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Materials and Methods 

1. Lipid biomarker extraction and purification.
255 samples were obtained from ODP Site 1146, Holes B and C, for organics analysis. 
Free lipids were extracted from freeze-dried samples (ca. 9 to 24 g dry weight) with an 
Accelerated Solvent Extractor 200 (Dionex) using dichloromethane (DCM):methanol 
19:1 (v:v). The samples were split volumetrically, reserving 10% of the total lipid extract 
(TLE) for alkenone analysis. The remaining TLE was prepared for n-alkanoic acid and 
GDGT analysis following previously published methods (Thomas et al., 2012; Kim et al., 
2010). First, the TLEs were separated on solid phase Aminopropyl silica gel flash 
columns using DCM:methanol 1:1 (v:v) as the neutral eluent and 4% acetic acid in 
diethyl ether as the acid eluent. All flash column separations used three column volumes 
of each eluent, unless otherwise stated. The acid fraction was then methylated in 
anhydrous 5% HCl in methanol at 60°C overnight. Hydroxyl-carboxylic acids were 
removed from the methylated acid fractions using silica gel flash columns with DCM as 
the eluent, after eluting apolar compounds with hexane. The GDGTs were purified on an 
aluminum oxide flash column using DCM:methanol 1:1 (v:v) as the eluent, after eluting 
apolar and ketone fractions with hexane:DCM 9:1 (v:v) and hexane:DCM 1:1 (v:v; four 
column volumes), respectively. The polar fractions were dissolved in hexane:isopropanol 
99:1 (v:v), and filtered through a 0.4 µm PTFE filter. 

2. Alkenone analysis.
An aliquot of each extract was analyzed for alkenones (UK’

37) by gas chromatography at 
Brown University, using standard published methodology (Herbert et al., 1998). Sea 
surface temperatures were calculated using the global core-top calibration, with a 

standard error of ±1.5°C (Müller et al., 1998). Laboratory analytical error, 0.2°C (1, 
was calculated based on a composite sediment standard, which is extracted and analyzed 
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every 3 months. The pooled standard deviation for these analyses, calculated using 

replicate analyses of individual extracts, is 0.07°C (1). 
 
3. Hydrogen isotope analysis.  
The hydrogen isotope ratio of the C28 fatty acid methyl ester (FAME) was determined 
using gas chromatography-pyrolysis-isotope ratio mass spectrometry at Brown University 
using previously described methods (Thomas et al., 2012). Isotope values are expressed 
in per mille (‰) relative to Vienna Standard Mean Ocean Water (VSMOW). The pooled 
standard deviation for these analyses, calculated using the results of triplicate analyses of 

each extract, is 1.6‰ (1). Analysis of an external FAME standard consisting of C16, C18 
,C22, C24, and C26 FAMES, injected twice after every sixth sample injection, had an 

analytical error of 2‰ (1). The measured FAME 2H values were corrected for the 
isotopic contribution of the three hydrogens in the methyl group added during 

methylation using the formula: 2Hwax = [(2n + 2)  2Hmeasured + 123.7‰  3]/(2n – 1) 

where n is the number of carbons in the molecule and -123.7‰ is the 2H value for the 
added methyl group. 
 
4. TEXH

86 temperature analysis.  
GDGTs were analyzed at the Royal Netherlands Institute for Sea Research, using 
previously described methods (Kim et al., 2010). Sea surface temperatures were 
calculated using the TEXH

86 calibration, with a standard error of ±2.5°C(Kim et al., 
2010). The pooled standard deviation for these analyses, calculated using replicate 

analyses of individual extracts, is 0.3°C (1). 
 
5. Precipitation source regions.  
We determined precipitation source regions for the Pearl River catchment (24.0°N, 
110.0°E; Fig. 1) using HYbrid Single-Particle Lagrangian Integrated Trajectory 
(HYSPLIT) analysis of NCEP-NCAR Reanalysis data from 2007-2011 (Kalnay et al., 
1996; Draxler and Hess, 1998). We backtracked airmasses at twelve-hour timesteps for 
seven days from a point 500 m above ground level at the study site. We then subsampled 
this dataset to include only airmass trajectories that resulted in precipitation within twelve 
hours of arriving at the study site and grouped the trajectories by month (Fig. 1). 
 
6. Community Climate System Model Version 3: Isotope-enabled transient simulation. 
We simulated continuous climate evolution of the past 21,000 years (Liu et al., 2009) in a 
state-of-the-art coupled ocean-atmosphere model, the Community Climate System Model 
version 3 (CCSM3, T31 resolution) of the National Center for Atmospheric Research 
(hereafter TRACE simulation) (Yeager et al., 2006). The simulation is forced by realistic 
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external forcing of insolation, atmospheric greenhouse gases, melt water fluxes and 
continental ice sheets (Liu et al., 2009). To explicitly compare model results with 
precipitation isotope observations, we further simulated the evolution of atmospheric 
water isotopes (δ18O only) using the isotope-enabled atmospheric component model of 
the CCSM3 CAM3 (T31 resolution) that incorporates fractionation associated with 
surface evaporation and cloud processes (Noone and Sturm, 2010). We performed 23 
isotope snapshot sensitivity experiments in the last 21,000 years using the same CAM3 
setup as in the TRACE experiment: 21 experiments are 1000 years apart, at 20 ka, 19 
ka,…., 0 ka, and 2 additional experiments around the times of the Bølling-Allerød 
warming (14.5 ka) and the Younger Dryas (12.1 ka). Each experiment is forced by the 
same external forcing as for the TRACE experiment, and additionally, by a 50-year 
history of monthly SST and sea ice from the TRACE experiment. Surface ocean δ18O 
values are prescribed as δ18O = 1.6‰ at the Last Glacial Maximum based on (Schrag et 
al., 1996), and are scaled to other time periods using the global benthic δ18O stack. The 
mean of the last 40 years in each snapshot experiment is used for cross-snapshot analysis. 
The mean climate of each snapshot is similar to that of the TRACE simulation at the 
corresponding time. The prescribed ocean surface δ18O boundary condition should not 
introduce large error because of the modest variation of δ18O values over the surface 
ocean. Therefore, the oxygen isotopes simulated in the snapshot experiments can be 
considered a good representation of that simulated in the transient TRACE experiment, 
were the isotopes fully implemented into the coupled model. The evolution of the model 
δ18Op over China captures the major features of the cave δ18Ocave records, albeit with a 
somewhat smaller magnitude (Liu et al., 2014). 
 

7. Removing the effect of local condensation temperature from 2Hwax and 18Ocave.  

The effect of vapor transport history on precipitation 2H and 18O dominates the modern 
monthly data in southern China, whereas temperature does not exert a strong influence on 
the seasonal cycle of precipitation isotope variability in this region (Johnson and Ingram, 

2004). In contrast, annual mean temperature and amount-weighted precipitation 18O at 
all GNIP stations in the Pearl River catchment are positively correlated (IAEA/WMO, 
2011), with similar slopes obtained using the CCSM3 isotope-enabled simulation (Fig. 

DR1). Annual mean values are most representative of 2Hwax preserved at Site 1146, 
since leaf waxes are produced year-round in the Pearl River catchment. It is important to 
note that annual total precipitation amount has a weak linear relationship with annual 

weighted mean 18Op in the GNIP data for the pearl River catchment, and is in the 

opposite sense of the “amount effect” (depleted 18Op corresponds to less precipitation; 

Fig. DR1; IAEA/WMO, 2011). The precipitation amount-18Op relationship in the 
CCSM3 data is also weak, but in the correct sense of the “amount effect”. Furthermore, 
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thermodynamic principles demonstrate that at temperatures >0°C, condensing water 
becomes enriched in 2H by >1‰ for each 1°C increase (Majoube, 1971). The 
combination of thermodynamics, modern empirical data, and model precipitation isotope 
data suggest that temperature has an important influence on annually-integrated 
precipitation isotopes in the Pearl River catchment. 
 

Paleoclimate model simulations suggest that orbital-scale temperature change (i.e., 
from the Last Glacial Maximum 20,000 years ago to present) is on the order of 2.5 to 
5.0°C in the South China Sea and the Pearl River catchment (Fig. DR1; Jiang et al., 
2011). This is similar to the orbital-scale temperature change that we reconstruct in the 
northern South China Sea (Fig. 2). Sea surface temperature in the northern South China 
Sea covaries with air temperature in the Pearl River catchment (Fig. DR1; Kalnay et al., 
1996; Jiang et al., 2011), so we used our South China Sea surface temperature records as 
a proxy for surface air temperature in the Pearl River catchment. Paleoclimate model 
simulations suggest that temperature change is comparable in these two regions (Fig. 
DR1; Jiang et al., 2011). Due to a more continental climate (i.e., greater temperature 
variability) in the western Pearl River catchment, the amplitude of glacial-interglacial 
scale temperature change may be greater in the Pearl River catchment than in the 
northern South China Sea. Thus, temperature variability in the South China Sea 
underestimates temperature variability in the Pearl River catchment, and the effects of 
temperature estimated by our calculations are therefore conservative. 

 

We used the following steps to remove the effect of temperature from 2Hwax, 
propagating error where appropriate (Fig. 2C): 

 

1. Convert temperature-18Op to temperature-2Hp by multiplying by 8 (3.7±0.5‰ 
°C-1) (Rozanski et al., 1993). 

2. Calculate T for each UK’
37-based SST relative to average Holocene SST at Site 

1146 (25°C). 

3. Convert T to 2H using the temperature-2Hp relationship. 

4. Subtract 2H from 2Hwax to yield a 2Hwax record with the effects of local 

condensation temperature removed (2Hwax-T; Fig. 2). 
 
We propagate error through the temperature removal calculations as follows (steps 

correspond to steps above): 
 
1. Multiply the slope error bar by 8 as well (Rozanski et al., 1993)  
2. No error propagation necessary 
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3. Propagate calibration error of SST value (1.5°C and 2.5°C for UK’
37 and TEXH

86, 

respectively) and error of temperature-2Hp slope from the CCSM3 model. 

4. Propagate error of replicate 2Hwax measurements. 
 

Removing the effect of ice volume from 2Hwax and 2Hwax-T has a negligible impact 
on the amplitude of each record. The precession-band phases change slightly (Table 
DR1), but within error of the original records, and therefore does not influence our results 
or conclusions. 

 
For the sake of consistent treatment of the leaf wax and speleothem proxies, we also 

experimented with removing the temperature effect from 18Ocave. For this purpose, we 
used the UK’

37-inferred sea surface temperature record from ODP Site 1146 because no 
millennial-scale Pleistocene terrestrial temperature record currently exists in the 
immediate vicinity of the caves. Over orbital and glacial-interglacial time scales, we 
expect the timing of temperature change to be similar throughout southeastern China, 
although the magnitude may be different. To our knowledge, there are no published 
temperature reconstructions in the cave region with appropriate time span and resolution. 

Removing the effect of condensation temperature from 18Ocave changes the phase at the 
precession band by only 6°, which does not change our conclusions (Figs. 3, DR2, DR3). 
This small effect is due to the fact that the precession-band phasing of SST is more 

similar to 18Ocave than to 2Hwax, and addition of two similar-phase vectors results in a 
vector with a similar phase (Fig. 3). Moreover, temperature-dependent oxygen isotope 
fractionation associated with water vapor condensation and calcite precipitation have 
opposite signs (Majoube, 1971; O’Neil et al., 1969), potentially reducing the effect of 

temperature variability in 18Ocave. 
 

8. Spectral Analysis.  

Power spectra, coherency, and phase of 1146 time series and 18Ocave are presented in 
Fig. DR3. We used the Arand software package (Howell et al., 2006) to run these 
analyses. We calculated ETP by normalizing and averaging the three orbital parameters 
eccentricity, obliquity (tilt) and precession (June 21 perihelion; Laskar et al., 2004). 

Benthic foraminifera 18O, raw 2Hwax, and temperature records show concentrations of 
variance at the eccentricity (100 kyr), and to a lesser extent at the obliquity (41 kyr) and 

precession (23 kyr) bands (Fig. DR3). 2Hwax-Tand planktonic foraminifera 18O show 

strong variance at the eccentricity and precession bands, whereas18Ocave shows a strong 
variance only at the precession band (Fig. DR3). 
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We applied Gaussian band-pass filters to the precipitation isotope records, (2Hwax, 

2Hwax-T,	18Ocave, and 18Ocave-T) to extract oscillations associated with the precession 
period. The Gaussian band-pass filter was centered at 0.044 kyr-1 (22.7 kyr period) with a 
bandwidth of 0.01 (18.5-29.4 kyr period). The results are shown in Figs. 2, DR2, and 
DR3, and Table DR1. 
 
Source of Leaf Waxes to ODP Site 1146 
 

Analyses of grain size distribution for glacial and interglacial sediments in the 
northern South China Sea indicate that dust is a minor source of sediments to this region 
(Boulay et al., 2005; Boulay et al., 2007). Thus, fluvial input dominates terrestrial influx. 
Clay mineral distributions and neodymium and strontium isotope measurements indicate 
that the primary source of fluvial material to the northern South China Sea during both 
glacial and interglacial periods is the Pearl River (Boulay et al., 2008). In the Ganges-
Brahmaputra rivers, a monsoonal system similar to the Pearl River, leaf waxes are 
integrated from throughout the catchment, proportional to the suspended sediment load of 
individual tributaries (Galy et al., 2011). This could lead to some bias towards tributaries 
with higher suspended sediment load, but overall, we infer that the primary source of leaf 
waxes to ODP Site 1146 is the Pearl River catchment. 

 
N-alkanoic acids may be retained in the Pearl River for some period of time before 

being carried to our study site, thus potentially affecting the timing of the paleoclimate 
signal preserved in ODP Site 1146 sediments. Of the river catchments studied for leaf 
wax residence time, the Ganges River catchment is the most similar to the Pearl River 
catchment in latitude, climate, and seasonality. Estimates of n-alkanoic acid residence 
time for the Ganges River catchment range from 0.05 to 1.3 kyr, with a median residence 
time of 550 years (Galy and Eglinton, 2011). Assuming that these results could also apply 
to Pleistocene-age sediments in the Pearl River catchment, it is likely that leaf waxes are 
deposited at ODP Site 1146 on the order of 550 years after they are produced. This is half 
the time of our average sampling resolution, and therefore has a minimal impact on our 
results and conclusions. Even so, we conducted a sensitivity analysis to determine 
whether residence time would impact our precession-band phase results (Fig. 3). To do 
so, we assume that leaf waxes are 550 yr older than alkenones and GDGTs in the same 
sample, and subtract 550 yr from the leaf wax age prior to accounting for the effects of 

condensation temperature on 2Hwax. The precession-band phase of the resulting 2Hwax-T 
is in phase with Pmin, within error (Fig. 3). Thus, leaf wax residence time does not affect 
our results or conclusions. 
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Growing Season Length and Leaf Wax Production 
 

Satellite-based phenology studies suggest that plants grow year-round in southern 
China (Piao et al., 2006). Plants in moist subtropical forests continuously produce new 
leaves, with a small increase in leaf production during months with >100 mm 
precipitation (April to October; Fig. 1; Jackson, 1978). Because most phenology studies 
focus on regions that have marked plant leaf-out and senescence cycles (i.e. temperate 
regions), we obtained further confirmation of SE China growing season length using 
modern rainfed crop data from the Condensed Crop Calendar MIRCA2000 dataset 
(Portmann et al., 2010). We used only rainfed crops since their growing seasons are 
likely most representative of natural ecosystems. The dataset contains information for 
start and end of cropping periods, in months, of 26 individual crops, grouped by Chinese 
province. We calculated the number of months that crops are growing using only non-
zero crop areas of non-permanent crops (crop numbers 1-11, 13, 15-17, 21, 26). We 
disregarded winter crops of wheat, rye, barley, and rapeseed, since these lie dormant 
during the winter (Portmann et al., 2010). These data demonstrate that the growing 
season is 10-12 months long in the Pearl River catchment (Fig. 1A). 
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Table DR1. Phase and coherency of Asian paleoclimate records relative to 
Pmin 
    
Record 

Precession 
Phase (°) 

Phase 
Error (°) 

Coherency 

In Figure 3: 
(-) = lead 
(+) = lag     

UK
37' SST (cold) 97 4 0.989b 

2Hwax
a 51 10 0.969c 

2Hwax-T (UK
37') Hysplit-Syntracea 7 12 0.950c 

18Oben (Min. Ice Vol.)a -52 6 0.988b 
18Oben (Max. Ice Vol.) 128 6 0.988b 
18Oplank

a -46 2 0.999b 
18Ocave

a -43 4 0.994b 
18Ocave-T (UK

37') Hysplit-Syntracea -48 4 0.995b 
Gulang Loess Grain Size 127 13 0.946c 

Other ODP 1146 records:       
TEX86

H SST (cold) 108 6 0.985b 

Other orbital-scale Asian paleoclimate records:     
Gulang Loess Magnetic Susceptibility -37 16 0.920c 
Arabian Sea Summer Monsoon Stack 
(Clemens and Prell, 2007) 

-98 13 0.941c 

Arabian Sea Summer Monsoon Stack 
(Caley et al., 2011) 

-119 13 0.954c 

Heqing lake Summer Monsoon Stack 
(An et al., 2011) 

-100 52 0.500 

Other temperature-2H relationships and ice volume correction: 
2Hwax-T (UK

37') Thermodynamica 38 11 0.958c 
2Hwax-T (UK

37') Modern China GNIPa 32 12 0.954c 
2Hwax-T (UK

37') Modern Global GNIPa -32 9 0.974c 
2Hwax-T (TEX86

H) Hysplit-Syntracea 11 11 0.961c 
2Hwax-Ice Volume

a 41 16 0.920c 
2Hwax-Ice Volume & T

a -7 18 0.896 
    aMultiplied by -1 prior to calculating phase.   
bCoherent at 95% level.    
cCoherent at 80% level.    
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Figure DR1. CCSM3 transient simulation and GNIP temperature, precipitation, and 

precipitation 18O data in SE China. A. Mean annual air temperature vs. annual 

weighted mean precipitation 18O in the Pearl River catchment for five time slices in 
the CCSM3 simulation (colored dots) and for modern GNIP data (stations at 
Guangzhou, Guilin, Hong Kong, Kunming, and Liuzhou; IAEA/WMO, 2011). Linear 
regression equations and Pearson correlation coefficients shown for each time slice in 
corresponding color. GNIP and model data yield similar temperature-precipitation 

18O relationships. B. Same as A. but for total annual precipitation vs. annual 

weighted mean precipitation 18O. GNIP and model data do not yield similar 

precipitation amount-precipitation 18O relationships. C. Slope of temperature-

precipitation 18O relationship (shown in A.) for all 23 CCSM3 time slices vs. age. 

The slope of the temperature-precipitation 18O relationship increases through time. 
Modern GNIP data has a slope of 0.4‰ °C-1 (red star), similar to late Holocene 
values obtained in the CCSM3 simulation. D. Surface temperature for 23 1-kyr time 
slices in the Pearl River catchment (101-116°E, 24°N) compared to surface 
temperature in the South China Sea (112-116°E, 20°N). Surface temperature in the 
Pearl River catchment is ca. 10°C cooler than in the South China Sea. The 

temperature range in both regions is similar on these time scales, so SST in the 

South China Sea is a reasonable proxy for mean annual air temperature in the Pearl 
River catchment. 

 

Figure DR2. 2Hwax and 18Ocave records with and without the effect of condensation 

temperature removed. A. 2Hwax-T using UK’
37-based SST (red), and 2Hwax-T using 

TEXH
86-inferred SST (orange). Error bars as in Figure 2. B. Raw 18Ocave (black; 

Wang et al., 2008; Wang et al., 2001; Cheng et al., 2009) and 18Ocave-T (blue). 

18Ocave-T calculated by downscaling 18Ocave and ODP Site 1146 SST to 1 kyr 

resolution, and then following steps described for calculating 2Hwax-T. C. Precession-

filtered 18Ocave (black) and 18Ocave-T (blue; Supplementary Information text) plotted 
against orbital precession (gray dashed curve; Laskar et al., 2004). The amplitude 

modulation increases slightly for 18Ocave-T , but the phase is unchanged, within error. 

18Ocave has been converted to VSMOW scale for ease of comparison with 2Hwax. D. 

Precession-filtered 2Hwax-T (UK’
37, red; TEXH

86, orange; Supplementary Information 
text) plotted against orbital precession as in C. The amplitude modulation is slightly 

larger for 2Hwax-T calculated using TEXH
86, but the phase is unchanged. E. ODP Site 

1146 benthic foraminifera 18O (Caballero-Gill et al., 2012). 
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Figure DR3. Spectral analysis results for ODP Site 1146 and Chinese speleothem 
records. Isotope records were multiplied by -1 so that depleted isotopes were 
compared to maximum NH summer insolation at the precession band. Spectral 
density (on a log scale) of paleoclimate records (red) compared to orbital forcing 
(eccentricity-tilt-precession, ETP; blue; we define Pmin, June 21 perihelion, as zero 
phase; Laskar et al., 2004), including coherency and phase. Dashed lines show the 80 
and 95% confidence intervals. Error bars on phasing shown only for orbital 
frequencies. All panels show time series compared to ETP except panels F, G, and L, 

which show ODP Site 11462Hwax-T (UK’
37) compared to 18Ocave-T, ODP Site 

114618Oben compared to 18Ocave-T, and ODP Site 11462Hwax compared to ODP 

Site 1146UK’
37-inferred SST. 

 
Figure DR4. Comparison of multiple sea surface temperature reconstructions at ODP 

Site 1146. A. Scatter plot of UK’
37- and TEXH

86-inferred SST. TEXH
86-inferred SST is 

consistently 1°C warmer than UK’
37-inferred SST, a difference that is within 

calibration error for the two proxies (Kim et al., 2010; Müller et al., 1998). The high 
correlation coefficient indicates that the two records contain similar trends and 
variability. B. Time series of UK’

37-inferred SST, TEXH
86-inferred SST, and 

foraminifera transfer function SST (Huang et al., 2005), all from ODP Site 1146 
cores. The foraminifera data yield seasonal temperature estimates, and indicate that 
most of the temperature amplitude occurs during the winter. The lipid biomarker SST 
proxies, which are calibrated to mean annual temperature, yield records with similar 
timing to the foraminifera SST. The lipid biomarker SST proxies have amplitudes 
similar to foraminifera-inferred winter SST. The similarity between these three 
independent temperature proxies indicates that they provide reliable temperature 
reconstructions at this site. 

 
Figure DR5. January vector winds at 850 mbar over Asia at 20 ka (max. ice volume) and 

8 ka (min. ice volume) in the CCSM3 transient simulation (Liu et al., 2009). A. Maps 
of winds at the two time slices. Red star = Site 1146; Yellow dots = Sanbao & Linzhu 
and Hulu caves. Arrows denote wind direction, arrow length and color denote wind 
strength. Red lines indicate the boundary between Pacific and westerly moisture near 
the east coast of Asia. B. Zonal average 850 mbar winds. Solid line is zonal average 
over Asia (40-130°E), dashed line is zonal average over the entire globe. Whereas 
global average Northern Hemisphere westerlies (ca. 30 to 60°N) were stronger and 
shifted south at 20 ka, westerlies over land in Asia were the same strength at 20 and 8 
ka, but covered a wider latitudinal band at 8 ka. The wider band of westerlies at 8 ka 
pushed Pacific-derived northeasterly winds ca. 10° longitude offshore. C. Difference 
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between monthly simulated precipitation amount (colored bars) and 18Op (white 
boxes) for 20 ka and 8 ka in central China (28-32°N, 109-120°E). Positive values 

indicate that winter months at 20 ka were wetter with more enriched 18Op than at 8 
ka. These data support our hypothesis that moist, isotopically enriched Pacific 
airmasses contributed more precipitation to central China when ice volume was large 
and the winter westerly winds were more meridionally confined. 
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