period: ~770BC-476BC) buried under the modern
lake,"® suggesting increased precipitation during the late Holocene. The Taihu
Lake area was about 1680 km? in the East Han Dynasty as recorded in an
ancient book of "Yue Jue Shu" ( (& #& 45 ) ; written in East Han Dynasty
about 2200 years ago), which is approximately 60% of the modern Taihu
Lake, suggesting increased precipitation around the Taihu Lake during the
late Holocene. It is said that the Dayu Empire had managed floods around
this area at the beginning of the Xia Dynasty (around 4100 a BP), which also
implies increased precipitation at that time.*’

The Dongtiaoxi River flows through the ancient Liangzhu city, and the
Liangzhu Culture flourished during the period of ~5300-4300 a BP, suggest-
ing a weak riverine runoff during this period. These results are consistent with
the mid-Holocene droughts as inferred from the aforementioned biogeologi-
cal evidence, and consistent with the sharp drops in sedimentation rates both
in lakes and wetlands during this period.”™" A substantial portion (~77%) of
the ancient wells in the lower Yangtze River reach belongs to the Liangzhu
Culture (Figure 1),'" and further subdivision shows that those ancient wells
are mostly simple ash-pit type ancient wells (used for agricultural irrigation;
"Ancient Wells of the Liangzhu Culture’).”" This may indicate that a
widespread drought prevailed over the lower Yangtze River reach during this
period and people had to rely on wells for their use and agriculture at that
time. Moreover, underground water tables of the ancient wells in the
Liangzhu Culture period were, in average, lower than those in the Songze
Culture period (~5800-4900 a BP),'" suggesting that the surface drought
environment could have been more severe in the Liangzhu Culture period in
this area. The recovery of the Dongtiaoxi River during ~4000-3000 a BP,”
together with the above-mentioned late Holocene wetting evidence and the
lack of foraminifera in the Liangzhu Culture layers,'”** suggests that the
sudden abandonment of Liangzhu ancient city may be ascribed to strong
floods caused by a sharp increase in precipitation at the beginning of the late
Holocene. In summary, the aforementioned archaeological evidence supports
a relatively dry mid-Holocene and wetting late Holocene in the lower Yangtze
River reach.

DISCUSSION
Spatial rainfall heterogeneity over subtropical East Asia

The phenomenon of spatial differences in precipitation trends across
different regions of monsoonal Asia has long been concerned. By comparing
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a vast number of proxy indices, An et al. suggested that precipitation changes
across China exhibit pronounced regional differences, with precipitation
peaks shifting from the Early Holocene in northern China to the Late
Holocene in southern China.”* The diverse responses of monsoon precipita-
tion between different subsystems over monsoonal Asia during the Holocene,
especially those between southern and norther China, have subsequently
been extensively investigated through both climate simulations and biogeo-
logical approaches.'”**° For example, by modeling and model-data compar-
ing, Liu et al. showed an opposite precipitation trend between northern and
southern China, with the precipitation in phase with summer insolation in
northern China, but out of phase in southern China.** Based on comparison of
biogeological records, Rao et al., can also show that Holocene humidity varia-
tions in the EASM region exhibit clear spatial differences: a humid mid-
Holocene interval (ca. 8—3 ka BP) occurred in southern and northern China,
but an arid interval from ca. 7—3 ka BP occurred in central China, especially in
the middle reaches of the Yangtze River.” By comparing biogeological
records from northern, central and southern China, as well as South Asia, with
precipitation outputs simulated by a transient Earth system model, Ning et al.,
recently showed a mega - tripolar pattern of precipitation variations from the
early to late Holocene over the entire ASM continental region, with precipita-
tion peaked in the early Holocene over South Asia, northern and southern
China, but in the late Holocene over central China.*®

However, the mechanisms underlying the aforementioned spatial rainfall
heterogeneity remain variable. An et al. proposed that the regional shift in the
maximum precipitation belt from northwest to southeast over the past
10,000 years is a response to changing seasonality related to orbital forcing.*
Chiang et al. ascribed the rainfall heterogeneity to the seasonal north-south
movement of the westerly jet stream along the Tibetan Plateau,”” which is
closely related to north hemisphere solar insolation and North Atlantic
climatic changes. Zhang et al. further confirmed the teleconnection between
East Asia rainfall heterogeneity and the North Atlantic during the last
deglaciation,” supporting the 'Jet Transition Hypothesis' discussed by
Chiang.*” They further suggested that a stronger meridional temperature
gradient during stadial events and the resultant southward shifted and
strengthened westerlies can lead to increased convection and uplift of mois-
ture on the leeward side of the Tibetan Plateau during the summer months in
central eastern China.”” Liu et al. ascribed the observed rainfall differences
between north and south China to changes in north hemisphere solar insola-
tion and melting water in North Atlantic:** an increased insolation in summer
leads to an increased land-sea temperature contrast, which enhances the
WPSH, and then a wetter north China due to a stronger southerly wind over
East China on the WPSH western flank; while on the other hand, a termina-
tion of the meltwater in the North Atlantic results in a northward migration of
the ITCZ, a warmer Indian Ocean, an intensified WPSH, and eventually more
rainfall in northern China (see details in ref.*).

Recent numerical simulations can even extend the spatial rainfall
heterogenous pattern to several glacial-interglacial cycles.””*" For example,
Dai et al,, simulated the spatial rainfall heterogeneity using a fully coupled
Earth System Model, and showed an inverse rainfall pattern in central-east
China as compared to the north and south China, and such spatial rainfall
heterogeneity can be extended to the past 425 ka.”” They contended that the
boreal summer insolation is the dominant forcing for the intensity of EASM
and the response of WPSH is fundamental in modulating the precipitation
pattern in monsoonal China on orbital timescales.”” Wen et al., recently
carried out a transient simulation forced by orbital parameters during the past
300 ka, and showed a grand dipole rainfall pattern between South Asia and
Japan, with South China lying in a hybrid transition region.”” They proposed
that the dipole monsoon rainfall change between South Asia and Japan is
related to the largescale circulation adjustment in response to northern hemi-
sphere summer insolation.”” However, although a large number of climate
models are capable of reproducing the observed spatial rainfall heterogene-
ity over subtropical East Asia, some models still fail to do so,”"** indicating
that uncertainties persist among different models and that the forcing mech-
anisms underlying the observed spatial rainfall heterogeneity require further
investigation.

Influence of WPSH on spatial rainfall heterogeneity over subtropical East
Asia
Changes in precipitation in East Asia are influenced by variable atmo-

spheric circulations, including the WPSH, the El Nifio -Southern Oscillation
(ENSO0), and the Pacific Decadal Oscillation (PDO), etc., and the spatiotempo-
ral rainfall heterogeneity is most likely ascribed to the anticyclonic feature of
the WPSH.*** Changes in intensity and position of the WPSH on different
timescales lead to the significant spatiotemporal rainfall difference between
the core area and the surroundings (especially on the north and south sides
of the WPSH), which constitutes a crucial physical prerequisite for the
observed precipitation heterogeneity in East Asia;**** while the influences of
ENSO, PDO, etc,, on the rainfall heterogeneity are thought to be mediated by
the WPSH.® Therefore, one of the core tasks to study the rainfall heterogene-
ity in East Asia is to explore the WPSH behaviors on different timescales and
its forcing mechanisms.

Seasonal/interannual scales. The WPSH core zone generally receive less
precipitation due to the featured descending motion of the WPSH; while its
edge areas receive more frontal precipitation due to strong airmass uprising
occurs from the ascending motion.” The migration and changes in intensity
of the WPSH lead to clear seasonal rainfall heterogeneity in the modern
climate, like the well-known Meiyu rainy season generally in early-mid June
and the hot-summer drought around Fujian Province generally in mid-July to
mid-August, etc. Observations show that both the intensity and area of the
WPSH increase from boreal spring to summer and decrease from autumn to
winter.”* The average WPSH ridge line advances northward in summer, and
then withdraws to the south; while the WPSH western ridge extends west-
ward and then withdraws to the east.*** This seasonal march may imply that
a warm climate state favors an intensifying and westwardly extension of the
WPSH, consistent with the modern observations™ and climatic simulations.*®

The relationship between the WPSH and East Asia hydroclimates could be
variable on short term timescales due to differences in both climates and
local topography. The statistical analysis of the relationship between the
WPSH ridge line and precipitation shows that a northwardly movement of the
WPSH ridge generally corresponds to an intensified EASM, more summer
precipitation in the north and northeast China but less in the "Yangtze-Huaihe
River" areas;”® meanwhile, a southward movement of the WPSH ridge line
corresponds to a weakened EASM, less precipitation in north China but more
in the "Yangtze-Huaihe River" areas.”® Huang and Sun suggested that a
higher SST in the western Pacific Warm Pool (WPWP) corresponds to an
intensified convection around the Philippines to South China Sea and Sino-
India Peninsula, favoring a northwardly advance of the WPSH, and more
precipitation in the Huanghe River reach but less in the "Yangtze-Huaihe
River" areas;”’ on the other hand, a cold SST in WPWP may lead to
suppressed convection around the Philippines, a southwardly located WPSH
ridge line, and less precipitation in the Huanghe River reach but more in the
"Yangtze-Huaihe River" areas.”’

Decadal/centennial scales. Modern observations also show significant
bipolar or tripolar precipitation modes on decadal timescales in East Asia,’
while high-resolution biogeological records show that such heterogeneous
rainfall patterns also occurred during the last millennium.” This spatiotempo-
ral rainfall heterogeneity has been linked to decadal/centennial movement
and changes in intensity of the WPSH.® Model simulations show that the
average ridge line of the WPSH coincides with precipitation in southern China
and northern China: a northwardly located WPSH ridge line coincides with
higher precipitation in south and north China but less in the central China, and
vice versa (Figure S2).° While the decadal/centennial WPSH western ridge
point is negatively correlated to precipitation in central China: a westwardly
extended WPSH west ridge point corresponds to less precipitation over
central China, and vice versa (Figure S2).°

The correlation analysis of the modern WPSH intensity and the Indo-
Pacific SST shows that the SST of the warm pool is highly positively corre-
lated to the WPSH intensity (R?= 0.50; see Figure S10B in ref.®): the higher
SST, the stronger convective activity over the Indo-Pacific warm pool, the
stronger Hadley circulation, and the stronger WPSH, and vice versa.®’
Modern observations also show that decadal higher SSTs over the Indo-
Pacific warm pool generally coincide with stronger solar activity, suggesting a
potential mechanism that can link the WPSH behavior with solar activity.**
Such decadal/centennial relationships between solar activity, Pacific SSTs,
and WPSH intensity can also be extended back to the last millennium (see
Figures S2a-c & Table S4). We previously diagnosed the possible role of solar
forcing by comparing the difference between high and low solar activity peri-
ods in the last millennium simulation from the ACCESS-ESM1-5 model (see
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Figure 6. Differences in climate states between mid-Holocene (8000-6000 a BP)
and 4200 a BP Panel a shows the averaged state of precipitation (brown-green
shades; mm/day) and water vapor transport (arrows, m/s-g/kg™") based on TraCE21ka
simulations.”® Panel b shows the averaged regional Hadley circulation (over
100°E—140°E). The shades show differences in vertical pressure velocity (hPa-d™),
arrows show the compositing of vertical pressure velocity (hPa-d™") and meridional
wind (m-s™"). Contours indicates the climatological vertical pressure velocity (hPa-d™).
Negative values indicate ascending motion.

details in ref.), and the results show that all of the SST, convection, cross-
equatorial airflow, and the intensity of the Hadley circulation increase during
strong solar activity. Under this scenario, the atmospheric circulations (e.g.,
ITCZ) shift northward, and the WPSH western ridge extends westward,
resulting in more precipitation in north and south China but less in central
China (the WPSH dominated core zone), leading to the observed
decadal/centennial rainfall heterogeneity in subtropical East Asia.”
Orbital/suborbital scales. Our aforementioned compilations show a
roughly bipolar pattern on orbital/suborbital scales, i.e., drier in north China
and wetter in south China during the late Holocene, but wetter in north China
and drier in south China during the mid-Holocene (Figure 1A). We contend
that such orbital/suborbital spatiotemporal rainfall heterogeneity can also be
ascribed to different WPSH behaviors. Multiple lines of evidence also show a
wetting condition at ~4200 a BP in subtropical East Asia,””"” which contrasts
to the dry conditions widespread over Asia-Africa monsoon areas (widely
recognized as the 4200 a BP dry event); thus the 4200 a BP event can be
regarded as a beginning of the late Holocene rainfall heterogeneity. To diag-
nose the rainfall differences between mid-Holocene and late Holocene, we
evaluated the rainfall difference between 8000-6000 a BP and 4200 a BP in
the TraCE21ka simulation (Figure 6a). The results show that over the
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monsoon frontier zone, during the mid-Holocene, the average monsoon
precipitation was higher than during the late Holocene; while during the late
Holocene the monsoon frontier zone shifted from wetter to drier but subtrop-
ical East Asia area shifted from drier to wetter. Thus, the TraCE21ka simula-
tion shows similar results to those inferred from biogeological evidence (see
locations in Figure 1).°" The simulations in EC-Earth3-LR model also show a
late Holocene wetting (as compared with the mid-Holocene; see Figure 6b in
ref.*?), consistent with the TraCE simulation and the biogeological evidence
compiled in this study. As mentioned above, several other simulations can
further extend the afore-mentioned rainfall heterogeneity across muiltiple
glacial-interglacial cycles,””*” suggesting that the spatial precipitation hetero-
geneity during the mid-Holocene represents a natural phenomenon, rather
than a result of human activities. In addition, the difference between 8000-
6000 a BP to 4200 a BP shows that the ‘'mid-Holocene dry and late Holocene
wetting' areas are roughly located over the tropical/subtropical oceans (see
orange shades in Figure 6a), where only a small proportion is on land, includ-
ing the subtropical East Asia. This may partly explain why late Holocene
wetting biogeological evidence is sparse (as compared to the large number of
mid-Holocene wetter evidence in the ASM marginal zone).

As shown in our diagnostics (Figure 6a), the difference between 8000-6000
a BP to 4200 a BP shows that the northward moisture transport in the lower
troposphere is accelerated over eastern China, leading to moisture diver-
gence and decreased precipitation in subtropical East Asia area. An abnor-
mal water vapor convergence is evident over northern China, resulting in
more precipitation and manifesting as a northward movement of the rainfall
belt over East Asia. This northward migration of the rain belt is closely related
to the northward extension of the Hadley cell. In boreal summer, the northern
edge of the ascending branch of the regional Hadley circulation over East
Asia is generally located between 30°N-40°N. While in our diagnostics, the
ascending branch is located between 35°N-45°N (Figure 6b), which means
the WPSH extended northward during the mid-Holocene (as compared with
the 4200 a BP state; see causes below). These conditions are favorable for a
northward migration of the rainfall belt, leading to a “south drought-north wet"
hydroclimatic pattern during the mid-Holocene.

Possible forcing mechanism for the long-term WPSH behaviors

We examined the long-term behaviors of the WPSH in the TraCE simula-
tions (see MATERIALS AND METHODS) and the results show that the WPSH
gradually extended westward from the early Holocene, and reached the west-
ernmost extent at about 4000-3000 a BP, and then gradually retreated east-
ward (as inferred from the WPSH western point; see Figure 7h). The average
precipitation in subtropical East Asia extracted from TraCE simulation also
shows a general dry mid-Holocene and a wetting late Holocene, broadly
consistent with the WPSH western ridge extension and the hydroclimatic
patterns inferred from the aforementioned biogeological evidence, suggesting
a possible role of the WPSH in shaping the orbital/suborbital rainfall hetero-
geneity in subtropical East Asia (Figure 7).

Multiple factors could modulate the long-term WPSH behaviors, such as
SSTs over the tropical Indo-Pacific and eastern tropical Pacific, and solar
activity/insolation, etc.******* For example, Liu et al. contended that the
enhanced land-sea temperature contrast associated with variations in North-
ern Hemisphere summer solar insolation can intensify the intensity of the
WPSH; meanwhile, changes in meltwater input to the North Atlantic can
affect the surface thermal conditions of the Indian Ocean, which in turn
excites an atmospheric Kelvin wave propagating toward the western Pacific
and modulates the WPSH behaviors.”’ Piao et al. contended that the Green
Sahara during the mid-Holocene would induce a westward shift of the Walker
Circulation, which in turn would reduce rainfall over the western equatorial
Pacific and intensify the WPSH via the Gill-Matsuno response; the westward
shift of the Walker Circulation can also strengthen the Hadley Circulation, and
ultimately result in an intensified and westward-shifted WPSH.* Dai et al.,
proposed that the northern hemisphere summer solar insolation plays a criti-
cal role in shaping the long-term behaviors of WPSH, which eventually modu-
lates the central China rainfall heterogeneity.” We contend that the increased
temperature during the mid-Holocene could have intensified the Hadley
circulations during the boreal summer, and pushed the WPSH northward and
westward, similar to the decadal/centennial scenarios where stronger solar
activities lead to warmer SSTs and stronger Hadley circulations, and west-
wardly and northwardly extended WPSH.? The increased SSTs over tropical
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Figure 7. Comparison between orbital/suborbital WPSH behaviors, the hydrocli-
mates in subtropical East Asia, and possible forcing a. Proxy-based global tempera-
ture variations.”” b. NH 30° summer solar insolation.”” ¢ & d. SSTs in east and west
tropical Pacific;”” e. SST gradient between west and east tropical Pacific.” f. tempera-
ture gradient between south and north hemisphere (ATy.5).°" g & h. Simulated WPSH
ridge line and western ridge point in TraCE-21ka simulations.'*'® i. Simulated precipi-
tation in subtropical East Asia in TraCE-21kasimulations.'”'® j. Composited proxy-
based subtropical East Asia precipitation (see MATERIALS AND METHODS). Vertical
red rectangle shade represents the mid-Holocene.

Indo-Pacific can also increase the tropical zonal SST gradient (ATy.g),
strengthen the equatorial east wind, and eventually lead to a westward exten-
sion of the WPSH. As shown in Figure 7, the reconstructed AT, was larger
during the mid-Holocene,” which is favorable for a westward extension of
the WPSH. Moreover, the mid-Holocene warmer conditions over north hemi-
sphere could reduce the surface air pressure over the Tibetan Plateau, which
is also favorable for a westward extension of the WPSH. The interhemi-
spheric temperature gradient (ATy.s) could also influence the average loca-
tion of the atmospheric convergence zone. It is suggested that a larger ATy.g
favors a northward advance of the ITCZ, NH subtropical highs (including the
WPSH), and the NH westerly jet stream. In contrast, a smaller ATy_g corre-
sponds to southward movement of the above atmospheric circulations.* The
simulated averaged WPSH ridge line is broadly in phase with the ATy
(Figures 7f-g), supporting the inferences above.

CONCLUSION

Increasing lines of biogeological evidence suggest a dry mid-Holocene but
wetting late Holocene hydroclimatic trend in subtropical East Asia, which is
anti-phase/out-of-phase to the NH summer solar insolation and ASM precip-
itation trends. Such an orbital/suborbital spatial rainfall heterogenous pattern
is also supported by considerable archaeological evidence. We contend that
the orbital/suborbital WPSH variability drives the observed rainfall hetero-
geneity. The SSTs over the tropical Indo-Pacific Oceans, the SST gradients
between the west-east equatorial Pacific, as well as the temperature
contrasts between south-north hemispheres, most likely dominate the long-
term WPSH behaviors. If our hypothesis is correct, the role of the WPSH in
regulating subtropical East Asian hydroclimates would strengthen under a
continued warming scenario, which may lead to a reduction in water avail-
ability in subtropical East Asia and to a larger rainfall difference between
monsoonal and subtropical East Asia.
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