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For the past decade, East Asian monsoon history has been interpreted in the context of an exceptionally 
well-dated, high-resolution composite record of speleothem oxygen isotopes (δ18Ocave) from the Yangtze 
River Valley. This record is characterized by a unique spectral response, with variance concentrated 
predominantly within the precession band and an enigmatic lack of variance at the eccentricity and 
obliquity bands. Here we examine the spectral characteristics of all existing >250-kyr-long terrestrial 
water isotope records in Asia, including a new water isotope record using leaf wax hydrogen isotope 
ratios from the Chinese Loess Plateau. There exist profound differences in spectral characteristics among 
all orbital-scale Asian water isotope records. We demonstrate that these differences result from latitudinal 
gradients in the influence of the winter and summer monsoons, both of which impact climate and water 
isotopes throughout East Asia. Water isotope records therefore do not reflect precipitation during a single 
season or from a single circulation system. Rather, water isotope records in East Asia reflect the complex 
interplay of oceanic and continental moisture sources, operating at multiple Earth-orbital periods. These 
non-linear interactions are reflected in water isotope spectra by the presence of heterodynes. Although 
complex, we submit that water isotope records, when paired with rapidly developing isotope-enabled 
model simulations, will have the potential to elucidate mechanisms causing seasonal precipitation 
variability and moisture source variability in East Asia.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Motivation

For the past decade, well-dated, high-resolution records of 
speleothem oxygen isotopes (δ18Ocave) from the Yangtze River Val-
ley have been used as the basis for inferring East Asian monsoon 
history (Cheng et al., 2016, 2009; Wang et al., 2008). The compos-
ite of these records is characterized by a unique spectral response, 
with variance concentrated predominantly within the precession 
band, and an enigmatic lack of variance at the eccentricity and 
obliquity bands. Yet, orbital-scale records of East Asian monsoon 
strength not based on water isotope proxies contain spectral vari-
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ance at all three of the primary orbital periods, suggesting that 
the monsoon is influenced by mechanisms operating at all three 
of the primary orbital bands (Clemens et al., 2010; Sun et al., 
2015, 2010). Despite these differences between proxy records, the 
δ18Ocave record has been interpreted to reflect summer rainfall 
as a direct function of East Asian summer monsoon circulation 
strength (Cheng et al., 2016, 2009; Wang et al., 2008). In turn, 
the summer monsoon has been interpreted to respond solely to 
the precession-band forcing of Northern Hemisphere summer in-
solation. Other research suggests, however, that precipitation iso-
topes (δ18O and δ2H) in East Asia are more complex, and likely 
also reflect isotopic distillation along the pathway from the In-
dian Monsoon or other moisture source regions (Lee et al., 2012;
LeGrande and Schmidt, 2009; Liu et al., 2014; Pausata et al., 
2011), and/or a mix of precipitation isotope variability from mul-
tiple moisture sources and seasons (Baker et al., 2015; Caley et 
al., 2014; Clemens et al., 2010; Duan et al., 2016; Maher, 2008;
Thomas et al., 2014a). This broad array of interpretations reflects 
the complexities of precipitation isotopes, which change as a func-
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tion of moisture source area, seasonality, temperature, and aridity, 
among other variables (Bradley et al., 2010; Duan et al., 2016;
Orland et al., 2015; Thomas et al., 2016).

Multiple environmental variables operating at different sea-
sons are not consistent with a simple spectral response dom-
inated by precession, driven predominantly by northern hemi-
sphere insolation forcing. Instead, such a system should be char-
acterized by complex spectra, reflecting interaction among these 
multiple environmental variables (Clemens et al., 2010; Rial and 
Anaclerio, 2000). Understanding the influence of environmental 
variables on precipitation isotopes is key to our ability to effec-
tively use precipitation isotope records as indicators of past cli-
mate change. Five >250-kyr-long water-isotope records exist for 
the Asian monsoon region (Fig. 1), all exhibiting profoundly dif-
ferent spectral responses (Cai et al., 2015; Kathayat et al., 2016;
Thomas et al., 2014a; Wang et al., 2008). Each of these records 
has heterodyne-rich spectra, implying that multiple environmental 
forcing mechanisms influence each of these records.

1.2. Modern precipitation sources and seasonality

Modern gradients in temperature, precipitation seasonality and 
moisture source regions across East Asia cause gradients in precip-
itation isotopes (Fig. 1) (Baker et al., 2015; Clemens et al., 2010;
IAEA/WMO, 2011; Johnson and Ingram, 2004; Sun and Wang, 
2014). In the Pearl River Valley, southeastern China, precipitation 
is derived from the Bay of Bengal, the South China Sea, the west-
ern Pacific, and from locally recycled moisture (Sun and Wang, 
2014). Precipitation isotopes in southeastern China are 2H-enriched 
during the winter, when moisture is derived mainly from locally 
recycled sources, and is 2H-depleted during the summer, when 
moisture is derived from far-traveled sources (Fig. 1D) (IAEA/WMO, 
2011). In the Yangtze River Valley, central China, precipitation is 
derived from similar sources as in southeastern China, but with 
a greater contribution year-round from northwesterly and locally-
recycled moisture sources (Sun and Wang, 2014). Precipitation iso-
topes in central China are most 2H-enriched during the spring, 
when oceanic moisture is derived mainly from the East China Sea 
(Chiang et al., 2015; Clemens et al., 2010), and otherwise exhibit 
similar patterns as in southeastern China (Fig. 1C). On the Chi-
nese Loess Plateau, northern China, precipitation is derived mainly 
from locally recycled moisture, but is also derived from the Bay of 
Bengal, the South China Sea, the western Pacific, and from north-
westerly sources. Oceanic moisture sources are reduced during 
the winter. Precipitation isotopes in Xi’an, northern China exhibit 
similar patterns as in central China (Fig. 1B). Modern precipita-
tion patterns suggest that the winter monsoon (continental mois-
ture) exerts a greater influence in northern East Asia, whereas the 
summer monsoon influences all of East Asia (Baker et al., 2015;
Sun and Wang, 2014). Precipitation moisture source and transport 
dynamics likely changed over geological time scales, influencing 
precipitation isotopes differently in each region (Baker et al., 2015;
Chiang et al., 2015). Water isotope proxy records reflect changes in 
moisture sources and seasonality and can elucidate regional varia-
tions in mechanisms that influence precipitation isotopes.

1.3. Orbital-scale water isotope records

Orbital-scale terrestrial water isotope records in East Asia 
are derived from leaf wax hydrogen isotope ratios (δ2Hwax) and 
speleothem carbonate oxygen isotope ratios (δ18Ocave). Existing 

Fig. 1. Location of study sites and modern climatology. A. Map of East Asia show-
ing study sites on the Chinese Loess Plateau (stars: L—Lantian, We—Weinan, M—
Mangshan), the Yangtze River Valley and other cave sites (white dots: BT—Bittoo 
cave, XBL—Xiaobailong cave, S/L—Sanbao and Linzhu caves, H—Hulu cave), and the 
South China Sea (star: ODP Site 1146, which receives terrestrial material from the 
Pearl River catchment in southeastern China) (Thomas et al., 2014a). Location of 
modern meteorological stations shown with bullseyes (X—Xi’an, Wu—Wuhan, HK—
Hong Kong). B.–D. Data from modern meteorological stations showing monthly 
mean precipitation (Prec., gray bars; seasonal percent of annual precipitation is at 
bottom), air temperature (black), and precipitation δ2H (δ2Hp, white) (IAEA/WMO, 
2011). VSMOW—Vienna standard mean ocean water. B. Xi’an. C. Wuhan. D. Hong 
Kong.
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East Asian records span a latitudinal gradient from the Pearl River 
Valley in southeastern China to the Yangtze River Valley in cen-
tral China (Fig. 1) (Thomas et al., 2014a; Wang et al., 2008). 
There are additional orbital-scale δ18Ocave records from south-
western China and the southeastern Himalaya (Cai et al., 2015;
Kathayat et al., 2016).

Here we expand the spatial coverage of orbital-scale water iso-
tope variability in East Asia northward by generating a 360-kyr-
long δ2Hwax record on the Chinese Loess Plateau in continental 
East Asia. We compare spectra of all these records to test the 
hypothesis that on orbital timescales, summer monsoon dynam-
ics influence all regions of East Asia, and the winter monsoon 
influences precipitation isotopes in northern China more than in 
southern China.

2. Study site

The Chinese Loess Plateau at 34◦ to 42◦N in East Asia (Fig. 1) 
contains alternating loess and paleosol sequences spanning multi-
ple glacial cycles. We report a continuous 360-kyr-long record of 
δ2Hwax from Weinan (34.42◦N, 109.60◦E; 680 m above sea level) 
and Lantian (34.20◦N, 109.20◦E; 620 m above sea level) (Gao et 
al., 2012a) on the southeastern Chinese Loess Plateau, along with 
air temperature reconstructed at Weinan and Mangshan (34.94◦N, 
113.37◦E), and grain size, and magnetic susceptibility at Weinan 
(Fig. 2). This is the warmest and wettest portion of the loess 
plateau, conducive to high in situ plant productivity. The modern 
growing season on the southeastern loess plateau is April through 
September (Chen et al., 2005). Modern annual precipitation at 
Xi’an, 60 km southwest of Weinan, is 570 mm, with ca. 80% falling 
during the growing season (Fig. 1) (NCDC NOAA, 2012). Average 
annual, summer, and winter temperature are 13.5 ◦C, 25.5 ◦C, and 
1.3 ◦C, respectively (IAEA/WMO, 2011).

3. Methods and approach

3.1. Chinese Loess Plateau leaf wax δ2H as a proxy for precipitation δ2H

Plants produce long-chain n-alkyl lipids, or leaf waxes, as part 
of the epicuticular wax coating on their leaves, which provides 
protection against evaporation and physical and microbial damage 
(Kahmen et al., 2013). δ2H of leaf waxes from modern sediments 
in Eastern China is correlated with source water δ2H, offset by a 
biosynthetic fractionation that is largely constant for specific com-
pounds (Rao et al., 2009). Precipitation δ2H changes as a function 
of ice volume, moisture source, condensation temperature, and 
aridity (Johnson and Ingram, 2004; Lee et al., 2012). Moreover, sea-
sonality of leaf wax production and aridity effects on plants can 
cause changes in δ2Hwax (Kahmen et al., 2013). We discuss in de-
tail how these variables influence precipitation δ2H and δ2Hwax in 
the Appendix (Gao et al., 2012b; Liu and Huang, 2005).

δ2Hwax on the Chinese Loess Plateau reflects a combination 
of variables, including moisture source and seasonality, temper-
ature, and aridity. Records of precipitation isotopes elsewhere in 
East Asia also reflect these multiple variables (Baker et al., 2015;
Clemens et al., 2010; Duan et al., 2016; Thomas et al., 2016, 
2014a). The relative importance of each variable depends on the 
location, as variability of precipitation sources, seasonality, temper-
ature, ice volume, and aridity differ in space and time.

3.2. Sample collection and proxy analysis

2,050 sediment samples were collected at 2.5 cm resolution 
from trenches dug into the floor of a brick pit and the sides of 
a steep-walled valley at Weinan. All of these samples were ana-
lyzed for grain size and magnetic susceptibility. Prior to grain size 
Fig. 2. Time series of temperature, water isotopes, summer monsoon strength, and 
winter monsoon strength in East Asia during the past 360 kyr. A. Chinese Loess 
Plateau brGDGT-inferred MAAT at Mangshan (gray) and Weinan (black), gray shad-
ing is 1σ bootstrapped calibration error. B. Chinese Loess Plateau δ2Hwax at Lantian 
(gray) and Weinan (black). Vertical bars on panels B, C, and D show pooled standard 
deviation (SD), 1.6� for loess δ2Hwax. Y axes of δ2Hwax records are oriented for 
comparison with temperature. VSMOW—Vienna standard mean ocean water. C. ODP 
Site 1146δ2Hwax (SD = 1.6�) (Thomas et al., 2014a). D. ODP Site 1146 SST (UK

37’: 
black, SD = 0.07 ◦C; TEXH

86: gray, SD = 0.3 ◦C) (Thomas et al., 2014a). E. Yangtze 
River Valley δ18Ocave from Hulu, Sanbao, and Linzhu caves, China (Caballero-Gill et 
al., 2012; Cheng et al., 2009; Wang et al., 2008). VPDB—Vienna Peedee belemnite. 
F. Mean grain size at Weinan on the Chinese Loess Plateau with soil stratigra-
phy highlighted in gray. G. Magnetic susceptibility at Weinan on the Chinese Loess 
Plateau.

measurements, all samples were pretreated by removal of organic 
matter and carbonate using H2O2 and HCl, respectively, and then 
dispersed by ultrasonication with 10 ml 10% (NaPO3)6 solution. 
The grain size distribution was determined using a Malvern 2000 
laser instrument. Replicate analyses indicate that the mean grain 
size has an analytical error of <2%. Magnetic susceptibility was 
measured with a Bartington MS 2 meter.

At Weinan, 310 sediment samples were collected at 5 to 10 cm 
resolution, and at Lantian 35 samples were collected at 5 to 20 cm 
resolution for organic analysis. These sites are in the warm, wet 
portion of the Chinese Loess Plateau, conducive to high in situ
production of leaf wax fatty acids and branched GDGTs. In situ pro-
duction for the vast majority of samples at Weinan overwhelms 
detrital inputs of branched GDGTs and C28 n-alkanoic acids (Ap-
pendix A2). Free lipids were extracted from freeze-dried sam-
ples (ca. 130 g dry weight) with an Accelerated Solvent Extractor 
200 (Dionex) using dichloromethane (DCM):methanol 19:1 (v:v). 
A known amount of C20:1 alkenoic acid and synthetic C46 GDGT 
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(Huguet et al., 2006) were added as internal standards to each 
extract before separation. The extracts were dried under N2 and 
separated on aminopropyl silica gel flash columns, eluting neu-
tral fractions with DCM:methanol 1:1 (v:v) and acid fractions with 
4% acetic acid in diethyl ether. All flash column separations used 
three column volumes of each eluent. Acid fractions were methy-
lated in anhydrous 5% HCl in methanol at 60 ◦C overnight. Sam-
ples were further cleaned using silica gel flash columns: apolar 
compounds were removed with hexane, fatty acid methyl esters 
(FAMEs, our target compounds) were eluted with DCM. Neutral 
fractions were separated on aluminum oxide flash columns, elut-
ing apolar fractions with hexane:DCM 9:1 (v:v), ketone fractions 
with hexane:DCM 1:1 (v:v; four column volumes), and polar frac-
tions with DCM:methanol 1:1 (v:v). Polar fractions were dissolved 
in hexane:isopropanol 99:1 (v:v), and filtered through a 0.4 μm 
PTFE filter.

Branched GDGTs were analyzed using high performance liquid 
chromatography–mass spectrometry, using previously described 
methods (Peterse et al., 2014). An external standard was analyzed 
every 10 samples, and was continuously monitored to ensure min-
imal (<0.5 ◦C) analytical drift. The pooled analytical error, calcu-
lated using replicate analyses of individual extracts (each sample 
was run 1 to 4 times), is 0.1 ◦C (1σ ).

The hydrogen isotope ratio of the C28 FAME was determined us-
ing gas chromatography–pyrolysis–isotope ratio mass spectrometry 
at Brown University using previously described methods (Thomas 
et al., 2014a). Isotope values are expressed in per mille (�) rela-
tive to Vienna Standard Mean Ocean Water (VSMOW). The pooled 
standard deviation for these analyses, calculated using the results 
of replicate analyses of each extract (each sample was run 2 to 4 
times), is 1.6� (1σ ). Analysis of an external FAME standard con-
sisting of C16, C18, C22, C24, and C26 FAMES, injected twice after 
every sixth sample injection, had an analytical error of 2� (1σ ). 
Measured FAME δ2H values were corrected for the isotopic contri-
bution of the hydrogens added during methylation.

The carbon isotope ratio of the C28 fatty acid methyl ester 
(FAME) was determined using gas chromatography–combustion–
isotope ratio mass spectrometry at Brown University using previ-
ously described methods (Thomas et al., 2014b). Isotope values are 
expressed in per mille (�) relative to Vienna Pee Dee Belemnite 
(VPDB). The pooled standard deviation for these analyses, calcu-
lated using the results of replicate analyses of each extract, is 0.1�
(1σ ). Analysis of an external FAME standard consisting of C16, C18, 
C22, C24, and C26 FAMES, injected once after every sixth sample in-
jection (each sample was run 2 to 4 times), had an analytical error 
of <0.5� (1σ ). The measured FAME δ13C values were corrected 
for the isotopic contribution of the carbon added during methyla-
tion.

3.3. Loess chronology

Winter winds carry dust from East Asian deserts east to the 
Chinese Loess Plateau. Larger grains are deposited near the desert 
source regions and smaller grains are deposited on the distal side 
of the loess plateau, causing a measurable grain size gradient on 
the Chinese Loess Plateau, from larger in the northwest to smaller 
in the southeast (Sun et al., 2006). At a given site on the Chinese 
Loess Plateau, grain size changes in response to wind strength, 
which is strongly coupled with changes in high latitude ice volume 
(Hao et al., 2012). Grain size has been used for decades to obtain 
chronological constraints for loess sequences on orbital time scales 
(Hao et al., 2012; Porter and An, 1995). The grain size age-model 
method has been verified by multiple independent dating meth-
ods, including optically stimulated luminescence, soil-loess profile 
stratigraphy, and magnetic reversal stratigraphy (Hao et al., 2012; 
Sun et al., 1998, 2012).
Weinan, Lantian, and Mangshan grain size was correlated to 
the radiometrically-constrained benthic foraminifera δ18O record 
at ODP Site 1146 in the northern South China Sea (Fig. A1) 
(Caballero-Gill et al., 2012; Gao et al., 2012a; Sun et al., 2012). 
This yields a chronology independent of orbital tuning. The Lan-
tian, Mangshan, and Weinan sections were spliced by correlating 
grain size between the sections. Lantian δ2Hwax and Mangshan 
MAAT data span 6 to 68 ka, and Weinan δ2Hwax and MAAT data 
span 69 to 360 ka. We use Lantian δ13C data from Liu et al. (2005).

3.4. Temperature calibration

We use the modern soil dataset from semi-arid regions of China 
(Yang et al., 2014) and stepwise forward selection methods of 
Loomis et al. (2012) to convert GDGT fractional abundance to mean 
annual air temperature (MAAT). This modified calibration has sim-
ilar RMSE (1.7 ◦C for Yang et al. (2014) and 1.6 ◦C for the modified 
calibration) and residual patterns as the Yang et al. (2014) cali-
bration, but incorporates more of the GDGT compounds into the 
calculated temperature, which provides more structure in inter-
vals where those added compounds exhibit variability (Fig. A2). 
The modified calibration equation is:

MAAT = 20.87− 18.04∗IIIa + 38.88∗IIIb − 12.92∗IIa− 20.41∗IIb

− 30.27∗IIc + 12.94∗Ib

Based on the uppermost sample analyzed at Mangshan, this cal-
ibration overestimates modern mean annual temperature on the 
southeastern Chinese Loess Plateau by 3.5 to 4 ◦C (Fig. A2). The 
uppermost sample analyzed at Mangshan may not be modern, 
as there is widespread anthropogenic disturbance of uppermost 
sections on the Chinese Loess Plateau, and there is evidence for 
anthropogenic disturbance at this site (Peterse et al., 2014). The 
lack of a modern sample in our dataset may explain the mis-
match between modern instrumental temperature and the upper-
most proxy-inferred MAAT. Additionally, although bacteria are ac-
tive year-round, they may be more active during the warm, wet 
summer (Yang et al., 2014). Our analyses are based on the timing 
and amplitude, not the absolute value, of mid-latitude terrestrial 
air temperature changes. Thus, our conclusions do not change re-
gardless of whether the GDGT proxy reconstructs mean annual air 
temperature or summer-biased mean annual air temperature.

3.5. Spectral analysis

The Arand software package (Howell et al., 2006) was used to 
calculate power spectra, coherency, and phase of time series. Arand 
explicitly accounts for discontinuous data, which are present in the 
Bittoo and Xiaobailong cave records (Cai et al., 2015; Kathayat et 
al., 2016).

ETP was calculated by normalizing and averaging the three or-
bital parameters eccentricity, obliquity (tilt), and precession (min-
imum precession defined as June 21 perihelion) (Laskar et al., 
2004). Analyseries was used to conduct f-tests of spectral peak sig-
nificance (Paillard et al., 1996).

3.6. Long transient general circulation model experiment

Simulations were conducted with the Community Climate Sys-
tem Model, version 3 (CCSM3), following methods and bound-
ary detailed in Chen et al. (2011). The resolution used was a 
T31 atmosphere–land horizontal grid (equivalent to a 3.75◦ lat-
itude/longitude grid) with 26 levels in the atmosphere, and an 
ocean–sea ice horizontal grid of 100 × 116 points with 25 levels 
in the ocean extending to 5 km depth.



200 E.K. Thomas et al. / Earth and Planetary Science Letters 455 (2016) 196–206
Fig. 3. Spectra of time series of water isotopes, temperature, summer monsoon strength, and winter monsoon strength in East Asia during the past 360 kyr. All spectral 
analyses span 8 to 360 ka, except the southern China sites, which span 67 to 350 ka, and the cave records, which span the length of the published records. Vertical bars 
highlight primary orbital periods, labeled with black numbers at top. Heterodyne peaks in individual records are labeled with black numbers. Asterisks indicate peaks that 
exceed the 80% confidence bound in an f-test for periods shorter than 1/3 the length of each record (Paillard et al., 1996). A. December 21 (solid black) and June 21 
(dashed gray) insolation at 35◦N (Laskar et al., 2004). B. Chinese Loess Plateau δ2Hwax. C. Yangtze River Valley δ18Ocave (Caballero-Gill et al., 2012; Cheng et al., 2009;
Wang et al., 2008). D. Pearl River Valley δ2Hwax (Thomas et al., 2014a). E. Xiaobailong Cave δ18Ocave (Cai et al., 2015). F. Bittoo Cave δ18Ocave (Kathayat et al., 2016). G. Same 
as A. H. Chinese Loess Plateau brGDGT-inferred MAAT. I. Mean grain size at Weinan on the Chinese Loess Plateau. J. Magnetic susceptibility at Weinan on the Chinese Loess 
Plateau. K. South China Sea alkenone-inferred sea surface temperature (Thomas et al., 2014a).
We used a similar acceleration technique to those used in other 
paleoclimatic modeling studies (Lorenz and Lohmann, 2004). This 
technique enables us to gain insight into the temporal evolution 
of the climate system given restricted computer resources. Studies 
have shown that acceleration factors of 10 and 100 produced simi-
lar results (e.g., Lorenz and Lohmann, 2004). In our experiment, we 
chose 100 as the acceleration factor (the orbital forcing interval is 
100 years). In this acceleration approach, the change in insolation 
forcing is quite small (less then 0.5 W/m2) from year to year at all 
latitudes in the shortest orbital cycle (precession).

The model was spun up for 200 model years at 300 ka, after 
which the transient simulations were run from 300 to 0 ka. At the 
end of each year of the simulation, the orbital parameters and the 
atmospheric greenhouse gases were advanced by 100 years. The 
experiment consisted of three separate simulations, beginning with 
an insolation only simulation, followed by addition of greenhouse 
gases, followed by addition of ice-volume and sea level. When the 
model boundary conditions changed (e.g., land–ocean boundaries 
changing due to sea level rise or fall equivalent to 40 m), all the 
components of the CCSM3 were reconfigured manually and the 
model was restarted using the previous year as the initial condi-
tions. Successively adding boundary conditions is a reliable method 
for understanding the sensitivity of the model response to these 
forcing mechanisms. Model precipitation was averaged from the 
four grid cells over the Chinese Loess Plateau (33 to 35◦N, 108 to 
110◦E) and the Pearl River (20 to 25◦N, 105 to 115◦E).

4. Results

Between 6 and 360 ka, Chinese Loess Plateau δ2Hwax ranged 
from −165 to −210� (Fig. 2B). The loess δ2Hwax record has strong 
orbital-scale variability, but does not exhibit the classic saw-tooth 
structure of global ice volume (Fig. 2B, F) (Caballero-Gill et al., 
2012). Moreover, the vast majority of spectral variance in loess 
δ2Hwax is at non-primary periods (e.g., 72, 31, 16, and 14 kyr; 
Fig. 3B). Chinese Loess Plateau δ13Cwax ranged from −21 to −31�
and contains similar spectral variance as δ2Hwax, indicating δ2Hwax
and δ13Cwax are influenced by similar climate variables and/or that 
they influence each other on orbital time scales (Figs. A3A, A4). The 
spectral variance in loess δ2Hwax is in sharp contrast to δ2Hwax
in the Pearl River Valley, which has variance at all three domi-
nant orbital periods (100, 41, and 23 kyr; Fig. 3D) and δ18Ocave
in the Yangtze River Valley, which has dominant variance at pre-
cession periods (23 and 19 kyr; Fig. 3C). The fundamentally dif-
ferent time series and spectral characteristics between these three 
water isotope records indicates that either these proxies are bi-
ased differently because of the nature of the different speleothem 
and leaf wax archives, or the proxies reflect regional complexities 
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of precipitation isotopes. Although the difference between δ2Hwax
and δ18Ocave may indicate differences in proxy biases, there are 
striking differences between the two δ2Hwax records themselves, 
indicating that there are, in fact, strong regional differences in pre-
cipitation isotopes (Fig. 3B, D). Equally striking differences between 
the δ18Ocave spectra are evident (Fig. 3C, E, F), further implicat-
ing strong regional differences in precipitation isotopes, indepen-
dent of proxy type. We hypothesize, therefore, that the changes 
in spectral variance along this latitudinal gradient are due to re-
gional differences in climate and precipitation isotopes, specifically, 
a changing influence of summer and winter monsoon dynamics. 
We test this hypothesis using the following approach: (1) We de-
termine the main environmental variables that influence water 
isotope variability on the Chinese Loess Plateau using multiple lin-
ear regression to combine independent records of temperature and 
summer and winter monsoon variability produced from the same 
section as δ2Hwax, and (2) We use our understanding of the causes 
of variance in loess δ2Hwax to infer the causes of variance in other 
orbital-scale water isotope records in Asia and elucidate latitudinal 
changes in precipitation sources and seasonality.

5. Discussion

5.1. Determining the environmental variables that influence water 
isotope variability on the Chinese Loess Plateau

5.1.1. Chinese Loess Plateau δ2Hwax spectral variance is dominated by 
heterodynes

When compared with isotope records from the Pearl and 
Yangtze river valleys, the spectral variance of Chinese Loess Plateau 
δ2Hwax is unique, and dominated by non-primary periods at 72 
and 31 kyr, with minor peaks at 23, 16, and 14 kyr (Fig. 3). The 
non-primary periods are heterodynes. Heterodynes result from the 
non-linear interaction of variables operating at primary orbital 
periods and can be calculated by adding or subtracting primary 
orbital frequencies (frequency = 1/period) (Clemens et al., 2010;
Rial and Anaclerio, 2000). For example, the non-linear interac-
tion of eccentricity and obliquity variance yields heterodynes at 
28.7 and 72.6 kyr (1/94.8 ± 1/41.1 = 1/28.7 and 1/72.6), consis-
tent with the dominant periods observed in Chinese Loess Plateau 
δ2Hwax (Table 1). In order to determine the origin of the het-
erodynes in Chinese Loess Plateau δ2Hwax, we must identify the 
various aspects of climate that influence precipitation δ2H at pri-
mary orbital periods.

5.1.2. The Chinese Loess Plateau contains independent records of local 
temperature and summer and winter monsoons

The Chinese Loess Plateau is a unique and important archive 
because it contains independent orbital-scale records that reflect 
mean annual air temperature (branched glycerol dialkyl glycerol 
tetraethers, brGDGTs), summer monsoon strength (magnetic sus-
ceptibility, MS), and winter monsoon strength, which is strongly 
correlated with ice volume (grain size, GS) (Fig. 2A, F, G). Chinese 
Loess Plateau mean annual air temperature (MAAT), summer mon-
soon (MS), and winter monsoon (GS) all have dominant spectral 
variance at primary orbital periods (Fig. 3H–J) (Hao et al., 2012; 
Sun et al., 2015, 2012). MS contains minor variance at the 31 kyr 
heterodyne period (Fig. 3J). These spectra indicate that GS, MS, and 
brGDGTs have direct and relatively simple responses to single envi-
ronmental variables (temperature, summer and winter monsoons), 
which vary at primary orbital periods. MS and GS have opposite 
phases at primary orbital periods (Table 2).

Temperature and the summer and winter monsoons are likely 
the main aspects of climate that influence precipitation and leaf 
wax δ2H on the Chinese Loess Plateau, either directly, or indirectly 
Table 1
Heterodynes that result from Earth’s primary orbital periods. Heterodynes that are 
similar to those found in Chinese Loess Plateau δ2Hwax are in bold italics. Hetero-
dynes are calculated as follows: Period 1−1 ± Period 2−1 = ±Heterodyne−1.

Period 1 Period 2 +Heterodyne −Heterodyne

404.0 130.6 98.7 193.0
404.0 123.8 94.8 178.5
404.0 98.7 79.3 130.6
404.0 94.8 76.8 123.9
404.0 53.9 47.6 62.2
404.0 41.1 37.3 45.8
404.0 23.7 22.4 25.2
404.0 22.4 21.2 23.7
404.0 19.3 18.4 20.3
130.6 123.8 63.6 2377.7
130.6 98.7 56.2 404.1
130.6 94.8 54.9 345.8
130.6 53.9 38.2 91.8
130.6 41.1 31.3 60.0
130.6 23.7 20.1 29.0
130.6 22.4 19.1 27.0
130.6 19.3 16.8 22.6
123.8 98.7 54.9 486.8
123.8 94.8 53.7 404.7
123.8 53.9 37.6 95.5
123.8 41.1 30.9 61.5
123.8 23.7 19.9 29.3
123.8 22.4 19.0 27.3
123.8 19.3 16.7 22.9
98.7 94.8 48.4 2399.2
98.7 53.9 34.9 118.7
98.7 41.1 29.0 70.4
98.7 23.7 19.1 31.2
98.7 22.4 18.3 29.0
98.7 19.3 16.1 24.0
94.8 53.9 34.4 124.9
94.8 41.1 28.7 72.6
94.8 23.7 19.0 31.6
94.8 22.4 18.1 29.3
94.8 19.3 16.0 24.2
53.9 41.1 23.3 173.1
53.9 23.7 16.5 42.3
53.9 22.4 15.8 38.3
53.9 19.3 14.2 30.1
41.1 23.7 15.0 56.0
41.1 22.4 14.5 49.2
41.1 19.3 13.1 36.4
23.7 22.4 11.5 408.4
23.7 19.3 10.6 104.0
22.4 19.3 10.4 139.5

via the temperature or aridity effects on plant community com-
position. Correcting for the influence of each of these variables 
on δ2Hwax individually is dependent on assumptions that these 
corrections do not change through time (Thomas et al., 2014a). 
Instead, our approach is to use independent, locally-derived time 
series of temperature and summer and winter monsoons to test 
the degree to which these variables influence orbital-scale precip-
itation isotopes in northern China. This approach accounts for the 
effects of ice volume, temperature, and vegetation on δ2Hwax, as 
these factors are all strongly influenced by one or more of the 
three time series (e.g., grain size is strongly correlated with ice 
volume (Hao et al., 2012), plant community on the Chinese Loess 
Plateau is influenced by temperature and rainfall (Liu et al., 2005), 
as recorded by MAAT and MS).

5.1.3. Summer and winter monsoon records combine to produce the 
heterodynes observed in Chinese Loess Plateau δ2Hwax

We use multiple linear regression to combine our independent 
records of temperature and monsoon strength (MAAT, MS, and GS) 
to create a best-fit match of the Chinese Loess Plateau δ2Hwax
record (Fig. 4). This model assumes that temperature and mon-
soon strength exert a linear influence on δ2Hwax. While both MS 
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Table 2
Phase of proxy data relative to insolation forcing.
Parameter Precession 

phase
(◦)

Precession 
phase 
uncertainty 
(◦)

Tilt 
phase 
(◦)

Tilt phase 
uncertainty 
(◦)

Eccentricity 
phase
(◦)

Eccentricity 
phase 
uncertainty 
(◦)

Water isotopes
Chinese Loess Plateau δ2Hwax

a −180 11
Yangtze River Valley cave δ18Oa,b −60 3 −89 20
Pearl River Valley δ2Hwax

c,d 51 10 70 14 −174 7
Chinese Loess Plateau δ2Hwax-T

a 16 11
Pearl River Valley δ2Hwax-T

c,d −16 11 35 16 −161 8

Temperature
Chinese Loess Plateau MAATa −3 32 13 14 22 9
Northern South China Sea UK

37’ SST
c,d −84 4 −66 8 −5 10

Other Chinese Loess Plateau Records
Chinese Loess Plateau Mean Grain Sizea 103 6 126 11 173 11
Chinese Loess Plateau Magnetic Susceptibilitya −77 9 −45 14 −17 5
Chinese Loess Plateau δ13Ca 23 15 −45 18

Notes. Italic and bold font show coherence at 80% and 95% confidence intervals, respectively. No data shown indicates lack of coherence at the 80% confidence interval. 
Isotope records multiplied by −1 for phase analysis, such that phasing relates to isotope minima.

a Analyzed for 8 to 360 kyr at 1 kyr time steps.
b Wang et al., 2001, 2008.
c Analyzed for 67 to 350 kyr at 1 kyr time steps.
d Thomas et al. 2014a, 2014b.
and GS may also be influenced by variables other than ‘monsoon 
strength’ (e.g., both may be influenced by temperature, and MS 
may be influenced by GS-controlled variations in pedogenesis, Li 
et al., submitted for publication), we use these proxies as best es-
timates of orbital-scale variations in summer and winter monsoon 
strength, respectively (Maher, 2008; Sun et al., 2012). We choose 
to not include δ13Cwax in our data-based model, since vegetation is 
directly influenced by temperature and moisture availability (Liu et 
al., 2005), and the inclusion of δ13Cwax would therefore effectively 
include temperature and moisture availability twice in our model. 
We call the resulting linear regression a “data-based model” for 
Chinese Loess Plateau δ2Hwax. The best-fit data-based model is as 
follows (Fig. 4):

δ2Hwax = −1.52× GS− 1.88×MS + 0.26×MAAT

r = 0.35, p < 0.0001

Despite the fact that the input data for the model are dom-
inated by primary orbital periods (Fig. 3), the data-based model 
has almost no variance at primary orbital periods (Fig. 5). Instead, 
the data-based model spectrum has remarkable similarities to the 
Chinese Loess Plateau δ2Hwax spectrum, with dominant heterodyne 
peaks at 72 and 31 kyr (Fig. 5). Furthermore, Chinese Loess Plateau 
δ2Hwax and the data-based model are coherent and nearly in phase 
at the 72 and 31 kyr heterodynes, suggesting that the data-based 
model captures the heterodyne variability of interest in the Chi-
nese Loess Plateau δ2Hwax record. The data-based model does not 
capture variability at the 23 and 17 kyr periods, which are minor 
peaks in the Chinese Loess Plateau δ2Hwax spectrum. The relatively 
weak linear fit (r = 0.35) between the data-based model and Chi-
nese Loess Plateau δ2Hwax is not an accurate representation of the 
similarity of the orbital-scale variance in these records, as the lin-
ear fit includes variance at suborbital periods that mask variance 
at the heterodyne periods of interest.

The sign of the input variables to the data-based model are 
consistent with their influence on precipitation δ2H, a further in-
dication that the data-based model reflects real-world processes 
on orbital time scales. Warm temperatures cause precipitation to 
fall with higher δ2H values, consistent with the sign of MAAT in 
the data-based model. A strong winter monsoon (i.e., strong north-
westerly winds), as represented by large GS values, carries more 
of 2H-depleted continental moisture to the Chinese Loess Plateau, 
consistent with the sign of GS in the data-based model. Finally, 
a strong summer monsoon, as represented by large MS values, car-
ries more of 2H-depleted moisture from the Bay of Bengal and the 
South China Sea, consistent with the sign of MS in the data-based 
model. Both a strong summer monsoon and a strong winter mon-
soon result in lower precipitation δ2H values at opposite phases, 
thereby reducing the amount of variance at the primary orbital 
periods.

The data-based model captures much of the orbital-scale vari-
ability in Chinese Loess Plateau δ2Hwax. We therefore infer that 
the coefficients of the input variables reflect their relative influ-
ence on orbital-scale water isotope variability on the Chinese Loess 
Plateau. The winter and summer monsoon exert the greatest and 
near-equal influence on water isotopes in the data-based model. 
Temperature explains less than 10% of the variance in the data-
based model, perhaps because GS and MS incorporate aspects of 
temperature variability.

The interaction of processes associated with the summer and 
winter monsoons at dominant orbital periods causes the hetero-
dynes observed in both the Chinese Loess Plateau δ2Hwax and 
the data-based model to be more dominant than in individual GS 
and MS records. Our data-based model suggests that precipitation 
isotopes and hydroclimate on the Chinese Loess Plateau are influ-
enced roughly equally by summer and winter monsoon dynamics. 
Summer monsoon dynamics cause changes in local summer rain-
fall δ18O and δ2H via changes in the isotopic composition of va-
por along the ocean-to-continent transport path (Lee et al., 2012;
LeGrande and Schmidt, 2009; Liu et al., 2014; Pausata et al., 2011). 
Winter monsoon dynamics are manifested primarily as changes in 
local winter rainfall δ18O and δ2H driven by large-scale changes in 
the transport path, and by changes in relative humidity and vege-
tation cover (Baker et al., 2015; Lee et al., 2012). The interaction of 
summer and winter monsoon dynamics results in a water isotope 
record with complex spectral characteristics, a concept that we ap-
ply to clarify interpretations of water isotope records throughout 
Asia.
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Fig. 4. Multiple linear regression model of Chinese Loess Plateau δ2Hwax using inde-
pendent records of temperature, summer monsoon strength, and winter monsoon 
strength. A. Grain size at Weinan. B. Magnetic susceptibility at Weinan. C. brGDGT-
inferred MAAT at Weinan. D. The “data-based model” time series resulting from 
the linear combination of GS, MS and MAAT, each multiplied by the coefficients 
shown in each panel. E. Chinese Loess Plateau δ2Hwax. All records are plotted in 
the orientation that the model chose (e.g., negative grain size), which in all cases 
is consistent with known effects of the climate variables on precipitation δ2H (e.g., 
large grain size represents strong winter monsoons, which carry 2H-depleted pre-
cipitation to the Chinese Loess Plateau). All records normalized to zero average and 
standard deviation units.

5.2. Comparing variance among East Asian water isotope records to 
determine spatially varying summer- and winter-monsoon influence

Monsoons, as recorded by loess magnetic susceptibility, grain 
size, and other proxies are complex systems influenced by north-
ern and southern hemisphere dynamics, as indicated by phasing 
at primary orbital periods (Clemens et al., 2010; Sun et al., 2015;
Thomas et al., 2014a). Yet, the variance in the grain size and mag-
netic susceptibility records is concentrated at primary orbital peri-
ods (Fig. 3I, J), in contrast to the complex spectrum of the water 
isotope record on the Chinese Loess Plateau (Fig. 3B). Other water 
isotope records in East Asia also have complex spectra (Fig. 3C, D). 
It would be ideal to investigate the origin of these complex spectra 
as we did on the Chinese Loess Plateau, by combining independent 
records of winter and summer monsoon strength, temperature, 
and other variables reconstructed at the same locations, but such 
Fig. 5. Spectra of Chinese Loess Plateau δ2Hwax, notch filtered to remove low-
frequency variability (<0.005 kyr−1) (green) and the data-based model for Chinese 
Loess Plateau δ2Hwax (black) during the past 360 kyr. Upper curves are spectral 
density, both on linear y-axes. The middle gray curve is coherency between the two 
records, 80 and 95% coherency levels are marked with dashed lines. The lower gray 
curve is the phase of δ2Hwax relative to the data-based model, uncertainty shown 
with black bars during periods of interest. A positive phase means δ2Hwax leads 
the data-based model, a negative phase means δ2Hwax lags the data-based model. 
Vertical bars highlight primary orbital periods (light gray) and heterodyne periods 
(dark gray), periodicity labeled with black numbering. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.)

complementary records do not exist at each site. We can, however, 
examine whether heterodyne periods are present in these other 
water isotope records. The presence of heterodynes would indi-
cate the influence of multiple environmental variables interacting 
at different orbital periods.

5.2.1. Yangtze River Valley δ18Ocave heterodynes
There are three key spectral characteristics in Yangtze River Val-

ley δ18Ocave, which together indicate that non-linear interactions 
between multiple climate variables is occurring. These characteris-
tics include:

1. A lower ratio of 23:19 kyr-band variance than in the local 
orbital forcing (23:19 kyr variance ratio of 12 in the local in-
solation forcing, ratio of 4 in Yangtze River Valley δ18Ocave).

2. Heterodynes that cannot be explained except by the interac-
tion of primary periods.

3. An absence of variance at the 100 and 41 kyr bands.

Precession-band variance is dominant in Yangtze River Valley 
δ18Ocave: the 23 and 19 kyr periods compose 52% and 11% of to-
tal variance, respectively (Fig. 3C). If δ18Ocave responds linearly to 
precession forcing, we would expect the ratio of 23 to 19 kyr vari-
ance to be consistent between the forcing and the proxy. The ratio 
of 23 to 19 kyr variance for summer, winter, and annual insola-
tion forcing at 32◦N, 0 to 360 kyr is 12:1 (i.e., the area of the 
23 kyr peak is twelve times larger than the 19 kyr peak in the in-
solation forcing, independent of the season), whereas the ratio of 
23 to 19 kyr variance in δ18Ocave is 4:1. This suggests that some 
mechanism amplifies the 19 kyr periodicity relative to the 23 kyr 
periodicity in δ18Ocave. Interactions at primary orbital periods pro-
duces numerous heterodynes at periods close to 23 and 19 kyr (Ta-
ble 1). More than 20% of these heterodynes are within 0.005 kyr−1

of a precession frequency, meaning that the precession-scale vari-
ance in δ18Ocave may, at least in part, be a result of heterodyne-
derived variance. Xiaobailong and Bittoo δ18Ocave both clearly con-
tain large heterodyne variance (Fig. 3E, F; Section 5.2.3) supporting 
the possibility that the 23 and 19 kyr periods are at least partially 
heterodyne-derived.
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Yangtze River Valley δ18Ocave also contains small amounts of 
variance at 53 and 35 kyr, which are heterodyne periods (Fig. 3C, 
Table 1). The presence of these clear heterodyne periods provides 
additional evidence that multiple environmental variables operat-
ing at different orbital periods influence water isotopes in this 
system (Clemens et al., 2010).

Because Yangtze River Valley δ18Ocave is clearly influenced 
by monsoon variability (Wang et al., 2008), which occurs at all 
three orbital periods (Fig. 3I, J), and δ18Ocave responds strongly to 
precession-band variance, we would expect that Yangtze River Val-
ley δ18Ocave would exhibit at least some response to eccentricity 
and obliquity forcing. Yet, Yangtze River Valley δ18Ocave contains 
almost no eccentricity or obliquity-band variance (100 and 41 kyr).

These three key spectral characteristics together indicate that 
Yangtze River Valley δ18Ocave is influenced by the non-linear inter-
action of multiple environmental variables. Similar to the Chinese 
Loess Plateau, the environmental variables that influence Yangtze 
River Valley δ18Ocave likely include summer and winter monsoons, 
but also include variables that are governed by different mecha-
nisms, and therefore result in a different spectrum than observed 
for Chinese Loess Plateau δ2Hwax. These variables may include 
moisture from the East China Sea, locally recycled moisture, and/or 
karst hydrology dynamics (Baker et al., 2015; Duan et al., 2016;
Lee et al., 2012; Sun and Wang, 2014).

5.2.2. Pearl River Valley δ2Hwax is dominated by primary orbital periods
In contrast to Chinese Loess Plateau δ2Hwax and Yangtze River 

Valley δ18Ocave, the spectrum of Pearl River Valley δ2Hwax is dom-
inated by variance at all three primary orbital periods (Fig. 3D). 
The simpler spectrum of Pearl River Valley δ2Hwax suggests either 
that fewer environmental variables influence water isotopes in this 
region, or that one variable exerts a dominant influence. Today, 
oceanic moisture sources contribute a majority of precipitation to 
the Pearl River Valley (Sun and Wang, 2014). We demonstrated 
previously that precipitation isotopes in the Pearl River Valley re-
spond directly to orbital forcing at the precession band (Thomas 
et al., 2014a). Water isotopes in this region also respond in phase 
with forcing at the eccentricity and obliquity bands. Even so, there 
are small heterodyne peaks at 55 and 28 kyr. The minor hetero-
dyne peaks suggest that there is a minor influence of other envi-
ronmental variables on Pearl River Valley δ2Hwax, likely the winter 
monsoon (continental moisture sources) (Sun and Wang, 2014).

5.2.3. Northern India and Southern China δ18Ocave contain heterodynes
In addition to the three orbital-scale East Asian water isotope 

records, there are orbital-scale δ18Ocave records from Xiaobailong 
Cave in southern China and Bittoo Cave in northern India (Figs. 1, 
A3) (Cai et al., 2015; Kathayat et al., 2016). The spectra of these 
records contain peaks both at primary and at heterodyne peri-
ods (Fig. 3E, F). The presence of heterodynes in these spectra 
is evidence that environmental variables in addition to summer 
monsoon precipitation influence δ18Ocave at these sites. Xiaobai-
long Cave receives oceanic moisture from both the Bay of Bengal 
and from the South China Sea, in addition to continental moisture 
(Baker et al., 2015; Cai et al., 2015). Even Bittoo Cave, within the 
relatively simple Indian Monsoon region, receives moisture from 
multiple sources in the modern, including oceanic moisture from 
the Arabian Sea and the Bay of Bengal, and continental mois-
ture from the northwest (Kathayat et al., 2016, Fig. S1). The large 
heterodyne peaks in the Xiaobailong and Bittoo cave records are 
evidence that, like in East Asia, multiple environmental variables 
influence precipitation isotopes at these sites. These findings bol-
ster studies demonstrating that precipitation isotopes throughout 
Asia do not reflect local precipitation amount (Caley et al., 2014;
Lee et al., 2012; LeGrande and Schmidt, 2009; Maher, 2008;
Pausata et al., 2011; Thomas et al., 2014a, among others). These 
Fig. 6. Spectra of time series of annual precipitation amount in East Asia modeled 
using a 300 kyr fully coupled transient simulation of CCSM3 (Chen et al., 2011). All 
spectral analyses were completed for 0 to 300 ka. Vertical bars highlight primary 
orbital periods, labeled with black numbers at top. Heterodyne peaks in individual 
records are labeled with black numbers. Asterisks indicate peaks that exceed the 
80% confidence bound in an f-test for periods shorter than 1/3 the length of each 
record (Paillard et al., 1996). A. December 21 (solid black) and June 21 (dashed gray) 
insolation at 35◦N (Laskar et al., 2004). B. Ice volume (solid black) and greenhouse 
gas (GHG, dashed gray) forcing in the model. C. Annual precipitation amount in 
the four grid cells over the Chinese Loess Plateau in three sensitivity simulations: 
one with orbital changes only (light gray), one with orbital and GHG changes (dark 
gray), and one with orbital, GHG, and ice volume changes (black). D. Same as C. but 
for grid cells over the Pearl River Valley. Complex spectra, i.e., those that contain 
heterodynes, arise in the simulation that includes ice volume, indicating that glacial 
boundary conditions are important drivers of hydroclimate in East Asia.

finding also indicate that the spectral peaks of precipitation iso-
tope records can help identify the environmental variables that 
influence precipitation isotopes at each site.

5.3. Rainfall in a fully coupled transient model simulation of East Asia

A 21-kyr isotope-enabled transient model simulation demon-
strates that moisture transport and upstream rainout cause glacial–
interglacial-scale precipitation isotope variability in East Asia (Liu 
et al., 2014). A 150-kyr isotope-enabled transient model simula-
tion reveals that precipitation from multiple oceanic sources and 
multiple seasons influences precipitation isotopes throughout Asia 
(Caley et al., 2014). However, 21 or 150 kyr is not long enough to 
robustly examine the role of obliquity and the modulation of pre-
cession by eccentricity in modeled precipitation isotopes. Although 
longer isotope-enabled transient simulations do not yet exist, we 
can use an existing 300 kyr transient simulation to better under-
stand the mechanisms that influence precipitation amount in East 
Asia (Fig. 6) (Chen et al., 2011).

Three 300-kyr-long experiments were run using three differ-
ent sets of forcing: (1) Orbital variations only, (2) Orbital and 
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greenhouse gas variations; and (3) Orbital, greenhouse gas, and 
ice volume/sea level variations (Figs. 6A, 6B). We analyze time 
series of modeled annual precipitation amount over the Chinese 
Loess Plateau and the Pearl River catchment. The simulations 
without ice volume forcing contain simple spectra, with peaks 
concentrated at primary orbital periods and the greatest vari-
ance at the 23 kyr band (gray spectra, Figs. 6C, 6D). The sim-
ulation with ice volume forcing contains complex spectra, with 
peaks at the 72 kyr heterodyne as in Chinese Loess Plateau 
δ2Hwax (Fig. 3B) in addition to power at the 23 and 11.5 kyr 
(half precession) bands (black spectra, Figs. 6C, 6D). Water iso-
tope proxy records indicate a northward increase in heterodyne 
variance (Fig. 3), which we interpret to indicate a northward in-
crease in winter monsoon influence. The model shows the opposite 
trend, with greater heterodyne variance in southern China, indi-
cating either that the model does not replicate the spatial vari-
ability observed in the data, or that the factors governing pre-
cipitation dynamics are different than those governing precipita-
tion isotope dynamics. The important aspect of the model result, 
however, is the presence of heterodynes when the forcings are 
more complex, which suggests that model precipitation amount 
is the result of nonlinear interactions among processes operat-
ing at different orbital periods. These results highlight the influ-
ence that obliquity forcing and glacial boundary conditions have 
on East Asian monsoons, even in low-latitude regions (Bosmans 
et al., 2015; Chen et al., 2011), and underscore the importance 
of interpreting precipitation isotope records in the context of the 
multiple environmental variables that influence precipitation iso-
topes.

6. Summary

The existence of heterodynes in all orbital-scale water iso-
tope records in the Asian monsoon region (Fig. 3B–F) is evidence 
that water isotopes are strongly influenced by multiple climate 
variables. Heterodynes can only be produced when variables op-
erating at different orbital periods interact. Records of temper-
ature, summer-monsoon strength, and winter-monsoon strength 
have simple spectra that lack major heterodyne peaks (Fig. 3 H–K), 
providing further evidence that water isotopes do not respond 
solely to the summer or winter monsoon or to any other single 
environmental variable. Rather, water isotopes in Asia are likely in-
fluenced by multiple environmental variables, including both conti-
nental and oceanic moisture sources, terrestrial precipitation recy-
cling, and temperature. The spectra of water isotope proxy records 
in East Asia increase in complexity from south to north, indicat-
ing increasing influence of multiple environmental parameters. The 
combination of independent temperature, summer monsoon, and 
winter monsoon records from the Chinese Loess Plateau demon-
strates that precipitation isotopes in this region are influenced 
equally by summer (oceanic) and winter (continental) monsoon 
variability. The influence of the winter monsoon (continental mois-
ture) decreases southward, until it plays only a minor role in the 
Pearl River Valley (Thomas et al., 2014a).

Consideration of both summer and winter monsoon dynam-
ics is key to fully exploiting the information contained in water 
isotope records in East Asia. Precipitation in a long transient cli-
mate model simulation contains complex spectra when run with 
full glacial boundary conditions, indicating that hydroclimate in 
East Asia is impacted both by internal and external forcing mech-
anisms. Water isotope records, in concert with fully coupled tran-
sient isotope-enabled climate models, will help us to decipher the 
mechanisms that cause changes in oceanic and continental mois-
ture sources, and in turn to influence precipitation variability in 
Asia.
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