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[1] Southeast China cave d18O, often interpreted as a pure East Asian summer monsoon proxy, lags maximum
northern hemisphere summer insolation by 2.9 ± 0.3 kyrs at the precession cycle. The Arabian Sea summer
monsoon stack lags by 8 ± 1 kyr, consistent with 13 other Indian and East Asian summer monsoon proxies
from marine, lake, and terrestrial archives. This 5 kyr phase difference cannot be attributed to age control
inadequacies in the marine chronology; it requires reconciliation in the context of proxy interpretation. Both
of these lags are incompatible with a direct response to northern hemisphere summer insolation, implicating
additional forcing mechanisms. Analysis of heterodynes in the cave d18O spectrum demonstrates that
variance contained in the Arabian Sea summer monsoon proxies also resides in the cave d18O record. This
variance is subtracted from the cave d18O record yielding a residual that is highly coherent and in phase with
precession minima, reflecting the impact of winter temperature change on cave d18O (meteorological
precipitation under cold conditions). Thus, we argue that the timing of light cave d18O peaks cannot be
interpreted as reflecting the timing of strong summer monsoons alone. The 2.9 kyr precession band phase lag
of cave d18O reflects the combined influence of summer monsoon forcing with a phase lag of 8 kyrs relative
to precession minima and winter temperature forcing that is in phase with precession minima. This
interpretation is consistent with modern seasonality in the amount and isotopic composition of rainfall in
southeast China.

Citation: Clemens, S. C., W. L. Prell, and Y. Sun (2010), Orbital‐scale timing and mechanisms driving Late Pleistocene
Indo‐Asian summer monsoons: Reinterpreting cave speleothem d18O, Paleoceanography, 25, PA4207,
doi:10.1029/2010PA001926.

1. Introduction

[2] Five high‐profile papers have been published on the
southeast China cave d18O records since 2001, having been
cited over 600 times. The most recent, Cheng et al. [2009]
presents a 390 kyr composite speleothem d18O record
from three caves in southeast China (Hulu, Sanbao, and
Linzhu) (Figures 1 and 2a). Wang et al. [2001], Cheng et al.
[2006], and Cheng et al. [2009] interpret this cave d18O as
the ‘ratio of the amount of summer to winter precipitation’
or ‘the relative summer to winter monsoon intensities’.
Implicit in this interpretation is that the effect of winter
monsoon precipitation reaches a minimum when the effect
of summer monsoon precipitation reaches a maximum (i.e.,
they are 180° out of phase). Yuan et al. [2004] interpret cave
d18O as ‘the fraction of water vapor removed from air
masses between the tropical Indo‐Pacific and southeastern
China,’ a summer monsoon interpretation focused on ocean
to land moisture flow. Wang et al. [2008] interpret cave

d18O as reflecting ‘changes in summer East Asian monsoon
intensity’ varying ‘dominantly and directly in response to
the changes in Northern Hemisphere summer solar radiation
at orbital scales.’ In all cases, changing strength of the
summer monsoon drives the timing of light cave d18O
peaks. Consistent with these summer‐centric interpretations,
all five papers plot cave d18O in comparison to northern
hemisphere summer radiation curves; none attempt inter-
pretation of the timing or influence of the winter monsoon
contribution to the cave d18O signal independent from that
of the summer contribution.
[3] This summer‐centric interpretation is very strongly

reflected in the references citing these records. With very
few exceptions [Johnson and Ingram, 2004; Maher, 2008]
the timing of light cave d18O is taken to reflect the timing of
the strongest summer monsoons, lagging precession minima
by 45°, or 2.9 kyrs (−45°/360° * 23 kyrs = −2.9 kyrs).
However, a problem arises when one attempts to reconcile
this interpretation of cave d18O with other summer mon-
soon proxies from the Indian and East Asian monsoon
systems (Figures 1, 2, and A1). These marine and terrestrial
proxies indicate that summer monsoon maxima occur sig-
nificantly later than suggested by the timing of light cave
d18O peaks (−125° or 8 kyrs relative to precession minima).
This 80° (5.1 kyr) precession band phase difference is not
related to error in the SPECMAP chronology (Text S1 of
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Figure 1. Location map showing marine and terrestrial summer monsoon proxy sites (blue dots), GNIP sta-
tions (red boxes), WMO stations (black circles), and the regional southeast China area average (boxed region
21°N to 35°N, 106°E to 122°E). Base map produced at http://www.aquarius.geomar.de/make_map.html.

Figure 2. Examples of proxy time series from the Indian and East Asian monsoon regions (Figure 1 and
Table A1). Grey shading is centered on light peaks in the cave d18O record [Cheng et al., 2009]. The
timing of peaks in summer monsoon proxies lag light d18O peaks in the cave record.
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the auxiliary material), requiring reconciliation in terms of
proxy interpretation.1

[4] We provide an overview of Indian and East Asian cli-
matology as well as summer monsoon moisture sources in
section 2. We quantitatively assess the similarities and dif-
ferences in the cave and Arabian Sea records and the two
models proposed to explain them in section 3. In section 4, we
leverage the excellent chronology of the cave record to dem-
onstrate that variance observed in the Arabian Sea summer
monsoon proxies is present in the cave d18O record as well. In
section 5 we remove the Arabian Sea summer monsoon var-
iance from the cave d18O record and analyze the residuals,
showing them to be consistent with a winter temperature
forcing, as is evident in modern southeastern China rainfall
isotope data. In section 6 we construct a d18O cave orbital
model accounting for the timing of light peaks in cave d18O as
the combined influence of summer monsoon and winter
monsoon (temperature) forcing. In section 7, we document
that our interpretation of cave d18O over the past 390 kyrs, as
reflecting both summer and winter dynamics, is consistent
with modern seasonality in precipitation amount and isotopic
composition. Finally, we summarize our results in section 8.

2. Modern Indian and East Asian Climatology

[5] Indian and Asian summer monsoon circulation is
initiated by differential sensible heating of continental and
oceanic regions, after which cross‐equatorial moisture

transport, and the resultant latent heating, plays a dominant
role in modulating monsoon strength [Hastenrath and
Greischar, 1993; Liu et al., 1994; Loschnigg and Webster,
2000; Webster, 1987, 1994; Webster et al., 1998; Yanai
and Tomita, 1998]. If only direct sensible heating were
important, the monsoon would be weaker, with little or no
variability on interannual and longer time scales. Modern
meteorological observations and moisture transport budgets
(Figure 3) quantitatively show that the southern hemisphere
(SH) Indian Ocean is the dominant source of moisture
(latent heat) to the Indian and East Asian summer monsoons
during June, July, and August (JJA) [Bosilovich and
Schubert, 2002; Ding et al., 2004; Ding and Chan, 2005;
Emile‐Geay et al., 2003; Liu and Tang, 2004, 2005; Park et
al., 2007; Simmonds et al., 1999; Wajsowicz and Schopf,
2001; Zhu and Newell, 1998]. The moisture budget shows
that the Arabian Sea is a minor moisture source while the
Bay of Bengal, IndoChina, the South China Sea, and
southeastern China are all moisture sinks. At this scale, the
Pacific Ocean contributes relatively little moisture to the
summer monsoon system during June, July, and August.
[6] Satellite scatterometer‐based moisture budgets support

these findings (Figure 4), showing that June, July, and
August (JJA) rainfall in IndoChina is coherent and in phase
with JJA moisture transport from the Indian Ocean but out
of phase with that from the Pacific [Liu and Tang, 2004].
These modern dynamics strongly suggest that paleo-
monsoon records should be interpreted with southern
hemisphere Indian Ocean dynamics in mind [Clemens and
Prell, 2003; Liu et al., 2006; Rohling et al., 2009] and

Figure 3. Summer monsoon moisture budget and transport path after Ding et al. [2004]. June, July, and
August moisture budget averaged for 1990 through 1999. Arrows represent moisture flux across the
defined boundaries; units are 106 kg s−1. Numbers in parentheses indicate the area to be a net moisture
source (positive) our sink (negative). The southern Indian Ocean is the dominant moisture (latent heat)
source. India, the Bay of Bengal, IndoChina, the South China Sea, and southeast China are all moisture
sinks. (inset) Summer monsoon moisture transport path averaged for 1990 through 1999 (the 5th pentad
of May through the 2nd pentad of July; units are kg m−1 s−1). Base map produced at http://www.aquarius.
geomar.de/make_map.html.

1Auxiliary materials are available in the HTML. doi:10.1029/
2010PA001926.
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that the Indian and East Asian summer monsoon systems are
linked through a common, Indian Ocean moisture source.

3. Phase of Cave d18O and Arabian Sea Proxies
Relative to Orbital Forcing

[7] The importance of establishing an appropriate refer-
ence point for measuring the phase of climate proxies rel-

ative to insolation forcing lies in the concept that phase is a
key indicator of the degree to which a proxy does or does
not respond directly to insolation forcing. For example, if
the summer monsoon responds only to the degree of sen-
sible heating over Asia, then monsoon maxima should have
a zero‐phase relationship with the maximum insolation
forcing. As demonstrated in section 3.2, both the Arabian
Sea and Cave d18O proxies significantly lag maximum
northern hemisphere insolation at the precession band. A
significant lag reflects either a large response time or that
one or more additional forcing mechanisms are involved in
determining the timing of the maximum response. Given
that the monsoon is a fast–physics surface system, we argue
that the 45° lag of the cave record reflects multiple forcing
mechanisms.

3.1. Establishing a Reference Point for Phase
Measurement

[8] Figures 5a and 5b show plots of cave d18O and the
Arabian Sea summer monsoon stack (SM stack) relative to
ETP [Cheng et al., 2009; Clemens and Prell, 2003]. ETP is
constructed by normalizing and stacking eccentricity, tilt
(obliquity) and negative precession yielding a single con-
venient record against which proxy time series can be
spectrally compared in order to evaluate coherence and
phase (timing) relative to orbital extremes [Imbrie et al.,
1984] (Figures 5c and 5d). Cross‐spectral results are plot-
ted on phase wheels (Figures 5e and 5f). Zero on the
obliquity phase wheel is set at maximum obliquity while
zero on the precession phase wheel is set at precession
minimum; both orbital configurations denote the timing of
warmest northern hemisphere summers and coldest northern
hemisphere winters (at latitudes poleward of 22.5°N).
Minimum precession represents the specific orbital config-
uration when the Earth is at perihelion and the North Pole is
pointed directly at the Sun. This configuration is commonly
referred to as ‘21 June’ perihelion or, more appropriately w =
90°, where w (w∼ in the work by Berger [1978]) is the lon-
gitude of perihelion relative to the moving vernal equinox of
1950 AD [Berger, 1978]. Considering the full precession
cycle, no other orbital configuration exists for which insola-
tion maxima are stronger during northern hemisphere sum-
mer nor insolation minima weaker during northern
hemisphere winter (at latitudes poleward of 22.5°N). Thus,
minimum precession and maximum obliquity are natural
reference points for measuring the phase of the Indo‐Asian
summer and winter monsoons. This point is confirmed by
examining absolute annual maximum and minimum insola-
tion curves calculated following Huybers [2006].
[9] Unlike insolation curves typically plotted with paleo-

monsoon records (e.g., ‘21 June’ w = 90°, ‘21 July’ w =
120°, ‘JJA’ average of w = 90°, 120° and 150°), absolute
annual maximum (or minimum) insolation curves are not
tied to any specific orbital configuration but, rather, indicate
the absolute maximum (or minimum) radiation received at a
given latitude and time in the past, regardless of orbital
configuration. Absolute maximum radiation for 30°N, the
latitude of the cave d18O composite, is shown in Figure 6a.
At the 23,000 year precession time scale, absolute isolation
maxima always fall in the month of June, coincident with

Figure 4. Satellite scatterometer‐based moisture transport
from August 1999 to August 2003. Moisture transport from
the eastern Indian Ocean (across the red boundary) and the
southern IndianOcean (across the green boundary) is in phase
with rainfall in IndoChina (Black time series in all three
plots). In contrast, moisture transport from the Pacific Ocean
(across the blue boundary) is out of phase with rainfall in
IndoChina. These data indicate that summer monsoon rainfall
in IndoChina is dominantly sourced from the Indian Ocean,
not the Pacific. Redrawn from Liu and Tang [2004]. Base
map produced using GeoMapApp http://www.geomapapp.
org/supported by the National Science Foundation.
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w = 90°. However, at the annual time scale, when pre-
cession is changing from w = 270° toward w = 90°,
absolute insolation maxima very often occur when peri-
helion takes place in May. Similarly, when precession is
changing from w = 90° toward w = 270°, absolute insolation
maxima frequently occur when perihelion takes place in July.
Both early and late season insolation maxima are important
in driving changes in overall summer monsoon strength.
[10] The absolute maximum 30°N insolation curve

(Figure 6a) incorporates the maximum radiation received
over time, regardless of orbital configuration. In contrast,
the JJA curve never yields the maximum insolation value
received at 30°N (Figure 6b). Radiation received in the
month of July accounts for the absolute annual maximum
only 29% of the time over the past 400 kyrs whereas radi-
ation received in June accounts for the maximum 59% of the
time. At 30°N, the absolute maximum curve ranges between
5 and 60 w/m2 greater than the commonly used JJA inso-
lation reference curve. For example, at 225 ka, the classic
JJA curve indicates insolation forcing of 457 w/m2 whereas
the maximum radiation actually experienced is 514 w/m2

(Figure 6b). In fact, the maximum radiation in April, May,
and June are all three greater than indicated by the JJA and
21 July curves (Figure 6b). The fact that summer (south-
west) monsoon winds in the northern Arabian Sea are
established in May (Figure 7) underscores the importance of
taking into account early season heating in terms of overall
strengthening and/or longer duration summer monsoons. In
the same vein, late summer insolation maxima (July) also
strengthen and/or prolong the summer monsoon.
[11] Invoking insolation curves tied to specific orbital

configurations may not be appropriate in that none reflect
the true magnitude or timing of maximum insolation
received at a specific times in the past (Figure 6b). Choosing
a curve on the basis that it matches the phase of a given
proxy may also be, in this light, inappropriate. For example,
the cave record, which has a phase of −45°, should be
compared to the 6 August insolation curve (w = 90 + 45 =
135°). The 6 August insolation at 225 Ka was 427 w/m2, a
full 87 w/m2 less than the strongest insolation actually
experienced that year at 30°N.
[12] In summary, we submit that the absolute maximum

insolation curve is the most appropriate reference for com-
parison with summer monsoon records. This approach
yields the absolute maximum radiation received at a given
latitude through time regardless whether it occurs in late
spring, summer, or early fall, accounting for early onset or
late retreat of monsoonal circulation. Any significant devia-
tion from zero phase implicates additional forcing mechan-
isms beyond direct responses to maximum sensible heating.

3.2. Precession and Obliquity Band Phase Responses

[13] The cave and SM stack both have 23 kyr spectral
peaks that are very strongly coherent with precession
(Figures 5c and 5d). Light cave d18O lags absolute maxi-
mum precession‐driven insolation (and precession minima)
by 45 ± 2°. The SM stack lags by 123 ± 12°. The SM stack
is strongly coherent and, within error, in phase with absolute
maximum obliquity‐driven insolation and obliquity maxima

(−13 ± 14°). Cave d18O, in contrast, has two distinct non-
primary spectral peaks at 52.6 kyr and 35 kyr periods,
masking any 41 kyr variance in cave d18O. The larger of these
nonprimary spectral peaks represents the heterodyne of
obliquity and the 23 kyr component of precession (1/41 ±
1/23 = 1/14.7 and 1/52.4) while the smaller represents the
heterodyne of obliquity and the 19 kyr component of
precession (1/41 ± 1/19 = 1/13 and 1/35.4) We address
these important spectral peaks further in section 4, after a
review of the current conceptual models developed to explain
the cave d18O and Arabian Sea SM stack records in the
context of monsoon forcing.

3.3. Conceptual Models for Mechanisms Driving Cave
d18O and Arabian Sea Proxies

[14] Wang et al. [2008] interpret cave d18O as reflecting
‘changes in summer East Asian monsoon intensity’ varying
‘dominantly and directly in response to the changes in
Northern Hemisphere summer solar radiation at orbital
scales.’ For all practical purposes, this is no different from
the explanations of Wang et al. [2001], Cheng et al. [2006],
and Cheng et al. [2009], who interpret cave d18O as the ratio
of the amount of summer to winter precipitation, with the
implicit assumption that when the effect of the summer
monsoon is strong, the effect of the winter monsoon is weak
(180° out of phase). All interpret the timing of cave d18O
minima as times of strongest summer monsoons. None
attempt interpretation of the winter monsoon influence on
cave d18O independent from that of the summer influence,
particularly with regard to phase.
[15] This summer insolation forcing model cannot explain

the 45° ± 2° lag relative to precession minima and absolute
maximum summer insolation forcing. The interpretation of
the 45° lag as a response to 21 July, JJA, or for that matter,
6 August insolation forcing, is not consistent with results
from time‐dependent, fully coupled model experiments sim-
ulating the monsoon response to insolation‐only forcing at
the orbital scale. Kutzbach et al. [2007] find that Asian
summer monsoon precipitation (JJA) leads precession min-
ima by 23°, a full 68° prior to the timing of light cave d18O at
the precession band [see Kutzbach et al., 2007, Table 2 and
Figures 4a and 5]. Similarly, Tuenter et al. [2005] find that
June and July precipitation lead precession minima by 2200
and 500 years, respectively, while August precipitation lags
precession mimima by 1900 years. This yields a combined
JJA lead of 800 years or 12°. This 12° JJA precipitation lead
is comparable to the 23° lead in the Kutzbach et al., exper-
iment. In other words, if the late Pleistocene monsoon
responded only to summer insolation forcing, these model
results indicate that JJA precipitation maxima should lead
precession minima (and the maximum insolation forcing)
by 12° to 23°, not lag it by 45°. On this basis, we contend
that the 45° cave d18O lag is not consistent with a direct
response to summer insolation forcing and that additional
mechanisms must be involved.
[16] In sections 4–6, we make the case that the timing of

light cave d18O is the result of (1) a summer monsoon
forcing as indicated by the Arabian Sea SM stack and (2) a
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winter monsoon temperature influence. First, however, we
describe the conceptual model for the Arabian Sea proxies.
[17] The model explaining the Arabian Sea summer

monsoon in the context of orbital forcing follows Clemens
and Prell [2003]. The −123° precession band phase of the
SM stack is interpreted in terms of the summer monsoon
responding to three mechanisms, northern hemisphere
summer insolation, minimum ice volume conditions, and the
maximum export of latent heat from the southern subtropi-
cal Indian Ocean. Northern hemisphere summer insolation
(differential land‐ocean sensible heating) initiates summer
monsoon flow. Recent time‐dependent experiments with a

fully coupled Fast Ocean Atmosphere Model (FOAM)
forced only by insolation have demonstrated that NH sum-
mer insolation is sufficient to initiate cross‐equatorial flow
at all orbital configurations [Kutzbach et al., 2007]. Within
each seasonal cycle, we view this mechanism as initiating
cross‐equatorial flow. However, at the precession scale the
Arabian Sea proxy records indicate maxima at −123°,
between ice volume minima (−78°) and precession maxima
(−180°). This is interpreted as indicating that the timing of
strong summer monsoons at this orbital scale is sensitive to
extremes in these two mechanisms (Figure 5e).

Figure 5
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[18] General circulation models have typically shown a
tendency toward decreased monsoon strength under glacial
conditions [Barnett et al., 1989; Prell and Kutzbach, 1987,
1992] with the implication that minimal glacial boundary
conditions (−78°) favor strengthened monsoons. Maximum
precession (−180°) is interpreted as the time within the

precession cycle where the export of latent heat from the
southern subtropical Indian Ocean is maximized [Clemens
and Prell, 2003]. At precession maxima (21 December
perihelion, w = 270°) SH summer (DJF) is characterized by
maximum insolation, resulting in the storage of heat in the
ocean mixed layer. This is followed by SH winter (JJA),

Figure 6. Absolute annual maximum insolation at 30°N compared to 30°N insolation curves tied to spe-
cific orbital configurations (e.g., ‘21 July insolation’ or ‘JJA insolation’). Absolute maximum insolation
curves are not tied to specific orbital configurations. Rather, they yield the absolute maximum insolation
at a given latitude and time in the past regardless of whether it occurs in late spring, summer, or early fall.

Figure 5. (a and b) Time series, (c and d) cross spectra, and (e and f) phase wheels comparing cave d18O and the Arabian
Sea summer monsoon stack to Earth orbital parameters (ETP). ETP is a combined record of normalized eccentricity, obliq-
uity (tilt), and negative precession (w = 90°, 21 June perihelion) [Laskar et al., 1993]. Precession is defined as Desinw
where w is the longitude of perihelion measured from the moving vernal equinox (referenced to 1950 AD), and e is the
eccentricity of Earth’s orbit about the Sun [Berger, 1977; Laskar et al., 1993]. Periods (1/frequency) of the main spectral
peaks are labeled. Spectral densities are normalized and plotted on log scales. The horizontal lines on the coherence plot
indicate the 80% and 95% confidence intervals (CI). Additional details on cross‐spectral methods are given in Appendix A.
Zero points on the phase wheels are set at precession minimum (Pmin, w = 90°, 21 June perihelion) and obliquity maximum.
Negative phase values are measured in the clockwise direction representing temporal lags. For example, d18O minima (Ice
Min) have a phase of −78° relative to precession minima indicating a 5000 year lag (−78°/360° × 23,000 years). The timing
of potential summer monsoon forcing mechanisms are denoted by red text including the absolute maximum insolation over
Asia in summer [Prell and Kutzbach, 1992], d18O minima (Ice Min) [Prell and Kutzbach, 1992], and maximum export of
latent heat from the southern subtropical Indian Ocean (−180° at the precession band and 0° at the obliquity band) [Clemens
and Prell, 2003; Liu et al., 2006]. The timing of minimum winter insolation over Asia is denoted by blue text.
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characterized by minimum insolation, yielding a cold (dry)
atmosphere over a warm ocean thus maximizing latent heat
export. Liu et al. [2006] tested this hypothesis using two
fully coupled ocean‐atmosphere GCM experiments in which
insolation was increased in the SH during SH summer
(December to April) and in the NH during NH summer
(May to September), monitoring the resulting effect on
boreal summer monsoon (JJA) precipitation over South
Asia. Increased NH summer insolation had an immediate
and positive impact on summer monsoon (JJA) precipitation
over South Asia. However, the increased SH summer
insolation experiment had 10% larger impact on subsequent
summer monsoon (JJA) precipitation over South Asia.
These experiments support the interpretation that the timing
of latent heat export is part of the reason why the Indo‐
Asian summer monsoon has a phase of −123°. However,
model proxy discrepancies do exist. For example, the
increased model precipitation is not accompanied by
increased model wind strength whereas the Arabian Sea
proxy data indicate strengthened wind‐driven upwelling.
[19] In summary, the −123° phase suggests that differen-

tial sensible heating initiates summer monsoon flow whereas
the timing of summer monsoon maxima at the precession
band are sensitive to the timing of ice volume minima [Prell
and Kutzbach, 1992] and the export of latent heat from the
southern subtropical Indian ocean [Clemens and Prell,
2003; Liu et al., 2006]. A multiproxy synthesis of 19 SM
records (Appendix A) yields a precession band phase of
−125° ± 17° and confirms this phase response as common to
marine and terrestrial records spanning the Indian and East
Asian regions. We provide evidence in Figure S1 of the
auxiliary material demonstrating that this large precession
band phase difference relative to that of the cave d18O

record (−125° versus −45°) is not related to error in the
SPECMAP chronology.
[20] Unlike the cave d18O spectrum, the SM stack spec-

trum indicates distinct, coherent variance in the obliquity
band, roughly equal in proportion to that in the precession
band (Figure 5d). Importantly, the same latent and sensible
heat mechanisms discussed for the precession band also
apply at the obliquity band [Clemens and Prell, 2003]. In
this case, however, both maximum sensible heating and
maximum latent heating occur at obliquity maxima,
accounting for the large concentration of variance at the
obliquity band (Figures 5d and 5f). Thus, the sensible and
latent heat mechanisms are found to operate similarly in
both orbital bands, adding considerable internal consistency
to the interpretation of mechanisms driving the timing of
strong summer monsoons at Earth’s orbital time scales.
[21] A simple orbital model for the timing of strong

summer monsoons can be constructed as the sum of obliq-
uity (O) with no lag and precession minima with a lag of
−125° or 8 kyrs (Pminlag8). This orbital model is plotted in
Figure 2e. This model interprets SM strength in the context
of insolation, ice volume, and latent heating and is in con-
trast to interpretation of the SM as responding only to NH
summer insolation.
[22] We next demonstrate that the cave d18O and the SM

stack are significantly coherent with one another at both the
obliquity and precession bands indicating that the variance
in the SM stack is contained in the cave d18O record as well.
We then remove this summer monsoon signal from the cave
d18O record and analyze the residual record, showing it to be
consistent with a winter forcing.

4. Using Heterodynes to Establish the Link
Between the SM Stack and Cave d18O
[23] Cross spectra between cave d18O and the SM stack

documents coherence (>95 CI) at the precession band
(Figure 8a). Interestingly, coherence and near‐zero phase is
also indicated at the 41 kyr obliquity band although the
implied 41 kyr spectral peak is masked by the nonprimary
peaks to either side. Narrow 41 kyr band‐pass filters of the
two records illustrate the coherence at the 41 kyr band
implied by the cross spectrum (Figure 8b). Thus we plot the
phase of cave d18O on the obliquity phase wheel relative to
the SM stack (Figure 5f) acknowledging that the concen-
tration of obliquity variance in cave d18O is small. These
cross spectral and band‐pass‐filter results document that
variance contained within the SM stack resides within the
cave d18O record as well. We contend that this shared var-
iance represents a common, summer monsoon forcing. A
rigorous, independent, and quantitative test of this can be
performed through analysis of the nonprimary (heterodyne)
peaks within the cave d18O spectrum (Figure 5c) as follows.
[24] The orbital summer monsoon model indicates

strengthened monsoons at both obliquity maxima and 125°
into each precession cycle. If cave d18O shares this variance,
then the spectra of the highly resolved and accurately dated
cave d18O record must also contain the heterodyne tones of
these two input frequencies. Mathematically, these tones can
be isolated by crossing obliquity with Pminlag8. This pro-

Figure 7. NCAR/NCEP vector winds showing that the
southwest summer monsoon winds are established in May.
Strong early season insolation contributes to stronger and
longer summer monsoon seasons.
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duces a record with strong spectral peaks at 52.6 kyr and
14.7 kyr periods representing the beating between obliquity
and precession (1/41 ± 1/23 = 1/14.7 and1/52.4) (Figure 9).
The cross spectrum with cave d18O shows significant
coherence and zero phase at these strong spectral peaks

documenting that cave d18O contains variance associated
with a mechanism operating at the precession band (with a
phase of −125°) and a mechanism operating at the obliquity
band (with a phase of zero), as inferred from the Arabian
Sea summer monsoon proxies. The cross products of
obliquity and precession (with other phase lags) will also
show strong coherence with the cave record, but not zero
phase. The important point here is that the excellent chro-
nology of the cave record allows discrimination among
various cross product records on the basis of phase. This has
not been previously possible given the more limited accu-
racy of marine and ice core chronologies. Having estab-
lished that variance in the SM stack also resides within the
cave d18O record, we next scale this variance to d18O units,
subtract it from the cave record and analyze the residuals.

5. Removing the SM Component From Cave d18O
and Analysis of Residuals

[25] The SM orbital model (section 3.3 and Figure 2d) is
scaled to ‰ units by multiplying by the total variance in

Figure 9. Cross spectrum comparing cave d18O to the
cross product of obliquity and precession minima lagged
by 125° (8 kyrs). Statistically significant coherence and zero
phase at the dominant cross‐product periods documents that
summer monsoon variance at obliquity and precession, as
depicted by the Arabian Sea stack, is also present in the cave
d18O record. This is consistent with the strong coherence
between cave d18O and the SM stack documented in
Figure 8. Periods (1/frequency) of the main spectral peaks
are labeled. Spectral densities are normalized and plotted on
log scales. The horizontal lines indicate confidence at the
80% and 95% intervals for coherence.

Figure 8. (a) Cross spectrum comparing the Arabian Sea
summer monsoon stack [Clemens and Prell, 2003] to cave
d18O [Cheng et al., 2009]. The SM stack is strongly
coherent with cave d18O at the 23 kyr precession band.
Coherence is indicated at the 41 kyr obliquity band as well,
but the 41 kyr spectral peak in cave d18O is masked by the
heterodyne peaks on either side. (b) The 41 kyr Gaussian
band‐pass filter of cave d18O and the Arabian Sea SM stack
supporting the coherence and near‐zero phase indicated in
the cross spectral analysis (bandwidth is 0.024, central fre-
quency is 0.024). Periods (1/frequency) of the main spectral
peaks are labeled. Spectral densities are normalized and
plotted on log scales. The horizontal lines indicate confi-
dence at the 80% and 95% intervals for coherence.
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cave d18O (Figure 10a). Subtracting this SM signal from the
cave d18O signal yields a residual record that is very highly
coherent and in phase (2.6 ± 4°) with precession minima

(Figures 10b and 10c). Having subtracted what we interpret
to be the SM signal, the question becomes, what is the
interpretation of this residual cave signal that is so closely
correlated to precession? We interpret this residual as the
influence of the winter monsoon (temperature). We call on
the changing temperature of winter atmospheric precipita-
tion to drive the signal as follows.
[26] At the present orbital configuration (near precession

maximum) the northern hemisphere experiences the warm-
est winters within the precession cycle. NH winters at pre-
cession minima are considerably colder. Analysis of FOAM
results indicates a 5°C winter temperature range for south-
eastern Asia due only to changes in insolation forcing. This
is consistent with orbital‐scale winter season temperature
changes of 6.5°C found in proxy data south of the cave sites,
in the northern South China Sea [Pflaumann and Jian, 1999;
Wei et al., 2007]. In contrast, orbital‐scale changes in
summer season temperatures are only on the order of ∼1°C
[Pflaumann and Jian, 1999].
[27] Using a local (Nanjing and Wuhan) d18O precipita-

tion versus temperature calibration for winter (DJF) [IAEA,
2008], a decrease in winter temperatures of 5°C would drive
the modern DJF isotopic composition of rainfall from the
current value of −6.2‰ to −9.6‰. A similar change (−6.2‰
to −9.7‰) is estimated using the global d18Oppt versus
temperature relationship [Dansgaard, 1964]. This winter
temperature mechanism is supported by the strong correla-
tion of cave d18O with absolute minimum insolation over
the past 390 kyrs (Figure 11). The correlation between cave
d18O and absolute minimum (winter) insolation is slightly
stronger than the relationship between cave d18O and
absolute maximum (summer) insolation.
[28] In summary, light cave d18O is produced by two

different sources at two different times within the precession
cycle. A light d18O response is produced via summer
monsoon dynamics associated with the long transport path
from the Indian ocean into Asia during summer [Yuan et al.,
2004]. Another light d18O response is produced by cooler
winter season atmospheric precipitation at precession min-
ima producing light d18Oppt. Thus, viable mechanisms exist
for driving cave d18O toward light values via both summer
and winter dynamics at the precession band; cave d18O
responds to the combination of these two mechanisms.

6. A Cave d18O Orbital Model

[29] An orbital model for cave d18O may now be con-
structed as the sum of the summer monsoon (SM) and
winter monsoon (WM) components of the precession band
and the summer monsoon cross product (SMx) from section
4. The SM component consists of precession minima with a
lag of −125° or 8 kyrs (Pminlag8). The WM component is
composed of precession minima with no lag (Pmin). The
SMx component is composed of obliquity crossed with
lagged precession. The relative weighting of these three
factors is derived from the ratio of spectral densities such
that the orbital cave model is 0.4SM + 0.5WM + 0.1SMx as
shown in Figure 12c. This model, incorporating both SM
and WM dynamics, fits the cave d18O data better than
maximum summer insolation forcing at 30°N. At the 23 kyr

Figure 10. (a) Cave d18O and the Arabian Sea summer
monsoon orbital model, (b) the residual after subtracting
the SM orbital model from cave d18O and the cross spec-
trum comparing the residual with orbital precession. (c)
The residual is highly coherent and in phase with precession
minima, an orbital configuration characterized by the cold-
est northern hemisphere winters; the same result is found
for cross spectra with minimum insolation at 30°N. The
spectral peak at 41 kyr reflects the greater amount of obliq-
uity variance in the Arabian Sea records relative to the cave
record. Periods (1/frequency) of the main spectral peaks are
labeled. Spectral densities are normalized and plotted on log
scales. The horizontal lines indicate confidence at the 80%
and 95% intervals for coherence.
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band, coherence is exceptionally high and phase is 7 ± 3° as
opposed to 45 ± 3° relative to maximum insolation forcing
(Figures 12b and 12d). At the heterodyne bands (52.6 and
14.7 kyrs), coherence is significant and phase is zero (−12 ±
15° and −10 ± 17°, respectively). In contrast, 30°N maxi-
mum insolation does not have variance at these heterodyne
frequencies. Examining the time series in more detail
(Figures 12a and 12b) it is clear that neither model works
particularly well during periods of low eccentricity (20 to
70 ka and 350 to 390 ka). Cave d18O during these two
intervals is better matched to the absolute minimum insolation
record (Figure 11). This implies that the relative weightings
applied above to the three‐component model likely change
over time.
[30] In summary, the cave d18O orbital model accounts for

variance in the dominant primary spectral peak (23 kyrs)
and the dominant nonprimary (heterodyne) peaks (52.6 and
14.7) as the result of both summer and winter dynamics. In
section 7, we show that this interpretation of the cave d18O
record is consistent with observedmodern summer andwinter
rainfall amounts and isotopic composition as recorded in
World Meteorological Organization (WMO), Global Net-
work for Isotopes of Precipitation (GNIP) and National
Center for Atmospheric Research (NCAR)/National Centers
for Environmental Prediction (NCEP) data.

7. Modern Southeastern China Rainfall
and Isotopic Composition

[31] The GNIP database [IAEA, 2008] provides insight
into the seasonality of regional precipitation isotopic com-
position (d18Oppt) and precipitation amounts in the cave
regions. The Nanjing GNIP site is proximal to Hulu cave
while the Wuhan site is proximal to Sanbao and Linzhu
caves (Figure 1 and Table 1). d18Oppt indicates three distinct

isotopic sources and associated precipitation regimes. June,
July, and August (JJA) are delineated as the primary sum-
mer monsoon months with an average d18Oppt of −8.78 ±
1.22 ‰ and 192 mm precipitation per month, representing
48% of the annual precipitation. Rainfall in April and May
(AM) has a distinctly different isotopic composition with an
average d18Oppt of −3.14 ± 0.98 ‰ and 111 mm precipita-
tion per month, representing 18% of the annual precipita-
tion. Finally, September through March (SONDJFM) reflect
another distinct source with an average d18Oppt of −6.60 ±
1.16 ‰ and 58 mm precipitation per month, representing
34% of total annual precipitation. These GNIP precipitation
amount data are consistent with the much longer‐term
GHCNV2 World Meteorological Organization (WMO)
station data most proximal to Hulu (station 58238) and
Sanbao – Linzhu (station 57461), each reporting over
100 years of monthly average data (Table 1). Finally, these
local WMO station and GNIP precipitation data are fully
consistent with regional data averaged over all of southeast
China (21° to 35°N, 106° to 122° E) on the basis of station
data spanning 1951–1980 and with EAR‐40 reanalysis data
[Uppala et al., 2005] spanning 1957 to 2002 (Table 1).
[32] The critical point is that both regional and local data

yield the same result, JJA precipitation accounts for less
than 50% of the annual precipitation, contrasting sharply
with the 80% previously reported based on the inclusion of
May, September, and/or October as summer monsoon
months [Dykoski et al., 2005; Kelly et al., 2006;Wang et al.,
2001, 2008]. Including these months mixes different d18Oppt

signals from distinctly different regimes, an assertion further
supported by analysis of seasonal winds.
[33] NCEP/NCAR reanalysis data [Kalnay et al., 1996]

indicate three distinct wind regimes (moisture sources)
associated with the three distinct precipitation and d18Oppt

regimes. Winds during JJA are associated with southerly

Figure 11. Time series and regressions indicating that cave d18O is equally well correlated to 30°N abso-
lute minimum insolation and absolute maximum insolation. This is consistent with our interpretation of
cave d18O as recording the combined influence of summer and winter dynamics.
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summer monsoon flow off the South China Sea (Figures 13a
and 14b). The dominant source of this moisture is the SH
Indian Ocean (Figures 3 and 4). The fall and winter months,
SONDJFM, are associated with wind and moisture flow
from the north, out of the continental interior (Figures 13b
and 14c). Spring months, AM, are associated with easterly
winds and moisture flow off the Pacific (Figures 13c and
14d), driven by circulation about the Pacific subtropical
high [Simmonds et al., 1999].
[34] These modern isotopic precipitation sources span

the observed range of cave d18O over the past 390 kyrs
(Figure 14a). For the most part, the range of the summer
and fall/winter d18Oppt compositions can account for the full
range of cave d18O. On this basis, we contend that fall/winter
sources are likely important in driving paleo cave d18O as
well, especially given that the summer monsoon amount

effect is insufficient [Cheng et al., 2009; Johnson and Ingram,
2004;Maher, 2008;Wang et al., 2001]. Based on the modern
GNIP data for the Nanjing and Wuhan average (Table 1 and
Figure 14), a weighted budget predicts a modern cave d18O
of −6.97‰, after converting d18Oppt on the SMOW scale to
calcite on the VPDB scale using the modern Hulu cave
temperature of 15.4°C:

Cave �18Oo=ooðVPDBÞ ¼ ð:48Þð�8:73o=ooÞ þ ð:34Þð�6:55o=ooÞ
þ ð:18Þð�3:09o=ooÞ ¼ �6:97o=oo ð1Þ

The predicted −6.97‰ value is consistent with the youngest
Dongge cave calcite (DA, −7.18‰ at 0.1mm) ∼1000 km to
the southwest [Wang et al., 2005] and with the late Holo-
cene values from the cave composite (Figure 14a). This

Figure 12. Time series and cross spectra comparing cave d18O with the (a and b) summer insolation
forcing model and (c and d) the cave orbital model which includes summer monsoon variance derived
from Arabian Sea summer monsoon proxies, winter temperature change, and the summer monsoon cross
product. The cave orbital model fits the cave d18O data better in terms of the spectrum and phase at the
primary and heterodyne frequencies. Periods (1/frequency) of the main spectral peaks are labeled. Spec-
tral densities are normalized and plotted on log scales. The horizontal lines indicate confidence at the 80%
and 95% intervals for coherence.
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budget is an accurate model for modern cave d18O, con-
firming that cave calcite records the weighted isotopic
composition of annual average rainfall. We contend that
seasonality is important in the past as well.
[35] The combination of GNIP, WMO, and NCAR/NCEP

data present a clear and consistent picture; southeastern
China is influenced by three distinct wind regimes linked to
three distinct precipitation regimes, each with clearly
defined d18Oppt compositions; summer monsoon precipita-
tion (JJA) accounts for less than half the signal. These
modern data strongly support our reinterpretation of cave
d18O in the context of both summer and winter forcing. The
−45° precession band phase of light cave d18O reflects the
input of a light SM component with a phase of −125° and a
light winter monsoon component with a phase of 0°.

8. Summary

[36] A multiproxy set of marine and terrestrial data indicate
that strong summer monsoons occur at obliquity (O) maxima
and 125° (8 kyrs) after precession minima (Pminlag8). A
summer monsoon orbital model is constructed as the sum of
these two orbital parameters (O+Pminlag8). Cross spectral
analysis demonstrates that variance contained in this orbital

model and in the Arabian Sea summer monsoon stack is also
contained within the southeast China cave d18O record. We
verify this by cross‐spectral comparison of cave d18Owith the
cross product of obliquity and Pminlag8. Results indicate high
coherence and zero phase at the predicted heterodyne fre-
quencies. To our knowledge, this type of confirmation has
never before been accomplished using both the coherence and
phase of heterodynes and is only possible due to the accuracy
of the cave chronology [Edwards et al., 1987]. Subtracting
the summer monsoon orbital model from the cave d18O
record yields a residual that is very highly coherent and in
phase with precession minima and with absolute minimum
winter insolation. This indicates that light cave d18O values
are strongly influenced by changes in surface air temperatures
at the orbital time scale. Both the regional and global d18Oppt

versus air temperature relationships confirm the sensitivity of
southeastern China d18Oppt to changing winter temperatures.
[37] The primary finding of this work is that the timing of

light cave d18O peaks should not be interpreted as reflecting
the timing of strong summer monsoons alone; they reflect
the combined influence of both summer monsoon circula-
tion with a phase lag of 125° (8 kyrs) relative to precession
minima and winter temperature changes with a phase of 0°

Table 1. Local and Regional d18Oppt and Precipitation Data for Sites Proximal to Hulu and Sanbao Caves as Well as Southeast China
Regiona

Month

Nanjing
GNIP

Precipitation
(mm/month)

Wuhan
GNIP

Precipitation
(mm/month)

Nanjing
GNIP d18O
(‰ VSMOW)

Wuhan
GNIP d18O
(‰ VSMOW)

WMO
Station 58238
GHCNV2
Precipitation
From 1886 to

1991
(mm/month)

WMO Station
57461 GHCNV2
Precipitation

From 1882 to 2008
(mm/month)

Southeast
China EAR‐40
Precipitation for
21°N–35°N
106°E–122°E
From 1957
to 2002
(mm/day)

Southeast China
Station

Precipitation
for 21°N–35°N
106°E–122°E

From 1951 to 1980
(mm/month)

September 86 63 −7.99 −7.30 88.4 111.5 4.4 121.7
October 30 62 −6.66 −6.86 49.0 78.2 2.6 70.0
November 72 56 −7.18 −7.24 45.9 33.4 1.7 48.8
December 29 30 −8.06 −5.07 30.4 11.5 1.1 32.4
January 32 55 −7.89 −5.91 36.8 21.4 1.3 36.1
February 76 40 −5.97 −4.33 48.0 32.2 2.1 53.4
March 97 89 −6.75 −5.19 70.1 55.9 3.3 84.1
April 68 142 −2.91 −2.16 90.8 99.7 4.8 131.0
May 99 134 −4.49 −3.01 93.1 130.7 6.1 182.7
June 179 196 −9.55 −7.14 155.8 156.5 7.3 207.9
July 250 275 −9.88 −9.63 182.7 215.1 6.4 177.4
August 197 52 −9.13 −7.35 117.7 184.5 6.3 170.3
Weighted
annual mean −8.15 −7.04

Season

Nanjing,
Wuhan
Average

Precipitation
(%)

Nanjing,
Wuhan
Average

Precipitation

Nanjing,
Wuhan
Average

GNIP d18O
(‰ VSMOW)

WMO
Station 58238
GHCNV2
Average

Precipitation
From 1886 to

1991

WMO Station
57461 GHCNV2

Average
Precipitation

From 1882 to 2008

Southeast
China EAR‐40

Average
Precipitation

for 21°N–35°N
106°E–122°E

From
1957 to 2002

Southeast China
Average Station
Precipitation for
21°N–35°N
106°E–122°E

From 1951 to 1980

SONDJFM 33.9% 58.4 −6.60 ± 1.16 36.5% 30.4% 34.7% 33.9%
AM 18.4% 110.8 −3.14 ± 0.98 18.2% 20.4% 23.1% 23.8%
JJA 47.7% 191.5 −8.78 ± 1.22 45.2% 49.2% 42.2% 42.2%
JJAS 53.9% 54.0% 59.1% 51.5% 51.5%

aGNIP, http://nds121.iaea.org/wiser/; GHCNV2, http://www.ncdc.noaa.gov/oa/climate/research/ghcn/ghcngrid.html, http://climexp.knmi.nl/; EAR‐40,
http://climexp.knmi.nl/; Station, http://www.webgis‐china.de/website/china_climate/viewer.htm.

CLEMENS ET AL.: REINTERPRETING CAVE SPELEOTHEM d18O PA4207PA4207

13 of 19



relative to precession minima. This is strongly supported by
the coherence and phase analysis of heterodynes in the cave
d18O spectrum. Analysis of Global Network for Isotopes of
Precipitation (GNIP) data and World Meteorological Orga-
nization (WMO) data demonstrate that the most recent cave
d18O calcite reflects the combined summer and winter
d18Oppt signals, strongly supporting our interpretation that

the timing of light cave d18O should not be interpreted as
reflecting the timing of strong summer monsoons alone.

Appendix A

A1. Multiproxy Synthesis

[38] A synthesis of publications spanning the past two
decades yields 19 proxy records interpreted to reflect aspects

Figure 13. NCEP/NCAR 1000 mb composite mean vector winds (1970–2008) for (a) June, July, and
August, (b) September through March, and (c) April through May. These three wind regimes are associ-
ated with distinct d18Oppt values in the GNIP data reflecting a Pacific source (AM, −3.1 ‰), an Indian
Ocean source, via the South China Sea (JJA, −8.8 ‰) and a continental source (SONDJFM, −6.6 ‰).
The red lines on the JJA and AM maps depict the convergence between winds sourced from the North
Pacific subtropical high and those from the Indian Ocean and South China Sea. Maps provided by the
NOAA/ESRL Physical Sciences Division, Boulder Colorado: <www.cdc.noaa.gov/>.
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of Late Pleistocene summer monsoon circulation from the
Indian and East Asian monsoon systems (Table A1 and
Figures 1 and A1). Three of these records have radiometric
chronologies; all others are tied directly to the benthic
marine (SPECMAP) chronology. Proxy phases are reported
relative to precession minima (21 June perihelion) reflecting
the strongest northern hemisphere summer insolation max-
ima [Berger, 1978; Clemens and Prell, 2007; Laskar et al.,
1993]. Proxy phase was calculated by cross spectral analysis
[Jenkins and Watts, 1968] relative to orbital precession for
the three records with radiometric chronologies. The phases
of the remaining proxies were calculated relative to the
paired d18O from the same samples or relative to the proxy
used in tuning to the marine chronology. The phase relative
to precession minima was then established by assigning
d18O minima a value of −78° [Imbrie et al., 1984; Lisiecki
and Raymo, 2005]. This approach eliminates age model
differences associated with the subjective nature of corre-
lating structure within records.
[39] Eighteen of the nineteen records cluster about a phase

of −125 ± 17°. This is an exceptionally tight clustering
considering the large geographic region and diverse array of

summer monsoon proxies under consideration. Cave d18O
exhibits a phase of −45°, clearly an outlier in this context.
The 18 records that cluster include both high‐ and low‐
resolution records from land and ocean archives. Six records
have centennial‐scale temporal resolution (e.g., Figures 2b,
2c, and 2e), eleven have resolutions of ∼3 kyrs or less (e.g.,
Figures 2c–2e) and one, a resolution of ∼5 kyrs. The phase
distribution indicates no relationship between temporal
resolution and phase indicating that aliasing is not an issue,
consistent with the fact that all exceed the Nyquist resolution
necessary to confidently estimate phase relative to a 23 kyr
cycle. Similarly, the phase distribution indicates no system-
atic differences relative to proxies from the Indian and East
Asian monsoon subsystems, or relative to those from terres-
trial and marine environments.
[40] The 18 records that cluster represent a broad array of

proxies monitoring diverse, independent aspects of summer
monsoon circulation using a variety of chemical, physical,
faunal, and isotopic proxies. These proxies include wind‐
driven upwelling‐induced productivity in the Arabian Sea
[Clemens et al., 1991; Clemens and Prell, 2003; Leuschner
and Sirocko, 2003; Reichart et al., 1998; Schmiedl and

Figure 14. Cave d18O and modern seasonality of precipitation amount, d18Oppt, and wind direction. The
range of d18Oppt during the summer, fall/winter, and spring span the range of cave d18O over the past
390 kyrs. The weighted annual average of all three seasons accurately predicts the value of modern cave
calcite indicating that cave calcite reflects weighted annual average isotopic composition of rainfall,
including both winter and summer seasons. For Figure 14a the d18Oppt ranges on the SMOW scale have
been converted to calcite on the VPDB scale at Hulu cave temperatures of 15.4°C.
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Leuschner, 2005], denitrification in the Arabian Sea oxygen
minimum zone [Altabet et al., 1995; Reichart et al., 1998],
the transport capacity of winds circulating about the Asian
low [Clemens et al., 1991; Clemens, 1998], soil formation
on the Chinese Loess Plateau [Clemens et al., 2008; Sun et
al., 2006], rainfall in southeast Japan [Igarashi and Oba,
2006; Iwamoto and Inouchi, 2007; Morley and Heusser,
1997], runoff‐induced productivity in the south China Sea
[Clemens et al., 2008; Sun et al., 2008], and wind‐induced
convergent sea surface temperatures in the South China Sea
[Chen et al., 2003]. We interpret the tight phase coupling of
these eighteen proxies as evidence that they are all re-
sponding to the one climate mechanism they all share in
common, summer monsoon circulation. The likelihood is
extraordinarily small that all 18 of these chemical, physical,
faunal, and isotopic proxies from this wide array of marine

and terrestrial environments are systematically biased by the
same nonmonsoon mechanism, yielding an incorrect phase.
Thus, we interpret the precession band phase of the summer
monsoon to be −125°, not −45° as suggested by cave d18O.

A2. Cross Spectral Methods

[41] Our Blackman‐Tukey cross‐spectral analyses follow
standard methods [Jenkins and Watts, 1968; Imbrie et al.,
1989] using ARAND software available at http://www.
ncdc.noaa.gov/paleo/softlib/, the results of which are dis-
played as spectral density, coherency and phase spectra
spanning the 101 frequency bands ranging 0 to the Nyquist
frequency. Spectral densities (variance/frequency) are nor-
malized and plotted on a log scale. Coherency is a measure
of the maximum linear correlation between two signals

Figure A1. Precession band phase wheel indicating the timing of Indo‐Asian summer monsoon proxies
from marine and terrestrial records. Phase wheel construct is as described in the Figure 5 caption. The
timing of potential summer monsoon (SM) forcing mechanisms are denoted by red text within the phase
wheel including maximum sensible heating over Asia in summer (0°) [Prell and Kutzbach, 1992], ice
volume minima (−78°) [Prell and Kutzbach, 1992], and maximum export of latent heat from the southern
subtropical Indian Ocean (−180°) [Clemens and Prell, 2003; Liu et al., 2006]. Black dashed vectors
indicate the phase of Indian summer monsoon proxy maxima, while gray vectors indicate the phase of
East Asian summer monsoon proxy maxima. Cave d18O is a clear outlier relative to all other Indian and
East Asian summer monsoon proxies. However, within error, cave d18O is in phase with site 1146 surface
water d18O (green dot), a proxy forced by a broad range of summer, winter, glacial, and interglacial
dynamics. Grey shading indicates 2s standard deviation of the mean phase (red vector) of the 18 summer
monsoon proxies that cluster about −125°. Pound sign indicates proxies that reflect terrestrial summer
monsoon processes. Asterisk indicates proxies used in the Arabian Sea summer monsoon stack shown in
Figure 2d.
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when the phase is set to zero, with values ranging from 0 to
1; Coherence squared represents the fraction of variance in
one signal that is linearly related to variance in the other.
Values of significance are assessed at the 80% and 95%
fiducial levels. Phase estimates span 0 to 360° and can be
directly converted to time for specific frequency band. For
example, a phase lag of 90° at the precession band indicates
a lag of 90°/360° × 23,000 years = 5750 years. This
approach requires that time series be interpolated to a con-
stant time interval. For cross spectra in the main body of the
paper the interpolated value was 1 kyr when crossing the
cave d18O record with insolation or orbital data and 2 kyrs
when crossing any record with the Arabian Sea SM stack.
Both the cave and Arabian Sea records are of sufficient
temporal resolution and of sufficient length to resolve the

variance and phase in the frequency bands of interest.
Interpolation varied for cross‐spectral analysis of records in
Table A1 (Appendix A) according to the resolution of the
various records, with interpolated intervals ranging from 1
to 5 kyrs. Both the Blackman‐Tukey method and higher‐
resolution approaches such as the multitaper method
[Thomson, 1982] yield similar results for orbital periods and
associated heterodynes [Imbrie et al., 1989; Clemens and
Tiedemann, 1997].
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