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INTRODUCTION

The Asian summer monsoon, comprising the Indian Summer Monsoon (ISM) and the East Asian Summer Monsoon (EASM), is a critical climate system in the understanding of orbitalscale climate variability driven by changes in the land-sea thermal contrast and atmospheric pressure [START_REF] Ahn | Atmospheric CO2 and Climate on Millennial Time Scales During the Last Glacial Period[END_REF]. Among the climate variables, precipitation reconstruction is a key process in revealing the summer monsoon's evolution and variability, while stalagmite d18O records have been considered to be a significant proxy indicator [START_REF] An | Glacial-interglacial Indian summer monsoon dynamics[END_REF][START_REF] Armstrong | Author Correction: A simulated Northern Hemisphere terrestrial climate dataset for the past 60,000 years[END_REF]. In the Asian monsoon region, a great number of stalagmite d18O records have revealed the close relationship between monsoon variations and solar insolation on orbital-millennial scales, showing a significant precession cycle [START_REF] Birks | Overview of numerical methods in palaeolimnology[END_REF]. The synthesized Chinese stalagmite data show that d18O records are a valid indicator of EASM intensity or integrated moisture transport, and the d18O variations of Chinese stalagmites cannot be simply interpreted as local precipitation, but rather as a mean state of summer monsoon intensity [START_REF] Birks | Strengths and Weaknesses of Quantitative Climate Reconstructions Basedon Late-Quaternary[END_REF][START_REF] Blaauw | Flexible paleoclimate age-depth models using an autoregressive gamma process[END_REF]. However, the temporal and spatial consistency of the d18O records with strong precession cycles are notably different from the significant 100 ka cycles derived from the marine and loess records [START_REF] Cai | Variability of stalagmite-inferred Indian monsoon precipitation over the past 252[END_REF]. Such contradiction leads to the driving mechanism for glacial-interglacial cycles and the role of internal forcings such as ice sheet size, CO2 concentration, and millennial scale perturbations remains unclear [START_REF] Caley | Orbital Asian summer monsoon dynamics revealed using an isotope-enabled global climate model[END_REF][START_REF] Cao | Attribution of the Last Glacial Maximum climate formation(J)[END_REF]. Moreover, the high consistency of Chinese stalagmite d18O records as a mean state of summer monsoon variability cannot directly reflect the regional heterogeneity of rainfall in the Asian Monsoon Domain (AMD) [START_REF] Chen | Holocene vegetation history, precipitation changes and Indian Summer Monsoon evolution documented from sediments of Xingyun Lake, south-west China[END_REF]. In this respect, the application of quantitative climate reconstructions based on pollen data can reflect regional heterogeneity and validate the difference between monsoon intensity and rainfall amount. Although quantitative precipitation reconstruction studies at a global or continental scale exist [START_REF] Cheng | The Asian monsoon over the past 640,000 years and ice age terminations[END_REF], few have focused on quantitative data from the last glacial period and the Holocene in monsoonal China. In recent decades, efforts have been made towards quantitative climate reconstruction in eastern Asia, but most studies have been confined to the Holocene and located in marginal areas influenced by the summer monsoon, such as northern China and the Tibetan Plateau [12,[START_REF]EPICA Community Members, One-to-one coupling of glacial climate variability in Greenland and Antarctica[END_REF]. One study based on the Dajiuhu pollen record from east-central China covering the last 16 ka shows that the annual precipitation has varied from about 900 mm during the last deglaciation (16-10 ka BP) to 1256 mm during the Holocene optimum (10-7 ka BP) [START_REF] Grimm | TILIA 2.0[END_REF]. On the Tibetan Plateau, where the summer monsoon influence is relatively weak, the pollen-based precipitation reconstruction revealed extremely dry conditions at the Last Glacial Minimum (LGM), being only 32% of the present-day rainfall [START_REF]EPICA Community Members, One-to-one coupling of glacial climate variability in Greenland and Antarctica[END_REF]. However, high-resolution climate reconstruction within the humid monsoonal area is still lacking. This greatly hinders our understanding of the driving mechanisms responsible for orbital and abrupt climate changes, and our ability to identify the possible existence of phase-relationships in the monsoon climate system.

Here, we present quantitative reconstructions of precipitation and temperature for the past 68 ka using representative pollen records from three locations along the summer monsoon pathway in southern China. Two records are located directly in the moisture pathway of the ISM in southwestern (SW) China, while one is located in central eastern China where climate is influenced not only by the ISM, but also by the EASM (Fig. 1). Using a novel statistical approach to pollen-based climate reconstruction, we obtained very consistent results that allowed us to quantify precipitation variability, decipher regional heterogeneity, and evaluate the speleothem proxy records. Our high-resolution climate reconstruction, associated with simulation using a transient model, provides robust evidence for a better understanding of the spatiotemporal hydroclimate changes in the Asian monsoon system. (Liu, 2020), Xiaobailong (XBL) (Cai, 2016), southeastern Yunnan (SEY) (Liu, 2020), Dongge (DG) [START_REF] Wang | A High-Resolution Absolute-Dated Late Pleistocene Monsoon Record from Hulu Cave, China[END_REF], Yangzi (YZ) (Wu, 2020), Sanbao (SB) [START_REF] Wang | Millennial-and orbital-scale changes in the East Asian monsoon over the past 224,000 years[END_REF] and Hulu (HL) [START_REF] Cheng | The Asian monsoon over the past 640,000 years and ice age terminations[END_REF]. The blue dot under the red TCQH indicates the δDwax record from the same lake (Zhao, 2020). The white arrows display the atmospheric circulation systems and June-July-August mean 850-hPa streamlines for the period 1970-2000.

MATERIAL AND METHODS

Regional setting and core sites

The quantitative climate reconstruction strategy we followed was based on three pollen records. The longest one, covering the last 68 ka, is Tengchong-Qinghai (TCQH) [START_REF]Li_Late Quaternary climate, precipitation δ18O, and Indian monsoon Tibet[END_REF] from a volcanically dammed lake (25.1312°N; 98.5731°E; 1885 m) situated to the west of the Gaoligong Mountains in Yunnan Province of SW China. The local climate is dominated by Indian monsoon circulation, with humid conditions from May to October, and a dry season from November to April. The mean annual temperature (MAT) of the core locality is approximately 15.4 °C, and the mean annual precipitation (MAP) is approximately 1532 mm, with a peak in July (>300 mm). The second core was obtained from the protected Caohai (CH) lake of western Guizhou Province (26.8140°N; 104.3405°E; 2165 m). This site, also in the southeastern margin of the Tibetan Plateau of SW China, experiences weaker monsoon rainfall intensities. However, together with the TCQH record, this site provides information on summer rainfall levels along the ISM moisture trajectory. The MAT in the study locality is approximately 10.9 °C, and MAP is approximately 974 mm, with a peak in June and July (>160 mm).

The Dajiuhu (DJH) record [START_REF] Li | QI Vegetation changes during the past 40,000 years[END_REF] originates from a karst lake in the Shennongjia mountains near the Middle Yangtze River of central China (31.4833°N; 110.0666°E; 1751 m), close to the northern boundary of the subtropical zone. The DJH wetland is 1770-1800 m above sea level and surrounded by mountains with heights in the range 2200-2600 m. The regional climate is characterized by a transition between subtropical and warm temperate regimes. Under the strong influence of the EASM, the area has short, warm and wet summers, and long, cold, dry winters. Presently, the MAT is 7.4 °C and the annual precipitation is 1379 mm, 40%-50% of which falls in summer. Annual evaporation varies from 500 to 800 mm, indicating relatively high humidity. 

Age models and pollen records

The TCQH core was drilled using a gravity piston corer under water 2.13 m deep. The core was 13.2 m long and the sediments were relatively uniform, except for a possible volcanic ash layer at 6.1-6.6 m. In total, 261 samples at 4-5 cm intervals were collected for pollen analysis. The chronology of the core was determined using accelerator mass spectrometry radiocarbon (AMS14C) dating of 14 samples of plant fragments and bulk organic sediments by Beta Analytic Inc., Miami, USA (Fig. S1a and Table S1 online). However, there were few dating samples for the glacial period, particularly for the interval older than 30 ka BP. In order to make up for this deficit, the paleomagnetic datapoints were used to provide additional age control points for the lower section of the core [START_REF]Li_Late Quaternary climate, precipitation δ18O, and Indian monsoon Tibet[END_REF]. The relative paleomagnetic intensity (RPI) curve of the TCQH core was compared with curves obtained from analyses of South China Sea sediments [START_REF] Li | Assessing the importance of climate variables for the spatial distribution of modern pollen data in China[END_REF] and the global RPI stacks [START_REF] Li | False amount effect-a discussion on one issue of isotopic climatology[END_REF]. Four recognized RPI lows correlated with those from Sint-200, at 16, 30, 40, and 62 ka, respectively corresponding to four geomagnetic excursions. The first two were in good agreement with the 14C dating results. Therefore, the two deeper age controls (#40 and 62 ka BP) were used for our chronological framework [START_REF]Li_Late Quaternary climate, precipitation δ18O, and Indian monsoon Tibet[END_REF].

The resulting age-depth model suggested that the core covered the last 68 ka BP, corresponding to marine isotope stages MIS4 to MIS1. The average temporal sampling resolution was about 250 years.

In 2013, a 4.05 m continuous sediment core was taken from the CH wetland. All sediment was sampled at 1-2 cm intervals, with a total of 226 samples prepared for pollen analysis. Nine samples were taken for AMS 14C dating. Based on the calibrated ages, the time span covered by the CH record was approximately 22 ka BP, with a sampling resolution of about 94 years.

A continuous and undisturbed 6.0 m core was collected from a peat bog at the DJH site using a Russian-type peat corer [START_REF] Li | QI Vegetation changes during the past 40,000 years[END_REF]. A total of 153 sediment samples were taken at 2-5 cm intervals from this core. To obtain a chronology for the sequence, seven bulk peat and wood samples were taken for AMS 14C dating. The dating results showed that the core covered the last 42 ka BP, with a sampling resolution of about 270 years. The two ages (10.03 and 13.37 ka BP) at depths of 163 and 193 cm basically defined the range of Younger Dryas (YD) event. In addition, a published pollen-based quantified precipitation of the same lake based on more dating results [START_REF] Grimm | TILIA 2.0[END_REF] was used to compared with our data. At the three study sites described above, all 14C dates were calibrated to calendar ages using the Bacon software package and IntCal20 calibration curves [24]. The three records include a total of 639 pollen samples, corresponding to a centennial resolution.

For all pollen samples from the three cores mentioned above, 1-2 g of sediment was weighed and processed by heavy liquid separation [START_REF] Liu | On the glacial-interglacial variability of the Asian monsoon in speleothem δ18O records[END_REF]. Briefly, after adding 15% HCl to remove carbonates, followed by 10% KOH to remove humic substances, each sample was subjected to heavy liquid flotation, then mounted in glycerin jelly and examined under a light microscope.

On average, 521 terrestrial pollen grains (with proportionally corresponding numbers of fern and algal spores) per sample were counted. All percentages of pollen grains and spores (of trees, shrubs, terrestrial herbs, wetland herbs (Cyperaceae), ferns, and algae) quoted here are based on the total sum of pollen from terrestrial taxa. The data were graphed using Tilia (Figs. S2-S4 online) [26].

Pollen-based quantitative climate reconstruction

To identify the climate variables that most strongly influence the regional vegetation, six climate variables, including MAT, mean temperatures of warmest month (MTwa) and coldest month (Mtco), MAP, mean precipitations of warmest month (MPwa) and coldest month (MPco), were initially selected to characterize the climate at each modern pollen sampling site. A correlation analysis of these six climate variables was carried out for the three study cores using the modern pollen datasets (Fig. S5 online). Result showed that the best variables of the three cores were MAT and MAP (Table S2 online), and the seasonal climate parameters had a high correlation with them. Therefore, MAT and MAP were considered appropriate variables for the development of calibration models.

The continuous improvement of modern pollen databases in East Asia provides a good foundation for this quantitative paleoclimate study [START_REF] Lu | Elevation-Dependent Warming, Last Glacial Maximum, Elevation-Dependent Temperature Amplification[END_REF]. The selection of the distribution range of modernpollen samples is a key step in the pollen-based quantitative climate reconstruction.

Based on the chosen climate variables and the zonal vegetation types in the regions, the modern pollen sites with 9 different radiuses (from 700 to 1500 km at 100 km spacing) were compared. This comparison showed that the results of quantitative reconstruction did not improve linearly with the spatial increase of selected distribution area. Along with the stepwise increase of the spatial extent of the calibration subset when the radius is increased from 700 to 1500 km, values of R2 peaks and the values of RMSEP are relatively low when the radii are 1000, 1100, and 1200 km, especially for the 1100 km radius subset, suggesting that the dataset (r = 1100 km) exhibits the best model performance for all the three sites (Table S2 

online).

Therefore, in this study, we used the reference datasets within a radius of 1100 km around the focal sites to provide high-quality information on pollen-climate relationships to enable quantitative paleoclimate reconstruction (Fig. S6 and Table S2 online). In addition, we tested the suitability of several calibration models for the selected modern pollen database. The Locally Weighted-Weighted Average Partial Least Squares (LW-WAPLS) calibration model was ultimately chosen because it yielded a significantly lower root mean square error (RMSE) than the other tested transfer function methods (Table S3 online). The results of leave-one-out cross validation of the LW-WAPLS model are summarized in Table S4 (online). It was found that the model's RMSE values were lowest and its R2 values were highest when the reconstruction was based on #30 analogs (k = 32, 30 and 28). The ''Rioja" package in ''R" was used to establish and check the pollen-climate models, and the ''analog" package was used for the Locally Weighted-Weighted Average (LW-WA) and LW-WAPLS models [START_REF] Maher | Holocene variability of the East Asian summer monsoon from Chinese cave records: a reassessment[END_REF].

Model simulations

The National Center for Atmospheric Research Community Climate System Model (NCAR-CCSM) is a global, coupled ocean/atmosphere/sea-ice/land-surface climate model [START_REF] Masson-Delmotte | Past and future polar amplification of climate change: climate model intercomparisons and ice-core constraints[END_REF]. For the present study, we used the result of a transient simulation in a fully coupled climate model, version 3 (NCAR-CCSM3) at low resolution [START_REF]McGrath_Greenhouse Gas and Ice Volume Drive Pleistocene Indian summer monsoon[END_REF], which can simulate the climate evolution of The sea-ice model is the NCAR Community Sea-Ice Model (CSIM), a dynamic-thermodynamic model that includes a subgrid-scale ice thickness distribution. Several 3000-year-long transient simulations were carried out, in which the orbital forcing (ORB), green-house gases concentration (GHG), and ice-sheet volume (ICE), differently combined (ORB, ORB + GHG, ORB + GHG + ICE), were ascribed to the last 300,000 years (300 ka BP to present day, 0 ka BP), but with an acceleration factor of 100. The low resolution NCAR-CCSM3 generates glacialinterglacial variability comparable to modern observed records [START_REF]McGrath_Greenhouse Gas and Ice Volume Drive Pleistocene Indian summer monsoon[END_REF] as well as to some key proxy records since the LGM [START_REF] Moore | Pollen analysis[END_REF]. In this study, we used the simulated results of the monsoon region in eastern Asia (between 20°-55°N and 90°-120°E) over the last 70 ka for comparison with the pollen-based quantitative climate reconstruction.

RESULTS

The three records studied were from the Tengchong-Qinghai volcanic lake (TCQH), the Caohai mountain wetland (CH), and the Dajiuhu mountain wetland (DJH), covering the last 68, 22, and 42 ka respectively (Fig. 1 and Fig. S1 online). At the two ISM sites (TCQH and CH), the vegetation changes from the glacial to Holocene were characterized by the transformation from a sclerophyllous forest dominated by Tibetan evergreen oak, named Quercus (T/E), to a broadleaved forest dominated by Castanopsis/Lithocarpus (Figs. S2 and S3 online) [START_REF]Li_Late Quaternary climate, precipitation δ18O, and Indian monsoon Tibet[END_REF]. In contrast, the DJH record reflected a change from a mixed alpine coniferous/sedge meadow to temperate deciduous forest due to its more northerly latitudinal position and the climatic dominance of the EASM (Fig. S4 online) [START_REF] Li | QI Vegetation changes during the past 40,000 years[END_REF].

Two climate variables-MAP and MAT-were quantitatively reconstructed (Fig. 2). The predicted quantitative results of these climate variables, using LW-WAPLS calibration models, gave high correlation coefficients between observed and predicted values (R2 > 0.8). The reconstructed precipitation records for TCQH show a relatively low level of precipitation (average 1026 mm) in the earliest interval (68-57 ka BP) corresponding to MIS4, with significantly more precipitation (average 1258 mm) during MIS3 between 57 and 43 ka BP. All three records consistently indicate that precipitation fell to a minimum (average 927 mm in TCQH, 542 mm in CH, and 903 mm in DJH) at 28-16 ka BP, which coincides perfectly with the timing of the global LGM [START_REF] Ng | Coherent deglacial changes in western Atlantic Ocean circulation[END_REF]. The variability in precipitation between the LGM and the Holocene in the three cores ranged by as much as 500-940 mm, the largest being in the case of CH. It is worth noting that the precipitation reconstructed with the DJH core clearly increased during the period around 18-16 ka BP (H1), which is highly consistent with the Humification result (Fig. S7 online) and previous high-resolution reconstruction results of the same site [START_REF] Grimm | TILIA 2.0[END_REF].

In order to understand better the relationship between reconstructed MAP and simulated annual and seasonal climate changes in each study site, we compared the simulated precipitation (in summer, winter and annual) using the TraCE21 model for the locations of TCQH, CH, and DJH (Fig. S8 online). The result shows that the pollen-based MAP matches the simulated precipitation in summer and the whole year better than that in winter, indicating a strong summer monsoon rainfall signal in pollen assemblages. This implies that the pollen proxy is also a good summer monsoon indicator and comparable with stalagmite records. However, there is a clear decoupled variation between the pollen proxy and the model's result during the

LGM in all three sites. Such inconsistent changes may imply, on the one hand, that the simulated local precipitation for the LGM was largely overestimated (particularly in TCQH and DJH) or, on the other hand, decreased temperature at LGM might interfere, to some extent, with the result of pollen-based precipitation reconstruction because thermal condition is one of the main factors of vegetation transformation. We also quantitatively reconstructed MAT, which yielded compelling results because the modern pollen dataset covers a large area with high spatial resolution. Its overall variation trends were found to be in good agreement with the results derived from biomarkers (brGDGTs) [START_REF] Jung | Enhanced Arabian Sea intermediate water flow during glacial North Atlantic cold phases[END_REF] for the same lake (TCQH), although there were some differences in amplitude due to seasonal biases [START_REF] Raza | Glacial to Holocene changes in sea surface temperature and seawater δ18O in the northern Indian Ocean[END_REF] (Fig. S9 online). The two southwest records show much lower temperatures than at present at the LGM i.e., 5.7 °C (TCQH) and 7.2 °C (CH). In central China (DJH), where the climate is dominated by the EASM, it was #4.7 °C lower than at present, which is close to the model's results [START_REF] Cheng | The Asian monsoon over the past 640,000 years and ice age terminations[END_REF][START_REF]Shi Glaciers and Environments during the Last Glacial Maximum (LGM)on the Tibetan Plateau[END_REF]. The greater lowering of temperature at the LGM observed at the TCQH and CH sites in SW China than at DJH in central China are likely due to the extent of mountain glaciers along longitudinal valleys in the Hengduan mountain ranges on the southeastern edge of the Tibetan Plateau. We note that the elevations of our study sites are all above 1700 m, and suggest that these results probably reflect a steeper lapse rate in low-latitude mountains during the LGM [START_REF] Sun | Quantitative precipitation reconstruction in the east-central monsoonal China since the late glacial period[END_REF] due to elevationdependent temperature amplification by surface albedo caused by changes in mountain glaciers [START_REF] Telford | Significance Tests of Quantitative Palaeoenvironmental Reconstructions[END_REF]. Temperature and rainfall quantified in the Holocene Thermal Maximum (HTM), concentrated between 9 and 5 ka BP, were basically in phase and approximately contemporaneous at the three different sites.

DISCUSSION AND CONCLUSION

Hydroclimate changes and regional heterogeneity of the Asian monsoon system

In areas where the current annual precipitation exceeds 1300 mm (e.g., TCQH and DJH), the absolute reductions in precipitation during the LGM were quite similar (about 35% lower). The larger decrease in precipitation (51%) at the CH site, being spatially consistent with the presentday low rainfall, suggests that the winter monsoon had a stronger influence during the LGM in this location. The orbital-scale variation of precipitation derived from thethree study records from SW and central eastern China are basically coupled, although their absolute amounts differ (Fig. 2 and Table S5 online). This is broadly in agreement with the hypothesis derived from orbital-scale d18O data from stalagmites, which suggests that variations in monsoon strength are driven by large-scale atmospheric dynamics associated with changes in solar radiation, rather than precipitation at the regional scale [START_REF] Telford | A novel method for assessing the statistical significance of quantitative reconstructions inferred from biotic assemblages[END_REF]. However, some reconstructed and modeled monsoon rainfall in southeastern (SE) China suggests the strongest EASM intensity occurred in the middle or late Holocene [START_REF] Tian | Synchronous change of temperature and moisture over the past 50 ka in subtropical southwest China as indicated by biomarker records in a crater lake[END_REF][START_REF] Wang | Reconstruction of temperature and precipitation spanning the past 28kyr based on branched tetraether lipids from Qionghai Lake, southwestern China[END_REF], which differs from speleothem d18O data. Our data, with relatively low resolution for the Holocene interval, suggest that precipitation was generally high in the middle Holocene over the study areas, while the late Holocene saw amore pronounced drop in DJH rainfall in central China than in SW China. This indicates that there was interregional diversity in the Holocene rainfall patterns of southern China. This may be attributed to the position of the westerly jet stream [START_REF] Wang | Reconstruction of temperature and precipitation spanning the past 28kyr based on branched tetraether lipids from Qionghai Lake, southwestern China[END_REF], and/or a stronger Western Pacific Subtropical High (WPSH) and southerly monsoon wind and moisture divergence during midto-late Holocene producing less moisture divergence and reduced rainfall in SE China [START_REF] Chen | Holocene vegetation history, precipitation changes and Indian Summer Monsoon evolution documented from sediments of Xingyun Lake, south-west China[END_REF].

In addition, we observed clear indications of the abrupt climate changes associated with the Heinrich event 1 (H1) and YD. However, these millennial-scale abrupt climate perturbations in the DJH records of central eastern China were characterized by increased rainfall rather than the reduced rainfall observed in SW China, indicating precipitation in antiphase. In particular, DJH records show that precipitation increased from #860 mm during the LGM to #1020 mm at the H1 event, exhibiting a clear antiphase with the lowest stand of rainfall amount over the ISM region (i.e., in the TCQH and CH records). Such hydroclimatic heterogeneity over the East Asian region is consistent with the modern-day spatial pattern of summer rainfall variability over East Asia. This is represented by a meridional ''tripole" pattern of precipitation, with increased rainfall over northeastern and southwestern China, and decreased rainfall over central eastern China [START_REF] Mügler | Effect of lake evaporation on D values of lacustrine n-alkanes: A comparison of Nam Co (Tibetan Plateau) and Holzmaar (Germany)[END_REF][START_REF]Wang-Li_Sea surface temperature evolution in the western South China Sea[END_REF]. Our age-depth model of the DJH record compared with another record with more 14C dating data [START_REF] Raza | Glacial to Holocene changes in sea surface temperature and seawater δ18O in the northern Indian Ocean[END_REF] produces an accurate framework for capturing the YD event, which shows a coincidence between an abrupt colder climate and higher precipitation at the YD. However, it should be pointed out that both records from DJH wetland lack direct dating results close to the H1 event, so there may be age uncertainties due to relatively low time-resolution. This needs to be confirmed in the future.

Our findings agree with the results from the multiproxy speleothem records for the middle Yangtze region that indicate a wetter central eastern China during North Atlantic cooling events, despite the oxygen isotopic records suggesting a weaker monsoon [START_REF] Mügler | Effect of lake evaporation on D values of lacustrine n-alkanes: A comparison of Nam Co (Tibetan Plateau) and Holzmaar (Germany)[END_REF]. Our quantitative result is compelling because it demonstrates that a weakened Asian summer monsoon led to drier conditions in SW China, while central China was relatively wetter during these abrupt events.

The jet transition hypothesis concerning shifts in the meridional temperature gradient and seasonal displacement of the westerlies has been proposed as an explanation for the observed antiphase of rainfall and for the East Asian hydroclimate simulation that predicts a slowdown of the Atlantic Meridional Overturning Circulation (AMOC) that is representative of the H1 event and YD [START_REF] Mügler | Effect of lake evaporation on D values of lacustrine n-alkanes: A comparison of Nam Co (Tibetan Plateau) and Holzmaar (Germany)[END_REF][START_REF] Wang | A High-Resolution Absolute-Dated Late Pleistocene Monsoon Record from Hulu Cave, China[END_REF].

Pollen-based climate reconstruction in comparison with speleothem d18O records

The highly coupled orbital-scale variation of precipitation evident from the three pollen records in southern China shows a significant variability from the last glacial period to the Holocene. In general, its pattern agrees well with d18O records from most stalagmites in eastern Asia which have been considered as the index of monsoon intensity. The overlap between the speleothem records and the reconstructed MAP is broadly coherent in most records from regions both ISM and EASM dominances, despite some biases during the glacial period (Fig. 3). Taking into account the significant difference between the d18O records from southwest and southeast of Chinese mainland [START_REF] Chen | Holocene vegetation history, precipitation changes and Indian Summer Monsoon evolution documented from sediments of Xingyun Lake, south-west China[END_REF][START_REF] Juggins | Analysis of Quaternary Science Data. R package version 0[END_REF], we compared the speleothem d18O records separately from regions of ISM and EASM domains (Fig. 3). On glacial-interglacial timescales, the records from the Xiaobailong (XBL) [START_REF] Juggins | Analysis of Quaternary Science Data. R package version 0[END_REF] and southeastern Yunnan (SEY) (unnamed cave) [START_REF] Jiang | A multi-model analysis of glacier equilibrium line altitudes in western China during the Last Glacial Maximum[END_REF] in SW China and the CBoB caves (Hin Thun No.2 cave, Padamya cave, Phabaung Gu cave, and Ya Thea Phyan Gu cave) near the Bay of Bengal [START_REF] Jiang | A multi-model analysis of glacier equilibrium line altitudes in western China during the Last Glacial Maximum[END_REF] displayed distinct differences in d18O values between the last glacial period (MISs 4-2) and the Holocene, indicating relatively weak ISM during the glacial period. This is in good agreement with our quantified precipitation and previously observed evidence from the Chinese loess [START_REF] Wang | Millennial-and orbital-scale changes in the East Asian monsoon over the past 224,000 years[END_REF]. In particular, the integrated d18O data from the CBoB records located near the Bay of Bengal [START_REF] Jiang | A multi-model analysis of glacier equilibrium line altitudes in western China during the Last Glacial Maximum[END_REF] are highly coherent with our reconstructed precipitation (Fig. 3e), indicating that the CBoB caves are located at a key location in the main moisture transport path from the Indian Ocean to the study areas. It has been found that the records close to the monsoon moisture source demonstrate larger glacial-interglacial variability, which then decreases landward because of the moisture pathway effect in the stalagmite d18O data [START_REF] Jiang | A multi-model analysis of glacier equilibrium line altitudes in western China during the Last Glacial Maximum[END_REF]. It is presumably correct that the massive shelf exposure influence (such as Sunderland) on tropical Indo-Pacific hydroclimate was large at LGM, affecting both regional ocean and atmosphere circulations, and amplifying the glacial-interglacial cyclicity [44].

In SE China, the speleothem d18O records from Dongge (DG) and Hulu (HL) caves [START_REF] An | Glacial-interglacial Indian summer monsoon dynamics[END_REF][START_REF] Armstrong | Author Correction: A simulated Northern Hemisphere terrestrial climate dataset for the past 60,000 years[END_REF] show greater differences from our data than in SW China. A climate model with an embedded oxygenisotope model shows that the moisture advection path from Indian Ocean to eastern China moved equatorward and strengthened over the southern Bay of Bengal during the LGM, contributing only #30% and 15% of the LGM precipitation at DG and HL, respectively [START_REF] Yuan | Timing, duration, and transitions of the last interglacial Asian monsoon[END_REF]. A recent simulation using an isotope-enabled general circulation model has revealed that LGM summer precipitation decreased substantially over the Indian Ocean and South Asia, but increased in East Asia (around east of 105°E) [START_REF] Juggins | Analysis of Quaternary Science Data. R package version 0[END_REF]. These modeling results have shed light on how glacial-interglacial changes in monsoon rainfall are manifested in isotopically different ways between SW and East China. According to the Rayleigh distillation model, temperature is one of the factors responsible for the differences in d18O between the LGM and the present on land in Southeast Asia [START_REF] Jiang | A multi-model analysis of glacier equilibrium line altitudes in western China during the Last Glacial Maximum[END_REF].

Our estimate of MAT between the last glacial period and the Holocene is about 5-7 °C at the ISM-dominated mountain sites on the southeastern margin of the Tibetan Plateau, which is consistent with previously reported temperature estimates for the Tibetan Plateau [START_REF] Zhang | Millennial-scale hydroclimate variations in southwest china linked to tropical indian ocean since the last glacial maximum[END_REF] and the modeled temperature for SW China [START_REF] Zhang | Sensitivity of altitudinal vegetation in southwest China to changes in the Indian summer monsoon during the past 68000 years[END_REF]. Pronounced glacial climate changes may have resulted in greater isotopic distillation than today and thus progressively lower d18O values for precipitation as one moves downstream along the trajectory of the ISM [START_REF] Blaauw | Flexible paleoclimate age-depth models using an autoregressive gamma process[END_REF].

For orbital and millennial timescales, a comparison of our quantified precipitation with speleothem d18O records suggests that the variations in d18O records may reflect strong (weak) summer monsoon events as a whole, rather than amount of local rainfall at an individual site [START_REF] Caley | Orbital Asian summer monsoon dynamics revealed using an isotope-enabled global climate model[END_REF][START_REF] Juggins | Analysis of Quaternary Science Data. R package version 0[END_REF]. Despite the variation in d18O of precipitation indicating a mean state of summer monsoon intensity, the records from the locations near the moisture source area (e.g., CBoB) may exhibit a closer variability with local amount of precipitation as shown by our pollen-based precipitation reconstruction. The coupled relationship with stalagmite d18O data from SW China and the coastal area near the Bay of Bengal demonstrates the high reliability of pollen-based precipitation reconstruction, which can be used as a standard precipitation mode in monsoonal region dominated by ISM. 

Model-proxy comparison and climate forcings

A standardized approach was used to integrate quantitative precipitation data in eastern Asia, including our three sites and Gonghai lake (GH), the latter on the edge of the Chinese Loess Plateau near the EASM boundary [12]. In the two sub-systems (i.e., ISM and EASM) of Asian summer monsoon, we found that the general trends of precipitation variation are broadly coupled. The only difference between the two monsoon domains is that the absolute rainfall amount was much higher in SW China (ISM) than in central-east (DJH) and northern China (GH) dominated by EASM (Fig. 3). In addition, the variation pattern of MIS3 rainfall is better matched with the summer insolation at 60°N than at 30°N, likely indicating that high-latitude forcing was more important in driving the hydroclimate changes in the Asian monsoon domain (Fig. 4A,b). Several proxy data from loess and stalagmite records also suggest that solar radiation at high latitudes may dominate the precipitation variability of the Asian summer monsoon [54]. The tradi tional theory postulates that changes in the high-latitude summer insolation drove variations in glacial-interglacial ice sheet extents which, in turn, triggered changes in other parts of the global climate system [55]. Over recent decades, however, another hypothesis has highlighted that monsoon variation is largely driven by inter-tropical insolation differences [56]. It was found that the summer insolation at 60°N high-latitude and the July 21 insolation differential between tropics 30°N and 30°S were virtually identical in terms of their phases [START_REF] Caley | Orbital Asian summer monsoon dynamics revealed using an isotope-enabled global climate model[END_REF], both of which are in good agreement with our reconstructed precipitation variations (Fig. 4). In general, June insolation at high-latitude of the Northern Hemisphere is considered as the critical forcing driving changes in the ice sheet extent, while insolation differential between interhemispheric tropics triggers monsoon variations on the orbital-scale, such as the Asian summer monsoon [57]. The consistency of our data with the ''Summer Inter-Tropical Insolation Gradient" (SITIG) first proposed by Reichart [56] likely supports the hypothesis that the insolation differential between interhemispheric tropics drives Asian monsoon variations on the orbital-scale [START_REF] Caley | Orbital Asian summer monsoon dynamics revealed using an isotope-enabled global climate model[END_REF]. Compared with the traditional theory, ''SITIG" appears to be a more integrated forcing of monsoons, because the insolation difference involves both ''pull" and ''push" forcings from two hemispheres that drive monsoon changes.

Our evidence, tightly coupled with the SITIG, highlights the influence of interhemispheric temperature gradients on monsoon variability. The consistency with the marine proxy records from the Indian Ocean, the main source area of Asian summer monsoon rainfall, also agrees with the mechanism triggered by the inter-tropical insolation gradient [49,50].

In matching our data and the insolation cycles, we found some obvious time lags in the reconstructed precipitation. For instance, during the last glacial termination, there was a distinct time lag (4-5 ka) between the lowest amount of precipitation (corresponding to H1 event) and the lowest boreal summer insolation. The drier conditions that prevailed during H1 have been which are basically consistent with our quantitatively reconstructed MAP pattern over the last 68 ka (Fig. 5). Although the NCAR-CCSM3 produces precipitation variability that is generally comparable to our combined proxy records, it still has a 4-5 ka difference between them at the lowest values during the LGM. 

CONCLUSION

The pollen-based quantitative climate reconstruction of the last 68 ka highlights a significant climate variability in southern China, which is characterized by a 35%-51% reduction in MAP, and 5-7 °C lowering in MAT during the last glacial period. Quantification of temperature changes suggests a steeper altitudinal lapse rate in the low-latitude alpine regions during the

LGM, which is consistent with climate simulation in the marginal mountains of the Tibetan Plateau. The quantitative precipitation reconstruction broadly agrees with the d18O records from most stalagmites in East Asia.

On glacial-interglacial timescales, the records from the caves in SW China and near the Bay of Bengal are more consistent with our data than those from East China. This is in accordance with the studies on synthetic Chinese d18O records and modeling results, showing that glacialinterglacial changes in monsoon rainfall are manifested in isotopically different ways between SW and East China. In particular, the best matching of our data with the CBoB records may indicate that the location of the caves closer to the monsoon moisture source demonstrate larger glacial-interglacial variability. In addition, shelf exposure influence on tropical Indo-Pacific hydroclimate can largely affect regional ocean and atmosphere circulations, and thus amplify the glacial-interglacial cyclicity. By comparing with climate forcings and transient climate simulations, we found that the Asian monsoon precipitation was mainly driven by the insolation differential between interhemispheric tropics on the orbital-scale, but its variation during the transition from the LGM to the mid-Holocene was largely modulated by the abrupt changes caused by the input of fresh water to the Atlantic and Southern Oceans during events such as H1 and YD. We suggest that composite interactions between external (solar radiation) and internal forcings (e.g., shelf exposure, SST and so on) significantly affected the variability of the Asian summer monsoon. Our evidence also supports the hypothesis that there was a spatial antiphase of precipitation between the records from SW and central China during the H1 and YD events, indicating regional heterogeneity in the Asian monsoon systems. The present study provides a robust standard pattern for precipitation variations in the humid regions of the Asian summer monsoon, which can be used to validate the unquantified paleoclimate data. This study provides a useful analog for the behavior of the Asian summer monsoon in the coming centuries.

Fig. 1 .

 1 Fig. 1. Location map of the three pollen records (red dots) and the cave sites along the monsoon trajectory (green dots). The three strategic pollen sites in red dots used for quantitative climate reconstruction are TCQH, CH and DJH, of which monthly climate parameters are shown on the right. The green dots mark the caves of eastern coastal Bay of Bengal (CBoB) (Liu, 2020), Xiaobailong (XBL) (Cai, 2016), southeastern Yunnan (SEY) (Liu, 2020),

Fig. 2 .

 2 Fig. 2. Pollen-derived quantitative MAP (blue lines) and MAT (red lines) reconstructions and their significant tests of the three records. The spatial distribution maps of MAP and MAT in eastern Asia and location of the study sites (TCQH, CH and DJH) are also shown. Root mean square error (RMSE) values for each reconstructed climate variable are shown (gray lines). In the histograms on the right, the brown bars indicate proportions of variance explained by 999 calibration functions trained with random environmental data. The proportions of the variance (95%) and the first axis of a PCA of the record are marked respectively with red and black dotted lines.

  the last 300 ka. The atmospheric model, Community Atmospheric Model 3 (CAM3), and the land model have a #3.75° latitude-longitude resolution (T31). The ocean model is the NCAR implementation of the Parallel Ocean Program (POP), with a #3.6° longitudinal resolution.

Fig. 3

 3 Fig. 3 Comparison of the quantitative climate reconstructions with the proxy records from ice cores, deep-sea marine sediments of Indo-Pacific oceans and stalagmites of Chinese caves. (a) Stalagmite δ 18 O records from Dongge & Hulu caves (Cheng, 2016) and summer mean isolation (June-July-August) at 30°N (Laskar, 2004); (b-c) Pollen-based climate reconstructions for MAP (b) and MAT (c) (data integration using Z-score standardized method) of the three sites (this study); (d) SSTMg/Ca in MD05-2901 (the western SCS), ODP1145 (the northern SCS) (Wang 2012); (e) Marine δ 18 O G. ruber records of NIOP905 (Jung, 2009) and SST from core SK237-GC09 (Raza, 2017); (f) CH4 values of the EDML ice core (EPICA Community members, 2006) and atmospheric CO2 concentrations (Ahn, 2008); (g) δ 18 O values of the EDML ice core ((EPICA Community members, 2006). The yellow backgrounds indicate the high value periods of boreal summer insolation at orbital scale.

  found in many records in eastern Asia and across the world [58]. To understand further the forcings of precipitation changes in AMD, we used the transient simulation in a fully coupled climate model of low resolution [59], which can simulate the climate evolution of the last 300 ka. The National Center for Atmospheric Research Community Climate System Model 3 (NCAR-CCSM3) forcing experiments under orbital (ORB), greenhouse gases (GHGs), and ice sheet (ICE) were created individually. The orbital modulation of glacial-interglacial precipitation variability shown in the models may be useful for a correct interpretation of monsoonal changes in high-resolution pollen records. As expected, the solo-forcing experiments clearly show the dominance of orbital effect on AMD precipitation changes over the last glacial-interglacial cycle,

Fig. 4

 4 Fig. 4 Comparison of pollen-based precipitation reconstructions with speleothem δ 18 O records from mainland Southeast Asia over the past 40 kyr. (a) δDwax record of TCQH (Zhao, 2020), Stalagmite δ 18 O values from Dongge & Hulu (b) (Wang, 2001; Cheng, 2016),YZ (c) (Wu, 2020), SEY (d) (Liu, 2020) and CBoB (e) (Liu, 2020); The overlap of speleothem records obtained from the CBoB on the reconstructed MAP based on pollen records from TCQH of CH of ISM dominance (f) and DJH of EASM dominance (g) with curves of light purple (Sun, 2019) and dark purple (this study).

Fig. 5 .

 5 Fig. 5. Model-proxy comparisons based on transient simulations over the AMD and reconstructed MAP from four pollen records. Spatial pattern of climate simulation (a), and the corresponding temporal variation of Empirical Orthogonal Function (EOF) analysis of simulated MAP over the AMD under different forcings (ORB (red), ORB + GHG (orange), ORB + GHG + ICE (light blue) (b). The blue curve on (b) is the July 21 30°N-30°S insolation [48]. (c) Stacked curves of quantitative precipitation reconstruction from the records of this study (TCQH, CH, and DJH) and GH [12].
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