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Abstract The interpretation of stalagmite 8'80 in terms of reflecting Asian summer monsoon (ASM)
precipitation is still elusive. Here, we present high-resolution stalagmite trace element ratios (X/Ca, X = Mg,
Sr, Ba) records from southwest China covering 116.09 to 4.07 ka BP. §'30, §'3C, and X/Ca values exhibit
clear precessional cycles, with §'80 values reflecting ASM circulation/intensity, while X/Ca ratios capture
local precipitation or evapotranspiration variations. Our results show that Northern Hemisphere summer
insolation (NHSI) is the main driver of ASM intensity and precipitation phase variation, but global ice volume
modulates the response magnitude of summer precipitation to insolation. During the Last Glacial Maximum,
high ice volumes caused significant monsoon precipitation to decrease. In contrast to modern observations of
the tripolar distribution of precipitation in China, our record is consistent with paleo-precipitation records in
southern and northern China.

Plain Language Summary While it is well known that global changes have led to variations in

the intensity and spatial distribution of Asian monsoon precipitation, the mechanisms behind this are not well
understood. Paleoclimate records are essential for revealing the drivers behind monsoon variation. However,
speleothem records from the Asian monsoon region rarely provide direct information on the amount of rainfall.
Here we report on multiple indicator data sets from a stalagmite in southwestern China. It could help explore
the variation of monsoon precipitation over the last ~100,000 years. We find that the increase/decrease of
Northern Hemisphere summer insolation controls the increase/decrease of Asian summer monsoon rainfall.

In addition, global ice volume moderates the magnitude of rainfall response to insolation, and precipitation
decreases significantly during high ice volume periods. Based on the present paleo-precipitation records
evidence, the existence of the spatial pattern of increasing/decreasing rainfall in central China corresponding to
decreasing/increasing rainfall in northern and southern China remains ambiguous on the orbital scales, although
the feature has been captured by some of the model simulations.

1. Introduction

Oxygen isotope measurements in speleothem carbonate (5'#0c) from the Asian monsoon region provide valuable
climatic information for exploring of the driving mechanisms, the evolutionary processes, and intensity of the
late Quaternary Asian summer monsoon (ASM) (Cheng et al., 2016, 2019). This concept encompasses several
aspects of the ASM system, such as changes in moisture source and shifts in circulation patterns (Maher &
Thompson, 2012; M. Tan, 2014), upstream Rayleigh fractionation (Hu et al., 2008), summer to winter precipi-
tation ratio (Wang et al., 2001), and the variations in ASM circulation intensity or overall precipitation (Cheng
et al., 2019). The interpretation of §'#Oc as an indicator of local rainfall amount in the monsoon region in China
remains, however, controversial (e.g., Lachniet, 2020; Liu et al., 2020; Xue et al., 2023). For only a few of the
8'30c records in China a correlation with local amount of precipitation was demonstrated (Liu et al., 2008; L.
C. Tan et al., 2014, 2015), while a relationship with the local instrumental rainfall record is often lacking (Xue
et al., 2023; Yang et al., 2019). §'80Oc may also be related to the strength of the large-scale atmospheric circula-
tion and moisture transport, instead of providing direct measures of the regional precipitation quantity (Cheng
et al., 2019; Liu et al., 2014).
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There is significant spatial heterogeneity in precipitation across the monsoon region in China. In the modern era
and the Holocene, precipitation in central China exhibits an inverse phase within southern and northern China. The
increased rainfall in central China corresponds to a decrease in southern and northern China, also known as the “tripo-
lar” pattern (Figure S1 in Supporting Information S1) (Chen et al., 2022; Chiang et al., 2017; Zhang et al., 2018). This
pattern is difficult to observe in the §'®Oc records from the monsoon region in China because dynamical elements are
not sufficiently well-constrained, limiting the ability of 8'30c to capture the ASM thermodynamic nature and the rain-
fall amount (Zhao, Cheng, et al., 2023). In respect to the driving mechanisms, compared to the ASM rhythms primar-
ily controlled by Northern Hemisphere summer insolation (NHSI) (Cheng et al., 2016, 2021), the response of China
summer precipitation to astronomical forcing and ice volume appears elusive. For example, summer precipitation in
northern China is controlled by precession, showing significant 23 ka cycles, while in southern China 100 ka cycles
are well present, indicating the dominant influence of the background climate state as for example, represented by the
global ice volume (Dai et al., 2021; Lyu et al., 2021; Zhao, Lu, et al., 2023). In addition to NHSI and ice volume, it has
also been hypothesized that the ASM is primarily driven by the Summer Inter-Tropical Insolation Gradient (SITIG)
(Cheng et al., 2022; Zhang et al., 2023). During the precessional minima (P,

' in)» the increase in SITIG leads to a more
pronounced northward shift of the Intertropical convergence zone (ITCZ) and enhanced western Pacific subtropical
high and winter hemisphere trans-equatorial Hadley circulation (Beck et al., 2018). It eventually transports more
oceanic moisture and latent heat to the Asian monsoon continent. This perspective emphasizes the “pull” and “push”
forcing of ASM variations by inter-hemispheric temperature gradients, which is a more comprehensive theory than
the traditional single factor driven view of ASM evolution (Cheng et al., 2022). The discussion of the relationship
between ASM and spatial heterogeneity in summer precipitation has focused on the Holocene, or millennial events
of the last glacial period. On longer scales there is a heavy reliance on simulations (Dai et al., 2021; Lyu et al., 2021).
Due to the absence of high-resolution precipitation reconstructions on glacial-interglacial periods, the existence of

spatial precipitation heterogeneity and its forcing factors remain unclear for at orbital time scales.

Another aspect of our work is that the relationship between regional hydrological environment wet-dry variation
and ASM intensity may not remain constant over different times scales. During the millennial-scale climate
events of the Last Glacial Maximum (LGM), the Yangtze River basin in central China experienced wet conditions
during Heinrich event (H) 1 and Younger Dryas, although the ASM weakened significantly (Zhang et al., 2018).
In contrast, the environment in the central Yangtze basin was dry and cold during HS5 and H6, while it was wet
and warm during Greenland Interstadials (GI) 9-18 (Wang, Chen, et al., 2022). In southwest China, the regional
hydrological environment and effective rainfall during H4 and H5 were comparable to or even wetter than Gls
(Liu et al., 2022; Wu et al., 2023). In summary, 5'80c does not necessarily indicate regional precipitation varia-
tions, as circulation or moisture source effects may mask the less dominant local precipitation signals.

Currently, there are very few unambiguous regional rainfall or hydrological environment records spanning the
glacial-interglacial cycle in southern China, with a resolution permitting to investigate individual millennial
climate events. But some recent work has attempted to reconcile the relationship between ASM intensity and
precipitation from the simulation perspective (Dai et al., 2021; Lyu et al., 2021; Zhao, Lu, et al., 2023). Here
we report trace element records (Mg/Ca, Sr/Ca, Ba/Ca) for a stalagmite from Yangzi cave in southwest China
spanning 116.09 to 4.07 ka BP. In combination with §'30c and 8'*Cc values, this record provides much clearer
comparisons for assessing the relationship between ASM intensity and the regional hydrological environment.

2. Material and Methods
2.1. Study Area and Sample

Yangzi cave (29.78°N, 107.78°E, 400 m above sea level) is located on the lower reaches of Longhe River, which
is a tributary of Yangtze River in Fengdu County, Chongqing City, southwestern China (Figure S1 in Supporting
Information S1). Yangzi cave is about 500 m long, developed in lower Triassic limestone (Zhu et al., 2004). The
region has a subtropical humid monsoon climate, which is affected by the ASM (Pu et al., 2015). Instrumental
climate data from the nearest meteorological station (18 km northwest of Yangzi Cave), reveal that the mean annual
temperature and precipitation amount are 18.3°C and 1018.6 mm, and the 1980-2010 averages June-October
precipitation accounts for 70% of the entire year (http://www.cma.gov.cn/). The mean cave temperature is approx-
imately constant at 16.0°C, and the humidity is close to 100% (Zhu et al., 2004). The modern vegetation above
Yangzi cave primarily consists of subtropical perennial broad-leaved forests and shrubs (Pu et al., 2015). Details
of the YZ1 stalagmite are described in Wu et al. (2020) and Text S1 in Supporting Information S1.
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2.2. Methods

The analytical setup and measurement protocol of trace elements follows the method described by Warken
et al. (2021). The analysis of trace elements was performed at the Institute of Environmental Physics, Heidelberg
University. A laser ablation system with a 193 nm ArF excimer laser NWR193UC by New Wave Research) was
used to ablate carbonate, which was analyzed for its major and trace element composition using an inductively
coupled plasma quadrupole mass spectrometer (ICPMS) (Thermo Fisher iCAP-Q). Line scans were performed at
a speed of 10 pm/s along the growth axis of YZ1 with a rectangular spot size of 15 X 150 pm. To remove possible
surface contamination, the scan path was pre-ablated at a scan speed of 80 pm/s. The repetition rate of the laser
pulses was 20 Hz, and each investigated isotope was measured every 100 ms on the mass spectrometer. Back-
ground counts were measured with the laser in off mode and subtracted from the raw data. To account for matrix
effects, the blank corrected count rates of the analyzed isotopes (Mg, #Sr, 138Ba) are calculated relative to the
intensity of “*Ca. The silicate glass NIST SRM 612 was analyzed for external calibration of the trace element to
Ca ratios using the reference values by Jochum et al. (2011). Correlation analyses were performed in SPSS 25
software. Principal component analysis was performed in R. Ensemble empirical mode decomposition (EEMD),
bandpass filters, and spectral analysis were performed on MATLAB 2022b platform.

3. Results

Measurement results for stalagmite trace element ratios (Sr/Ca, Mg/Ca and Ba/Ca; in the following referred to
as X/Ca) are presented in g/g and shown in Figure S2 in Supporting Information S1. The results of the Pear-
son correlation statistics revealed robust correlation coefficients between X/Ca of 0.46 < r < 0.75 (p < 0.01)
(Figure S3 in Supporting Information S1). Principal component analysis showed that totals of 76% and 18%
of the variations in X/Ca data were explained by the first and second principal components (PCs) (Table S1 in
Supporting Information S1). The results of the EEMD analyses suggests that the most relevant variability of X/
Ca PC1 is captured by the component (IMF 7) that is coincident with precessional cycles (~23 ka) (Figure S4
and Table S2 in Supporting Information S1). On the orbital scale, X/Ca share substantial in-phase covariation to
the oscillatory variations of 8'80 and §'3C, as reflected by the highly significant Pearson correlation coefficients
(0.23 < r < 0.53, p < 0.01) (Figure S3 in Supporting Information S1). The values of X/Ca are generally elevated
compared to the mean value during MIS5e, MIS5c, MIS4 and MIS2, and overall lower during MIS3 (Figure S2
in Supporting Information S1).

4. Discussion
4.1. Climatic Significance of the Trace Element Ratios

The differential increase in the relative content of trace elements in stalagmites and positive correlation between
all three elements was interpreted as prior calcite precipitation (PCP) (Fairchild et al., 2006; Shi et al., 2022; Stoll
et al., 2022; Warken et al., 2018). Sinclair, Wassenburg, and their co-workers infer that predominance of PCP
can be tested d through linear regression between In(Sr/Ca) and In(Mg/Ca) (Sinclair et al., 2012; Wassenburg
et al., 2020). Here, the slopes of 1.0-1.2 between elemental ratios agree with model predictions (0.7-1.4) (Figure
S5 in Supporting Information S1). During MIS5e and LGM, values of Mg/Ca and Sr/Ca are similar, while St/
Ca is elevated in MIS5d (Figure S2 in Supporting Information S1). This difference may reflect the partition-
ing coefficient dependencies for Mg and Sr during calcite growth (D(Mg) and (D(Sr)) (Text S2 in Supporting
Information S1), including dependence on saturation state of drip water, cave P,, and temperature. The D(Mg)
increased with increasing temperature (Fairchild et al., 2006), whereas the D(Sr) is positively correlated with
stalagmite growth rate and may be controlled by solution saturation under the influence of cave ventilation (Day
& Henderson, 2013). During the LGM, lower temperatures may result in lower D(Mg), which contradict our
findings (Figure S2 in Supporting Information S1). Although higher stalagmite growth rates lead to significant
increases in D(Sr), we do not find a positive offset during the LGM with twice as high growth rates during MIS5e
(Figure S2 in Supporting Information S1). There is, however, solely an effect on D(Sr) when growth rates are
greater than 315 mm/ka (Gabitov et al., 2014), which is much lower for YZ1. In addition, the relative stable
Sr/Mg ratios of YZ1 further suggest that both elements have common and relatively constant source to the drip
water during bedrock weathering. Tremaine and Froelich propose to use the Mg/Ca and Sr/Ca ratio under such
conditions as indicator of rainfall variation (Tremaine & Froelich, 2013). Therefore, we consider that factors
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such as temperature, growth rate are less likely to be the dominant factors controlling changes in trace elements
compared to the strong indication for PCP.

Compared to Mg/Ca and Sr/Ca, Ba/Ca shows a low mean value of 0.04 X 1073 but the variability is largest with
variations of more than 500% (Figure S2 in Supporting Information S1). Hence, the variability and concentration
of Mg, Sr, Ba follows inverse order with Mg/Ca > Sr/Ca > Ba/Ca and vice versa. We consider that Ba/Ca is prob-
ably the most sensitive indicator of response to PCP. Given the strong synchronicity of the three trace element
ratios on orbital-millennial time scales, and to avoid the uncertainties of using single trace element ratio record,
we use PC 1 of the X/Ca time series as a robust, integrated hydroclimatic record, interpreted as the local precip-
itation amount or evapotranspiration variations. The high variance of PC1 (76%) means that it well identifies the
main patterns of variation in the X/Ca. The lower X/Ca PC1 values indicate wetter conditions and vice versa for
drier conditions.

We compare X/Ca PC1 with §*Cc and U concentrations from stalagmite chronology results to further validate
our interpretation. §'3Cc and U concentrations are also considered sensitive indicators of response to the exter-
nal hydrological environment (Fohlmeister et al., 2020; Jamieson et al., 2016). Additionally, X/Ca PCI reveals
similar trends throughout those of 8'3Cc and U concentration on orbital time scale (Figure S2 in Supporting
Information S1). The extensive synchronisation of these multi-indicator records on orbital scales supports our
interpretation of X/Ca PC1 as an indicator of regional hydroclimatic variations. Since the underlying PCP process
is a non-linear Rayleigh process, we also use Nll:g/& to approximate the remaining fraction f., in the drip water,

asample

which may serve as a more linear, that is, more direct proxy for regional precipitation amount variation than the
X/Ca ratios (Stoll et al., 2022, Figure S6 and Text S2 in Supporting Information S1).

4.2. Precessional Forcing of the Regional Hydrological Environment

During MIS2, MIS4 and MIS5c with lower-than-average NHSI, the positive shifted 8'¥Oc indicate the significant
weakening of ASM intensity (Figure 1). Meanwhile, the higher §'3Cc and X/Ca PC1 values associated with lower
Jca values (Figure 1; Figure S6 in Supporting Information S1) suggest substantial deterioration in the regional
vegetation and soil carbon dynamics, and precipitation. Such changes may reflect the degradation of the hydrolog-
ical environment forced by the weakening ASM in southwest China, including decreased temperature, drought,
and changes in the ratio of C3/C4 plants (Fohlmeister et al., 2020; Tremaine & Froelich, 2013). Although the
relative contribution of each factor is difficult to determine, this ratio captures the combined impact of environ-
mental degradation. During periods of above-average NHSI, that is, MIS1, MIS3, and MIS5a, the opposite of the
low NHSI periods was observed, with lower 8'*Cc and X/Ca PC1 values as well as higher f, values (Figure 2).
This implies that NHSI not only triggers variations in ASM intensity, but also controls local precipitation varia-
tions. Strong NHSI corresponds to stronger ASM circulation and thus enhanced monsoon-related precipitation as
compared to periods of weaker NHSI. The EEMD and spectral analysis also confirms that the precession cycle
is significant in both the X/Ca PC1 and f, records (Figures S4 and S6 in Supporting Information S1). Recent
precipitation simulations for the past 300 ka BP in northern China also show significant precession influence,
highlighting the dominant role of insolation (Zhao, Lu, et al., 2023). Similar results are confirmed in the magnetic
susceptibility record from lake sediments in southern China (Wang, Lu, et al., 2022). Our trace element-derived
precipitation reconstruction from southwest China, now provides a continuous record even during the low NHSI
(Figure 1b).

The stalagmite §'3Cc values in Zhenzhu cave from northern China are considered a sensitive indicator of response
to variation in local precipitation (Figure 1c) (Y. X. Li et al., 2020). Zhenzhu Cave is in the monsoon edge region
of northern China, which is most sensitive to ASM variations. Zhenzhu cave stalagmite halted growth during
the periods of lowest solar insolation (MIS2, MIS4, MIS5b, and MIS5d), which we interpret as extreme weak-
ening of the ASM, leading to a remarkable reduction in summer rainfall brought about by the southward retreat
of the monsoon. This interpretation does not conflict with the insolation driven changes in ASM intensity and
precipitation.

4.3. Low-Latitude Insolation Regulates Orbital-Scale ASM Precipitation

To assess the influence of forcing from low latitudes on ASM variation, we use the June 21 insolation difference
between 30°N and 30°S to indicate variation in the Summer Inter-Tropical Insolation Gradient (SITIG). Our
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Figure 1. The YZ1 §'3C and X/Ca PC1 records compared with climatic records for the Asian monsoon region. (a) YZ1 §'3C (this study); (b) YZ1 X/Ca PC1 (this
study), the dark curve indicates 10-points smoothing; (c) Zhenzhu Cave stalagmite 5'°C (Y. X. Li et al., 2020); (d) Summer rainfall in northern China as simulated by
the full coupled NRAR-CCSM3 model (Zhao, Lu, et al., 2023); (¢) Maar lake sediments Magnetic susceptibility (Wang, Lu, et al., 2022); (f) IODP U1429 planktonic
foraminifer 5'%0 (Clemens et al., 2018); (g) Indo-Pacific Warm Pool upper stacks ocean heat content variations (Jian et al., 2022). The brown and green curves represent
30°N summer and 30°N minus 30°S June 21 insolation, respectively (Laskar et al., 2004).
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Figure 2. Comparison of the YZ1 X/Ca records with paleoclimate records from different regions of China. (a) Gulang

loess 8'3C (Sun et al., 2015); (b) Zhenzhu Cave stalagmite 5'*C (Y. X. Li et al., 2020); (c) Mangshan loess brGDGT-derived
soil pH (Peterse et al., 2014); (d) Weinan loess °H (Thomas et al., 2016); (¢) Tai Lake pollen ratio of Woody/Herbaceous
(Miao et al., 2015); (f) IODP U1429 planktonic foraminifer 8'0 (gray) (Clemens et al., 2018); Haozhu cave stalagmite trace
elements PC1 (bule) (Zhang et al., 2018); Dajiuhu pollen-based mean annual precipitation (purple) (Zhang et al., 2023);
Yongxing cave stalagmite Sr/Ca (orange) (Wang, Chen, et al., 2022); (g) YZ1 X/Ca PC1 (this study); (h) Pollen-based MAP
records of Caohai (green) and Tengchong-Qinghai (pink), respectively (Zhang et al., 2023); (i) Maar lake sediments Magnetic
susceptibility (Wang, Lu, et al., 2022). The red/blue bars indicate paleoclimatic records where increased/decreased insolation
corresponds to decreased/increased precipitation.
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reconstructed precipitation variations point to a link with SITIG (Figure 1). Although, the NHSI and SITIG are
nearly identical in phase, the decreasing NHSI is contrasting the elevated precipitation during MIS3, which is
synchronous to SITIG (Figure 1). This finding supports the fact that inter-hemispheric heat contrasts also cause
ASM precipitation variation (Beck et al., 2018; Zhang et al., 2023). To validate this forcing, we compared our
X/Ca PCI record with marine proxies from ASM moisture source region (Figures 1b and 1g). The Indo-Pacific
Warm Pool (IPWP) upper ocean heat content (OHC) variations exhibit significant precession cycles driven by
the insolation-driven meridional gradients in the lower latitudes (Figure 1g) (Jian et al., 2022). The OHC and
YZ1 8'80 and X/Ca PC1 are in phase on the precession scale. This could be explained by the ASM dynamics
and thermodynamics are influenced by the tropics warm pool ocean heat content. The increase in IPWP OHC
during P _; results in more evaporation, convergence, and transport of oceanic moisture to land (Jian et al., 2022).
This process, while increasing East Asian monsoon precipitation, also produces more depleted §'30 values in the
speleothem records due to significant upstream moisture convergence and rainout (Figures 1a, 1b, and 1g) (Liu
etal., 2014; Ruan et al., 2019). The above phenomena and processes have been confirmed in quantitatively recon-
structed precipitation records on orbital scales based on pollen in southern China and loess in the north China
(Beck et al., 2018; Zhang et al., 2023). For the first time, we observe similar features in stalagmite trace element
records from southern China. Our new record highlights that differences in insolation between the low-latitude
tropics may be a more integrated forcing factor controlling monsoon precipitation phase variations (Cheng et al.,

2022).

Simulations have suggested that the “tripolar” precipitation pattern in the monsoon region of China during the
modern and Holocene persists on orbital scales (Figure S7 in Supporting Information S1) (Dai et al., 2021; Lyu
et al., 2021). However, our findings are broadly consistent with precipitation reconstructions in northern and
southern China, that is, wet environments correspond to high NHSI or large SITIG, although there are differences
in details (Figure 2). We observed antiphase only in loess 8°H records near the edge of the Loess Plateau and in
Taihu lake pollen proxies in the lower reaches of the Yangtze River (Figures 2d and 2e). These records show that
the decrease in insolation sometimes corresponds to a wetter environment. The spatial heterogeneity of precipi-
tation in the monsoon region in China is often interpreted as being related to Western Pacific Subtropical High
(WPSH) (Chiang et al., 2017; Jiang et al., 2021). During high boreal summer insolation, a more La Nifia-like state
caused by the increased tropical east-west Pacific Sea surface temperature gradient will result in stronger and more
active WPSH (N. N. Li et al., 2021; Lu et al., 2019). Enhanced and northwardly extending WPSH limits summer
precipitation in east-central China while precipitation increases in north and south China (Zhang et al., 2020).
However, there is also evidence that strong WPSH can also lead to an east-west antiphase of summer precipitation
in the mid-latitude monsoon region in China (Tian et al., 2022). Our results show high NHSI and La Nifia-like
situations correspond to increased precipitation (Figure S8 in Supporting Information S1). Moreover, we also do
not find similar antiphase in U1429 §'80 indicative of the overall rainfall in the Yangtze River basin (Figure 2)
(Clemens et al., 2018), suggesting that the generalized statement that central China is in antiphase with north-south
precipitation may not be robust. The typical areas where high NHSI corresponds to negative precipitation anoma-
lies are in the middle and lower reaches of the Yangtze River, which are more affected by WPSH (Dai et al., 2021;
Jiang et al., 2021). The absence of continuous paleo precipitation records spanning the glacial-interglacial period
in the middle and lower reaches of the Yangtze River also creates uncertainty in the interpretation (Figure S7 in
Supporting Information S1). Therefore, its influencing range should be considered when discussing the spatial
patterns of precipitation in the monsoon region in China on orbital scales. Also, caution should be exercised when
discussing monsoon precipitation variations based on a single reconstructed record.

4.4. The Global Ice Volume Forcing on Summer Monsoon Precipitation Amplitudes

The band bass filter analysis results show a long-term decreasing trend in §'30c from MIS5e to MIS1, with the
phase and amplitude consistent with the precession (Figure 3). However, during the LGM, although the X/Ca
PC1 record is in phase with the ASM and insolation, the amplitude is much larger, equivalent to strongly decreas-
ing precipitation amounts as deduced from f., estimates (Figure S6 in Supporting Information S1). Similar results
are confirmed in different model simulations. The LGM annual precipitation in China was proposed to reduce
by an average of 18%—25% compared to the pre-industrial period (Tian & Jiang, 2016). This suggests that the
decrease in ASM precipitation during the LGM is exceeding the influence of ASM intensity, which is also
captured by other precipitation records (Figure 3). The forcing of the intensely reduced precipitation during the
LGM is not completely attributable to the decreasing insolation.
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Figure 3. Influence of NHSI and ice sheet dynamics on ASM precipitation.
(a—) YZ1 8'80,8'3C, and X/Ca PC1 records (this study); (d) The §'3C

of inorganic carbonate from the Chinese loess in northern China (Sun

et al., 2019); (e) The brGDGT-derived soil pH for the Mangshan mountain

(Peterse et al., 2014); (f) Global stack benthic foraminifer 5'%0 sequence LR04
(Lisiecki & Raymo, 2005); (g) Global ice volume and sea level reconstructing

records (Bintanja and van de Wal, 2008; Grant et al., 2014). The gray curve
represents the variation in the precession. The frequency is 0.0434 ka~!' and
the band width is 0.01 ka~!, normalized to the interval —2 to 2.

5. Conclusions

The decrease in monsoon precipitation may be related to the large global ice
volume during the LGM (Figure 3g). During the LGM, although the insola-
tion decrease is minor compared to the MIS3, MIS4 and MISS5, the large-scale
cooling of the NH continents due to the increased global ice volume produces
high-pressure anomalies over Eurasia and low-pressure anomalies over the
North Pacific, respectively, which further reduces the land-sea thermal
contrast (Lyu et al., 2021; Tian & Jiang, 2016). Meanwhile, ocean cooling
weakens local upward movement and air convection over the oceans, which
leads to a weakening of the ASM and a reduction in ocean moisture fluxes.
Strong cooling at NH high latitudes will lead to a strengthening and south-
ward shift of NH subtropical westerlies, which limits the extent and intensity
of summer monsoon penetrating deep into the East Asian continent (Chiang
et al., 2020). On the other hand, the location of the ITCZ is sensitive to
changes in ice volume in NH and the resulting differential heating between
the two hemispheres (McGee et al., 2018). Thus, during the LGM, although
the weakening of insolation is not significant, the large ice volume during this
period amplified the magnitude of the reduction of monsoon precipitation.
This feature has been captured in fully forced transient experiments (Lyu
et al., 2021; Shi et al., 2019), which we verify from the reconstructed record.

Another period of significantly reduced precipitation was during end of
MIS5e. Almost all records indicate that precipitation reduced to the extent
of the LGM during end of MIS5e, although this time ice volumes were much
smaller (Figure 3). Modeling work suggests that the relationship between
ASM precipitation and ice volume is non-linear (Yin et al., 2009). Especially
in the lower latitudes of 15°-25°N, precipitation does not entirely follow
the change in ice volume, rainfall in southern China is less affected by ice
volume in low insolation conditions (Lyu et al., 2021). Thus, forcing from
ice volume is limited during end of MIS5e, and insolation dominates the
monsoon precipitation variations.

The retreat of the coastline during the LGM resulted in an increase in the
distance (100-300 km) from the study area to the ocean (Figure S9 in
Supporting Information S1), lengthening the distance between the oceanic
moisture source and the cave site. The continuous condensation of monsoonal
moisture in the transport path reduces monsoonal precipitation reaching the
inland. The more significant Rayleigh fractionation process during moisture
transport due to the retreating coastline will result in more negative 5'%0p
and thus 8'80c downstream. This offsets the effect of positive §'*0Op due
to positive seawater 580 (~1.7%o) during the LGM (Schrag et al., 1996),
resulting in insignificant variation in 8'80p over central and eastern China
(~1.0-2.0%0) (Cai et al., 2015). Consequently, the relative magnitude of 580
variations is smaller than the amplitude of the trace element-derived precip-
itation reconstruction during the LGM. Our previous results also show that
the enriched 8'®0Oc during MIS5d and end of MIS5e are attributed to the
isotopic compositions of different moisture sources and the dynamics of the
monsoon circulation (Wu et al., 2020). Therefore, we suggest that 5'®Oc
primarily captures features of ASM dynamics, such as intensity, but caution
is still advised when using it for precipitation reconstruction.

Based on high-resolution stalagmite trace element records, for the first time, we infer variations of the regional
hydrological environment in southwest China during 4.07-116.09 ka BP. Our study highlights that the NHSI
and differences in insolation in the interhemispheric tropics are the primary control on ASM precipitation phase
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provides a robust reference for precipitation variations in monsoon region in China, which can be used to validate
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