Article

Coupling of Indo-Pacific climate variability
over the last millennium

https://doi.org/10.1038/s41586-020-2084-4
Received: 3 May 2019

Accepted: 18 December 2019

Published online: 9 March 2020

Nerilie J. Abram"?*, Nicky M. Wright'?, Bethany Ellis", Bronwyn C. Dixon'3#,

Jennifer B. Wurtzel'”®, Matthew H. England®%, Caroline C. Ummenhofer®’, Belle Philibosian®,
Sri Yudawati Cahyarini®, Tsai-Luen Yu'®", Chuan-Chou Shen'"'2, Hai Cheng'**,

R. Lawrence Edwards' & David Heslop'

M Check for updates

The Indian Ocean Dipole (I10D) affects climate and rainfall across the world, and most

severely in nations surrounding the Indian Ocean'. The frequency and intensity of
positive IOD events increased during the twentieth century® and may continue to
intensify in awarming world®. However, confidence in predictions of future IOD
change is limited by known biases in IOD models’ and the lack of information on
natural IOD variability before anthropogenic climate change. Here we use precisely
dated and highly resolved coral records from the eastern equatorial Indian Ocean,
where the signature of IOD variability is strong and unambiguous, to produce a semi-
continuous reconstruction of IOD variability that covers five centuries of the last
millennium. Our reconstruction demonstrates that extreme positive IOD events were
rare before1960. However, the most extreme event on record (1997) is not
unprecedented, because at least one event that was approximately 27 to 42 per cent
larger occurred naturally during the seventeenth century. We further show that a
persistent, tight coupling existed between the variability of the IOD and the EI Nifio/
Southern Oscillation during the last millennium. Indo-Pacific coupling was
characterized by weak interannual variability before approximately 1590, which
probably altered teleconnection patterns, and by anomalously strong variability
during the seventeenth century, which was associated with societal upheaval in
tropical Asia. A tendency towards clustering of positive IOD eventsis evidentin our
reconstruction, which—together with the identification of extreme 10D variability and
persistent tropical Indo-Pacific climate coupling—may have implications for
improving seasonal and decadal predictions and managing the climate risks of future

10D variability.

The lOD is a mode of interannual climate variability in the tropical
Indian Ocean that originates from ocean-atmosphereinteractions that
aresimilar to those of EINifio/Southern Oscillation (ENSO) variability
in the tropical Pacific*®. The IOD was first formally defined in 1999,
following the extreme positive 10D events of 1994 and 1997 (refs. '?).
Positive IOD events areinitiated by the development of enhanced ocean
upwelling along the Javan and Sumatran coasts in the eastern Indian
Ocean. This generates anomalously cool sea surface temperatures
(SSTs) in the east, resulting in strengthened easterly winds along the
Equator, enhanced ocean warmingin the westernIndian Oceanand an
associatedincrease (decrease) inatmospheric Walker cell convection

over the western (eastern) tropical Indian Ocean? 10D activity is sea-
sonally phase-locked by the wind reversals associated with Northern
Hemisphere summer monsoon airflow towards Indiaand Asia and, once
established, ocean-atmosphere feedbacks sustain and strengthen posi-
tive IOD anomalies until the reversal of the trade winds in November?>.
The 10D causes worldwide impacts, which are particularly severe in
the regions surrounding the Indian Ocean basin'™*. 10D variability is
implicated in Australia’s worst droughts®, as well as wildfire risk and
habitat destruction in Indonesia and southeast Australia>'®", Positive
10D events have also been linked to floods and malaria outbreaks in
eastern Africa®?.
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The frequency and effects of positive IOD events are expected to
increase with climate warming®®'®, An unusual increase in both the
number and intensity of positive IOD events after about 1960 has been
identified in reconstructions of IOD variability since the mid-nineteenth
century’. Accelerated warming of the western Indian Ocean and shoal-
ing of the thermocline in the east are expected to promote a future
mean climate state in the Indian Ocean that is more conducive to the
development of positive 10D events®. Additionally, nonlinear rain-
fall impacts are expected to worsen the climate risks associated with
extreme positive IOD events®. Climate model assessments indicate
that the aim of limiting global warming to 1.5 °C of the Paris Agree-
mentwould resultin the stabilization of the extreme positive IOD event
frequency at double that of pre-industrial times'*, whereas unabated
warming during the twenty-first century could result in a tripling of
the frequency of extreme positive 10D events®,

Despite the apparent consistency between observed and projected
changesinlOD variability, many challenges still exist in assessing [OD
responses and associated risks in a warming world. Climate models
are known to have biases that favour the development of positive [OD
events too frequently and too strongly. These biases are thought to
be caused by Bjerkness-like feedbacks that are too strong in current
climate models and that may limit the accuracy of projected rainfall
changes in10D-affected regions’. Furthermore, the short observational
and palaeoclimate reconstruction history of the IOD may not capture
the full range of unforced (internal) IOD variability>®, making robust
attribution of recent trends to anthropogenic climate forcing difficult.
Assessments of ENSO variability indicate that multiple centuries of
data are required to detect forced changes in this climate mode™*.
It remains unclear to what extent unforced natural variability might
similarly affect the detection of forced changes in the IOD.

Here we use a collection of monthly resolved and precisely dated
coralrecords fromthe equatorial eastern Indian Oceantoreconstruct
10D variability during the last millennium. This new dataset allows us to
characterize the temporal evolution and range of natural variability of
thelOD, to assess long-term relationships between the IOD and Pacific
climate variability, and to identify future avenues for managing the
climate risks caused by the IOD.

Modern coral record of the IOD

The coral samples used in this study are derived from the southern
Mentawailsland chain, offshore of Sumatra (Fig. 1; Methods; Extended
DataFig.1). This area lies within the ocean-upwelling region of the
eastern Indian Ocean that is fundamental to 10D variability", and is
where positive IOD events are associated with prominent cooland dry
anomalies (Fig.1a, b; Extended DataFig. 2). 10D variability is tradition-
ally described through the Dipole Mode Index (DMI), calculated as the
west-east difference in SST anomalies across the equatorial Indian
Ocean' (Fig. 1c; Methods). Oxygen isotope (6'®0) records from mod-
ern Porites corals growing within or near to the eastern and western
DMl regions have been used to reconstruct a coral-based DMI since
1846°. However, this approach cannot be used for fossil Porites coral
sequences during the last millennium owing to the absence of coe-
val and precisely dated fossil coral specimens in both DMI regions’®.
Instead, it has been previously shown that corals from the southern
Mentawai Island chain are optimal for reconstructing IOD variability
at asingle site, and that coral 80 variability at this location reliably
preserves information about the occurrence and magnitude of posi-
tive 10D events',

A modern coral 60 record collected from our study site in July
2001 reveals the preservation of IOD-related climate signals (Fig. 1d;
Extended Data Fig. 1). Coral 880 reflects both the temperature of
the ocean water that the coral grew in and changes in the hydrologi-
cal cycle that altered the isotopic composition of the surface ocean
water'®®, Nonlinear rainfall impacts occur in the central equatorial

386 | Nature | Vol 579 | 19 March 2020

Indian Ocean in response to 10D variability®. However, observational
data and climate model output indicate that in the eastern upwelling
region of optimal IOD variability the cool SST anomalies associated
with positive IOD events scale linearly to rainfall depletion anomalies
and are stable over time (Extended Data Fig. 3; Methods). Atmospheric
couplingistherefore not expected to bias our assessments of positive
10D events recorded by coral §®0. The modern coral 80 record is
significantly correlated with satellite-derived SST (r=-0.86, P<0.01,
effective sample size n.=18;1982-2000) and rainfall (r=-0.81,P<0.01,
N =21;1979-2000) at the study site during the July-December half-
year when positive IOD events can occur (Extended Data Fig. 1). To
examine theinterannual variability of the IOD, the coral §'®0 and DMI
dataarefiltered to remove variability at timescales longer than 7 years'.
The modern coral §®0 anomaly and the instrumental DMI anomaly
during the July-December IOD season have similarly significant cor-
relations (r=0.79, P<0.01, n.=14;1982-2000).

Positive 10D events in the DMI and modern coral 60 anomaly
records are detected using a threshold exceedance method, relative
to the standard deviation (o) of variability during their 1961-1990
climatological reference intervals (Methods). This event detection
method identifies known positive IOD events ininstrumental datasets,
including the extreme positive IOD events 0f1961,1994,1997 and 2019
(Fig.1c)"*8. Notably, the three-in-a-row event® previously reported for
2006,2007 and 2008 is now detected only as a single large event in
2006, suggesting that earlier detection was biased by decadal-scale
variability and trends in Indian Ocean SST rather than reflecting true
consecutive occurrences of positive IOD events. The same event detec-
tion methodology and 1961-1990 modern coral reference interval is
used to characterize IOD behaviour during the last millennium from
the fossil coral records.

Last millennium IOD reconstruction

The fossil coral reconstruction of IOD variability during the last mil-
lennium follows the approach used in the central Pacific to recon-
struct floating time windows of ENSO variability?. Eight fossil coral
records from the southern Mentawai Islands are used to reconstruct
monthly-resolved 10D variability (Extended DataFig.4; Supplementary
Table1). Internal chronologies were constructed by tying the annual
880 maximum to the month of the climatological SST minima (October;
see Methods). Precise U-Th dating, typically with2o errors less than +15
years (Supplementary Table 2), and characteristic patterns of interan-
nual variability allow time-overlapping fossil corals to be accurately
spliced together to form longer climate sequences (Methods). The
consistent pattern and magnitude of mean annual 5'°0 cycles in the
fossil coral records, and the strong correspondence of interannual 80
variability in overlapping fossil coral sections, indicates that there are
no site-specific biases in the coral representations of climate signals
(Extended Data Fig. 4c; Supplementary Figs.12,14-16). When combined
withinstrumental records of recent IOD variability, and the previously
published modern coral DMI reconstruction, the spliced fossil coral
data allow IOD variability to be assessed across 500 years since 1240
(Fig.2; Methods).

Positive IOD events are detected throughout the last millennium
reconstruction, but extreme positive IOD events were rare before 1960
(Fig. 2). Prior to this time, just six events exceeding the 30 extreme
eventdetection level occurinthe IOD reconstruction (Extended Data
Figs 5 and 6). This extended perspective across the last millennium
strengthens earlier findings that positive IOD events have become
moreintenseinrecent decades’ and that extreme positive IOD events
are projected to become more common with greenhouse warming®.

Thereconstruction also demonstrates, however, that the strongest
event in modern times was not unprecedented. During the peak of
the extreme 1997 event, monthly mean SST and rainfall anomalies in
the southern Mentawai Islands reached -3.5 °C and -7.0 mm per day,



20° N 0.8 0.8
10"0": 05 E 0.5
o 02 £ 02
S 10°s 8
E 20°S -0.2 .§—0.2
®
30°s 05 £-05
o
40° St A f i i 0.8 -0.8 [ L e — 1
30°E 60° E 90° E 120° E 150° E 30°E 60° E 90° E 120° E 150° E
Longitude Longitude
o T T
o /\ /\ [N
=, \ M hvnul\‘/“\ {\Avnu W AN
3 TN TARM | 7 VR
2‘ 2 L L4 [ + ] ' p V
©
£ - - ®f - - — = - - - — — — — =4 — — - — — = — — —eplOD — —"— — — — — = — —
g af 1
6 1 A I | | | | | | I I I A
-0.5 2
q T T T T : T T | | T | T T
' —_
o gt e h‘.Ali.‘.,AA,”L.AWl b AAIMA l\.,;,lnl..lll At a AN A i1, @
o (VVY\ A A A il R VYT VY .”,' <
o > g
© g o
SE o051 o 8
8¢ 5
o
1 -1-4
L A l ! l | ! | A A | | l | |
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

Fig.1|10D variability in the southern MentawaiIslands. a, b, The study area
(3°S,100°E; yellow stars) lies within the region of maximum correlation of SST
(a) and rainfall (b) with the DMI. The DMl is defined'as the west-east difference
inSSTanomaliesinthe tworegionsindicated by black boxesina. Correlations
are for July-December means, shown by shading where P<0.1.c, Instrumental
SST (thingrey) and coral-derived (thick black) records of the DMI, normalized
relative to1961-1990 after removing variability at timescales longer than 7
years. Positive IOD events (plOD; exceeding +1.50) are denoted by blue shading,

respectively. These extreme cool and dry conditions were recorded
in coral 80 as a monthly mean anomaly of 1.01 + 0.01%. (standard
error of the mean; see Methods and Extended Data Fig. 6). In the IOD
reconstructionan even larger extreme positive IOD event occurredin
1675. The maximum §'®0 anomaly for this prehistoric extreme positive
10D event was 1.29 + 0.01%. (Methods), indicating that the maximum
intensity of this event was about 27% larger than the 1997 event. This
difference is even greater when assessed across the full IOD season,
with the meanJuly-December §'*0 anomaly of the 1675 event 42% larger
thanin1997 (Extended Data Fig. 6).

The extreme 1675 event does not appear to be related to external
climate forcing. This event occurred well before the onset of anthro-
pogenic climate warming?, and although climate model simulations
suggest that volcanic eruptions could promote the development of
positive 0D events® (Supplementary Fig. 22), the 1675 event occurred
during an interval with no major volcanic eruptions?. The extreme
event documented in this same coral in 1660 (Extended Data Fig. 6¢)
coincided with a very strong EI Nifio event in 1660/61 (refs. »%¢), and
historical documents from Indonesia describe 1660 as being a year
of unprecedented drought across the entire Indonesian archipelago
that led to widespread famine and mortality?. Historical documents
also describe extreme drought and famine in Indonesiain1675, which
was exacerbated by simultaneous failures of rice crops in India and
Thailand and incited war in Java across the 1674-79 period?. In this
case, there does not appear to be any historical evidence for a strong
EINifio event in any of the years around 1675 that may have promoted

and extreme positive IOD events by blue triangles (eplOD; exceeding +30;
Methods). d, Coral 80 (black; inverted yaxis) and instrumental SST (grey)
anomalies from the study site document prominent cool and dry anomalies
during positive IOD events. This study site has been previously shownto be the
optimumsite for reconstructing the occurrence and magnitude of positive IOD
events'®. Anomalies were calculated by removing variability at timescales
longer than 7 years.

the development of this extreme positive IOD event®?. The 1675 event
provides evidence that even the most extreme IOD variability canappar-
ently arise from natural variability within the Indian Ocean without the
need for external forcing.

The seventeenth century stands out as aninterval of unusually high
variability in the last millennium IOD reconstruction. Moving 30-year
standard deviations of July-December averaged §'®0 anomalies show
thatIOD variability was near to or less than that of the 1961-1990 refer-
ence interval for much of the last millennium, apart from the seven-
teenth century and recent decades (Fig. 2). During the seventeenth
century, variability of the lOD was on average 55% greater than during
1961-1990. This unusually high variability is in part related to the 1675
extreme positive IOD event. However, even if the 850 magnitude of this
eventiscapped atthelevel of the 1997 extreme event, the seventeenth
centurystill stands out as anextended period when 10D variability was
consistently higher (by around 32%) than during1961-1990. Therefore,
it appears that intensification of the IOD in recent decades is not yet
outside the range of natural variability experienced during the last
millennium.

Tropical Indo-Pacific coupling

Emerging knowledge suggests that tropical climate variability interacts
across ocean basins, but short observational records limit the ability to
clearly defineand understand these interactions across the full range of
interannual to multi-decadal timescales®. Here we test the coherency of
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Fig.2|The 10D during the last millennium. a, ¢, The last millennium 10D
reconstruction is derived from nine southern MentawaiIsland coral 80
records (black), and the DMIfrom instrumental dataand a previously
published coral-based reconstruction® (grey). All records are normalized
relative to 1961-1990 variability (Methods). The occurrence of plOD (blue
shading) and eplOD (blue triangles) events during the last millenniumis also

interannual variability between the tropical Indian and Pacific oceans
by comparing the IOD reconstruction with an analogous coral-based
reconstruction of ENSO variability during the last millennium from the
Line Islands in the central Pacific®**?, The coral-based ENSO recon-
struction is sensitive to El Nifio variability related to central-Pacific
and eastern-Pacific type events (Supplementary Table 3), and hasbeen
used to demonstrate thatinterannual (2-7 year) variability in the central
tropical Pacific shows awide range of unforced internal variability? %,
These studies conclude that late-twentieth-century ENSO variance is
significantly (P< 0.05) stronger than in the pre-industrial era, but not
yetunprecedented.

The coral-based 10D and ENSO reconstructions demonstrate a
remarkable coherency between the interannual variability of the two
tropical ocean basins (Fig. 3). Changes in interannual ENSO and IOD
variability during the last millennium have comparable timing and
magnitude in the moving 30-year standard deviations of both data-
sets. Notably, the only interval of the last millennium showing higher
ENSO variability than the twentieth century is the mid-seventeenth
century?, and this corresponds to the same interval of elevated variabil-
ityidentified in the IOD reconstruction. Correlation analysis indicates
that approximately 45% of the magnitude of interannual variability
is shared between the IOD and ENSO systems during the last millen-
nium (r=0.67, n.=14, P< 0.01; Fig. 3c). This increases to 60% shared
variance if the magnitude of the extreme 1675 event is capped at the
580 anomaly of the 1997 event (r=0.77, n.=14, P< 0.01). The tight
coupling of IOD and ENSO variability across the coral reconstructions
does not imply that IOD events can only occur in conjunction with El
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shown.b, d, Standard deviation o of July-December means of IOD variability in
moving 30-year windows stepped by Syears, expressed as a percentage

change relative to the 1961-1990 reference interval. The thin line for the 30-year
interval centred around 1675 gives the moving standard deviationifthe
strength of the extreme 1675 event is capped at the magnitude of the §'*0
anomaly for the strongest-on-record 1997 event.

Nifio events (for example, the 2019,1961 and 1675 events demonstrate
thateven extremelOD events can occur independently of EINifio condi-
tionsin the Pacific). It does, however, provide along-term context that
supports hypotheses of tropical Indo-Pacific climate coupling based
on observational data®*°, and suggests that the coral-based 10D and
central-Pacific ENSO datasets can be used together as a near-continuous
representation of tropical Indo-Pacific interannual variability through
the last millennium (Fig. 3b).

Long-term modulation of IOD-ENSO variability appears to have been
accompanied by changesinthe mean SST gradient across the equatorial
Pacific (Fig.3d). Previous assessments of marine sediment cores identi-
fied amid-millennium shift in tropical Pacific climate, from a state with
dampened ENSO variability and a strong zonal SST gradient during the
first half of the last millennium, to one with amplified ENSO variability
and aweak zonal SST gradient in the latter half*. The high-resolution
coral reconstructions support this finding, and add to it by demonstrat-
ing that a statistically significant transition in IOD-ENSO variability
occurred in approximately 1590 (Fig. 3b; Extended Data Fig. 7). Prior
t0 1590, variability of the IOD was on average 29% lower than during
the 1961-1990 reference interval, and ENSO variability was similarly
reduced by 30%. This tropical climate transition is also evident in the
frequency of positive I0D events, which display athreefold increasein
occurrence after the mid-millennium shift; having amean periodicity
of 25 years before 1590, and 8 years after 1590 (Fig. 2).

Changes in the strength of IOD-ENSO variability, including the
mid-millennium shift, may affect the ability to reconstruct these cli-
mate modes reliably in the past using remote proxies thatrely ona
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Fig. 3| Coupled Indo-Pacific climate variability during the last millennium.
a, Global mean surface temperature anomalies® for the last

millennium, relative to1961-1990 and plotted as 30-year moving averages with
shading giving the distribution across 7,000 reconstructions. b, Moving
30-year standard deviations, stepped by 5 years, of coral-based 10D (blue) and
ENSO (red)?** variability, expressed as percentage change relative to their
1961-1990referenceintervals. ¢, Scatter plot of 30-year variability of the coral-
based 0D and ENSO reconstructions for coeval data during the last
millennium, demonstrating strong coupling in Indo-Pacific variability
(P<0.01). The coral IOD and ENSO data supportasignificant (P<0.05) mid-

teleconnected signal. Agreement between interannual ENSO recon-
structions derived from teleconnected (and often hydroclimate-
related) anomalies is poor for most of the last millennium, but is most
robust for1580-1700 and from 1825 onwards®. These intervals of agree-
ment correspond to times when the coral reconstructions indicate
that interannual IOD-ENSO variability was relatively strong (greater
than, or no more than about 20% reduced, relative to the 1961-1990
reference levels; Fig. 3b, f). Disagreement between reconstructions at
other times suggests that it may be difficult to robustly reconstruct
interannual tropical climate variability from teleconnected signals
when variability itself is low.

Thereis widespread agreement among proxy evidence that the most
extreme variability and mean-state shifts in tropical Indo-Pacific cli-
mate occurred around the seventeenth century. During this interval,
when the highest variability in IOD and ENSO of the last millennium is
recorded, the most reduced zonal SST gradient also existed across the
equatorial Pacific (Fig. 3d). A recent reconstruction of El Nifio event
types, based on patterns of seasonal evolutionin coral data, alsoiden-
tified the seventeenth century as an interval of unusually frequent
central-Pacific-type events® (Fig. 3e). Across the Indian Ocean, peak
cooling in Indo-Pacific Warm Pool SST around the seventeenth cen-
tury was simultaneous with the timing of maximum rainfallin eastern
Africa, and suggestive of a positive IOD-like mean state with reduced
zonal SST gradient and weakened Walker circulation across the Indian
Ocean®. Coral evidence suggests that the summer and winter Asian
monsoon winds were also highly variable on interannual timescales
during the seventeenth century®. The Asian and Australian summer

millennium shiftin tropical climate variability around 1590 (Extended Data
Fig.7) thatisalso evidentin changesinthe west-east SST gradient across the
equatorial Pacific reconstructed from marine sediments® (d). e, Anomalous
10D and ENSO conditionsin the seventeenth century also include an unusual
increaseintheratio of central-Pacific-type to eastern-Pacific-type EI Nifio
events (CP/EP) (reconstructed inlightgreen, observed (HadISST) in dark
green)®. f,Robustagreement®between ENSO reconstructions derived from
teleconnected climate patterns coincide with strengthening of IOD-ENSO
variability after approximately 1590.

monsoons both experienced their driest mean conditions of the last
millennium during the seventeenth century, resulting in a strong lati-
tudinal contraction and intensification of the tropical rainfall belt over
the Indo-Pacific Warm Pool*** despite cool SSTs in the region at this
time®*, The strong East Asian winter monsoon during the seventeenth
century® may provide a mechanism for enhanced atmospheric con-
vergence and rainfall over the Indo-Pacific Warm Pool* atatime when
SST gradients indicate a more El Nifio-like zonal mean state across
the Pacific®. The seventeenth century is known as an interval of crisis
in tropical Asia, involving widespread mortality and economic and
political disruption®?. This upheaval has been attributed to strong
EINifo variability?® and a weak Asian summer monsoon®**°, but our
coral-based reconstruction suggests that unusually strong variability
of the IOD was also a factor in causing societal disruption across Asia
during the seventeenth century.

Data-model comparison

We explore the coupling of tropical Indian and Pacific Ocean variability
further using the Community Earth System Model (CESM1) Last Millen-
nium Ensemble (LME)*. The CESM1-LME full-forcing simulations repli-
cate the spatial structure of SST and rainfall anomalies associated with
thelOD (Extended DataFig.2), and the characteristic skewness of IOD
variability (Supplementary Fig. 18). However, important differences
areseenintherecurrenceinterval of positive IOD eventsin the CESM1
output compared withthe coral-based reconstruction (Extended Data
Fig. 8). The most common recurrence time between positive IOD events
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a, Scatter plot of 30-year standard deviations of reconstructed IOD and ENSO
variability, expressed as percentage change relative t01961-1990 (asin Fig. 3¢c);
b, the equivalent analysis using the DMland NINO3.4 indices extracted from
the CESMI-LME simulations, demonstrating a persistent coupling of IOD-
ENSO variability during the last millennium. c-f, Composite maps of the
standard deviation o of July-December SST anomalies (c), and the July-
December averages of anomalies of SST (d), depth of the 20 °Cisotherm (D20)

islyearinthe CESM1-LME, but back-to-back positive IOD events are not
observedin the coral reconstruction. This difference is consistent with
other studies that have noted a bias for positive IOD events to occur
too frequently in historical simulations of current-generation climate
models’. Nevertheless, the CESM1-LME simulations are still useful to
identify possible mechanisms and teleconnections associated with the
I0D-ENSO coupling observed in last millennium coral data.
Coupling of the magnitude of interannual IOD and ENSO variability
isapersistent feature of the last millennium in the CESM1-LME experi-
ments (Fig. 4a, b). Across all full-forcing ensemble members there is
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(e),and mean sealevel pressure (MSLP; shading) and surface wind stress
(arrows) (f), calculated across all 30-year intervals where July-December 10D
variability was below the 10th percentile in the CESM1-LME full forcing
ensemble.g-j, Asinc-f,but composited across all 30-year intervals where IOD
variability was above the 90th percentile. All linear correlationsinaandbare
significantat P<0.01,and dataare shownin c—jonly for grid cells where
distributions betweenintervals of low and high 10D variability are significantly
(P<0.05) different based on aKolmogorov-Smirnov test.

23% shared variance, ranging from 14% to 38% in individual ensemble
members (Fig.4b; P<0.01for allmembers). We explore this further by
constructing composites of intervals of high and low 10D variability,
based on time intervals where the 30-year standard deviation of the
July-December DMl is above the 90th percentile and below the 10th
percentile, respectively (Fig. 4c-j; Extended DataFig. 9). The composite
anomalies suggest that intervals of low IOD variability are associated
withlow SST variability in the NINO3.4 region and a La Nifia-like pattern
in mean tropical Pacific SSTs (consistent with the palaeo-evidence;
see Fig. 3), as well as a deep thermocline and low surface air pressure



anomaliesin the Indo-Pacific Warm Pool region. Conversely, intervals
of high 10D variability are associated with high SST variability in the
NINO3.4 region and EI-Nifio-like mean SST anomalies, and ocean-
atmosphere conditions in the Indo-Pacific Warm Pool region that are
conducive to the development of positive IOD events (for example,
high surface air pressure and shallow thermocline anomalies).

Simulated mean SST anomalies in the composites of low and high
10D variability display an equatorial extension of anomalies from the
easternIndian Oceanintothe central Indian Ocean (Fig. 4d, h; Extended
DataFig. 9b,f). Extension of anomaliesinto the central equatorial Indian
Oceanhasbeen observed during recent extreme positive IOD events®,
and this characteristic has also been seen in CESM1 simulations for
the Last Glacial Maximum indicating the potential for strengthened
ocean-atmosphere couplingin the tropical Indian Oceanthatenhances
SST variability*’. The composites of atmospheric pressure (Fig. 4f,
j; Extended Data Fig. 9d, h) also display distinct Rossby wave trains
originatingin the tropical Indian Ocean and travelling across Australia
and the Southern Ocean to the Amundsen Sea and Antarctic Peninsula
region. It is possible that the tight coupling of tropical Indian Ocean
climate variability to the Pacific may be important, via this wave train
mechanism, inthe recently identified connection between the tropical
Indian and Pacific oceans and climate variability in the West Antarctic
region*>*,

We also explore mechanisms for decadal-scale modulation of positive
10D event recurrence by constructing composites of the CESM1-LME
simulations based on decades with frequent (4 or more) or rare (1 or
less) positive IOD events (Extended Data Fig.10). As expected, compos-
ites of decades with frequent positive IOD events are characterized by
amean positive-I0OD-like state in the tropical Indian Ocean related to
the averaging of alarge number of positive IOD events together. How-
ever, the anomaly patterns also show a coherent ocean-atmosphere
structure extending across the tropical and extratropical Pacific that
resembles Interdecadal Pacific Oscillation variability*. This relation-
ship in the CESM1-LME simulations is further confirmed through the
significant relationship that exists between indices of thelOD and the
Interdecadal Pacific Oscillation (47% shared variance; P< 0.01; Extended
Data Fig. 10). Clustering of positive IOD events has been observed in
theinstrumental record and linked to decadal variability in the Pacific
that causesintervals of a shallower thermocline in the eastern equato-
rial Indian Ocean that preconditions the development of positive IOD
events***, Decadal to multi-decadal modulation between intervals of
frequentand rare positive IOD events s also a characteristic of the coral
reconstruction of IOD variability during the last millennium (Fig. 2;
Extended Data Fig. 8a).

Implications for managing climate risk

Our new reconstruction of IOD variability during the last millennium
hasimplications for managing the climate risks associated with tropi-
cal climate variability. In particular, the reconstruction demonstrates
that the extreme conditions that occurredin the tropical Indian Ocean
during 1997 are not the worst that are possible. Positive IOD events
larger thanthe 1997 event are also known from the mid-Holocene when
background climate conditions were different from today"*%, but the
discovery of a similarly extreme positive IOD event from the last mil-
lennium with no obvious external forcing indicates that present-day
10D risk management needs to include the possibility of severe events
beyond what is known from the instrumental record. This is of par-
ticular concern when viewed alongside model-based evidence of an
increasing occurrence of extreme positive IOD events with continued
climate warming®.

Clustering of positive IOD events may mean that there is potential
for skilful seasonal-to-decadal forecasting of the climate risks posed
by the IOD. The mechanisms by which decadal variability modulates
thelOD arestill poorly understood*, but the tropical Indian Oceanis a

region where skilful decadal prediction could be most viable*’. How-
ever, the risk of back-to-back IOD events is overestimated in current-
generation climate models’ (Extended Data Fig. 8), and the low number
ofeventsin observational data make it difficult to establish statistical
estimates of IOD event risk. The extended context provided by the
last millennium 10D reconstruction compiled here demonstrates that
the most common recurrence interval between positive IOD events is
3 years, consistent with the phasing of the 1994-1997 sequence, and
thatrecurrent events frequently occur within the 2- to 6-year window
following a positive event (Extended Data Figs. 5, 8a). Statistically, in
the last millennium reconstruction there is a 47% probability (with a
95% confidenceinterval of 31-63%) that a positive IOD event will recur
within 2 to 6 years of another positive event (Extended Data Fig. 8c).
The tight coupling of IOD and ENSO variability during the last mil-
lennium identified in this study also suggests that efforts to develop
skilful seasonal to decadal forecasting will be aided by realistic model
representation of the coherent climate interactions that occur across
the Indo-Pacific region®*°. Together, the evidence gathered here on
tropical Indo-Pacific climate variability has the potential to aid societal
adaptation to future impacts of the IOD.
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Methods

Study site

The coralsamplesusedin this study come from the southern Mentawai
Islands, spanning from South Pagai Island to Sipora Island (Extended
DataFig.1, SupplementaryFig.1). Alocation of 3°Sand 100° Eisused to
extractlocal SST and precipitation data from observational products.
The grid cell incorporating 3° S and 100° E is also used to extract site-
level SST and precipitation output from the CESM1-LME simulations.

The meanannual SST range at the study siteis 1.3 °C, with amonthly
meanminimum of28.6 °C (25-75%range of28.6 °Ct029.1°C)in October,
and a monthly mean maximum of 29.9 °C (25-75% range of 29.7 °C to
30.1°C) in May (OISSTv2)*'. The monthly mean minimum rainfall of
5.7 mm per day (25-75% range of 4.3 mm per day to 6.8 mm per day)
occurs in May, and the monthly mean maximum of 11.2 mm per day
(25-75% range of 9.2 mm per day to 12.8 mm per day) occurs in Novem-
ber (GPCPv2.3)%

Tectonic activity in the Mentawai Islands is characterized by multi-
century supercycles of long-term subsidence, typically on the order of
3-15 mm per year, followed by rapid uplift (earthquake) events®. Any
effect of long-term subsidence on geochemistry of the Mentawai cor-
alsis expected to be partially or wholly offset by the effects of upward
colony growth.

Coral sampling and analysis

Drill cores from modern and fossil Porites corals were collected from
the southern Mentawailslandsin 2001, and well preserved samples that
covered the last millennium were selected for analysis in this study. In
addition, a Porites coral microatoll slab sampled in 1994 (refs. >*%) is
included in our reconstruction of IOD variability during the last mil-
lennium. Details of sample location, length, preservation and age are
givenin Supplementary Tables1and 2.

Coral cores were cut along their length to give slabs approximately
7 mm thick, which were X-rayed to identify coral growth layers (Sup-
plementary Figs. 2-9). Slabs were cut adjacent to sampling transects
selected along the major coral growth axis, and the sampling edge was
milled to reduce the slab thickness to~3.5mm (Supplementary Fig.10).
The resulting sampling edge was cleaned thoroughly in deionized
water under an ultrasonic probe before being driedinan ovenat40 °C
foratleast 48 hours.

Diagenesis checks were carried out using a combination of visual
examination and X-ray images of the coral slabs. Further checks were
carried out using thin sections made from coral slab offcuts produced
during preparation of sampling edges. Thin sections demonstrate
good to excellent preservation of all coral samples used in this study®
(Supplementary Fig.11).

Subsamples of coral powder were milled continuously along the
edge of the sampling transects, generally at 0.4 mm resolution (Sup-
plementary Figs. 2-9). Coral powders were weighed and analysed for
their 8'*0 and 6"C composition using a Finnigan MAT-251 isotope
ratio mass spectrometer coupled to aKiel I carbonate device (using
180-220 pg samples), or a Thermo MAT-253 isotope ratio mass spec-
trometer coupled to a Kiel IV carbonate device (using 110-130 pg
samples), at the Research School of Earth Sciences at the Australian
National University. Analyses were calibrated using the International
AtomicEnergy Agency (IAEA) NBS-19 standard (8§'80,ppz =—2.20%o0 and
8"Cypps=1.95%0; VPBD, Vienna Pee-Dee Belemnite standard). A further
linear correction for §'®0 measurements was carried out using the
IAEA NBS-18 standard (5'®0ypps = —23.0%0; we note that the old NBS-18
IAEA reference value is used to maintain consistency of results across
the Australian National University Stable Isotope Facility). Long-term
precision of both the MAT-251 and MAT-253 instruments is £0.06%. for
50 and +0.04%. for 8“C.

This study uses 6,630 analyses of coral powders to reconstruct IOD
variability during the last millennium. Across these measurements,

thestandard deviation of reproducibility on1,198 replicate analyses of
coral powder samples is +0.05%. for §*0 and +0.10%. for 8°C.

Coral chronologies
Internal chronologies for the coral records were defined by assigning
annual §'®0 maxima to mid-October, the month of the climatological
minimum in SSTs in the southern Mentawai Islands. The annual mini-
mum in SST has a standard deviation of +1.5 months in instrumental
data. Coral X-ray images and annual cycles in coral 8°C were also used
to guide the assignment of annual markers in cases where the 60 tie
points were ambiguous. Chronologies were interpolated linearly to
the coral isotope data, before being resampled to monthly average
resolution. Resampling was carried out using a nearest-neighbour
(stepwise) interpolation of the geochemical data to approximately
daily resolution, before binning datainto monthly averages. This step
ensures that the correct proportion of each data point was assigned to
the monthly bins without causing signal dampening associated with
simplelinear interpolation. Geochemistry-based internal chronologies
for Porites coral records have been estimated in previous studies to have
anaccumulated uncertainty of +1-3 years per century>.
High-precision U-Th dates of the fossil corals (Supplementary
Table 2)%®*° use aninitial *>°Th/?**Th atomic ratio of 5.7 (+3.1) x107° (20).
This isochron-inferred value is based on the analysis of 11 coral speci-
mens covering the South Pagai and North Pagai study areas®. This ini-
tial 2°Th/**Th value is slightly more constrained than the value of 6.5
(£6.5) x107¢ used in microatoll studies across the broader Mentawai
Island chain®, but more conservative than the high-precision value of 4.4
(#2.2) x10 " used in other coral palaeoclimate studies that assume secular
equilibriumwith the bulk Earth?*Th/Z8U value of 3.8 (for example, ref. *®).
Absolute age assignments for the coral chronologies were deter-
mined using a combination of high-precision U-Th dates, alignment
with documented tectonicactivity in the southern Mentawai Islands>>®,
assignment of distinct §C excursions to large tropical volcanic erup-
tions**%>%, and splicing of coral isotopic records that overlap in time*
(Supplementary Figs. 12-16). Splicing of overlapping coral sections
used the best alignment of interannual variability, working within the
constraints provided by all U-Th dates. Coral 6'%0 anomalies (after
removal of variability at timescales longer than 7 years; see Methods
section ‘Record filtering’) were averaged together across overlapping
coral sections to produce the spliced 6'*0 anomaly sequences, and
details of 80 correlations and variance ratios of overlapping sections
aregivenin Supplementary Figs. 14-16.

10D reconstruction sequences
ThelODreconstruction covers 500 years since 1240. Detailed descrip-
tions of each section of the reconstruction are provided below:

1846-2019. Living modern coral TTO1-A-1b from Tinopo was drilled in
July 2001 (Supplementary Figs. 2,12). The §®0 record from this coral
hasbeen previously used to demonstrate that the southern Mentawai
Islands represent an optimum site for reconstructing I0OD events',
andtherecordis extended in this study back to1936. A previously pub-
lished" short modern coral record from the Saomang site demonstrates
the consistency of coral §®0 records between the Tinopo site on the
easternside of the southern Mentawailslands and the fossil coral loca-
tions onthe western side of the southern Mentawai Islands (Extended
DataFig.1; Supplementary Fig.12).

The modern-day 10D sequence also uses the coral DMl reconstruction®
that extends back to 1846, and the instrumental DMI*"%* to continue
thelOD record to 2019. Instrumental SST products are not used before
1958 owing to uncertaintiesin their quality for earlier times**®. Figurec,
d shows these overlapping records of IOD variability since 1958.

1770-1820. Microatoll SI94-A-6 from Siruamata (Supplementary Figs. 3,
13) was originally sampled for earthquake studies along the Mentawai
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Island chain and displays a ‘hat-shaped’ morphology caused by more
than 70 cm of uplift during the 1797 earthquake®>¢". The coral slabwas
later analysed to examine 6C signals related to vertical uplift®. The
coral 8®Crecord shows a clear shift associated with the 1797 earthquake
and uplifteventat this site, along with a distinct year with no seasonal
8"C peak that is associated with the 1815 Tambora eruption. In reef
environments that are well flushed by open ocean water it has been
demonstrated that Porites microatoll §'®0 produces a reliable record
of climate variability that is comparable to records generated from
upward growing Porites corals®,

The originally defined internal chronology of the SI94-A-6 isotope
record®?isinconsistent with regional climatology. It has 60 maxima
falling on average inJuly, rather than coinciding with the annual SST
minimain October, and produces positive IOD anomalies that have a
physically implausible timing that is inconsistent with the seasonal
phase-locking of 10D activity>*®. To address this, we constructed a
chronology for the coral isotope record that is consistent with the
methodology used for all of the other southern MentawaiIsland corals,
while stillhonouring the unambiguous fixed-time markers provided by
the coral 8“C responses to the 1797 earthquake and the 1815 eruption.

Therevised chronology results in extreme negative §'*0 anomalies
in1790-91, and more intensely in 1791-92, which are characteristic
of the basin-wide warming that accompanies EI Nifio events®. These
anomalies correspond with the great EI Nifio of 1790-94 (refs. >°),
thought to be among the most severe in the written record®. A positive
10D event recorded in this coral in 1792 probably contributed to the
regional impacts of the 1790-94 severe EI Nifio sequence®, including
historical records of famine in Madras, India, that killed up to half of
the population therein1792. A positive IOD eventin 1783 also coincides
with historical accounts® of famine throughout India and a protracted
EINifo event from 1782-84.

1641-99. This sequence is comprised of two overlapping coral records:
SMGO01-A-10c from Soamang and NPO1-A-3 from Silabu (Supplementary
Figs.4,5,14).Since these corals come from two different sites approxi-
mately 50 km apart, they are not expected to record consistent §*C
responses to tectonic activity, which varies considerably over such
length scales in the southern Mentawai Islands®.. The chronology of
this sequence is constrained by four U-Th ages, two from each coral.
Within the constraints of the U-Th ages, the interannual patterns of
coral 80 allow theinternal chronology of the two coral records to be
confidently spliced over a 7-year interval of overlap.

The assigned calendar ages for this sequence were aligned to histori-
cal climate information and the microatoll-based earthquake history
from the region. Itis assumed that the end of the sequence (and death of
the coral colony) corresponds to the large earthquake and uplift event®
focused onthe Northand South Pagaiislandsin1703 (+10 years), allow-
ing for erosion since this time of the last years of coral growth in SMGO1-
A-10c. Extreme positive IOD eventsin the coral sequence coincide with
historical evidence? of intense drought and famineinIndonesiain 1660
and 1675. A strong negative 8'*0 anomaly following the 1660 extreme
positive IOD event coincides with historical evidence for a very strong
EINifio eventin this year (thatis, a positive IOD followed by basin-wide
warming in the Indian Ocean related to a co-occurring EINifio event)>%,
The calendar age assignments of the spliced sequence could be up to
8 years younger or older than those given here based on alignment to
tectonic and historical information, while still staying within the +2¢0
bounds of all four U-Th ages.

A partial growth unconformity in coral NPO1-A-3 occurred during
1651, but there is no evidence (from transect E where growth was con-
tinuous) that this was caused by a climatic event. Conversely, thereisno
evidence of coral growth disruption during the extreme 1675 positive
10D event (transect A), although a negative anomaly in coral 8°C during
the1675 event may be anindicator of arelative increase of heterotrophy
ofthe coral (relative to photosynthesis of zooxanthellae), or of surface

oceanC depletion from ocean upwelling. Extreme positive IOD events
ofequivalent size are known from the mid-Holocene and also occurred
without disruption to coral growth™.

1452-1601. This sequence is comprised of two overlapping coral cores,
PO1-C-2aand P0O1-C-2b, collected from asingle coral colony at Pororogat
(Supplementary Figs. 6,15). The fossil coral colony has a‘cup-shaped’
morphology, indicative of growth in a subsiding setting®>¢'”°, Core
P01-C-2b was collected from the lower central core of the colony, rep-
resenting the older part of coral growth. Core PO1-C-2a was drilled
through theraised outer rim, capturing the younger section of colony
growth. The two cores can be aligned using distinctive growth bands
(Supplementary Fig. 6). The geochemical analysis also provides 15 years
of overlap where the §®0 and §*C records can be spliced together with
very high confidence.

Two precise U-Th ages from near the base of the PO1-C-2b core
together constrain the absolute age of the start of this coral sequence to
within £10 years. Within the same section a clear §°C excursion occurs,
analogous to the SI94-A-6 coral response to the Tambora eruption.
We ascribe this to the Kuwae eruption; the second-largest eruption
of the last millennium?, which is known to have caused far-reaching
ash deposits and climate responses. The absolute age of the Kuwae
eruption is debated. The year of eruption has long been ascribed to
1452, but was recently revised to 1458 using ice-core chronologies*”.
Re-evaluation of tree-ring chronologies maintain 1452 as the Kuwae
eruption year’2. The two U-Th ages are most consistent with an erup-
tion in 1452, but could still accommodate a 1458 eruption year within
the +20bounds of the two U-Th ages. We note, however, thatanerup-
tion year of 1458 cannot be accommodated if the coral U-Th ages are
calculated using the less conservative initial ??Th/*°Th atomic ratio
of 4.4 (+2.2) x107°. Consideration of the other U-Th age constraints on
the coral sequence is also more consistent with a 1452 eruption year
(Supplementary Fig.15), and so, onthe balance of evidence, we assign
the volcanic §°C excursion to 1452. The calendar age assignments of
the spliced sequence could be up to 4 years younger or 14 years older
thanthose given here, based onalignment to the 1452 Kuwae eruption
event, while still staying within the +20 bounds of all five U-Th ages.

Theinternal chronology of this coral sequence represents 150 years
of coralgrowth, and is aided by strong seasonal §°C cycles, particularly
in the first ~-80 years of coral growth. A 4.5-year gap (constrained by
geochemical data and X-ray images) in the PO1-C-2b isotope record is
associated with asection of calcite diagenesis where the geochemical
signals are notreliable for climate analysis. Based on the assignment of
the volcanic §°C marker at the start of the chronology to 1452, and an
estimated uncertainty on the internal chronology of up to +3 years per
century¥, the uppermost year of the coral sequence is 1601 + 5 years.
The X-rays indicate at least two further years of coral growth that has
been eroded from the uppermost surface of the fossil coral colony.
Within the uncertainty of the upper age of this coral sequence, and of
previous microatoll studies®™*, the death of this coral could be related
to earthquakes in 1597 or 1613 (+10 years)®'. We consider that the link
to the ~1613 earthquake event is most probable because (1) the coral
coreindicates substantial surface erosion, (2) microatolls from nearby
(Bulasat) experienced strong (more than 50 cm) uplift during the ~1613
event, and (3) tectonic upliftin1597 appears to have been negligible at
Bulasat (5+3 cm) and was instead focused on more northerly locations
inthe Mentawaiisland chain®. A sudden dropin coral §*Cin1586 of our
coral sequence may instead be indicative of a small subsidence event
at Pororogat during the culmination of this earthquake super-cycle.
This 8°C signal occurred approximately 17 years before the death of
this coral, and is very similar to the 16-year separation of the 1597 and
1613 (+10 years) earthquakes identified in coral microatoll growth®.,

The absolute chronology of the upper section of this coral sequence
is consistent with historical evidence of climate disturbance across
tropical Asia. Beginning around 1590, the coral data document arapid



increase inmean 80 isotope levels and frequent positive IOD events
(inabout 1592,1594,1597 and 1600). This marked increase in positive
10D activity after 1590 coincides with the beginning of the ‘seventeenth
century crisis’intropical Asia, in which droughts, famines and deaths
were widespread, and whichresultedinlarge-scale economic and politi-
cal disruption®.

1240-1305. This sequence is comprised of three overlapping coral
records from the Saomang site: SMG0O1-A-2, SMGO1-A-4a and SMGO1-
A-5b (Supplementary Figs. 7-9,16). The anchor coral for this chronol-
ogy is SMGO1-A-4a, constrained by aU-Th date of 1253 (+9 years). The
location of this U-Th date coincides with a §*C event where no summer
8C peak s recorded, making that year distinct relative to surrounding
mean §°C cyclesin this coral. The magnitude of mean annual cyclesin
the Saomang corals are smaller than for the coral sequences contain-
ing the Tambora and Kuwae eruption signals, and hence the absolute
magnitude of the possible volcanic signal is not as large in coral §*°C.
We ascribe this 8°C event to the 1257 eruption of Samalas; the largest
volcanic eruption of the last millennium?*”>™, This provides a reason-
ably firm absolute chronology for the SMGO1-A-4a coral, which extends
from1255t01269. Withinthe constraints of the U-Th date, this sequence
couldbeup to2yearsyounger or16 yearsolder thanthe absolute chro-
nology thatis aligned to the Samalas eruption date.

Unconformities and off-axis growth prevented further extension of
this sequence using the SMGO1-A-4a coral colony, but two additional
coralsallow extension of the sequence. The older end of the sequence
comes from coral SMGO1-A-2. AU-Th date for this coral provides only
alimited (62 years) constraint on the absolute age of this coral owing
to high detrital *Th content. However, within this age constraint an
overlap of Syears with the SMGO1-A-4a coral provides agood alignment
of the 6'%0 and 8"C records from these cores, and places the lower
date of the sequence at 1240. No other viable splicing scenarios are
found withinthis sequence and so we assume the splice to be robust but
cannotrule out the possibility that the absolute age of the SMGO1-A-2
coral could be older by 6 to 27 years than ascribed here through splic-
ing of the record to the well-dated SMGO1-A-4a coral (that is, within
the U-Thdating constraints but not overlapping with the other corals
inthis sequence).

Theyounger end of this coral sequence comes from coral SMGO1-A-
5b, whichis constrained by two U-Th dates that also have large uncer-
tainties (40 years and +46 years) due to high detrital >*2Th content.
Four years of overlap withthe SMG01-A-4a coral provides agood align-
ment of the 80 and §*C records from these cores, including overlap
through a positive IOD event in 1267. This alignment places the upper
end of this sequence at around 1305. Within the age uncertainty of
the U-Th dates from the SMGO1-A-5b coral we cannot rule out that
this coral could be younger by between 5 and 52 years than ascribed
here through splicing of the record to the well dated SMGO1-A-4a coral
(thatis, within the U-Th dating constraints but not overlapping with
the other corals in this sequence). There is limited tectonic and his-
torical information to draw upon to help us further constrain the age
of the coral sequence. However, the South Pagai region is thought to
have experienced a sudden, large subsidence event around 1314 and
alarge uplift event in 1350°>%*7, We see no evidence for abrupt offsets
in coral 8°C in the SMGO1-A-5b record that could be tied to these tec-
tonicevents, giving confidence that the coralis not morethan10years
younger than the absolute age derived from splicing to the SMGO1-A-4a
coralrecord. The finding of reduced IOD variability before 1590 would
remain robust even if the thirteenth-century corals were not part of a
time-overlapping sequence.

Recordfiltering

Interannual IOD variability wasisolated in the coral records by removing
variability at timescales longer than 7 years to produce 80 anomaly
records (Supplementary Figs.12-16). Removing variability at timescales

longer than 7 years replicates methods associated with calculation of
the DMI', and will remove any long-term environmental or tectonic
trends from the coral §'®0 datasets. To minimize the effects of spurious,
method-dependent filtering at the start and end of the coral records,
variability at timescales longer than 7 years was removed from the coral
580 records by subtracting the average of three filtering methods;
namely, a 7-year 5th-order Butterworth lowpass filter, a 7-year LOESS
filter (weighted 2nd-order polynomial regression), and a 7-year LOW-
ESS filter (weighted linear regression).

Referenceinterval

All analyses are carried out relative to the 1961-1990 interval. This is
astandard 30-year climatology reference, and the 1961-1990 inter-
val is selected because it is covered in full by coral, instrumental and
modeldata, andin the coral/instrumental data avoids the two extreme
positive IOD eventsin1994 and 1997 that are unusual in the context of
the twentieth century and may create biasifincluded in the reference
interval. The reference interval does, however, include the extreme
positive IOD event in 1961.

IOD event detection

Positive IOD event occurrence was assessed by first smoothing the
monthly-resolved coral 80 anomaly data with a 3-month moving
average. Positive IOD events were detected when the 3-month average
exceeded athreshold of +1.50 (based on variability of the modern coral
between1961-1990) for at least one month during the July-December
10D season. If a threshold of +30 was also exceeded during the July-
December interval then an extreme positive IOD event was classified.

The same event detection method was applied to the DMI datasets.
The coral DMP and instrumental DMIs were filtered in the same way
as for the coral 60 records to remove variability at timescales longer
than 7 years. All records were referenced relative to their 1961-1990
climatology, with the OISSTv2 DMI dataset scaled to match the standard
deviation of the ERSSTv5 DMl over their common interval since Novem-
ber1981.Inour assessments of IOD variability we use the instrumental
DMl derived from OISSTv2® from 1982-2019, and from ERSSTv5% and
HadISST® from 1958-1982. The positive IOD event detection method
reliably identifies known positive IOD events' (Fig. 1).

In this study we examine only positive IOD events, which have aclear
and unambiguous signal at our study site's. Negative IOD events are less
well characterized and tend to be weaker than positive events®”. In par-
ticular, it remains to be tested whether these events canbe adequately
described using data from just the eastern Indian Ocean sector, given
that the positive SST anomalies related to anegative IOD event may be
difficult to differentiate from the basin-wide warming associated with
EINifo eventsin this area.

10D event analysis

The magnitude of extreme positive IOD events was assessed relative
to the 1997 event; the strongest event to have occurred in the obser-
vational record. This comparison was made for the peak magnitude of
monthly mean 80 anomalies during the extreme positive event, and
for theintegrated July-December average of §'®0 anomalies across each
event. The comparison of the 1997 and stronger 1675 events includes
uncertainty estimates, based onthe standard error of the mean across
replicate measurements of the individual §'0 samples that comprise
the peak monthly 80 anomaly for these events (Extended Data Fig. 6a,
b). The standard error calculation reflects 11 replicate analyses across
the 5samples that contribute to the peak monthly mean value for the
1997 event, and for the 1675 event reflects 11 replicate analyses across
the 4 samples that contribute to the peak monthly mean value.

10D and ENSO variability
Variability of the IOD through the last millennium (Fig. 3) was examined
by calculating July-December 10D season averages of coral §'*0 and
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DMI anomaly data (after filtering to remove variability at timescales
longer than 7 years). The standard deviation was calculated for 30-year
windows, stepped by 5years, and expressed as a percentage difference
relative to variability in the 1961-1990 reference interval.

We restrict our analysis of interannual ENSO variability to an anal-
ogous coral-based dataset for the last millennium from the central
Pacific (Dee, S. G. et al., manuscript in preparation and refs. 2%2%),
This allows for consistent data analysis methods, compares equiva-
lent ocean-based signals directly from the NINO3.4 and eastern DMI
regions, and avoids assumptions of atmospheric teleconnection stabil-
ity which may affect the reliability of other available interannual ENSO
reconstructions®. The coral-based ENSO datasets were detrended to
isolate interannual ENSO variability using a 2-7 year bandpass filter.
The standard deviation was calculated for July-June annual averages
across 30-year windows, stepped by 5 years. The fossil corals from
Palmyra are referenced to 1961-1990 data from the modern Palmyra
coral, and the fossil coral from Christmas Island is referenced to 1961-
1990datafromthemodernChristmaslsland coral. Calculationofmoving
30-year standard deviations replicates the analysis previously used
to examine coral-based data of ENSO variance changes®, noting that
a1968-1998 reference interval was used in that study. IOD and ENSO
variability calculated as moving 30-year standard deviations are less
susceptible to method-related variations caused by threshold choices
of event detection approaches.

Comparison of the instrumental DMI and modern coral data with
indices of ENSO variability (including indices for differentiating central
Pacific and eastern Pacific type ENSO variability)**”” is shown in Sup-
plementary Fig.17 and Supplementary Table 3.

CESM1-LME analysis

10D event occurrence and variability in the CESM1-LME simulations
(850-2005; http://www.cesm.ucar.edu/projects/community-projects/
LME/)* was primarily examined using the 13 full-forcing simulations.
We note that atmospheric fields are not available for the first ensem-
ble member of the CESM1-LME full-forcing experiments for the years
850-1699. We used SST fields to construct the model DMI, and the
model DMIwasfiltered to remove variability at timescales longer than
7 years using the same methods applied to the coral reconstruction and
instrumental DMI data. IOD events were also detected in the model
DMl using the same methodology. Comparisons with tropical Pacific
variability in the CESM1-LME use the NINO3.4 index from the climate
diagnostics package (available for full-forcing ensemble members
1-10), and calculation of the Tripole Index of the Interdecadal Pacific
Oscillation from SST fields*.

The performance of the model compared with observational and
reconstructed data for IOD variability was assessed (Extended Data
Figs. 2, 3, 8; Supplementary Fig. 18), and the mechanisms associ-
ated with intervals of low and high 10D variability, and with decades
of rare and frequent positive 10D events, were examined (Fig. 4;
Extended Data Figs 9,10). The CESM1-LME simulations reproduce the
coupling of Indo-Pacific climate variability (Fig. 4), though may under-
estimate the magnitude inferred by palaeoclimate reconstructions
(Fig. 3).

Thelarge ensemble allows for testing of forced and unforced (inter-
nal) variability (Supplementary Figs.19-22). We find no evidence in the
CESMI1-LME simulations for external forcing of the mid-millennium
shiftin IOD-ENSO variability or for the unusually high IOD-ENSO vari-
ability of the seventeenth century, suggesting that these changes may
be within the large range of changes in tropical climate variability that
can occur due to unforced internal variability’'¢*?%, Pseudoproxy
tests' using the CESM1-LME further suggest that the magnitudes of
reconstructed changes in 10D variability during the last millennium,
relative to variability inthe 1961-1990 interval, are larger than expected
from forced and unforced variability of the CESM1-LME model. We
note that regression errors used in this pseudoproxy test' may be

underestimated owing to sparse information on the coral §'®0-salinity
relationship’.

IOD recurrencerisk

10D eventrecurrence (Extended Data Fig. 8) was calculated as the num-
ber of years between adjacent positive IOD events. Event times between
the end and start of adjacent sequences (that is, where there are gapsin
the last millennium reconstruction) were omitted. The probability (with
95% confidence bounds) of subsequent positive IOD events across the
last millennium coral reconstruction was assessed using an empirical
Kaplan-Meier cumulative distribution function throughthe MATLAB
‘ecdf’ function (Extended Data Fig. 8c).

Significance testing

Thesignificance reported for all linear correlations takes into account
autocorrelation of the coral, instrumental and model datasets through
calculation of an effective sample size (n.¢) based on the lag(1) auto-
correlation. The significance of differencesin distributions of climate
parameters is assessed using the Kolmogorov-Smirnov test.

Data availability

The coral §'®0 data needed to reproduce the results are available at the
World Data Service for Paleoclimatology at http://www.ncdc.noaa.gov/
paleo/study/28451. Archived dataincludes coral §**0 and §'®0 anomaly
data, U-Th age data, reconstructed positive IOD event years, and the
moving 30-year standard deviation of July-December IOD variability.
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Extended DataFig.1|Location map and coral 8®0-climate relationships.

a, Coralsamples used in this study were collected from the southern Mentawai
Islands, offshore of Sumatrain the easternIndian Ocean. Study sites are Tinopo
(coral TTO1-A-1b), Saomang (corals SMGO1-A-2, SMGO1-A-4a, SMGO1-A-5b and
SMGO01-A-10c), Pororogat (cores PO1-C-2a and 2b), Silabu (coral NP0O1-A-3) and
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Extended DataFig. 3| Linearity of the response of rainfall in the southern
MentawaiIslands to positive IOD events. a-d, July-December averages of
precipitationin the southern Mentawailslands (3°S,100°E) are plotted against
the DMI (a, b) and local SST (c, d). Left-side panels (a, ¢) show relationship in
instrumental data (1982-2018), and right-side panels (b, d) show relationshipin
full-forcing CESM1-LME simulations (12 atmospheric simulations each

spanning 850-2005). e, f, Moving correlation (e) and moving slope (f) of the
linear relationship of local SST with precipitationin the CESM1-LME
simulations for 30-year (light) and 100-year (dark) windows. The instrumental
and model data demonstrate the strong (P< 0.01) and stable linear response of
rainfall at the study site to 10D variability, particularly during positive IOD
events (positive DMIvalues and cool SST anomalies).
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Extended DataFig. 4| Coral data usedin this study. a, Monthly-resolution
data (dark) and 7-year filter (light) of the nine coral 80 records used in this
study. b, Monthly §'%0 anomalies after removal of 7-year filter. ¢, Mean annual
5'®0 cycle of the modern coral from our study area (black), along with 25-75%
(dark shading) and 5-95% (light shading) distributions around the mean.

Coloured curves give the mean annual 80 cycle of each fossil coral record.
Internal chronologies of the coral records were established by assigning the
annual §'*0 maxima to October, the coolest month on average in the southern
MentawaiIslands (Methods). Details of the coral samples and 6'®0 records are
providedinthe Supplementary Information.
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Extended DataFig. 5| Composite time series for positive IOD events. 10D events (thinblue curves based on10 events) (b) in the last millennium coral
a,b, Compositerecords (bold curves) of coral 8*0 anomalies for all positive reconstruction. Composites are aligned such that positive IOD events occur
10D events (thingreen curves based on 33 events) (a) and all extreme positive withinJuly-December of year 0.
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Extended DataFig. 6 | Extreme positive IOD eventsin the last millennium.

a, b, Detailed comparison of coral 8'*0 anomalies during the 1997 (a) and 1675
(b) extreme positive IOD events, showing monthly average anomalies (thick
darkbluelines), the non-interpolated §'0 anomaly data (thin light blue lines)
and the raw §'0 anomaly measurements demonstrating replicate analyses
across the extreme positive IOD events (grey crosses). ¢, Details of the extreme
positive IOD event years identified in the last millennium 10D reconstruction

(Fig.2), giving the peak monthly mean §'®0 anomaly and the July-December
mean §'®0 anomaly for each event, and the magnitude of these isotopic
anomaliesrelative tothe 1997 extreme positive IOD event. We note that coral
580 dataforthe1877 eventisbased onapreviously published northern
MentawaiIslands sample*®, and its magnitude is assessed relative to 1997 coral
8'80 data from the northern MentawaiIslands. See Methods for details on
chronological constraints and uncertainties on absolute fossil coral ages.
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Extended DataFig.7 | Mid-millennium shiftin 10D and ENSO variability.

a, b, Distributions of coral "0 before 1590 and from 1590 onwards
demonstrate changesinIOD (a) and ENSO (b) variability during the mid-
millennium. Identification of amid-millennium shiftin IOD-ENSO variability to
around 1590 (Fig. 3) is based on the time when the 30-year 10D variability in the
sixteenth-century coral sequence transitioned from negative to positive
amplitude anomalies (relative to 1961-1990). Distributions shown here are
based onJuly-December average data for the IOD reconstruction, and July-
June average datafor the ENSO reconstruction, with 80 normalized relative to
the1961-1990 interval. For the IOD reconstruction the distributions are
derived from196 years of coral databefore 1590, and 286 years of coral data
from1590 onwards. For the ENSO reconstruction the distributions are derived
from 364 years of coral databefore 1590, and from 216 years of data after 1590.
Statistical testing (Kolmogorov-Smirnov test) indicates that the pre-1590
distributions are significantly narrower (reduced range of variability) than
distributions of datafrom1590 onwards for both the IOD and ENSO
reconstructions (P=0.0004 for IOD changes, and P=0.04 for ENSO changes).
Moving application of this distribution testing further confirms that minimum
Pvaluesare achievedif the mid-millennium shiftis placed during the 1590s;
specifically 1591 (1598) based on the Kolmogorov-Smirnov (Wilcoxon rank-
sum) method.
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Extended DataFig. 8 | Recurrence times between positive IOD events.

a, b, Distributions for the recurrence times between positive IOD events in the
coral reconstruction (blue) (a) and the CESM1-LME simulations (black) (b).
Vertical black line denotes the meaninterval between positive IOD events

acrossthe fulltimeseries. ¢, The cumulative probability of subsequent positive
10D events, based onyears since the previous event, was assessed across the
last millennium 10D reconstruction using aKaplan-Meier estimate (blue
curve) with 95% confidence bounds (shading).
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Extended DataFig. 9| Coupling of IOD-ENSO variability inlast millennium percentileinthe CESM1-LME full forcing ensemble.e-h,asina-d, but

simulations. Composite maps asinFig. 4c-j, butbased on10-year standard composited across all10-year intervals where 10D variability was above the
deviation of IOD variability.a-d, Composite maps of standard deviation of 90th percentile. Data are shown only for grid cells where distributions between
July-December SST anomalies (a), and July-December averages of anomalies intervals of low and high IOD variability are significantly (P<0.05) different

of SST (b), depth of the 20 °Cisotherm (D20) (c) and mean sealevel pressure based onaKolmogorov-Smirnov test. Composite maps show the same spatial
(MSLP; shading) and surface wind stress (arrows) (d), calculated across all pattern of climate anomalies as in Fig. 4, but with greater amplitude owing to

10-year intervals where July-December 10D variability was below the 10th the shorter compositing window.
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Extended DataFig.10 | Decadal modulation of positive IOD event frequency of standard deviation o of annual SST anomalies (c), and annual averages of

inlast millennium simulations. a, b, Scatter plots of the modelled DMI (a) anomalies of SST(d), depth of the 20 °Cisotherm (D20) (e), and mean sealevel
against the Tripole Index (TPI) of the Interdecadal Pacific Oscillation, and for pressure (shading) and surface wind stress (arrows) (f), calculated across all
10-year positive IOD event numbers against 10-year averages of the TPI (b). 10-year intervals containing 1 or fewer positive IOD events. g-j, Asin c-f, but
Correlationstatisticsinaand b are given for aggregated data fromall 13 full composited across all10-year intervals containing 4 or more positive IOD
forcing simulations, and valuesin square brackets give the range of values events. Dataare showninc—jonly for grid cells where distributions between
calculated across individual simulations. c-j, Composite climate anomalies intervalsof rare and frequent 10D events are significantly (P<0.05) different

during decades of rare and frequent positive IOD events. c-f, Composite maps based onaKolmogorov-Smirnov test.
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