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Abstract The climatic interpretations of speleothem δ18Oc records over Asian summer monsoon (ASM)
region have been controversial. Here, combining speleothem δ18Oc records with the first transient Holocene
simulation of an isotope‐enabled earth system model, we reconstruct a dynamically consistent spatio‐temporal
evolution of the ASM precipitation using paleoclimate data assimilation. Our reconstruction finds a new mega‐
tripolar pattern of precipitation variations accompanying a continental‐wide enrichment of δ18Oc from the early
to late Holocene over the entire ASM continental region. Precipitation peaked in the early Holocene over South
Asia, northern China and southern China, but in the late Holocene over central China. This mega‐tripolar pattern
of precipitation variations can help resolve the long‐standing controversy about the timing of Holocene ASM
precipitation peaks reconstructed from various proxy records.

Plain Language Summary By assimilating speleothem δ18Oc records with the first transient
Holocene simulation of an isotope‐enabled Earth system model, we reconstruct the dynamically consistent
spatio‐temporal evolution of ASM precipitation. This Holocene ASM reanalysis reveals a newly identified
mega‐tripolar pattern in precipitation changes, along with a widespread δ18Oc enrichment from the early to late
Holocene across the whole ASM region. Notably, precipitation peaked in the early Holocene over South Asia to
both northern and southern China, but shifted to central China during the late Holocene.

1. Introduction
The Asian summer monsoon (ASM) system is dominated by a summer precipitation spanning from the South
Asia (SA) to the East Asia (EA), strong southwesterly low level monsoon wind, high surface moist static
energy (MSE) and depleted stable water isotopes in precipitation δ18Op, and mid‐latitude westerly jet at
200 hPa (Figures 1a and 1b). The ASM precipitation is vital to over half of the world population, yet its
response to external climate forcing remains unclear. Notably, the timing of Holocene ASM rainfall maximum
across regions—the “Time‐transgressive Holocene Optimum issue”—has remained an outstanding issue (An
et al., 2000; W. Zhou, 2004). Early modeling suggested a weakened summer monsoon intensity after early‐to‐
middle Holocene simply across the Afro‐Asian monsoon region due to decreasing summer insolation
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(COHMAP et al., 1988; Kutzbach & Otto‐Bliesner, 1982). Proxy data over the South Asia summer monsoon
(SASM) region supports this, but large uncertainty persists in EA. For example, An et al. (2000) first proposed
a southward delay in EA rainfall maximum from ∼10 ka BP in north China to ∼3 ka BP in the south, a.k.a.
“the asynchronous Holocene Optimum,” a pattern also seemingly consistent with recent fossil pollen records
(Herzschuh et al., 2019). However, other studies present contrasting results: a synchronous rainfall maximum
at ∼10 ka BP across the entire EASM region (W. Zhou et al., 2007), a transgressive pattern with northward
shift in the early Holocene followed by a southward shift in the late Holocene (Ran & Feng, 2013), or a
northward transgressive pattern of the Holocene rainfall maximum from southern China (∼10 ka BP) to
northeastern China (∼6 ka BP) (X. Zhou et al., 2022, 2023).

These divergent views reflect complex mechanisms, involving southward progressive weakening of solar radi-
ation (An et al., 2000), peak in Northern Hemisphere solar insolation (W. Zhou et al., 2007), delayed low‐latitude
oceanic warming (Ran & Feng, 2013), shift in the western Pacific subtropical high (WPSH) (X. Zhou et al., 2022),
and a role of vegetation feedbacks (Cheng et al., 2021). Specifically, the shift from northwest to southeast is
interpreted as ASM progressive weakening in response to decreasing summer solar radiation related to orbital
forcing (An et al., 2000). The synchronous rainfall maximum in both northern and southern China are considered
to be consistent with global pattern in response to changes in Northern Hemisphere solar radiation, rather than
simply a local expression (W. Zhou et al., 2007). The lag response of low‐latitude oceans to peak summer
insolation, which was then reflected in southern China also with some time lags, resulting gradual northward
EASM transgression in early Holocene and southward transgression in late Holocene (Ran & Feng, 2013). While,
low‐latitude monthly insolation changes rather than average summer insolation changes, are considered as the
main forcing of northward transgression through WPSH shift (W. Zhou et al., 2022). These contradictory studies
on the reconstruction and mechanism pose a great challenge in our understanding of the ASM precipitation
response to external forcing (X. Zhou et al., 2016).

One major challenging is the lack of reliable regional moisture proxy records in the central and southern China.
Moreover, lack of Holocene δ18O‐enabled transient simulations also poses additional difficulties to resolve this
discrepancy. Among various moisture proxy records, speleothem δ18Oc records show the most robust Holocene
variations over entire ASM region, showing an enriching trend after the early Holocene peak (H. Cheng
et al., 2009; Y. L. Wang, 2001; Yuan et al., 2004), reflecting dynamic links between δ18Op and precipitation
(Pausata et al., 2011; Z. Liu, 2014). As the first δ18O‐enabled transient modeling, iTraCE enables direct com-
parison on Holocene ASM evolution between model simulations and proxy records, and also improves under-
standing on the climatic representation of δ18O. It can capture ASM responses to different time‐varying forcings,
and reflect multiple scale dynamics. Here, combining speleothem δ18Oc records (Chiang et al., 2020; Clemens
et al., 2010; Q. Wen et al., 2024) with iTraCE simulations through paleoclimate data assimilation (PDA), we
reconstruct the pattern of Holocene ASM precipitation variation, revealing a uniform δ18Oc enriching pattern but
regionally inhomogeneous precipitation response, characterized by a mega‐tripolar precipitation pattern over
central China. This reconstruction is used to give the optimal estimate of the Holocene ASM precipitation
evolution, which is consistent with both speleothem δ18Oc records and iTraCE simulation within their
uncertainties.

2. Data and Methods
2.1. Data

iTraCE simulation (Otto‐Bliesner et al., 2024) is performed by the water isotope‐enabled version of the Com-
munity Earth System Model version 1.3 (iCESM1.3), which could capture the observed variations of δ18Op and
δD in the atmosphere, land, ocean, and sea ice (Brady et al., 2019; Stevenson et al., 2019). The iTraCE transient
simulations enable the most comprehensive model‐data comparison study since LGM, which shows skilled
performances on analyses of the global and regional precipitation and δ18Op variations (He et al., 2021a, 2021b,
2021c).

The experimental design largely follows the previous TraCE‐21ka experiment (Z. Liu et al., 2009). The external
forcings include the ice sheet (ICE‐6G) and ocean bathymetry (Peltier et al., 2015), orbital parameters
(Berger, 1978), greenhouse gas concentrations (Lüthi et al., 2008), and melting water flux (Figure 2a). For now,
there is only one baseline experiment (ICE+ORB+GHG+MWF) covering the whole Holocene accomplished.
The iTraCE Holocene simulation was branched from the iTraCE LIG simulation at 11 ka BP. During the
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Figure 1. Climatology of iTraCE hydroclimate variables during the Holocene and EASM variations shown in proxy records. (a) Model summer [June, July, August
(JJA)] precipitation (Prcp, shading), 850‐hPa wind (vector), and surface MSE (contours, in K) with sites of moisture proxy records marked as purple dots. (b) δ18Op
(shading) and zonal wind velocity averaged between 500 and 200 hPa (contour, solid for positive and dash for negative) with sites of speleothem δ18Oc records marked
as red crosses. In (a), red boxes mark the regions of northern China (N. China, 37–43°N, 108–120°E), central eastern China (C. China, 27–35°N, 108–120°E), southern
China (S. China, 20–27°N, 108–120°E), and South Asia (S. Asia, 20–27°N, 70–95°E) in Figures 2b–2d, respectively. (c) Normalized reconstructed pollen record
(yellow) at Sihailongwan Lake (Stebich et al., 2015), pollen record (orange) at Bayanchagan Lake (W. Jiang et al., 2006), reconstructed precipitation (dark blue) at
Gonghai Lake (Chen et al., 2015), reconstructed precipitation (light blue) at Daihai Lake (Xiao et al., 2004), reconstructed lake level (purple) at Dali Lake (Goldsmith
et al., 2017) over northern China; the precipitation proxy (chemical index of alteration) for Nanyi Lake (red) (J. Liu et al., 2020), pollen record (forest green) at Dajuhu
Peatland (C. Zhu et al., 2010), mass accumulation rate of aerobic hopanoids (Xie et al., 2013), pollen record (dark green) at Wangdongyang Peatland (Zhao et al., 2021)
over the central eastern China; pollen record (green) at Dahu Peatland (Z. Zhou, 2004), reconstructed lake level (light blue) at Chenghai Lake (Xu et al., 2020), and
pollen record (light green) at Huangguangyan Maar Lake (S. Wang et al., 2007). Detailed information in Table S1 in Supporting Information S1. (d) Normalized
reconstructed speleothem δ18Oc records at Lianhua and Zhenzhu Caves over northern China, Wuya, Magou, Heshang, Sanbao, Shigao, Jiuxian, Furong, Luoshui,
Lianhua, Xiniu, and Dongshiya Caves over central eastern China, and Dongge cave over southern China. Detailed information in Table S2 in Supporting
Information S1.
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simulation, continental ice sheets were modified at 10, 9, 8.5, 7, and 6 ka, based on the ICE‐6G reconstruction.
The land‐sea configurations were changed at 10, 8.5, 8.4, 7, and 6 ka. From 6 to 0 ka, both continental ice sheet
and land‐sea configuration are set to the PI conditions and remain unchanged.

Twelve moisture proxy records (detailed information in Text S1 in Supporting Information S1) are used for
comparison with simulated and assimilated results. Reconstructed level changes of 30 lakes (Yu et al., 2001) are
also used to validate assimilated precipitation changes (detailed information in Text S1 in Supporting Informa-
tion S1). Sixteen speleothem δ18O records dispersing the ASM region from the SISAL2.0 archive (Comas‐Bru,
Atsawawaranunt, et al., 2020; Comas‐Bru, Rehfeld, et al., 2020) are used for PDA, and their information and pre‐
processing procedures are shown in Text S2 in Supporting Information S1.

2.2. Methods

The paleoclimate data assimilation method used in this study is the offline ensemble Kalman filter (EnKF), which
has been widely used to reconstruct the paleoclimate of the last millennium, Holocene, and LGM (Erb et al., 2022;
Tardif et al., 2019; Tierney et al., 2020). The basic idea of offline EnKF is to calculate the ensemble of posterior
climate states (xa) from proxy data records (y) and prior climate states from model simulations (xb):

xa = xb + K( y − ye) (1)

The EnKF method comprises four main components: proxy records, which provide indirect records of past
climate variables; climate models, which provide prior estimates of climate variabilities with the original tem-
poral resolution (i.e., decadal resolution in this study); and proxy system models (PSMs), which establish re-
lationships between model priors and proxy records; and the ensemble Kalman filter operator, which estimates
climate variables through a weighted average of the model spatial fields and proxy information. The weights of
proxy records andmodel simulations are quantitively calculated based on their uncertainties, with smaller weights
for large uncertainties (Text S3 in Supporting Information S1), to generate optimal estimate of climate variation
from these two data sources.

In assimilation, the prior ensemble of 100 members is randomly drawn from iTraCE Holocene simulations with
original decadal resolution. The simulated δ18Op and precipitation serve as prior in this study, and the posterior
are also these two variables with the same 50‐year resolution consistent with speleothem δ18Oc records. The
temporal variation of the posterior is derived from the integrated temporal information of proxy records and
model simulations, while the spatial covariance relies solely on the model priors. The error variance of the proxy
record is estimated as the variance of the regression residuals. The distance‐weighted radius defines the farthest
area where the proxy record can participate in assimilation. In this article, it is set to 24,000 km, but it is
insensitive. The calculation of PSMs and uncertainty are given in Text S4 in Supporting Information S1. The
details of validation are shown in Tables S3 and S4 in Supporting Information S1.

3. Results
3.1. Paleoclimate Reconstructions of ASM Variations

Regional syntheses of moisture proxy records (detailed information in Table S1 in Supporting Information S1)
show that proxy records over northern China are generally consistent with moisture peaks in the early to middle
Holocene, while proxy records over central China and southern China show large uncertainties with no consistent
moisture trends in the Holocene, as shown in some typical proxy records in these regions. Over northern China
(upper panel of Figure 1c), the pollen record at Sihailongwan Maar Lake (Stebich et al., 2015) shows a Holocene
precipitation maximum occurrence in the middle to late Holocene (∼4 ka BP), and the pollen record at Bayan-
chagan Lake (W. Jiang et al., 2006) also shows a Holocene precipitation maximum occurrence at ∼6 ka BP. The
reconstructed precipitation at Gonghai Lake (Chen et al., 2015) and Daihai Lake (Xiao et al., 2004) shows a
maximum in the mid‐Holocene, with magnitudes of about 700 and 600 mm, respectively. Reconstructed lake
levels at Dali Lake (Goldsmith et al., 2017) show a Holocene precipitation maximum occurrence in early to
middle Holocene (10–6 ka BP). In comparison, over central China (middle panel of Figure 1c), tree pollen in
Dajuhu Peat (C. Zhu et al., 2010) shows a Holocene precipitation maximum from 9–7 ka BP, in contrast with the
mid‐Holocene dry interval shown in the chemical index of alteration (CIA) record at Nanyi Lake (J. Liu
et al., 2020) and the mass accumulation rate of aerobic hopanoids (Xie et al., 2013). Over southern China (lower
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Figure 2.
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panel of Figure 1c), the tree pollen records at Huangguangyan Maar Lake (S. Wang et al., 2007) and Dahu Peat
(Z. Zhou, 2004) show similar Holocene peak rainfall occurrences in the early Holocene, similar to northern China.
However, reconstructed lake level at Chenghai Lake (Xu et al., 2020) shows a mid‐Holocene low lake level, but
high lake levels in the early and late Holocene. The ratios of uncertainty over trend, defined as the spread of proxy
records over the Holocene variation within each region, are 34.21%, 59.59%, and 52.90%, respectively. The
records are plotted together here to show uncertainties among moisture proxy records within each region
(Figure 1c), and they are plotted in separate lines in Figure S6a in Supporting Information S1.

It is noteworthy that all the pollen records in the three regions show a similar peak in the early Holocene
(Figure 1c). This may indicate that these pollen records show similar vegetation responses to the northern
hemisphere summer solar insolation maximum, but with different climate interpretations. The pollen records over
northern China may represent the precipitation variations, while those over the other two regions may reflect
temperature variations.

In contrast to these moisture proxy records, the speleothem isotope δ18Oc records from 16 caves over all three
regions (Table S2 in Supporting Information S1) show a highly consistent change with the early Holocene peak of
depletion (Figure 1d and Figure S3 in Supporting Information S1). This difference raised several key questions,
for example, what was the EASM precipitation pattern during the Holocene? Are the climatic interpretations of
these moisture proxy records correct? To what extent can the speleothem isotope δ18Oc records represent the
EASM precipitation variations? These questions will be discussed through the investigation of assimilated
precipitation, derived with the aid of climate dynamics within the isotope‐enabled transient simulation.

3.2. Paleoclimate Simulation and Data Assimilation of ASM δ18O‐Hydroclimate

The iTraCE simulation provides a unique opportunity for comprehensive data‐model comparisons between δ18O
and associated hydroclimate changes over the ASM region during the Holocene. It also provides the dynamical
constraint that is critical to assimilate precipitation through observed δ18Oc records directly. The paleoclimate
data assimilation product is used to give the optimal estimate of the precipitation variation, which is consistent
with both proxy records and model simulation within their uncertainties. The δ18Oc records from 16 caves over
the Asia monsoon regions (Figure 1b) are used in this procedure, and their detailed information is shown in Table
S2 in Supporting Information S1. The timing and magnitude of Holocene precipitation over ASM region is then
investigated through detailed comparison between model simulation, data assimilation, and observed δ18Oc
records.

To assess the reliability of assimilated results, we compare the assimilated δ18Oc (derived from the δ18Op, details
in Text S5 in Supporting Information S1) to independent speleothem δ18Oc records, following Tierney
et al. (2020). In this step, 25% of the speleothem δ18Oc records (4 caves) were randomly withdrawn from the PDA,
and used for validation, repeated for five times. Furthermore, to avoid potential inflation of validation statistics, if
one independent speleothem δ18Oc record is within 3° × 3° grid cell of any record used in assimilation, it is
removed from the validation. Overall, 68% of the variance in observed δ18Oc changes between the early, middle
and late Holocene can be explained by the assimilated δ18O results (Figure S1a in Supporting Information S1),
compared with only 1% of the variance in observed δ18Oc changes explained by the prior (Figure S1b in Sup-
porting Information S1). The assimilated δ18Oc changes share 3% of the variance with the simulated δ18Oc
changes (Figure S1c in Supporting Information S1). This suggests that the assimilation reproduces δ18Oc changes
through the Holocene more consistent with the observation than the pure model simulation (68% vs. 1%), a
conclusion that can also be derived from the comparison individually across the 16 caves (Figure S2 in Supporting
Information S1). Notably, the magnitude of the δ18Oc variation in the Holocene is much smaller in the prior fields
(simulation) than in observations, and this deficiency is largely improved by the assimilation, such that the

Figure 2. Hydroclimate‐δ18O evolution in iTraCE, assimilation, and observation. (a) Forcing: atmospheric CO2 concentration (green), June insolation at 60°N (red), ice
sheet thickness (dark blue), and meltwater fluxes in the northern (red) and southern (blue) Hemisphere. (b) Observed calcite δ18Oc (black) and assimilated δ

18Oc
(orange) at Lianhua Cave, and assimilated annual precipitation (blue) in northern China (37–43°N, 108–120°E). (c) Observed calcite δ18Oc (black) and assimilated
δ18Oc (orange) at Sanbao Cave, and assimilated annual precipitation (blue) in central eastern China (27–35°N, 108–120°E). (d) Observed calcite δ

18Oc (black) and
assimilated δ18Oc (orange) at Dongge Cave, and assimilated annual precipitation (blue) in southern China (20–27°N, 108–120°E). (e) Observed calcite δ

18Oc (black)
and assimilated δ18Oc (orange) at Mawmluh Cave, and assimilated annual precipitation (blue) in South Asia (20–27°N, 70–95°E). All the simulated results have been
smoothed with a 50‐year running mean.
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assimilated δ18Oc show magnitudes much closer to the observed records than the model simulation alone (Figure
S3 in Supporting Information S1). This weak δ18Oc response to orbital forcing seems to be a common deficiency
in current climate models, in spite of reasonable seasonal cycle response as in present day observations (Battisti
et al., 2014; Z. Liu, 2014; Tabor et al., 2018; X.Wen et al., 2016). Here, by assimilating the observed δ18Oc signal,
the reconstructed climate evolution integrates both the observational δ18Oc signal and model covariance between
δ18Oc and climate variables (e.g., precipitation and winds), reproducing climate variability consistent with the
observations and model simulations within their uncertainties. The assimilated precipitation changes are also
consistent with reconstructed lake level changes of 30 lakes across China (Figure S4 in Supporting
Information S1).

3.3. Holocene ASM δ18O‐Hydroclimate Evolution

The assimilated hydroclimate evolution in the Holocene exhibit distinct features (Figure 2). In northern China, the
assimilated δ18Oc captures the major feature of the observation δ

18Oc at Lianhua Cave, with a large enrichment
from the early and mid‐Holocene toward late Holocene (Figure 2b). The magnitude of observed δ18Oc variation in
the Holocene is about 3‰ (− 11.5‰ to − 8.5‰). The assimilated δ18Oc variation is similar to the observation,
with a smaller enrichment of about 2‰. The assimilated precipitation peaks around the early to mid‐Holocene,
somewhat similar to that in the simulation (Figure S5 in Supporting Information S1) but with a greater magnitude
than in the simulation (0.3 mm/day vs. 0.2 mm/day). This largely decrease of precipitation toward late Holocene
in the DA analysis is overall consistent with the robust change across various moisture proxies there (Figure 2c,
top). The enrichment of δ18Oc and the decreased precipitation appears in the same sign as the nominal “amount
effect.”

In central China, the δ18Oc at Sanbao Cave shows maximum depletion in the early to mid‐Holocene and a strong
enrichment trend toward late Holocene, with a magnitude of ∼2‰ (− 8.5‰ to − 10.5‰) (Figure 2c). The
assimilated δ18Op captures this enrichment trend of about 2‰. The assimilated precipitation shows, however, an
increasing trend through the Holocene (Figure 2c), similar to the simulation (Figure S5 in Supporting Infor-
mation S1). This increase in precipitation alongside δ18Oc enrichment is opposite to the local “amount effect,” as
noted in previous multiproxy speleothem study (Zhang et al., 2018), potentially indicating shift of moisture source
regions.

In southern China, similar to northern China, the observed δ18Oc at Dongge Cave shows enrichment from the
early and mid‐Holocene to the late Holocene (Figure 2d). The assimilated δ18Oc shows a similar ∼2‰ enrich-
ment. The assimilated precipitation decreases, again consistent with the local “amount effect.”

In the SA, the observed δ18Oc at Mawmluh Cave shows ∼2‰ enrichment in the Holocene (Figure 2e), similar to
that in China. The assimilated δ18Oc matches this, with precipitation decreasing toward the late Holocene by
∼0.5 mm/day, consistent with the iTraCE simulation (Figure S2 in Supporting Information S1) and previous
studies (Kutzbach &Otto‐Bliesner, 1982). The changes in δ18Oc and precipitation are consistent with the “amount
effect.”

In summary, the assimilated δ18Oc exhibit a common enrichment trend in the Holocene over the entire Asia
monsoon region, while the assimilated precipitation decreases over the northern and southern China as well as
SA, but increases in central China.

3.4. Mega‐Tripolar Pattern of the Holocene ASM Precipitation Variation

The assimilated precipitation is then compared with the moisture proxy records to investigate the timing of EASM
Holocene precipitation maximum (Figure S6 in Supporting Information S1). Over northern China, the assimilated
precipitation Dali Lake, Sihailongwan Lake, Bayanchagan Lake, and Daihai Lake show maximum precipitation
in the early‐to‐mid Holocene, and then decrease through the late Holocene. Over central China, assimilated
precipitation shows an increasing trend through the Holocene, consistent only with the record from Nanyi Lake.
Over southern China, the early Holocene maximum in tree pollen at Huangguangyan Maar Lake and Dahu Peat is
also consistent with the assimilated precipitation. So, the observations and assimilated results both indicate early
Holocene precipitation maximum over northern and southern China, and a late Holocene maximum over central
China, forming a mega‐tripolar pattern. This “mega‐tripolar” pattern is different from typical tripolar pattern over
EASM region discussed in previous studies (e.g., Zhang et al., 2018), because it also extends to SA (Figure S7 in
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Supporting Information S1). The regional precipitation variations from assimilation are consistent with recon-
structed precipitation and lake level records (Figure S6 in Supporting Information S1).

This mega‐tripolar pattern is further evident in the spatial distribution of the Holocene precipitation maximum.
Assimilated δ18Oc (Figure S7a in Supporting Information S1) shows an early Holocene maximum (∼8–10 ka BP)
across SA to EASM regions, consistent with observed δ18Oc over eastern China and SA (Figure 2). Assimilated
precipitation shows the Holocene maximum in the early Holocene (∼8–10 ka BP) across SA and northern China,
but in the late Holocene over central China (Figure S7b in Supporting Information S1). The northern early
Holocene maximum mode within this pattern is also consistent with the early Holocene maximum at ∼8 ka BP
over the margin of the EASM region, based on eolian dust and pollen records (X. Zhou et al., 2023) as well as lake
level reconstructions (Goldsmith et al., 2017; M. Jiang et al., 2020). Precipitation changes from early to late
Holocene are about − 10% over northern and southern China, and 10% over central China (Figure S7c in Sup-
porting Information S1), with standard deviations of ∼6%–8% across eastern China (Figure S7d in Supporting
Information S1). Furthermore, the early Holocene precipitation maximum over southern China extends to
southwestern China, consistent with the Indian monsoon maximum (An et al., 2000) and high lake levels during
the early Holocene (Z. Liu, 2014).

Although, this early Holocene precipitation maximum in northern China and southern China is partially
consistent with An et al. (2000) and X. Zhou et al. (2023), no time‐transgressive pattern through the whole of
eastern China in the data assimilation. Instead, a sharp contrast in the late Holocene precipitation maximum in
central China, showing an obvious mega‐tripolar pattern, similar to the EASM precipitation pattern in both
paleoclimate and modern climate (Ning et al., 2017; Zhang et al., 2018). The similar early Holocene maximum
depletion in δ18Op over eastern China and precipitation over northern China suggests δ

18Op variations represent
EASM strength and corresponding northern precipitation (Z. Liu, 2014). Therefore, this pattern differs from
previous interpretations of a southward time‐transgressive rainfall maximum (An et al., 2000) or gradual
northward migration driven by insolation changes (X. Zhou et al., 2022). Moreover, the assimilated precipitation
over northern and southern China aligns with multiple proxy records, while over central China, where proxies
vary, the assimilation provides a more dynamically reasonable benchmark for Holocene precipitation
reconstructions.

3.5. Large‐Scale Circulation Associated With the Mega‐Tripolar Holocene Precipitation Maximum
Occurrence

To reveal the physical mechanism behind this mega‐tripolar Holocene precipitation maximum pattern, we
identify the hydroclimate footprint over the whole Asia monsoon region using the leading pattern of the multiple
variable empirical orthogonal function (MV‐EOF) based on summer δ18Op, precipitation, 850 hPa and 200 hPa
wind fields on decadal resolution. The leading spatial mode of MV‐EOF analysis, explaining 89.6% of the total
variance, shows a sub‐orbital scale uniform δ18Op variation over EASM region, but the precipitation variations
are opposite over SA to northern and southern China and over central China (Figure 3). Tagging experiments (not
shown) suggest that the uniform δ18Op pattern mainly results from enhanced moisture contribution from the
Indian Ocean. This uniform δ18Op anomaly is negatively correlated with precipitation over SA and northern‐
southern China, but positively correlated with central China precipitation, consistent with previous modeling
(Z. Liu, 2014) and proxy records (Zhang et al., 2018), which associate the depleted δ18Op anomalies over the
EASM region with an intensified EASM, inducing enhanced precipitation over northern and southern China but
decreased monsoon precipitation over central China. This meridional mega‐tripolar pattern is also the dominant
mode of decadal‐scale EASM precipitation variations in the observations (Ding et al., 2008). This implies that the
uniform δ18Op signal effectively represents EASM strength, notably the monsoon southerly wind and precipi-
tation over northern China, although the δ18Op signal over EASM region is significantly impacted by upstream
rainout effects along the monsoon moisture trajectory. The leading principal component (PC1) shows a pro-
nounced decreasing trend through the Holocene (Figure 3d), indicating a δ18Op enrichment and declining pre-
cipitation over the whole ASM region.

The MV‐EOF spatial mode of 200 hPa wind field show mid‐latitude easterly wind anomalies associated
with positive loading of PC1 (Figure 3a), while 850 hPa winds exhibit southwesterly anomalies over SASM
and southerly anomalies over EASM, accompanied by a strengthened WPSH (Figure 3b). This coupled
mode of a westerly jet and monsoon circulation favors low‐level convergence over the EASM region at
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about 20°N–40°N, inducing anomalous ascent motions and convection (Figure 3c). Given the decreasing
trend of PC1 (Figure 3d), this indicates a concurrent strengthening of the westerly jet and weakened ASM
through the Holocene, with enhanced convection over central China at about 30°N. This is confirmed by
the southward shift of the 200‐hPa westerly jet latitude centroid and a retreating EASM index, defined as
850‐hPa meridional wind strength over East Asia strongly correlated with PC1 (Figure 3d). This mega‐
tripolar pattern of precipitation variations is directly induced by weakened monsoon wind, and corre-
sponding moisture divergence over SA to northern China, but moisture convergence over central China
(Figure 3b). Similar conclusions could also be drawn from MV‐EOF analysis using the assimilated fields
(Figure S8 in Supporting Information S1). The eastward‐shifted, weakened WPSH and strengthened
westerly jet (Figures 3a, 3c, and 3d) further contribute to this pattern (See details in Text S6 in Supporting
Information S1). Similar patterns can also be seen over the SA region (See details in Text S7 in Supporting
Information S1).

Generally, there is a homogeneous continental‐scale negative δ18Op pattern over the whole ASM region, with
positive precipitation patterns over SA to northern China and southern China, indicating the amount effect, while
the δ18Op‐precipitation relationship changes to positive over central China, the Arabian Sea and Bay of Bengal.
The opposite precipitation variations between SA and the Arabian Sea and Bay of Bengal indicate that the
response of precipitation to the insolation changes induced by orbital parameters is different over land and sea.
This coupled hydroclimate‐δ18Op response thus forms a distinctive mega‐tripolar Holocene precipitation
maximum occurrence pattern, such that early Holocene δ18Op maximum depletion is associated with early‐to‐mid

Figure 3. Covariance among Asian summer monsoon δ18Op, precipitation, and the accompanying circulation patterns, as illustrated by the first MV‐EOF mode between
summer (JJA) δ18Op and precipitation over the ASM region in iTraCE. (a) Summer δ18Op (shading) and 200‐hPa wind (vector) regressed on the normalized time
coefficient of δ18Op (black in (d)). (b) As in (a) but for summer precipitation (shading) and 850‐hPa wind (vector). (c) As in (a) but for zonal wind u (shading),
meridional wind v, and vertical velocity w (vector) zonally averaged over East Asia (108°E to 120°E). In (c), contours are for climatological u (positive, solid red;
negative, dash blue) at Holocene, and w is amplified by a factor of 500 for visualization. (d) Time series of the normalized time coefficients of the first MV‐EOF mode
(black for δ18Op, green for precipitation, in black axis), 850‐hPa meridional wind v strength over East Asia (22°N to 43°N, 108°E to 120°E; yellow), 200‐hPa westerly
jet latitude centroid (red) (108°E to 120°E).
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Holocene precipitation and soil moisture maximum from SA to northern China and southern China (Figure S5a,
S5c, and S5d in Supporting Information S1), but a late Holocene precipitation maximum in central China (Figure
S5b in Supporting Information S1), along with a strengthening of the westerly jet and weakened southwesterly
monsoon wind.

Different mechanisms have been proposed to explain the several time‐transgressive patterns of Holocene pre-
cipitation maximum over ASM regions (An et al., 2000; J. Cheng et al., 2021; W. Jiang et al., 2019; X. Zhou
et al., 2023). Here, the MV‐EOF PC1 and westerly jet strength (Figure 3d) are consistent with the summer
insolation variation (Figure 2a), indicating that orbital‐driven insolation change is the primary forcing. The ASM
system's unique response to Holocene insolation change induces the mega‐tripolar precipitation pattern
(Figures 3a and 3b), with WPSH weakening and eastward shift caused by decreased summer insolation, and a
strengthened westerly jet driven by enhanced equator‐to‐pole temperature gradients through thermal wind
mechanisms.

4. Conclusions and Discussions
In this study, we present a new comprehensive view of the Holocene δ18Op‐precipitation variations over the ASM
region and answer the long‐standing controversy about “Holocene Optimum” occurrence, based on the first
isotope‐enabled transient model simulations, proxy records, and paleoclimate data assimilations. Our results
show that there are different timings of Holocene precipitation maximum over the ASM region, with an early
Holocene peak over northern China, southern China and SA but a late Holocene peak over central China. This
pattern characterized by a mega‐tripolar structure, rather than a gradual transgressive one proposed in previous
studies (An et al., 2000; X. Zhou et al., 2023). This spatial pattern is consistent with the δ18Op‐precipitation
relationship, which reflects the combined effects of upstream rainout and local precipitation amount on
continental‐scale δ18Op variations (He et al., 2021a). This sub‐orbital scale δ

18Op‐precipitation variation is mainly
dominated by low‐latitude solar radiation changes induced by the orbital parameters. This mechanism is achieved
by the gradual southward westerly jet shift, which is caused by the weakened tropical‐polar temperature gradients.

The ASM data assimilation in this study is reasonable because of this dynamically consistent framework, which
could improve our understanding of sub‐orbital scale variations of hydroclimate‐δ18Op over the ASM region, and
corresponding physical mechanisms. This also indicates the potential implication of paleoclimate data assimi-
lation to reconstruct the climate of other periods. This mega‐tripolar Holocene precipitation maximum variation
over ASM regions highlights the complicated circulation and moisture responses to different external forcings,
which has implications to improve future ASM projections.

Data Availability Statement
All the assimilated results are publicly available for downloading from Zenodo (Ning et al., 2025). All the
speleothem δ18O records are downloaded from NOAA Paleoclimatology Data Archive (Comas‐Bru, Atsawa-
waranunt, et al., 2020). The proxy records used for validation are kindly provided by the authors. The iTraCE data
are downloaded from the Climate Data Gateway at NCAR (Otto‐Bliesner et al., 2024). The Python codes used in
this study are publicly available at Zenodo (F. Zhu et al., 2021).
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