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δ18O to integrate regional convective activity across space and time
makes it a much better indicator of large-scale hydrology than
local precipitation amount, which contains much more noise.
Therefore, while precipitation variability from nearby sites may
be poorly correlated (Dayem et al., 2010), rainfall δ18O variability
from nearby sites may indeed be highly correlated due to the
integrative properties of rainfall δ18O. This explains why stalagmite
δ18O records from caves that are hundreds of kilometers apart
reflect the same regional-scale hydroclimate influences (e.g. Yuan
et al., 2004; Wang et al., 2001). Likewise, well-reproduced cave
stalagmite records from a single site can be interpreted as robust
indicators of regional-scale hydroclimate variability (e.g. Partin
et al., 2007).

When considering how to relate rainfall δ18O variability to
stalagmite calcite δ18O variability, one must keep in mind that
several processes mediate the cloud-to-calcite transformation of
rainfall δ18O signals. First, the infiltration of rainwaters through the
karst environment inevitably leads to some measure of signal

attenuation from mixing, as well as signal delay depending on
water residence times in the karst. In comparing several Mulu
dripwater δ18O timeseries with rainfall δ18O timeseries, Cobb et al.
(2007) argue for dripwater residence times of 2–3 months, based
on the preservation of a weak seasonal cycle in dripwater δ18O.
However, owing to logistical difficulties in collecting timeseries of
dripwater δ18O from slow to ultra-slow drips that typically form
stalagmites, residence time estimates for the most relevant drips
remain poorly constrained. A new 5-yr-long timeseries of drip-
water δ18O from both fast and slow Mulu drips will help quantify
groundwater transit times across a broad range of drip environ-
ments (Moerman et al., 2012). A complementary approach
involves pursuing a “calibration” of annual to sub-annual stalag-
mite δ18O with climatic timeseries over the 20th century. The
latter approach requires unusually fast-growing stalagmites and
small chronological errors afforded by either annual layer counting
and/or many U/Th dates (e.g. Frappier et al., 2002, 2007; Fleitmann
et al., 2004; Treble et al., 2005) and, as such, are relatively rare.
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Fig. 10. Correlation maps of monthly mean Mulu rainfall δ18O and local Mulu precipitation amount with monthly TRMM precipitation product 3B43 and monthly NOAA
interpolated OLR for July 2006–May 2011 constructed using ordinary least squares regression. (A) Correlation between monthly mean Mulu rainfall δ18O and gridded TRMM
precipitation. (B) Same as (A) but with gridded OLR. (C) Correlation between monthly mean Mulu precipitation amount and gridded TRMM precipitation. D) Same as (C) but
with gridded OLR. Black contour lines indicate 95% significance regions as determined by the student's t-test using effective degrees of freedom (Bretherton et al., 1999). The
white ‘x’ in each panel marks the location of our study site at Gunung Mulu National Park (4°N, 114°E). Color scales for panels (B) and (C) are inverted. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Rainfall oxygen isotopes
at Mulu are better than 
a rain gauge!
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Fig. 10. Correlation maps of monthly mean Mulu rainfall δ18O and local Mulu precipitation amount with monthly TRMM precipitation product 3B43 and monthly NOAA
interpolated OLR for July 2006–May 2011 constructed using ordinary least squares regression. (A) Correlation between monthly mean Mulu rainfall δ18O and gridded TRMM
precipitation. (B) Same as (A) but with gridded OLR. (C) Correlation between monthly mean Mulu precipitation amount and gridded TRMM precipitation. D) Same as (C) but
with gridded OLR. Black contour lines indicate 95% significance regions as determined by the student's t-test using effective degrees of freedom (Bretherton et al., 1999). The
white ‘x’ in each panel marks the location of our study site at Gunung Mulu National Park (4°N, 114°E). Color scales for panels (B) and (C) are inverted. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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local precipitation amount, which contains much more noise.
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interpolated OLR for July 2006–May 2011 constructed using ordinary least squares regression. (A) Correlation between monthly mean Mulu rainfall δ18O and gridded TRMM
precipitation. (B) Same as (A) but with gridded OLR. (C) Correlation between monthly mean Mulu precipitation amount and gridded TRMM precipitation. D) Same as (C) but
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“the ice cores 
of the tropics”



What is the sensitivity of western 
tropical Pacific hydroclimate to 
orbital forcing?
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processes can affect Chinese cave δ 18O. For both, lower δ 18O implies 
higher spatially integrated monsoon rainfall between the tropical mon-
soon sources and the cave site and/or higher summer monsoon rainfall 
in the cave region. Thus, in this study, we use the terms ‘strong mon-
soon’ and ‘weak monsoon’ to refer to low and high cave δ 18O, respec-
tively, consistent with results from theoretical and empirical studies.

Our new records span from 640 to 330 kyr bp (before present, where 
present =  ad 1950), which together with previous records (from 384 kyr bp  
to present), allow the construction of a composite AM δ 18O record, 
covering the past 640 kyr (Extended Data Fig. 4). The record is char-
acterized by millennial-scale variations superimposed on a quasi-sine-
wave-like orbital-scale variability that broadly tracks 21 July NHSI3,6 
(Fig. 1). Removal of orbital-scale variations yields a record of the 
suborbital variability of the AM (the ∆ δ 18O record)8 (Extended Data  
Figs 5, 6). Detrending methods (for example, choice of insolation curve) 
could introduce artefacts in the ∆ δ 18O record, for which we tested by 
removing the orbital component of the record using insolation curves 
from a range of times encompassing the boreal summer months. 
Similar ∆ δ 18O power spectra independent of detrending curve suggest 
that this artefact is not significant. Detrending methods and sensitivity 
tests are described in the legends of Extended Data Figs 5, 6 and in  
Methods.

Timing and character of terminations
The gradual build-up and rapid termination of ice ages with an ∼ 100-kyr 
cycle are a well-known feature of the past ∼ 650 kyr (ref. 9). Although both 
glacial cycles and changes in eccentricity share common spectral power, 
the latter generates negligible change in insolation, thus presenting an 
enduring climate puzzle—the so-called ‘100-kyr problem’9. A number  

of hypotheses have been put forth to address this problem. One hypoth-
esis explains the 100-kyr cycle as an average of 4 to 5 discrete preces-
sion cycles, with missed beats in between10,11. Another invokes 2 to 3  
obliquity cycles12,13, again with missed beats. Yet another invokes a 
combination of both obliquity and precession14–16. Others call for inter-
actions involving internal oscillations in the Earth system26,27.

Cheng et al.4 have shown that each of the last four terminations 
is characterized by one or two WMIs, which coincide with HSs 
observed in North Atlantic marine cores7,8. Abrupt WMI endings are 
 synchronous with abrupt increases in atmospheric CH4 in Antarctic 
ice cores4. Using these cave–marine and cave–ice core correlations, 
Cheng et al.4 placed the events observed in marine and ice cores on 
a cave  chronology and made the following observations: the WMIs  
correlated with a good portion of each marine termination; the WMIs 
and the marine terminations took place at a time of rising NHSI; and 
most of the CO2 rise associated with each termination took place dur-
ing the WMIs (Extended Data Fig. 7). On the basis of these observa-
tions, Cheng et al.4 suggested that for each termination, the rise in 
insolation triggered the initial melting of the ice sheets. The North 
Atlantic cold anomaly that resulted from input of ice and meltwater 
rearranged oceanic and atmospheric circulation, causing the WMIs 
and resulting in the rise in atmospheric CO2. The latter, along with a 
continuing rise in insolation drove the termination4,28.

The unparalleled length and temporal precision of our cave record 
allow us to extend the aforementioned approach to robustly test ideas 
about the classic ‘100-kyr problem’. Our data indicate that glacial ter-
minations T-VII to T-V were also associated with WMIs (Fig. 2). The 
T-V WMI occurred between ∼ 430.5 ±  1.5 and ∼ 426 ±  2 kyr bp. The 
T-VI WMI, centred at 532.3 ±  3.5 kyr bp, has a duration of ∼ 4.5 kyr, 
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Figure 1 | Asian monsoon variations in the context of the Earth’s 
orbital parameters. a–c, Changes in obliquity (a), eccentricity (b) and 
precession45 (c). d, The composite AM δ 18O record (green; this study) and 
21 July insolation at 65° N (ref. 45; pink). e, Termination pacing and duration. 
Vertical bars mark the timing of WMIs correlated to glacial terminations 

(grey) and two similar events (MIS 4/3 and 5.2/5.1 transitions) (yellow). 
The timing of T-IIIa-WMI in this study differs from the one described in 
ref. 4, although we consider the latter a plausible alternative (see main text 
and Extended Data Fig. 9). f, The composite sea level17. The timings of 
MBE, MIS 11, 7.3, 7.4, 15.1 and 15.2 are also depicted.
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What dynamical processes underlie the 
strong response of Borneo stalagmite
d18O to boreal fall insolation?
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Figure 3���D��6SHOHRWKHP�į18O records from Borneo. The growth axis of BA03 was sampled 
HYHU\�����PP�IRU�ORZ�UHVROXWLRQ�į18O analysis (orange line). Also shown are U-Th dates for 
BA03 (orange triangles) used to construct the age model (Hoffmann et al., in prep). Thick black 
OLQHV�RQ�WKH�RUDQJH�FXUYH�PDUN�WKH�ZLQGRZV�RI�KLJK�UHVROXWLRQ�į18O analysis shown in Figure 4. 
į18O records of stalagmite SCH02 (red), BA04 (blue) and SSC01 (green) from the same region 
are also plotted with corresponding U-Th dates (Partin et al., 2007). Also plotted is the 
September-October-November (SON) insolation on the equator (black, Berger & Loutre, 1991). 
�E��6SHOHRWKHP�į18O record from Dongge Cave, China (grey, Dykoski et al., 2005), plotted with 
corresponding U-Th ages and June-July-August (JJA) insolation at 25° N (black, Berger & 
Loutre, 1991). 
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September-October-November (SON) insolation on the equator (black, Berger & Loutre, 1991). 
�E��6SHOHRWKHP�į18O record from Dongge Cave, China (grey, Dykoski et al., 2005), plotted with 
corresponding U-Th ages and June-July-August (JJA) insolation at 25° N (black, Berger & 
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 Moy et al., 2002) and El Junco in the Galapagas Islands (red, Conroy et al., 2008). Lake Pallcacocha record is 
based on reflective intensity of red light of the lake deposits. The variance of red intensity within overlapping 30-yr 
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Fig. 7. Comparison of Holocene ENSO variability estimates from BA03 with foraminiferal, coral, mollusc and lake sediment records. (a) Estimates of ENSO variability from 
stalagmite BA03 (squares) and foraminifera (circles, Koutavas and Joanides, 2012). BA03 δ18O estimates are based on the standard deviation of the 2–7 yr band in overlapping 
30-yr windows (5-yr step). Foraminiferal δ18O variance is calculated using the δ18O of single tests in each 1-cm stratum with the original published age model (Koutavas 
and Joanides, 2012). (b) Coral δ18O standard deviations are calculated in the same way as BA03 and plotted as percent differences from modern corals (1968–1998) for each 
site. Coral time series shorter than 30 years are plotted with cross-filled circles (Cobb et al., 2013; McGregor et al., 2013). Also plotted is ENSO-driven seasonal SST range 
variance on Peruvian coast calculated from monthly molluscan shell δ18O measurements (pink, Carre et al., 2014). Variance is plotted as percent difference from modern 
(0–60 yr BP). The vertical bars mark 1σ uncertainty of the estimates, and the horizontal bars mark the time range of shells for the variance estimate. (c) Lake records from 
Lake Pallcacocha in Ecuador (blue, Moy et al., 2002) and El Junco in the Galapagas Islands (red, Conroy et al., 2008). Lake Pallcacocha record is based on reflective intensity 
of red light of the lake deposits. The variance of red intensity within overlapping 30-yr windows (5-yr step) is shown. Lake El Junco record is based on percentage of sand in 
the sediment grains. The low ENSO activity in early Holocene (6–10 kyr BP) in the lake records is distinct from the interannual records in the (a) and (b). (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)

records that show little or no ENSO activity (Moy et al., 2002;
Conroy et al., 2008). Given the complexities of ascribing flood de-
posits to El Niño events and the sensitivity of the lake records 
to event magnitude, such discrepancies are not surprising. The 
lake records also lack sufficient temporal resolution in the early 
Holocene to capture ENSO variability with low sedimentation rates. 
In a reanalysis of the Lake Pallcacocha data (Moy et al., 2002), 
Emile-Geay and Tingley (2016) showed that non-linear response 
of alpine runoff to ENSO activity in the eastern Pacific could sig-

nificantly bias ENSO variance estimates. Indeed, the alpine lake 
clastic flows have been reinterpreted as records of glaciation and 
soil erosion in a follow-up study (Rodbell et al., 2008).

In sum, our results together with published records imply that 
ENSO was quite active in the early Holocene compared to mid-
Holocene. Simulating the reconstructed pattern of moderate vari-
ance in the early Holocene, low variance in the mid-Holocene, and 
high variance in the late Holocene will be an important first-order 
test for modeling studies evaluating long-term ENSO variability.
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posits to El Niño events and the sensitivity of the lake records 
to event magnitude, such discrepancies are not surprising. The 
lake records also lack sufficient temporal resolution in the early 
Holocene to capture ENSO variability with low sedimentation rates. 
In a reanalysis of the Lake Pallcacocha data (Moy et al., 2002), 
Emile-Geay and Tingley (2016) showed that non-linear response 
of alpine runoff to ENSO activity in the eastern Pacific could sig-

nificantly bias ENSO variance estimates. Indeed, the alpine lake 
clastic flows have been reinterpreted as records of glaciation and 
soil erosion in a follow-up study (Rodbell et al., 2008).

In sum, our results together with published records imply that 
ENSO was quite active in the early Holocene compared to mid-
Holocene. Simulating the reconstructed pattern of moderate vari-
ance in the early Holocene, low variance in the mid-Holocene, and 
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Fig. 3.	Estimates of interannual variability from new and published coral δ18O records from the 331 

northern Line Islands.  A) Relative ENSO variance changes in fossil coral δ18O calculated from 332 

the standard deviation of sliding 20-year windows of monthly coral δ18O data that was first 10-333 

year high-passed, then 13-month running averaged, plotted as the average standard deviation of 334 

each coral timeseries relative to the 1987-2007AD intervals of corresponding modern coral δ18O 335 

timeseries from each site (the dashed ‘zero’ line). Coral data originate from Palmyra (red; [19]), 336 

Fanning (blue; [15]), and Christmas (green; [15]; [20]; and this study)]. The bars represent the 337 

full range of interannual variability in 20-yr windows of each coral sequence. Coral timeseries of 338 

<20 years are plotted with open circles. Coral timeseries from 20 years < length < 320 years are 339 

plotted linearly with size where smaller dots are shorter sequences. The gray box denotes the full 340 

range of modern ENSO variability in 20yr windows, as reflected in the modern coral variability 341 

plotted in (B). B) Same as in (A) but for the composite modern coral δ18O timeseries for each 342 

island (Palymra: 1886-2007AD; Fanning 1949-2005AD; Christmas Island: 1939-2016AD). 343 
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Figure 3���D��6SHOHRWKHP�į18O records from Borneo. The growth axis of BA03 was sampled 
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į18O records of stalagmite SCH02 (red), BA04 (blue) and SSC01 (green) from the same region 
are also plotted with corresponding U-Th dates (Partin et al., 2007). Also plotted is the 
September-October-November (SON) insolation on the equator (black, Berger & Loutre, 1991). 
�E��6SHOHRWKHP�į18O record from Dongge Cave, China (grey, Dykoski et al., 2005), plotted with 
corresponding U-Th ages and June-July-August (JJA) insolation at 25° N (black, Berger & 
Loutre, 1991). 
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But models and theory and some 
obs support link between summer 
insolation and weakened ENSO…
(e.g. Chiang et al., 2009;
Liu et al., 2014;
White et al., 2017)
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Tropical Pacific coupled system sensitive 
to external radiative forcing, especially
to changes in the seasonal cycle, but
full dynamical picture still unclear.

Key roles for modeling community:
1) explore isotope-enabled simulations
to provide dynamical context for key 
reconstruction sites (Hulu, Mulu, central Pacific
Galapagos, East Africa)

2) combine a hierarchy of models in novel
ways to explore interactions between mean
state, seasonal cycle, & ENSO (Atwood et al., 
in prep)


