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Abstract The low latitude Indian Ocean is warming faster than other tropical basins, and its interannual
climate variability is projected to become more extreme under future emissions scenarios with substantial
impacts on developing Indian Ocean rim countries. Therefore, it has become increasingly important to
understand the drivers of regional precipitation in a changing climate. Here we present a new speleothem record
from Anjohibe, a cave in northwest (NW) Madagascar well situated to record past changes in the Intertropical
Convergence Zone (ITCZ). U-Th ages date speleothem growth from 27 to 14 ka. §'%0, 8'3C, and trace metal
proxies reconstruct drier conditions during Heinrich Stadials 1 and 2, and wetter conditions during the Last
Glacial Maximum and Bglling—Allergd. This is surprising considering hypotheses arguing for southward
(northward) ITCZ shifts during North Atlantic cooling (warming) events, which would be expected to result
in wetter (drier) conditions at Anjohibe in the Southern Hemisphere tropics. The reconstructed Indian Ocean
zonal (west-east) sea surface temperature (SST) gradient is in close agreement with hydroclimate proxies in
NW Madagascar, with periods of increased precipitation correlating with relatively warmer conditions in the
western Indian Ocean and cooler conditions in the eastern Indian Ocean. Such gradients could drive long-term
shifts in the strength of the Walker circulation with widespread effects on hydroclimate across East Africa.
These results suggest that during abrupt millennial-scale climate changes, it is not meridional ITCZ shifts, but
the tropical Indian Ocean SST gradient and Walker circulation driving East African hydroclimate variability.

Plain Language Summary Long term monsoon dynamics in the southern Indian Ocean and Global
South are not well constrained due to a lack of observational data. Paleoclimate records generated from archives
like speleothems can help us fill gaps in our understanding. Here we use a speleothem record from Madagascar
to test whether north-south shifts in the tropical rain belt or west-east changes in Indian Ocean temperatures are
more important for precipitation in tropical East Africa. We find that ocean temperature gradients are the most
important control on precipitation at our study site during previous instances of abrupt climate change linked to
variability in the strength of North Atlantic ocean circulation. This work has important implications for how we
think about the future of the tropical Indian Ocean sector in a changing climate.

1. Introduction

Due to a paucity of instrumental and paleoclimate records, the Indian Ocean is one of the least understood ocean
basins, yet it is warming at a rate faster than other tropical oceanic regions (Roxy et al., 2014). Over the next
few hundred years, the Intertropical Convergence Zone (ITCZ) over the Indian Ocean is projected to shift north
(Mamalakis et al., 2021) and Indian Ocean Dipole (IOD) events are predicted to become more extreme (Cai
et al., 2014), both of which will have profound effects on regional hydroclimate. With many people living in this
region depending on rain-fed subsistence agriculture, it is increasingly important to understand the long-term
drivers of regional precipitation and therefore make accurate future predictions.

Natural archives of past climates offer a wealth of information about how the Earth system responds to perturba-
tion over various timescales. Speleothems, calcium carbonate cave deposits such as stalagmites and flowstones,
are paleoclimate archives that record past hydroclimate variability at high temporal resolution in their oxygen and
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carbon stable isotope ratios as well as trace metal (i.e., Mg, Sr, Ba, U) concentrations (Fairchild & Treble, 2009;
Lachniet, 2009; McDermott, 2004). One of the key benefits of speleothems is that they can be precisely and
accurately dated using uranium-thorium (U-Th) geochronology, an absolute dating method that takes advantage
of U-series disequilibrium in carbonate precipitates.

Speleothem records in opposite hemispheres tend to show an anti-phasing in precipitation intensity over millennial
timescales that is strongly correlated with interhemispheric temperature gradients (McGee et al., 2014; Mohtadi
et al., 2016; T. Schneider et al., 2014). Particularly notable are the many tropical records showing pronounced
changes through abrupt North Atlantic warming (e.g., Dansgaard-Oeschger) and cooling (e.g., Heinrich) events
during the last glacial period and the most recent deglaciation (Cheng et al., 2012; Kanner et al., 2012). For
instance, through the Dansgaard-Oeschger (D-O) events of MIS 3, speleothem 8'0 from Hulu Cave in China
and Paraiso Cave in Brazil are almost perfectly in anti-phase (Wang et al., 2017). This anti-phase behavior is also
remarkably pronounced between sites in tropical Brazil and East Asia during Heinrich stadials (Wang et al., 2004).
Such findings have led to the prevalence of the concept of the Global Paleomonsoon (Cheng et al., 2012) in which
meridional (i.e., north-south) shifts in the ITCZ are the cause for this precipitation anti-phasing.

In contrast, there is mounting evidence for a zonal (i.e., east-west) mechanism operating in the Indian Ocean
over nearly all timescales beyond the annual seasonal cycle (see Section 2.2). The Indian Ocean Dipole (IOD) is
known to dominate interannual hydroclimate variability across the basin (Saji et al., 1999). Over multidecadal
timescales, there is observational, proxy, and model evidence for low frequency zonal variability in the tropical
Indian Ocean (Tierney et al., 2013; Ummenhofer et al., 2017). While meridional ITCZ shifts would result in
anti-phased behavior between hemispheres with more rainfall in the warmer hemisphere, a zonal mechanism
instead predicts hemispherically in-phase hydroclimate variability linked to zonal tropical sea surface temper-
ature (SST) gradients. Speleothem reconstructions of the Common Era from Oman and Madagascar (in oppo-
site hemispheres of the western Indian Ocean) show coherent centennial-scale hydroclimate variability which
suggests the possibility of a zonal mechanism over these timescales (Scroxton et al., 2017). On orbital timescales,
there is evidence Northern Hemisphere summer insolation drives changes in the reconstructed W-E tropical
Indian Ocean gradient with notable effects on East African rainfall (Johnson et al., 2016).

Although a zonal mechanism is prominent in driving tropical Indian Ocean variability over interannual, multidec-
adal, and perhaps even centennial and orbital timescales, it remains unclear whether meridional ITCZ shifts
or zonal mechanisms dominate over millennial timescales. Previous studies have disagreed on the drivers of
millennial-scale hydroclimate variability in East Africa, with some seeing regional changes as reflecting global
meridional ITCZ shifts (Johnson et al., 2002; Mohtadi et al., 2014), while others have emphasized more local
control by Indian Ocean SSTs (Niedermeyer et al., 2014; Stager et al., 2011; Tierney et al., 2008; Weldeab
et al., 2014) or a combination of both (Scroxton et al., 2019). Others posit that the ITCZ expands and contracts
rather than shifts latitudinally (Collins et al., 2011). Additionally, the location of the Congo Air Boundary can affect
the amount of moisture transport from the Indian Ocean to East Africa's monsoon regions (Tierney et al., 2011).

Northern Madagascar sits under the climatological ITCZ position in December, January, and February (DJF) and
is affected by interannual Indian Ocean zonal variability, making it an ideal study site for exploring the nature
of millennial-scale hydroclimate variability in East Africa. Like many areas of the Global South, Madagascar is
relatively under-sampled and its climate history largely unresolved through the last glacial period and deglacia-
tion. Exceptions include a speleothem record from Tsimanampesotse in Madagascar's arid southwest (Scroxton
et al., 2019), diatom records from Lake Tritrivakely (Gasse & Van Campo, 1998) and Lake Maudit (Teixeira
et al., 2021), and a runoff record northwest of the island (Ma et al., 2021). There are also radiocarbon-dated
pre-Holocene subfossils, some of which have been analyzed for 8'*C and 85N to reconstruct diet and habitat
moisture (Crowley, 2010; Crowley et al., 2021; Godfrey et al., 2016; Hixon et al., 2021; Samonds et al., 2019),
though they are also spatially limited.

Here, we reconstruct glacial and deglacial tropical Indian Ocean hydroclimate using AB12, a new speleo-
them record from Anjohibe (“big cave” in Malagasy) in northwest Madagascar, with the goal of understanding
millennial-scale drivers of tropical Indian Ocean hydroclimate variability. We begin with an overview of Mada-
gascar's modern hydroclimate (Section 2) and a description of speleothem proxy systems (Section 3), followed
by an overview of the methods used (Section 4), age model and proxy results (Section 5), and a discussion
comparing the new record with others from the region as well as further discussion regarding the underlying
dynamics driving millennial-scale hydroclimate variability (Section 6).
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Figure 1. Mean DJF precipitation over the Indian Ocean from the Tropical Rainfall Measuring Mission (TRMM)
(Kummerow et al., 1998). Yellow contour represents the 4 mm/day isohyet which has been used in previous work to
designate the boundary of the Indian Ocean tropical rain belt (Li et al., 2020). The red circle indicates the location of
Anjohibe (this study), and green circles indicate the location of hydroclimate records discussed in this paper. (1): Moomi
Cave (Shakun et al., 2007). (2): Gulf of Aden (Tierney & DeMenocal, 2013). (3): Lake Rutundu (Garelick et al., 2021). (4):
Lake Tanganyika (Tierney et al., 2008). (5): Lake Maudit (Teixeira et al., 2021). (6): Anjohibe (this study). (7): Mitoho Cave
(Scroxton et al., 2019).

2. Contemporary Hydroclimate
2.1. Seasonal Variability

Anjohibe is located in northwest Madagascar (15.54°S, 46.89°E, 131 masl), a region featuring a tropical savanna
climate (Aw Koppen classification) with highly seasonal precipitation. From observations in Mahajanga, a city
73 km southwest of Anjohibe, the wet season peaks during austral summer and makes up 85% of the mean annual
total (Scroxton et al., 2017; Voarintsoa et al., 2021). This region is dominated by Madagascar's northwestern
monsoon which is largely driven by northwesterly winds advecting moisture to the island from the tropical
western Indian Ocean due to the sensible heating of Madagascar's land surface (Jury, 2016). The ITCZ is located
over northern Madagascar during austral summer (Jury et al., 1995) as indicated by outgoing longwave radiation
(OLR) minima (Burns et al., 2022), making Anjohibe an ideal study site for reconstructing past changes in the
local monsoon and ITCZ over the southwest Indian Ocean (Figure 1). In austral winter, dry conditions prevail
at Anjohibe due to the rain shadow cast by Madagascar's central mountains blocking prevailing easterlies and
causing orographic rainfall along the island's eastern coast (Scroxton et al., 2017).

2.2. Interannual Variability

Although meridional ITCZ shifts dominate the seasonal cycle of precipitation at Anjohibe, there are other modes
of variability that can affect local hydroclimate at interannual timescales. The Indian Ocean Dipole (IOD) is a
mode of coupled atmosphere-ocean variability corresponding to changes in the zonal tropical Indian Ocean SST
gradient and surface winds with notable effects on tropical hydroclimate across the basin (Saji et al., 1999). The
10D peaks in austral spring during September, October, and November (SON) when southeasterly winds in the
eastern Indian Ocean drive upwelling along the Javan and Sumatran coasts (Abram, Hargreaves, et al., 2020;
Abram, Wright, et al., 2020). Much like the El Nifio Southern Oscillation (ENSO), eastern upwelling is capable
of spurring ocean-atmosphere coupling via the Bjerknes feedback which modulates the strength of the basin-
wide Walker circulation (X. Wang & Wang, 2014). This also causes deviations from the climatological SST
gradient, which tends to be warmer in the east within the Indo-Pacific Warm Pool and cooler in the west near
the Seychelles—Chagos Thermocline Ridge. A positive IOD (pIOD) event is associated with a weakening of the
climatological zonal SST gradient due to enhanced eastern upwelling which results in warmer SSTs, enhanced
moisture convergence, and increased precipitation across the western Indian Ocean and East Africa (Ummenhofer
et al., 2009). The opposite is true for negative IOD (nIOD) events, which are characterized by a strengthening of
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the climatological zonal SST gradient and Indian Ocean Walker circulation. While previous work has explored
the influence of ENSO on Madagascar's arid southwest (Randriamahefasoa & Reason, 2017), the effects of
ENSO and IOD variability on precipitation over northern Madagascar have not yet been explored in much detail.

To explore the relationship between precipitation at Anjohibe and modes of tropical interannual climate variabil-
ity, gridded precipitation data from the Global Precipitation Climatology Centre (GPCC, 0.25°) were correlated
with the Optimum Interpolation Sea Surface Temperature (OISST, 0.25°) data set. All data were pre-processed by
removing seasonality and long-term trends. The GPCC cell closest to Anjohibe as well as the eight adjacent cells
were averaged using a queens contiguity distance-weighted method (see Diem et al., 2019). This method results
in data primarily reflecting rainfall in the grid cell containing the Mahajanga rain gauge station, the city closest to
Anjohibe, with some influence from other rain gauge stations in the region. The resulting Anjohibe precipitation
time series was then correlated with Indian Ocean SST seasonal means. For determining the significance of these
correlations as well as the rest shown in this paper, a nonparametric isospectral method implemented in Pyleoclim
was used to account for reduced degrees of freedom in autocorrelated data (Ebisuzaki, 1997; Khider et al., 2022).

Correlations between Indian Ocean SSTs in SON and Anjohibe precipitation in SON reveal a statistically signifi-
cant relationship between the zonal SST variability characteristic of Indian Ocean Dipole events and precipitation
amount at Anjohibe at the onset of the austral summer rainy season (Figure 2a). Increased (decreased) precipita-
tion at Anjohibe is highly correlated with warmer (cooler) SSTs in the western Indian Ocean and cooler (warmer)
SSTs in the eastern Indian Ocean, a pattern reminiscent of plOD (nIOD) events. Remarkably, Anjohibe precipita-
tion shows a greater correlation with the eastern region (p = —0.431, p = 0.011) and DMI (p = 0.381, p = 0.001)
than with the more proximal western region (p = 0.264, p = 0.055). Altogether, these findings indicate that the
Indian Ocean zonal SST gradient and the eastern upwelling zone are more important controls on interannual
hydroclimate variability at our study site rather than local SSTs alone.

While there is a relationship between site-specific precipitation and the W-E SST gradient in SON, it is impor-
tant to note that shoulder season precipitation is a small percentage of the annual total. However, the impact of
the seasonally locked IOD may extend into the subsequent DJF rainy season at Anjohibe, more likely by sea
surface temperature changes rather than atmospheric circulation changes. A seasonal composite analysis shows
that years with positive IOD events tend to have greater SON and DJF precipitation than years with negative IOD
events (Figure S4 in Supporting Information S1). It is also worth noting that only some of the SST grid cells of
highest correlation in the western Indian Ocean are located within the classic western IOD region, with some of
the highest correlated cells further south. This suggests more proximal sea surface temperatures play a role in
precipitation variability at Anjohibe in addition to basin-wide dynamics (Figure 2a).

There is strong evidence for coupled IOD and ENSO variability throughout much of the last millennium (Abram,
Wright, et al., 2020). ENSO affects the tropics and subtropics differently in the western Indian Ocean region,
with tropical regions receiving more rain and subtropical regions receiving less rain during El Nifio years (and
the opposite for La Nifia years) (Zhang et al., 2015). Southwest Madagascan hydroclimate is impacted by ENSO
and mirrors the subtropical south African response where El Nifio years are drier and La Nifia years are wetter
(Cook, 2000; Randriamahefasoa & Reason, 2017). However, there is no significant correlation between Anjohibe
precipitation and the Nifio 3.4 index in SON (p = 0.002, p = 0.607) or DJF (p = 0.019, p = 0.923), suggesting
that internal Indian Ocean variability related to the IOD is more important for Anjohibe precipitation than the
pantropical inter-basin interactions characteristic of ENSO variability. This is in agreement with model evidence
for multidecadal internal Indian Ocean variability controlling East African rainfall (Tierney et al., 2013).

Although the underlying dynamics require further investigation, the IOD plays a role in driving NW Madagas-
car's interannual hydroclimate variability. With the southern migration of the ITCZ bringing the annual rainy
season, and zonal Indian Ocean SSTs gradients affecting interannual precipitation variability, it remains unclear
whether meridional or zonal processes dominate Anjohibe's hydroclimate variability over longer timescales.

3. Speleothem Proxies
3.1. Oxygen Isotopes

Measuring and modeling isotopes in modern precipitation is important for understanding the drivers of 580
variability in proxy reconstructions. A recent study using the Experimental Climate Prediction Center's
Isotope-incorporated Global Spectral Model (IsoGSM) found a strong inverse correlation between DJF §'80 and
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Figure 2. Correlations between Indian Ocean SSTs and site-specific precipitation at Anjohibe, northwest Madagascar. (a) SON-mean precipitation anomalies over
Anjohibe correlated with SON-mean Indian Ocean SST anomalies from 1982 to 2020. Anjohibe's location is shown as a green dot. Red indicates a positive correlation,
and blue a negative correlation. The Spearman correlation statistic (p) was used to account for precipitation's non-normal distribution. Areas within the black contours
are significant at the 95% confidence level based on a nonparametric isospectral method accounting for autocorrelation (Ebisuzaki, 1997; Khider et al., 2022). The black
dashed boxes represent the regions used to calculate the Dipole Mode Index (DMI) (western: 50-70°E, 10°N-10°S; eastern: 90-110°E, 0-10°S) (Saji et al., 1999).
(b)—(d): Scatterplots of Anjohibe precipitation in SON versus western Indian Ocean SSTs in SON (b), eastern Indian Ocean SSTs in SON (c), the Dipole Mode Index
(DMI), the difference between the western and eastern Indian Ocean regions in SON (d). The solid black lines represent the lines of best fit, and gray shading represents
the 95% confidence intervals based on 1,000 bootstrapped resamples. Note: the IOD is known to peak in SON. SST data are from OISST, and site-specific precipitation
data are from GPCC.

precipitation amount over northwest Madagascar and the surrounding region (Duan et al., 2021). This phenom-
enon is known as the amount effect, which is the preferential depletion of heavier precipitation isotopes with
increasing rainout. The amount effect in interannual DJF §'80 is also observed in Antananarivo as well as Rodri-
gues and Mauritius based on the Global Network of Isotopes in Precipitation (Li et al., 2020), suggesting that
this process is dominant across the tropical southwest Indian Ocean. While source changes can influence 8'30 in
other tropical regions, such as the Maritime Continent (Atwood et al., 2021), NW Madagascar's summer rainfall
is sourced almost exclusively from the equatorial western Indian Ocean (Scroxton et al., 2017). For these reasons,
we interpret Anjohibe 8'®0 records to reflect precipitation amount and the strength of the regional summer
monsoon. Recent cave monitoring work further supports the viability of using speleothem §'80 at Anjohibe for
monsoon reconstructions (Voarintsoa et al., 2021), though additional measurements of precipitation isotopes
through multiple annual cycles would help support this interpretation.
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3.2. Carbon Isotopes

The carbon isotopic composition of speleothem calcite depends on the initial §'3C of multiple carbon sources
(McDermott, 2004) as well as the degree of CO, degassing in the epikarst (Johnson et al., 2006). Carbon in cave
waters reflects contributions from atmospheric CO,, respired CO, in soils, and CO, from bedrock dissolution
(McDermott, 2004). As detailed in a previous paper on a speleothem reconstruction from Anjohibe, plant root
respired CO, is likely the greatest contributor to §'3C variability at this site (Burns et al., 2016). Depending on
the photosynthetic pathway used, different plant types will generate distinct 8'3C signals recorded in speleothems.
C, plant 8'3C values are about 8—10 permil more enriched compared to C, plant §'*C (McDermott, 2004). Spele-
othem &'3C can also be influenced by the strong Rayleigh fractionation effects of CO, degassing from solution
before reaching a drip site (Fairchild et al., 2006). The lighter '2C preferentially degasses, leading to enrichment
of 13C and an increase in §'3C of the host solution. Arid conditions reduce the amount of water flowing through
the vadose zone which aerates the aquifer and allows greater degassing, altogether increasing §'3C (Fairchild
et al., 2006; Fairchild & Treble, 2009).

Though plant coverage as well as degassing can drive changes in §'3C their combined effect is often confounded
by the fact that they tend to drive §'3C in the same direction under similar hydroclimatic conditions. For instance,
drier conditions might result in reduced microbial and root respiration in the soil and enhanced degassing, both
of which increase §'*C. For this reason, a multiproxy approach using speleothem trace elements alongside §'3C
is often beneficial in confirming paleoclimatic and paleoenvironmental proxy interpretations.

3.3. Trace Elements

Trace elements in speleothems such as Mg, Sr, and U can act as proxies for local water balance because they are
preferentially excluded from the calcite lattice during precipitation. As a result, increased prior calcite precip-
itation (PCP) results in higher X/Ca in speleothem source waters, where “X” here refers to Mg, Sr, or other
elements with distribution coefficients relative to calcium that are less than 1 (Day & Henderson, 2013). With
PCP increasing under more arid conditions, speleothem X/Ca ratios can act as a proxy for local paleo-aridity.
While Mg/Ca and Sr/Ca tend to be in good agreement due to the effects of PCP, U/Ca ratios often show trends
opposite those seen in Mg/Ca and St/Ca (Asmerom et al., 2020). This is attributed to processes besides PCP, such
as the formation of mobile uranyl-phosphate complexes (Treble et al., 2003), U scavenging onto mineral surfaces
during PCP (Johnson et al., 2006), and prior aragonite precipitation (PAP) (Jamieson et al., 2016). It is worth
noting that calcite and aragonite have distinct trace element distribution coefficients due to differences in cation
site sizes (Finch et al., 2001).

Recent cave monitoring work at Anjohibe spanning almost 2 years reveals that with decreasing drip water Ca,
Mg/Ca and Sr/Ca increases, a trend indicative of PCP (Voarintsoa et al., 2021). This study also found that drip
water Mg/Ca and Sr/Ca decrease after the peak of the DJF rainy season with up to a one season delay due to the
“epikarst storage effect” (Voarintsoa et al., 2021). Additional monitoring work analyzing drip water U/Ca could
shed light on the drivers of this less understood proxy system. These preliminary findings demonstrate the viabil-
ity of using trace elements proxies at Anjohibe for climate reconstruction. With other non-climatic processes also
having an effect on trace element to calcium ratios, it is important to check whether these trace element proxies
agree with one another as well as with stable isotope proxies to verify whether they are recording climatic and
environmental signals.

4. Materials and Methods
4.1. Sample Collection

AB12 is a 1.7m-long calcite stalagmite collected from the main chamber of Anjohibe in 2019. It was broken into
four pieces to assist in transport from the study site. These pieces were each cut lengthwise and polished prior to
sub-sampling for U-Th dating, stable isotope analysis, and trace element analysis.

4.2. U-Th Geochronology

Thirty samples weighing ~200 mg were drilled from AB12 with a vertical mill. Once the powders were dissolved
and spiked with a ??Th-233U-2%¢U tracer, U and Th were isolated by Fe-coprecipitation and purified with
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ion-exchange chromatography using columns containing AG1-X8 resin following (Edwards et al., 1987). The
subsequent fractions were analyzed alongside a total procedural blank using a Nu Plasma II-ES MC-ICP-MS
at MIT with the methods detailed in a prior study on a speleothem from Anjohibe (Burns et al., 2016). An
initial 2%°Th/?3?Th ratio of 17 + 8.5 X 107 was used based on a prior isochron analysis (Burns et al., 2016).
The 2*°Th and 2**U half-lives from Cheng et al. (2013) and the 23¥U half-life from Jaffey et al. (1971) were used
in age calculations. COPRA (Breitenbach et al., 2012) was used to build an age model and develop proxy-age
relationships by using a Monte Carlo approach.

4.3. Stable Isotope Analysis

The stable oxygen and carbon isotope ratio measurements were performed at the University of Massachusetts.
Subsamples were microdrilled from a cut and polished slab at a 2 mm resolution along the central growth axis of
the stalagmite (n = 866). The samples were analyzed in an on-line carbonate preparation system, GasBench II,
linked to a Thermo Scientific Delta V ratio mass spectrometer. Results are reported as the permil (%o) difference
between sample and the Vienna Pee Dee Belemnite (VPDB) standard in delta notation where §'%0 = (R
R ngara — 1) X 1,000, and R is the ratio of the minor to the major isotope. Reproducibility of standard materials
is 0.08%o for 8'30 and 0.05%o for §'°C.

sample/

For the comparison between AB12 8'%0 and the 8'80 from Anjohibe Common Era records discussed in
Section 6.1, calcite 80 was converted to precipitation 8'%0 based on the known temperature dependence of
oxygen isotope fractionation during calcite formation (Tremaine et al., 2011). Six records from Anjohibe span-
ning parts of the Common Era were used: AB2, AB3, MA2, MA3, ANJB-2, and ANJ94-5 (Burns et al., 2016;
Scroxton et al., 2017; Voarintsoa, Railsback, et al., 2017; Voarintsoa, Wang, et al., 2017; Wang et al., 2019).
Monitoring work at Anjohibe found a modern mean cave temperature of 25.0°C (Voarintsoa et al., 2021). Using
the Last Glacial Maximum Reanalysis (LGMR), the LGM was 3.7°C cooler than the Common Era which resulted
in a mean local temperature of 21.3°C (Osman et al., 2021). After using these temperatures to calculate precipi-
tation 8'80 and converting to VSMOW, the glacial record was corrected by 1.1 permil to account for the effect of
ice volume on seawater 8'30 (Schrag et al., 2002). The same methods to correct speleothem calcite §'30 for ice
volume and temperature effects and convert to precipitation 8'%0 have been used in previous work (Comas-Bru
et al., 2019; Osman et al., 2021; Tierney et al., 2020).

4.4. Trace Element Analysis

The powders remaining after stable isotope analysis were down-sampled to an 8 mm resolution (i.e., one out
of every four of the stable isotope samples) and dissolved in 2% nitric acid. These samples were analyzed on
an Agilent 7900 ICP-MS at MIT for Mg, Sr, U, and Ca and calibrated using a multi-element standard with
similar elemental ratios at variable concentrations. Samples with excess powder were run in replicate to ensure
measurement reproducibility. Standards were run every 10 samples to check signal stability through the course
of each run. Samples were identified as outliers using Tukey's outlier criterion (i.e., falling above the third
quartile 1.5X the interquartile range or below the first quartile —1.5X the interquartile range). Outliers might
be attributed to a lack of instrumental signal and/or sampling of small zones of aragonite within the sample
(Figure S1 in Supporting Information S1). All replicates including outliers (n = 72) show a 7.76%, 19.75%,
and 6.89% reproducibility for Mg/Ca, St/Ca, and U/Ca. Non-outlier replicates (n = 54) better reflect the data
used later on in this paper and show an improved reproducibility of 1.67%, 1.55%, and 3.53% for Mg/Ca, Sr/
Ca, and U/Ca.

4.5. Event Timing

Millennial-scale event timing was based on the INTIMATE event stratigraphy for Heinrich Stadial 1 (HS-1,
17.5-14.7 ka), the Bglling Oscillation (14.7-14.1 ka), the Allergd Oscillation (14.1-12.9 ka) (together, the B-A),
and the Younger Dryas (YD, 12.9-11.7 ka) (Rasmussen et al., 2014). Heinrich Stadial 2 (HS-2) timing is not as
well constrained as HS-1, though there is evidence from Greenland dust records it occurred in two distinct pulses
26-25.1 and 24.1-23.4 ka (Rasmussen et al., 2014). This is further supported by a compilation of North Atlantic
SST records (Heath et al., 2018). HS-2 was also divided into two events in a recent paper on sedimentary runoff
records from the Mozambique Channel northwest of Madagascar (Ma et al., 2021).
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Figure 3. Age-depth relationship for speleothem AB12 based on Monte-Carlo modeling of U-Th ages. The median age is
shown as a dashed black line, and the 95% confidence interval is shown in light purple. Ages used for the model are shown
in black, outliers are shown in red. Error bars on these points represent the 26 uncertainties for each age determination. One
thousand Monte-Carlo simulations were run in COPRA to generate median ages and confidence intervals (Breitenbach

et al., 2012). A photograph of AB12 is shown to the right of the plot.

5. Results
5.1. Age Model

AB12 appears to have grown continually and with minimal changes in growth rate over 12,000 years of the
last glacial period and deglaciation, including HS-2, the LGM, HS-1, and the onset of the B-A (Figure 3). The
oldest and youngest U-Th age determinations for sample AB12 are 26,486 + 133 years before present (yr BP)
and 14,260 + 75 yr BP, respectively. With 2c errors in U-Th ages averaging 125 years through the record, AB12
provides tight age constraints on millennial-scale climate variability during the last glacial period and deglacia-
tion. There are no obvious hiatuses across growth axis changes or other parts of the sample. While most of AB12's
crystal fabric is continuous and dense, some parts were rather porous. High porosity can indicate dissolution and
recrystallization which can result in spurious age determinations (Bajo et al., 2016). For this reason, these areas
were avoided in the drilling process where possible. Three of the 30 dates were not included because they were
too old for their stratigraphic position, and one was excluded because it was too young (Figure 3). The old outli-
ers were drilled from areas with high porosity, which suggests that they could have been affected by diagenetic
U-loss. U-loss due to post-depositional dissolution and open-system behavior can result in anomalously old U-Th
determinations (Bajo et al., 2016). The anomalously old outliers were resampled from less-porous layers and
reanalyzed which resulted in better stratigraphic agreement (Figure 3).

5.2. Stable Isotope Proxies

Based on the COPRA-derived age model, the temporal resolution of the §'80 and 8'3C records averages 14 years
with a range of 5-30 years. Speleothem 880 varies between —6.77 and —2.95%o and averages —4.67%o, with the
highest sustained values between 15 and 18 ka (Figure 4). Speleothem 8'3C varies between —10.65 and —5.13%o
and averages —9.07%o. 8'30 and §'3C are strongly correlated (r = 0.55, p < 0.001). Though the §'80 and §'3C
records have many features in common, §'3C appears to have more pronounced variability than §'80 over centen-
nial and millennial time scales.
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Figure 4. AB12 oxygen (top) and carbon (bottom) stable isotope proxy time series. VPDB = the Vienna Pee Dee Belemnite standard. Black dots above the §'0 curve
represent U-Th ages and their associated 2 errors. Gray and red shading indicates cold and warm NH intervals, respectively.

5.3. Trace Metal Proxies

Trace metals were sampled at lower resolution than stable isotope measurements, resulting in a ~60 years average
resolution. Some of the extreme St/Ca and U/Ca values were excluded as outliers based on thresholds determined
by Tukey's criterion (see Materials and Methods) (Figure S1 in Supporting Information S1). The Sr/Ca and U/
Ca data in the Figure S2 in Supporting Information S1 scatterplots and Figure 5 time series have these outliers
removed. Most of these outliers in Sr/Ca and U/Ca are located near the top of AB12. Though the cause of these
heightened values remains unknown, it is possible that mm-scale shifts to aragonite increased Sr/Ca and U/Ca
because of the high compatibility of Sr and U in aragonite compared to calcite.

Mg/Ca versus Sr/Ca have a positive correlation, while U/Ca versus Mg/Ca and U/Ca versus Sr/Ca both have
negative correlations. Mg/Ca and Sr/Ca show a statistically significant correlation at the p = 0.05 level after
outlier removal (Figure S2 in Supporting Information S1). Although the U/Ca versus Mg/Ca relationship is
significant, the U/Ca versus Sr/Ca relationship is not. Correlations with oxygen and carbon stable isotope proxies
are also all significant beyond the p = 0.05 level. §'3C and 8'%0 are both positively correlated with Mg/Ca and
Sr/Ca, and negatively correlated with U/Ca. There is a particularly strong relationship between 8'*C and Mg/Ca.
The 8'3C-trace metal correlations are overall stronger than those with §'%0.

The slope of the line of best fit between In(St/Ca) and In(Mg/Ca) is diagnostic of PCP activity based on a model
of PCP's influence on drip water and speleothem trace metal concentrations (Wassenburg et al., 2020). Accord-
ing to this model, In(St/Ca) versus In(Mg/Ca) slopes between 0.709 and 1.45 are indicative of PCP. AB12 In(St/
Ca) versus In(Mg/Ca) has a slope of 0.575, which is slightly shallower than what is predicted for PCP. This
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suggests the influence of calcite recrystallization in combination with PCP in driving changes to Mg/Ca and Sr/
Ca (Wassenburg et al., 2020).

Strongly positive correlations between Mg/Ca and Sr/Ca with 8'3C would suggest the influence of PCP-related
degassing on 8'3C, as detailed in previous work (Johnson et al., 2006). While it is clear that §'*C and trace metal
ratios are in agreement with respect to the large changes reconstructed, approximately half of the variance in §'3C
remains unexplained by PCP-sensitive trace element ratios. It is probable that §'3C is also driven by changes in
soil respiration rates.

The U/Ca record is most likely driven by the effects of U scavenging onto mineral surfaces during PCP rather
than PAP (Johnson et al., 2006). If PAP were occurring at Anjohibe, we would expect to find less of a relation-
ship between Sr/Ca and U/Ca because Sr has a distribution coefficient of ~1 in aragonite and would therefore be
relatively unaffected by increasing aragonite precipitation (Fairchild & Treble, 2009).

The AB12 proxy time series show a general agreement in millennial-scale variability as well as some agreement
in centennial-scale variability (Figure 5). One notable feature is the coherent, punctuated shift to higher values
16-17 ka in 8'3C and trace metal ratios which coincides with a maximum in 8'80 values. The 'O record
overall has more muted variability in comparison to §'*C and the trace metal records. It is worth noting that the
abundance of trace metal outliers around 15 ka results in a lack of data there which makes this part of the record
difficult to interpret from trace metals alone.

6. Discussion
6.1. The Last Glacial Period Compared to the Common Era

After correcting for temperature and ice volume effects and converting to precipitation 8'30, §'%0 from the Last
Glacial Period (27-19 ka) is more depleted than §'®0 from Common Era (2 ka-present) records at Anjohibe
(Figure S5 in Supporting Information S1). The difference in the medians of these populations is 1.43%o, and they
are significantly distinct (p < 0.001 for both a t-test and Kolmogorov-Smirnov test). The depleted 8'%0 during the
Last Glacial Period might signal wetter conditions and a stronger monsoon at Anjohibe compared to present-day
conditions. Simulations under LGM boundary conditions support this claim, showing greater western Indian
Ocean precipitation and reduced eastern Indian Ocean precipitation compared to preindustrial runs (DiNezio
et al., 2018; Thirumalai et al., 2019). This pattern is likely due to sea level effects associated with Sunda and
Sahul Shelf exposure in the Maritime Continent region (DiNezio et al., 2018). Future work examining influences
on precipitation isotopes under LGM boundary conditions will be required to better understand the relationship
between depleted precipitation §'80 values and NW Madagascar precipitation during the Last Glacial Period.

6.2. Interpreting Millennial-Scale Variability

AB12 580 shows relatively unchanging conditions from the start of the record to ~18 ka, suggesting a stable
monsoon regime with minor fluctuations during much of the period 27-18 ka (Figure 5). A slight §'30 increase
~25-26 ka suggests moderately dry conditions through the first HS-2 pulse, though these conditions don't exceed
the range of glacial hydroclimate variability. AB12 §'80 decreases at the peak of the LGM ~21 ka, signaling
moderately wet conditions. At the start of HS-1 ~18 ka, 8'30 values begin increasing until they reach a maximum
~16 ka, indicating a shift to drier conditions. After this interval of maximum 8'30 and aridity during the stadial,
8'30 begins to decrease slowly until the start of the B-A ~14.7 ka when 8'30 sharply decreases, marking a punc-
tuated shift to wetter conditions consistent with the onset of wetter conditions throughout eastern and northern
tropical Africa (Otto-Bliesner et al., 2014). Finally, §'80 sharply increases and growth stops at the end of the
Bolling Oscillation. Overall, the 8'80 hydroclimate record shows stable conditions during the latter part of the
last glacial period with the possible exception of a drier HS-2, drier conditions over HS-1, and an abrupt shift to
wetter conditions at the onset of the B-A.

8'3C and trace elements similarly feature a shift to dry conditions 25.5ka, coinciding with the first pulse of HS-2
(Figure 5). A wet LGM at ~21ka and a dry HS-1 starting ~18 ka are also supported by 5'3C and trace elements,
with the wettest parts of these records often occurring during the LGM and the driest parts of these records
occurring during HS-1 (Figure 5). While 5'80 appears to respond to the broader Greenland stadial, §'*C and
trace metals indicate a shorter-lived dry period at 16.0-16.5 ka. This shift to dry conditions is in good agreement
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with Heinrich Event 1.1 occurring 15.5-17.1 ka spurred by massive discharge of the Laurentide Ice Sheet as
evidenced by a substantial increase in North Atlantic ice-rafted debris (IRD) (Hodell et al., 2017). Heinrich Event
1.1 was found to correspond to drier conditions recorded in speleothems from southwest Madagascar and the
Southeast Asian Monsoon domain, and wetter conditions in the South American Monsoon domain (Scroxton
etal., 2019; Strikis et al., 2015; Wu et al., 2009). This timing is also consistent with the timing of Heinrich-related
880 changes in the Hulu record (Wang et al., 2001). Though both Sr/Ca and U/Ca show an initial shift to drier
conditions coeval with the onset of this event, the Sr/Ca and U/Ca records are lacking in non-outlier data points
that might signal a recovery from Heinrich Event 1.1.

The 830, §!3C, and U/Ca records show an abrupt shift to wetter conditions at the onset of the B-A. However, Mg/
Ca does not appear to support this interpretation. Sr/Ca might also signal disagreement with a wetter B-A, but this
is difficult to interpret given the record's lack of data points from the abundance of outliers through this interval.
In summary, most of the records presented here agree on a wetter B-A, though some of the trace element data
through this interval are an unresolved exception to the pattern suggested by §'30, §!*C, and U/Ca.

6.3. Comparison With Other Sites From the Region

When comparing our record with others, we use 8'30 because it is a tracer of regional monsoon strength. §'3C
and trace metals record local water availability which is correlated with regional monsoon strength, but with
greater variability than §'%0. At present there are not enough regional records with the centennial-scale resolution
necessary to compare to this variability, future work developing new records and monitoring drip water chemistry
will be required.

The deglacial millennial-scale hydroclimatic and environmental changes reconstructed in other records from
Madagascar and the western Indian Ocean region are in good agreement with those reconstructed in AB12
(Figure 6). A pollen record from Lake Maudit in northernmost Madagascar, a diatom assemblage from Lake
Tritrivakely in central Madagascar, and a speleothem record from Tsimanampesotse in southwest Madagascar
all feature drier conditions during Heinrich 1 and wetter conditions during the B-A (Gasse & Van Campo, 1998;
Scroxton et al., 2019; Teixeira et al., 2021). This suggests that millennial-scale hydroclimate variability was
coherent across much of Madagascar during the last deglaciation.

Additionally, there are multiple hydroclimate records from the tropical East African mainland that also show
close agreement with those from Madagascar during the deglaciation. Leaf wax 8D reconstructions from Lake
Malawi, Lake Tanganyika, and Lake Rutundu in the African Great Lakes region feature stability during the LGM,
shifts to drier conditions during HS-1, and a recovery during the B-A (Garelick et al., 2021; Konecky et al., 2011;
Tierney et al., 2008).

Paleoclimate modeling studies focusing on the tropical Indian Ocean and East Africa during the LGM and degla-
ciation show agreement with proxy reconstructions. A previous study using the Community Earth System Model
1.2 found an increase in SON and DJF precipitation over Madagascar and the western Indian Ocean during the
LGM compared to preindustrial simulations (DiNezio et al., 2018; Thirumalai et al., 2019). Additionally, a tran-
sient model of the deglaciation and Holocene (TRaCE) supports drier conditions during HS-1 and wetter condi-
tions during the B-A in southeast Africa (Otto-Bliesner et al., 2014). This broad agreement across proxy records
and models indicates that AB12 8'80 is representative of the tropical western Indian Ocean and East Africa,
which is consistent with results from an isotope-enabled model (Duan et al., 2021).

Surprisingly, this coherence is not restricted to the Southern Hemisphere, with a leaf wax 8D reconstruction
from the Gulf of Aden and a speleothem record from Socotra Island also showing a drier HS-1 and wetter B-A
(Figure 6) (Shakun et al., 2007; Tierney & DeMenocal, 2013). This coherence goes beyond the African conti-
nent, with same-sign millennial-scale variability observed in deglacial Indian Summer Monsoon and East Asian
Monsoon reconstructions (Tierney et al., 2016; Wang et al., 2001). This feature of widespread drought in the
Afro-Asian monsoon domain during HS-1 has been noted in previous work (Stager et al., 2011).

Though AB12 shows good agreement with many records from the Afro-Asian monsoon domain, there are incon-
sistencies with others from the region. Sedimentary runoff records from the northeastern Mozambique Channel
have been interpreted to reflect southern African monsoon strengthening during HS-1 (Ma et al., 2021). While
these records show marked agreement through some intervals, such as the Younger Dryas, only one out of three
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Figure 6. Comparison of western Indian Ocean hydroclimate records sorted by latitude. From top to bottom: Moomi Cave speleothem M1-5 §'%0, Socotra Island
(Shakun et al., 2007), Gulf of Aden core P178-15P leaf wax 8D (Tierney & DeMenocal, 2013), Lake Rutundu leaf-wax derived precipitation 8D (Garelick et al., 2021),
Lake Tanganyika cores NP04-KH04-3A-1K and NP04-KH04-4A-1K leaf wax 8D (Tierney et al., 2008), Lake Maudit pollen record, north Madagascar (Teixeira

et al., 2021), Anjohibe speleothem AB12 §'%0, northwest Madagascar (this study), Tsimanampesotse speleothem MT1 (dark red) and AD4 (light red) 530, southwest

Madagascar (Scroxton et al., 2019). Gray and red shading indicate cold and warm NH intervals, respectively.
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cores reconstruct a notably wetter HS-1. Additional work improving consensus among sedimentary archives from
this under-sampled region will be essential prior to cross-validation with other records.

Paleoclimate data suggests conditions in subtropical southern Africa were opposite those recorded in tropical East
Africa. A precipitation stack derived from South African pollen records reconstructs wetter conditions during
HS-1, which stands in contrast to AB12 and other tropical African records (Chevalier & Chase, 2015). Similarly,
a runoff record from the Zambezi basin suggests wetter conditions during HS-1 and drier conditions during the
B-A (Schefuf} et al., 2011). It is known that rainfall in tropical East Africa and subtropical southern Africa are
anti-correlated over interannual and decadal timescales due to ENSO and the IOD (Zhang et al., 2015). Earlier
work noted this phenomenon as well, finding negative correlations in OLR, SSTs, and rainfall between northern
Madagascar and southern Africa (Jury & Pathack, 1991). This is likely because southern African sites are influ-
enced by austral westerlies and southern air masses more than sites closer to the tropics (Weldeab et al., 2014).
The southern African rainfall dipole might explain some of the reconstructed differences between AB12 in north-
west Madagascar, which takes the tropical East African signal, and other African sites further south.

6.4. Millennial-Scale Mechanisms
6.4.1. The Role of Zonal Indian Ocean Variability

The interhemispheric temperature gradient drives changes in the global zonal-mean ITCZ position, which in
turn affects cross-equatorial atmospheric heat transport (Donohoe et al., 2013; McGee et al., 2014; T. Schneider
et al., 2014). During NH stadials, the NH is cooler relative to the SH, driving the ITCZ south and increasing
northward cross-equatorial atmospheric heat transport to compensate for hemispheric energy imbalance likely
spurred by a weakening Atlantic Meridional Overturning Circulation (AMOC) (McGee et al., 2014; McManus
et al., 2004; Otto-Bliesner et al., 2014; T. Schneider et al., 2014). The opposite is true for instances when the
NH is warm relative to the SH, such as the B-A, in which the ITCZ shifts north. It is surprising that the AB12
multiproxy record reconstructs drier conditions at Anjohibe during Heinrich Stadials 1 and 2 (i.e., a warmer SH
relative to NH) and wetter conditions during the Bglling—Allergd (i.e., a cooler SH relative to NH). This is the
opposite response to that expected from a meridional ITCZ shift into the warmer hemisphere. Furthermore, agree-
ment between many tropical East African hydroclimate records north and south of the equator through abrupt
millennial-scale changes during the deglaciation cannot be explained by interhemispheric ITCZ shifts alone,
which would result in an anti-phasing on either side of the equator rather than the coherence observed.

Here, we argue zonal SST gradients in the tropical Indian Ocean drive millennial-scale hydroclimate variabil-
ity in tropical East Africa. To calculate the tropical Indian Ocean zonal SST gradient, we use the Last Glacial
Maximum Reanalysis (LGMR), a product which integrates global SST records into the water isotope-enabled
Community Earth System Model versions 1.2 and 1.3 (Osman et al., 2021). See Figure 1 in Osman et al. (2021)
for details regarding the spatial and temporal distribution of SST records used as well as the proxies used
in each record. Prior to calculating the gradient, a 10ka highpass filter was applied to global SSTs to isolate
centennial-to-millennial scale variability. SSTs over the western and eastern IOD regions were then averaged and
subtracted to generate a gradient (region outlines shown in Figure 2). Uncertainties associated with LGMR SSTs
were added in quadrature to propagate errors through the calculation. Although a gradient calculated from proxies
alone shows the same timing and direction of change as a gradient calculated from the assimilated product, their
magnitudes are different (not shown), indicating a possible model bias which constitutes an important direction
for future research. It is also worth noting that the unfiltered LGMR-derived gradient shows a strong trend from
20 to 10 ka which closely tracks deglacial warming. It is unclear why AB12 §'30 does not show this deglacial
trend, but it is possible that AB12's growth termination before the end of the deglaciation precludes analysis of
these longer-term signals.

Variability in the tropical Indian Ocean zonal SST gradient coincides with instances of abrupt millennial-scale
variability during the last glacial period and deglaciation (Figure 7). HS-1 and the YD are associated with nega-
tive values (i.e., relatively warmer eastern SSTs), and the B-A is associated with positive values (i.e., relatively
warmer western SSTs). Remarkably, AB12 8'80 closely tracks the tropical Indian Ocean zonal SST gradient,
particularly through HS-1 and the B-A, with higher (lower) 8§'30 associated with lower (higher) values of the SST
gradient (Figures 7a and 7b). In other words, a stronger (weaker) southeast African monsoon is associated with
warmer (cooler) SSTs in the western Indian Ocean relative to the eastern Indian Ocean.
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Figure 7. Drivers of abrupt deglacial hydroclimate variability in northwest Madagascar. (a): AB12 8'30 record (this study). The black line shows the 12-point running
mean, and the gray line the raw data. (b): Zonal Indian Ocean SST gradient calculated from the Last Glacial Maximum Reanalysis (LGMR) (Osman et al., 2021). The
dark red line is the LGMR ensemble mean, and the darker and lighter shading represents 1 and 26 uncertainty, respectively. A 10 ka highpass filter was applied to
LGMR SSTs to isolate millennial-scale variability and remove long-term trends. See Figure S3 in Supporting Information S1 for the calculation of the gradient. (c):
North Atlantic 23'Pa/?**Th records, a proxy for AMOC strength. Dark and light blue curves indicate the McManus et al. (2004) and Bohm et al. (2015) 2*'Pa/>*°Th
records, respectively, and shading represents 26 uncertainty. Gray shading represents HS-1, HS-2, and the YD; red shading the B-A.

A correlation analysis similar to that of Figure 2 was performed using LGMR 8'30 of precipitation in NW Mada-
gascar and Indian Ocean SSTs (Figure S6 in Supporting Information S1). This correlation demonstrates that local
8180 values are significantly correlated with the tropical Indian Ocean zonal SST gradient further highlighting
these zonal relationships at the millennial scale. Additional support for a zonal mechanism during HS-1 comes
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from recent work using iTRACE, a transient, isotope-enabled model. During HS-1, iTRACE shows an east-west
dipole in SST anomalies, precipitation, and §'80 across the tropical Indian Ocean, all consistent with the findings
presented here (Du et al., 2023). The calculation of an Indian Ocean zonal gradient was similarly performed in a
previous study which hypothesized the importance of these gradients in influencing precipitation changes over
the Zambezi basin (Weldeab et al., 2014).

The connection between tropical SST gradients and East African hydroclimate is forged by the Indian Ocean
Walker circulation which is sensitive to zonal tropical SST gradients and thermocline depth via the Bjerknes
feedback (X. Wang & Wang, 2014). A synthesis of modeled and proxy thermocline depth reconstructions during
HS-1 show a shallower thermocline in the western Indian Ocean and a deeper thermocline in the eastern Indian
Ocean, a configuration favorable for the strengthening of the Indian Ocean Walker circulation (Du et al., 2023).
This would weaken vertical ascent and convection over East Africa, thereby reducing the strength of regional
monsoons. This ocean-atmosphere connection is also supported by evidence from the GFDL CM2.1 simulation
in which tropical Indian Ocean SSTs drive changes in the strength of the Walker circulation and East African
hydroclimate over multidecadal timescales independent of tropical Pacific SSTs (Tierney et al., 2013). Here we
hypothesize that this mechanism also extends to millennial timescales and offers an explanation for the coherent
interhemispheric hydroclimate variability reconstructed across tropical East Africa during the deglaciation.

The effects of variable Walker circulation strength on §'80 in the modern have been previously explored, lending
further support to the zonal hypothesis. An analysis of precipitation isotopes from a network of observations
revealed that global precipitation §'80 is sensitive to changes in the strength of the Indo-Pacific Walker circu-
lation (Falster et al., 2021). More locally, the modern IOD was found to drive changes in precipitation §'80
over East Africa in observations and an isotope-enabled model (ECHAM-4 AGCM) (Vuille et al., 2005). It is
plausible Indian Ocean Walker circulation strength influences precipitation amount locally, which would explain
the relationship between large-scale atmospheric circulation regimes and the 8'80 of regional precipitation over
Anjohibe and tropical East Africa. This is supported by a correlation between the §'80 of precipitation in NW
Madagascar and Indian Ocean SSTs in the LGMR (Figure S6 in Supporting Information S1).

6.4.2. High Latitude Teleconnections

Deglacial variability in the zonal SST gradient also closely tracks North Atlantic sedimentary 2*'Pa/?*°Th, a proxy
for AMOC strength (Figures 7b and 7c) (Bohm et al., 2015; McManus et al., 2004). Reduced AMOC strength
during HS-1 and the YD was synchronous with a cooler western Indian Ocean and warmer eastern Indian Ocean,
and strong Atlantic overturning during the B-A resulted in the opposite pattern (Figures 7b and 7c). Although the
LGMR does not cover both HS-2 pulses, the 2*'Pa/>Th records do, and they also might show reduced AMOC
strength synchronous with reduced monsoon intensity in NW Madagascar within marine sedimentary archive age
errors (Figures 7a and 7c). This suggests the strength of the tropical Indian Ocean SST gradient and southeast
African monsoon were tightly linked with North Atlantic conditions, particularly during the deglaciation.

While Walker Cell variability and ocean-atmosphere coupling offer a compelling explanation for the zonal structure
of millennial-scale phenomena in the Indian Ocean, the dynamics of North Atlantic-Indian Ocean teleconnection
over these timescales remains largely unknown. Why would abrupt millennial-scale events altering interhemispheric
temperature gradients result in east-west SST gradient changes in the Indian Ocean? Recent work hypothesizes that
a weakening of the SH Hadley circulation in response to warming of the SH during HS-1 weakens southeasterly
trades in the eastern Indian Ocean, reducing upwelling and driving warming (Du et al., 2023). A mechanism involv-
ing atmospheric teleconnections between the North Atlantic and Arabian Sea driving western Indian Ocean cooling
during HS-1 has also been proposed in previous work (Tierney et al., 2016). A different possibility is that Africa
cools more than the Indian Ocean which intensifies westerlies across the basin and strengthens the zonal SST gradi-
ent. Over interannual timescales, Plinean eruptions are capable of altering the Indian Ocean Walker circulation and
zonal SST gradient by changing land-sea temperature gradients between Africa and the Indian Ocean, resulting in
an nlOD-like state in simulations (Izumo et al., 2018). This leads to reduced rainfall over tropical East Africa similar
to what is reconstructed through HS-1. Though volcanism is an imperfect analog to Heinrich stadials, it is plausible
they might share a similar mechanism involving land-sea gradients between Africa and the Indian Ocean. Another
mechanism is AMOC's influence on Indo-Pacific climate variability via tropical South Atlantic warming, with
AMOC shutdown resulting in a La Nifia mean state (Orihuela-Pinto et al., 2022) which often leads to drier condi-
tions in East Africa (Ummenhofer et al., 2018). This is consistent with previous work which finds that the mean
state of Pacific multidecadal variability modulates Indian Ocean Dipole event phasing (Ummenhofer et al., 2017).
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6.4.3. Caveats to the Zonal Hypothesis

If millennial-scale changes in zonal SST gradients do in fact drive changes to Indian Ocean Walker circulation
strength, then it follows that opposite changes in precipitation and 8'%0 would be recorded through these intervals
at sites in the tropical eastern Indian Ocean, such as those within the Maritime Continent. However, deglacial
hydroclimate reconstructions from the tropical eastern Indian Ocean instead show anti-phased anomalies between
hemispheres and lack the interhemispheric agreement observed in western Indian Ocean records (cf. Ayliffe
et al., 2013; Denniston et al., 2013; Krause et al., 2019; Wurtzel et al., 2018). Records from China, the Philip-
pines, Borneo, and Sumatra show an opposite response to sites further south in Flores and Australia, and areas
in-between, such as Sulawesi, show little to no change during the deglaciation (see Figure 4 in Krause et al., 2019;
Figure 8 in Wurtzel et al., 2018). A possible explanation for this discrepancy is that during HS-1, ITCZ shifts
overprinted the effects of zonal Indian Ocean dynamics in the eastern Indian Ocean (Du et al., 2023). Increased
aridity over the Maritime Continent during glacial periods due to Sunda and Sahul shelf exposure could also
further complicate these interpretations (DiNezio et al., 2018; Windler et al., 2019).

Finally, it is important to mention these findings only provide evidence for a zonal mechanism during HS-1 the
B-A, and possibly HS-2. There is some disagreement between the reconstructed SST gradient and the AB12
speleothem record during the LGM ~22-20ka; additional work will be required to determine whether this disa-
greement results from age model uncertainties in the SST records assimilated in the LGMR or other factors. It
also remains unknown whether the zonal SST gradient drove hydroclimate changes during other stadials and
interstadials or variability over even longer timescales. For instance, there is evidence a different mechanism can
operate under interglacial boundary conditions. Several speleothem records from northwest Madagascar show
wetter conditions during the 8.2 ka event, possibly due to a southward ITCZ shift (Duan et al., 2021; Voarintsoa,
Railsback, et al., 2017; L. Wang et al., 2019). It is also unclear whether it is the IOD operating over millennial
timescales driving the reconstructed changes or a lower frequency zonal mode. Recent evidence suggests that
Pacific decadal variability can be attributed to the residual of long-term ENSO mean state changes rather than a
distinct multidecadal mode (Power et al., 2021). Additional work developing interannually resolved proxy records
and paleoclimate simulation ensembles could shed light on this issue.

7. Conclusions

Ice volume and temperature-corrected 5'%0 from the Last Glacial Period is more depleted than 8'0 from the
Common Era at Anjohibe, likely indicating wetter conditions and a stronger monsoon in NW Madagascar during
the glacial compared to the present. Over millennial timescales, the AB 12 multiproxy hydroclimate record suggests
moderately wetter conditions in NW Madagascar during the LGM, drier conditions during HS-1 and possibly
during HS-2, and wetter conditions during the B-A. As the opposite would be expected from ITCZ shifts during
Heinrich stadials and the B-A, this record stands in opposition to hypotheses espousing meridional ITCZ shifts
driving millennial-scale variability in the tropical Indian Ocean during the last glacial period and deglaciation.
Interhemispheric agreement between AB12 and other paleorecords from the western Indian Ocean through the
millennial-scale events of the last deglaciation further undermines the meridional ITCZ shift hypothesis. We instead
propose that tropical Indian Ocean SST gradients drive millennial-scale hydroclimate variability in NW Madagas-
car and the rest of East Africa by affecting the strength of the regional Walker circulation. This is supported by the
close agreement between AB12 §'80 and a LGMR-derived tropical Indian Ocean zonal SST gradient.

With many abrupt deglacial climate changes hypothesized to be ultimately driven by North Atlantic variability and
AMOC strength, it is prudent to understand the mechanisms linking this region to the tropical Indian Ocean. This
is especially important considering model projections of a slowing AMOC under high emissions scenarios (Liu
et al., 2020) and the strong influence of rapidly warming tropical Indian Ocean SSTs on AMOC strength and pantrop-
ical hydroclimate variability (Hu & Fedorov, 2019). It is therefore critical to continue exploring the dynamics of these
teleconnections and their influence on past and future hydroclimate for vulnerable Indian Ocean rim communities.

Data Availability Statement

AB12 U-Th age, stable isotope, and trace metal data is available at the National Oceanic and Atmospheric
Administration (NOAA) Paleoclimatology Data Archive (Tiger et al., 2023). This data will also be submitted
to SISAL for future release. All gridded climate data used in this study are publicly accessible. The OISST data
can be accessed at https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html (Reynolds et al., 2007), the GPCC

TIGER ET AL.

17 of 21

8518017 SUOWIWIOD BATea1D 3ol dde aup Aq peusenob ae sajolfe YO ‘SN JO Se|nl Joy Afeid18UIIUO 4B UO (SUORIPUOD-PUR-SLLBY WD A8 | IMAReiq Ul |Uo//Sdhy) SUORIPUOD pUe swie | 8us 89S *[£202/TT/60] U0 AriqiTauliuo A8|im ‘AiseAIUN yloouke N A 929100VdEZ02/620T OT/I0P/W0d A8 |im Are.d1jpuluo'sgndnBe//:sdny wouy pepeojumod ‘TT ‘€202 ‘G2Shz.Se


https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology

10.1029/2023PA004626

Acknowledgments

B.H.T.,,R.D,N. S, S.J.B., and D.M.
acknowledge support from NSF

awards AGS-1702891/1702691 and
AGS-2102923/2102975, L.R.G. and
S.J.B. from NSF award BCS-1750598,
and D.M. from NSF award
EAR-1439559. Support for this research
was also provided by a core center Grant
P30-ES002109 from the National Institute
of Environmental Health Sciences,
National Institutes of Health. This
research was conducted under a collabo-
rative accord between the University of
Massachusetts Amherst (Department of
Anthropology, Department of Geosci-
ence) and Université d’Antananarivo,
Madagascar (Bassins sédimentaires,
Evolution, Conservation). We thank

the Ministry of Higher Educational and
Research, Ministry of Mines and Strategic
Resources, and Ministry of Commu-
nication and Culture which provided
permits for field research. This work was
supported by NSF award #2102975. We
thank Adam Jost for assistance with U-Th
chemistry and analysis, Angela Douglass
and Markey Freudenburg-Puricelli for
assistance with trace metal sample prepa-
ration, Raspberry Williams for stable
isotope sample preparation and analysis,
and Caroline Ummenhofer for fruitful
conversations on contemporary Indian
Ocean climate dynamics. The authors
would also like to thank Jessica Tierney
and one anonymous reviewer for their
helpful comments, which substantially
improved the paper.

data from https://www.dwd.de/EN/ourservices/gpcc/gpcc.html (U. Schneider et al., 2014), and TRMM data from
https://gpm.nasa.gov/data/directory (Kummerow et al., 1998).

References

Abram, N. J., Hargreaves, J. A., Wright, N. M., Thirumalai, K., Ummenhofer, C. C., & England, M. H. (2020). Palaeoclimate perspectives on the
Indian Ocean Dipole. Quaternary Science Reviews, 237, 1-20. https://doi.org/10.1016/j.quascirev.2020.106302

Abram, N. J., Wright, N. M., Ellis, B., Dixon, B. C., Wurtzel, J. B., England, M. H., et al. (2020). Coupling of Indo-Pacific climate variability
over the last millennium. Nature, 579(7799), 385-392. https://doi.org/10.1038/s41586-020-2084-4

Asmerom, Y., Baldini, J. U. L., Prufer, K. M., Polyak, V. J., Ridley, H. E., Aquino, V. V., et al. (2020). Intertropical convergence zone variability
in the Neotropics during the Common Era. Science Advances, 6(7), 1-8. https://doi.org/10.1126/sciadv.aax3644

Atwood, A. R., Battisti, D. S., Wu, E., Frierson, D. M. W., & Sachs, J. P. (2021). Data-model comparisons of tropical hydroclimate changes over
the common era. Paleoceanography and Paleoclimatology, 36(7), 1-30. https://doi.org/10.1029/2020PA003934

Ayliffe, L. K., Gagan, M. K., Zhao, J. X., Drysdale, R. N., Hellstrom, J. C., Hantoro, W. S., et al. (2013). Rapid interhemispheric climate links via
the Australasian monsoon during the last deglaciation. Nature Communications, 4, 1-6. https://doi.org/10.1038/ncomms3908

Bajo, P., Hellstrom, J., Frisia, S., Drysdale, R., Black, J., Woodhead, J., et al. (2016). “Cryptic” diagenesis and its implications for speleothem
geochronologies. Quaternary Science Reviews, 148, 17-28. https://doi.org/10.1016/j.quascirev.2016.06.020

Bohm, E., Lippold, J., Gutjahr, M., Frank, M., Blaser, P., Antz, B, et al. (2015). Strong and deep Atlantic meridional overturning circulation
during the last glacial cycle. Nature, 517(7532), 73-76. https://doi.org/10.1038/nature 14059

Breitenbach, S. F. M., Rehfeld, K., Goswami, B., Baldini, J. U. L., Ridley, H. E., Kennett, D. J., et al. (2012). Constructing proxy records from
age models (COPRA). Climate of the Past, 8(5), 1765-1779. https://doi.org/10.5194/cp-8-1765-2012

Burns, S. J., Godfrey, L. R., Faina, P., McGee, D., Hardt, B., Ranivoharimanana, L., & Randrianasy, J. (2016). Rapid human-induced landscape
transformation in Madagascar at the end of the first millennium of the Common Era. Quaternary Science Reviews, 134, 92-99. https://doi.
org/10.1016/j.quascirev.2016.01.007

Burns, S. J., Mcgee, D., Scroxton, N., Kinsley, C. W., Godfrey, L. R., Faina, P., & Ranivoharimanana, L. (2022). Southern Hemisphere controls
on ITCZ variability in southwest Madagascar over the past 117,000 years. Quaternary Science Reviews, 276(107317), 1-14. https://doi.
org/10.1016/j.quascirev.2021.107317

Cai, W,, Santoso, A., Wang, G., Weller, E., Wu, L., Ashok, K., et al. (2014). Increased frequency of extreme Indian ocean dipole events due to
greenhouse warming. Nature, 510(7504), 254-258. https://doi.org/10.1038/nature 13327

Cheng, H., Lawrence Edwards, R., Shen, C. C., Polyak, V. J., Asmerom, Y., Woodhead, J., et al. (2013). Improvements in 230Th dating, 230Th
and 234U half-life values, and U-Th isotopic measurements by multi-collector inductively coupled plasma mass spectrometry. Earth and
Planetary Science Letters, 371-372, 82-91. https://doi.org/10.1016/j.eps1.2013.04.006

Cheng, H., Sinha, A., Wang, X., Cruz, F. W., & Edwards, R. L. (2012). The global Paleomonsoon as seen through speleothem records from Asia
and the Americas. Climate Dynamics, 39(5), 1045-1062. https://doi.org/10.1007/s00382-012-1363-7

Chevalier, M., & Chase, B. M. (2015). Southeast African records reveal a coherent shift from high- to low-latitude forcing mechanisms along
the east African margin across last glacial-interglacial transition. Quaternary Science Reviews, 125, 117-130. https://doi.org/10.1016/j.
quascirev.2015.07.009

Collins, J. A., SchefuB, E., Heslop, D., Mulitza, S., Prange, M., Zabel, M., et al. (2011). Interhemispheric symmetry of the tropical African rain-
belt over the past 23,000 years. Nature Geoscience, 4(1), 42-45. https://doi.org/10.1038/ngeo1039

Comas-Bru, L., Harrison, S. P., Werner, M., Rehfeld, K., Scroxton, N., Veiga-Pires, C., & SISAL working group members (2019). Evaluating
model outputs using integrated global speleothem records of climate change since the last glacial. Climate of the Past, 15(4), 1557-1579.
https://doi.org/10.5194/cp-15-1557-2019

Cook, K. H. (2000). The South Indian convergence zone and interannual rainfall variability over Southern Africa. Journal of Climate, 13(21),
3789-3804. https://doi.org/10.1175/1520-0442(2000)013<3789:TSICZA>2.0.CO;2

Crowley, B. E. (2010). A refined chronology of prehistoric Madagascar and the demise of the megafauna. Quaternary Science Reviews, 29(19—
20), 2591-2603. https://doi.org/10.1016/j.quascirev.2010.06.030

Crowley, B. E., Godfrey, L. R., Hansford, J. P., & Samonds, K. E. (2021). Seeing the forest for the trees - And the grasses: Revisiting the evidence
for grazer-maintained grasslands in Madagascar’s Central Highlands. Proceedings of the Royal Society B: Biological Sciences, 288(1950), 3-6.
https://doi.org/10.1098/rspb.2020.1785

Day, C. C., & Henderson, G. M. (2013). Controls on trace-element partitioning in cave-analogue calcite. Geochimica et Cosmochimica Acta, 120,
612-627. https://doi.org/10.1016/j.gca.2013.05.044

Denniston, R. F., Wyrwoll, K. H., Asmerom, Y., Polyak, V. J., Humphreys, W. F., Cugley, J., et al. (2013). North Atlantic forcing of millennial-scale
Indo-Australian monsoon dynamics during the Last Glacial period. Quaternary Science Reviews, 72, 159-168. https://doi.org/10.1016/;.
quascirev.2013.04.012

Diem, J. E., Konecky, B. L., Salerno, J., & Hartter, J. (2019). Is equatorial Africa getting wetter or drier? Insights from an evaluation of long-term,
satellite-based rainfall estimates for western Uganda. International Journal of Climatology, 39(7), 3334-3347. https://doi.org/10.1002/joc.6023

DiNezio, P. N., Tierney, J. E., Otto-Bliesner, B. L., Timmermann, A., Bhattacharya, T., Rosenbloom, N., & Brady, E. (2018). Glacial changes in
tropical climate amplified by the Indian Ocean. Science Advances, 4(12), 1-12. https://doi.org/10.1126/sciadv.aat9658

Donohoe, A., Marshall, J., Ferreira, D., & Mcgee, D. (2013). The relationship between ITCZ location and cross-equatorial atmospheric heat trans-
port: From the seasonal cycle to the last glacial maximum. Journal of Climate, 26(11), 3597-3618. https://doi.org/10.1175/JCLI-D-12-00467.1

Du, X., Russell, J., Liu, Z., Otto-Bliesner, B., Oppo, D., Mohtadi, M., et al. (2023). North Atlantic cooling triggered a zonal mode over the Indian
Ocean during Heinrich Stadial 1. Science Advances, 9(1), 1-9. https://doi.org/10.1126/sciadv.add4909

Duan, P, Li, H,, Sinha, A., Riavo, N., Voarintsoa, G., Kathayat, G., et al. (2021). The timing and structure of the 8.2 ka event revealed through
high- resolution speleothem records from northwestern Madagascar. Quaternary Science Reviews, 268, 1-9. https://doi.org/10.1016/j.
quascirev.2021.107104

Ebisuzaki, W. (1997). A method to estimate the statistical significance of a correlation when the data are serially correlated. Journal of Climate,
10(9), 2147-2153. https://doi.org/10.1175/1520-0442(1997)010<2147:AMTETS>2.0.CO;2

Edwards, R., Chen, J., & Wasserburg, G. (1987). U-238-U-234-Th-230-Th-232 systematics and the precise measurement of time over the past
500,000 years. Earth and Planetary Science Letters, 81, 81-83. https://doi.org/10.1016/0012-821X(87)90154-3

Fairchild, I. J., Smith, C. L., Baker, A., Fuller, L., Spo, C., Mattey, D., et al. (2006). Modification and preservation of environmental signals in
speleothems. Earth-Science Reviews, 75(1-4), 105-153. https://doi.org/10.1016/j.earscirev.2005.08.003

TIGER ET AL.

18 of 21

8518017 SUOWIWIOD BATea1D 3ol dde aup Aq peusenob ae sajolfe YO ‘SN JO Se|nl Joy Afeid18UIIUO 4B UO (SUORIPUOD-PUR-SLLBY WD A8 | IMAReiq Ul |Uo//Sdhy) SUORIPUOD pUe swie | 8us 89S *[£202/TT/60] U0 AriqiTauliuo A8|im ‘AiseAIUN yloouke N A 929100VdEZ02/620T OT/I0P/W0d A8 |im Are.d1jpuluo'sgndnBe//:sdny wouy pepeojumod ‘TT ‘€202 ‘G2Shz.Se


https://www.dwd.de/EN/ourservices/gpcc/gpcc.html
https://gpm.nasa.gov/data/directory
https://doi.org/10.1016/j.quascirev.2020.106302
https://doi.org/10.1038/s41586-020-2084-4
https://doi.org/10.1126/sciadv.aax3644
https://doi.org/10.1029/2020PA003934
https://doi.org/10.1038/ncomms3908
https://doi.org/10.1016/j.quascirev.2016.06.020
https://doi.org/10.1038/nature14059
https://doi.org/10.5194/cp-8-1765-2012
https://doi.org/10.1016/j.quascirev.2016.01.007
https://doi.org/10.1016/j.quascirev.2016.01.007
https://doi.org/10.1016/j.quascirev.2021.107317
https://doi.org/10.1016/j.quascirev.2021.107317
https://doi.org/10.1038/nature13327
https://doi.org/10.1016/j.epsl.2013.04.006
https://doi.org/10.1007/s00382-012-1363-7
https://doi.org/10.1016/j.quascirev.2015.07.009
https://doi.org/10.1016/j.quascirev.2015.07.009
https://doi.org/10.1038/ngeo1039
https://doi.org/10.5194/cp-15-1557-2019
https://doi.org/10.1175/1520-0442(2000)013%3C3789:TSICZA%3E2.0.CO;2
https://doi.org/10.1016/j.quascirev.2010.06.030
https://doi.org/10.1098/rspb.2020.1785
https://doi.org/10.1016/j.gca.2013.05.044
https://doi.org/10.1016/j.quascirev.2013.04.012
https://doi.org/10.1016/j.quascirev.2013.04.012
https://doi.org/10.1002/joc.6023
https://doi.org/10.1126/sciadv.aat9658
https://doi.org/10.1175/JCLI-D-12-00467.1
https://doi.org/10.1126/sciadv.add4909
https://doi.org/10.1016/j.quascirev.2021.107104
https://doi.org/10.1016/j.quascirev.2021.107104
https://doi.org/10.1175/1520-0442(1997)010%3C2147:AMTETS%3E2.0.CO;2
https://doi.org/10.1016/0012-821X(87)90154-3
https://doi.org/10.1016/j.earscirev.2005.08.003

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2023PA004626

Fairchild, 1. J., & Treble, P. C. (2009). Trace elements in speleothems as recorders of environmental change. Quaternary Science Reviews,
28(5-6), 449-468. https://doi.org/10.1016/j.quascirev.2008.11.007

Falster, G., Konecky, B., Madhavan, M., Stevenson, S., & Coats, S. (2021). Imprint of the Pacific walker circulation in global precipitation d'*O.
Journal of Climate, 34(21), 8579-8597. https://doi.org/10.1175/JCLI-D-21-0190.1

Finch, A. A., Shaw, P. A., Weedon, G. P., & Holmgren, K. (2001). Trace element variation in speleothem aragonite: Potential for palacoenviron-
mental reconstruction. Earth and Planetary Science Letters, 186(2), 255-267. https://doi.org/10.1016/S0012-821X(01)00253-9

Garelick, S., Russell, J. M., Dee, S., Verschuren, D., & Olago, D. O. (2021). Atmospheric controls on precipitation isotopes and hydroclimate
in high-elevation regions in Eastern Africa since the Last Glacial Maximum. Earth and Planetary Science Letters, 567, 116984. https://doi.
org/10.1016/j.epsl.2021.116984

Gasse, F., & Van Campo, E. (1998). A 40,000-yr pollen and diatom record from Lake Tritrivakely, Madagascar, in the southern tropics. Quater-
nary Research, 49(3), 299-311. https://doi.org/10.1006/qres.1998.1967

Godfrey, L. R., Crowley, B. E., Muldoon, K. M., Kelley, E. A., King, S. J., Best, A. W., & Berthaume, M. A. (2016). What did Hadropithecus eat,
and why should paleoanthropologists care? American Journal of Primatology, 78(10), 1098—1112. https://doi.org/10.1002/ajp.22506

Heath, S. L., Loope, H. M., Curry, B. B., & Lowell, T. V. (2018). Pattern of southern Laurentide Ice Sheet margin position changes during Hein-
rich Stadials 2 and 1. Quaternary Science Reviews, 201, 362-379. https://doi.org/10.1016/j.quascirev.2018.10.019

Hixon, S. W., Douglass, K. G., Godfrey, L. R., Eccles, L., Crowley, B. E., Rakotozafy, L. M. A., et al. (2021). Ecological consequences of a
millennium of introduced dogs on Madagascar. Frontiers in Ecology and Evolution, 9, 1-16. https://doi.org/10.3389/fevo.2021.689559

Hodell, D. A., Nicholl, J. A., Bontognali, T. R. R., Danino, S., Dorador, J., Dowdeswell, J. A., et al. (2017). Anatomy of Heinrich Layer 1 and its
role in the last deglaciation. Paleoceanography, 32(3), 284-303. https://doi.org/10.1002/2016PA003028

Hu, S., & Fedorov, A. V. (2019). Indian Ocean warming can strengthen the Atlantic meridional overturning circulation. Nature Climate Change,
9(10), 747-751. https://doi.org/10.1038/s41558-019-0566-x

Izumo, T., Khodri, M., Lengaigne, M., & Suresh, 1. (2018). A subsurface Indian Ocean Dipole response to tropical volcanic eruptions. Geophys-
ical Research Letters, 45(17), 9150-9159. https://doi.org/10.1029/2018GL078515

Jaffey, A. H., Flynn, K. F., Glendenin, L. E., Bentley, W. C., & Essling, A. M. (1971). Precision measurement of half-lives and specific activities
of U235 and U238. Physical Review C, 4(5), 1889-1906. https://doi.org/10.1103/PhysRevC.4.1889

Jamieson, R. A., Baldini, J. U. L., Brett, M. ., Taylor, J., Ridley, H. E., Ottley, C. J., et al. (2016). Intra- and inter-annual uranium concentration
variability in a Belizean stalagmite controlled by prior aragonite precipitation: A new tool for reconstructing hydro-climate using aragonitic
speleothems. Geochimica et Cosmochimica Acta, 190, 332-346. https://doi.org/10.1016/j.gca.2016.06.037

Johnson, K. R., Hu, C., Belshaw, N. S., & Henderson, G. M. (2006). Seasonal trace-element and stable-isotope variations in a Chinese speleo-
them: The potential for high-resolution paleomonsoon reconstruction. Earth and Planetary Science Letters, 244(1-2), 394—407. https://doi.
org/10.1016/j.eps1.2006.01.064

Johnson, T. C., Brown, E. T., McManus, J., Barry, S., Barker, P., & Gasse, F. (2002). A high-resolution paleoclimate record spanning the past
25,000 years in Southern East Africa. Science, 296(5565), 113—132. https://doi.org/10.1126/science.1070057

Johnson, T. C., Werne, J. P., Brown, E. T., Abbott, A., Berke, M., Steinman, B. A, et al. (2016). A progressively wetter climate in southern East
Africa over the past 1.3 million years. Nature, 537(7619), 220-224. https://doi.org/10.1038/nature19065

Jury, M. R. (2016). Summer climate of Madagascar and monsoon pulsing of its vortex. Meteorology and Atmospheric Physics, 128(1), 117-129.
https://doi.org/10.1007/s00703-015-0401-5

Jury, M. R., Parker, B. A., Raholijao, N., & Nassor, A. (1995). Variability of summer rainfall over Madagascar: Climatic determinants at interan-
nual scales. International Journal of Climatology, 15(12), 1323-1332. https://doi.org/10.1002/joc.3370151203

Jury, M. R., & Pathack, B. (1991). A study of climate and weather variability over the tropical southwest Indian Ocean. Meteorology and Atmos-
pheric Physics, 47(1), 37-48. https://doi.org/10.1007/BF01025825

Kanner, L. C., Burns, S. J., Cheng, H., & Edwards, R. L. (2012). High-latitude forcing of the South American summer monsoon during the Last
Glacial. Science, 335(6068), 570-573. https://doi.org/10.1126/science.1213397

Khider, D., Emile-Geay, J., Zhu, F., James, A., Landers, J., Ratnakar, V., & Gil, Y. (2022). Pyleoclim: Paleoclimate timeseries analysis and visu-
alization with python. Paleoceanography and Paleoclimatology, 37(10). https://doi.org/10.1029/2022PA004509

Konecky, B., Russel, J. M., Johnson, T. C., Brown, E. T., Berke, M. A., Werne, J. P, & Huang, Y. (2011). Atmospheric circulation patterns during
late Pleistocene climate changes at Lake Malawi, Africa. Earth and Planetary Science Letters, 5(312), 318-326. https://doi.org/10.1016/j.
epsl.2011.10.020

Krause, C. E., Gagan, M. K., Dunbar, G. B., Hantoro, W. S., Hellstrom, J. C., Cheng, H., et al. (2019). Spatio-temporal evolution of Australasian
monsoon hydroclimate over the last 40,000 years. Earth and Planetary Science Letters, 513,103-112. https://doi.org/10.1016/j.epsl.2019.01.045

Kummerow, C., Barnes, W., Kozu, T., Shiue, J., & Simpson, J. (1998). The tropical rainfall measuring mission (TRMM) sensor package. Journal
of Atmospheric and Oceanic Technology, 15(3), 809-817. https://doi.org/10.1175/1520-0426(1998)015<0809: TTRMMT>2.0.CO;2

Lachniet, M. S. (2009). Climatic and environmental controls on speleothem oxygen-isotope values. Quaternary Science Reviews, 28(5-6),
412-432. https://doi.org/10.1016/j.quascirev.2008.10.021

Li, H., Sinha, A., André, A. A., Spétl, C., Vonhof, H. B., Meunier, A., et al. (2020). A multimillennial climatic context for the megafaunal extinc-
tions in Madagascar and Mascarene Islands. Science Advances, 6(42). https://doi.org/10.1126/sciadv.abb2459

Liu, W., Fedorov, A. V., Xie, S. P., & Hu, S. (2020). Climate impacts of a weakened Atlantic meridional overturning circulation in a warming
climate. Science Advances, 6(26), 1-9. https://doi.org/10.1126/sciadv.aaz4876

Ma, Y., Weldeab, S., Schneider, R. R., Andersen, N., Garbe-Schonberg, D., & Friedrich, T. (2021). Strong Southern African monsoon and
weak Mozambique channel throughflow during Heinrich events: Implication for Agulhas leakage. Earth and Planetary Science Letters,
574(117148), 1-13. https://doi.org/10.1016/j.eps1.2021.117148

Mamalakis, A., Randerson, J. T., Yu, J. Y., Pritchard, M. S., Magnusdottir, G., Smyth, P, et al. (2021). Zonally contrasting shifts of the tropical
rain belt in response to climate change. Nature Climate Change, 11, 143-151. https://doi.org/10.1038/s41558-020-00963-x

McDermott, F. (2004). Palaco-climate reconstruction from stable isotope variations in speleothems: A review. Quaternary Science Reviews,
23(7-8), 901-918. https://doi.org/10.1016/j.quascirev.2003.06.021

McGee, D., Donohoe, A., Marshall, J., & Ferreira, D. (2014). Changes in ITCZ location and cross-equatorial heat transport at the Last
Glacial Maximum, Heinrich Stadial 1, and the mid-Holocene. Earth and Planetary Science Letters, 390, 69-79. https://doi.org/10.1016/j.
epsl.2013.12.043

McManus, J. F., Francois, R., Gherardl, J. M., Kelgwin, L., & Drown-Leger, S. (2004). Collapse and rapid resumption of Atlantic meridional
circulation linked to deglacial climate changes. Nature, 428(6985), 834-837. https://doi.org/10.1038/nature02494

Mohtadi, M., Prange, M., Oppo, D. W., De Pol-Holz, R., Merkel, U., Zhang, X., et al. (2014). North Atlantic forcing of tropical Indian Ocean
climate. Nature, 508(7498), 76-80. https://doi.org/10.1038/nature 13196

TIGER ET AL.

19 of 21

8518017 SUOWIWIOD BATea1D 3ol dde aup Aq peusenob ae sajolfe YO ‘SN JO Se|nl Joy Afeid18UIIUO 4B UO (SUORIPUOD-PUR-SLLBY WD A8 | IMAReiq Ul |Uo//Sdhy) SUORIPUOD pUe swie | 8us 89S *[£202/TT/60] U0 AriqiTauliuo A8|im ‘AiseAIUN yloouke N A 929100VdEZ02/620T OT/I0P/W0d A8 |im Are.d1jpuluo'sgndnBe//:sdny wouy pepeojumod ‘TT ‘€202 ‘G2Shz.Se


https://doi.org/10.1016/j.quascirev.2008.11.007
https://doi.org/10.1175/JCLI-D-21-0190.1
https://doi.org/10.1016/S0012-821X(01)00253-9
https://doi.org/10.1016/j.epsl.2021.116984
https://doi.org/10.1016/j.epsl.2021.116984
https://doi.org/10.1006/qres.1998.1967
https://doi.org/10.1002/ajp.22506
https://doi.org/10.1016/j.quascirev.2018.10.019
https://doi.org/10.3389/fevo.2021.689559
https://doi.org/10.1002/2016PA003028
https://doi.org/10.1038/s41558-019-0566-x
https://doi.org/10.1029/2018GL078515
https://doi.org/10.1103/PhysRevC.4.1889
https://doi.org/10.1016/j.gca.2016.06.037
https://doi.org/10.1016/j.epsl.2006.01.064
https://doi.org/10.1016/j.epsl.2006.01.064
https://doi.org/10.1126/science.1070057
https://doi.org/10.1038/nature19065
https://doi.org/10.1007/s00703-015-0401-5
https://doi.org/10.1002/joc.3370151203
https://doi.org/10.1007/BF01025825
https://doi.org/10.1126/science.1213397
https://doi.org/10.1029/2022PA004509
https://doi.org/10.1016/j.epsl.2011.10.020
https://doi.org/10.1016/j.epsl.2011.10.020
https://doi.org/10.1016/j.epsl.2019.01.045
https://doi.org/10.1175/1520-0426(1998)015%3C0809:TTRMMT%3E2.0.CO;2
https://doi.org/10.1016/j.quascirev.2008.10.021
https://doi.org/10.1126/sciadv.abb2459
https://doi.org/10.1126/sciadv.aaz4876
https://doi.org/10.1016/j.epsl.2021.117148
https://doi.org/10.1038/s41558-020-00963-x
https://doi.org/10.1016/j.quascirev.2003.06.021
https://doi.org/10.1016/j.epsl.2013.12.043
https://doi.org/10.1016/j.epsl.2013.12.043
https://doi.org/10.1038/nature02494
https://doi.org/10.1038/nature13196

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2023PA004626

Mohtadi, M., Prange, M., & Steinke, S. (2016). Palaeoclimatic insights into forcing and response of monsoon rainfall. Nature, 533(7602),
191-199. https://doi.org/10.1038/nature 17450

Niedermeyer, E. M., Sessions, A. L., Feakins, S. J., & Mohtadi, M. (2014). Hydroclimate of the western Indo-Pacific warm pool during the past
24,000 years. Proceedings of the National Academy of Sciences of the United States of America, 111(26), 9402-9406. https://doi.org/10.1073/
pnas.1323585111

Orihuela-Pinto, B., England, M. H., & Taschetto, A. S. (2022). Interbasin and interhemispheric impacts of a collapsed Atlantic overturning circu-
lation. Nature Climate Change, 12, 558-565. https://doi.org/10.1038/s41558-022-01380-y

Osman, M. B., Tierney, J. E., Zhu, J., Tardif, R., Hakim, G. J., King, J., & Poulsen, C. J. (2021). Globally resolved surface temperatures since the
Last Glacial Maximum. Nature, 599, 239-244. https://doi.org/10.1038/s41586-021-03984-4

Otto-Bliesner, B. L., Russell, J. M., Clark, P. U., Liu, Z., Overpeck, J. T., Konecky, B., et al. (2014). Coherent changes of southeastern equatorial
and northern African rainfall during the last deglaciation. Science, 346(6214), 1223-1227. https://doi.org/10.1126/science.1259531

Power, S., Lengaigne, M., Capotondi, A., Khodri, M., Vialard, J., Jebri, B., et al. (2021). Decadal climate variability in the tropical Pacific: Char-
acteristics, causes, predictability, and prospects. Science, 374, eaay9165. https://doi.org/10.1126/science.aay9165

Randriamahefasoa, T. S. M., & Reason, C.J. C. (2017). Interannual variability of rainfall characteristics over southwestern Madagascar. Theoret-
ical and Applied Climatology, 128(1-2), 421-437. https://doi.org/10.1007/s00704-015-1719-0

Rasmussen, S. O., Bigler, M., Blockley, S. P., Blunier, T., Buchardt, S. L., Clausen, H. B., et al. (2014). A stratigraphic framework for abrupt
climatic changes during the Last Glacial period based on three synchronized Greenland ice-core records: Refining and extending the INTI-
MATE event stratigraphy. Quaternary Science Reviews, 106, 14-28. https://doi.org/10.1016/j.quascirev.2014.09.007

Reynolds, R. W., Smith, T. M., Liu, C., Chelton, D. B., Casey, K. S., & Schlax, M. G. (2007). Daily high-resolution-blended analyses for sea
surface temperature. Journal of Climate, 20(22), 5473-5496. https://doi.org/10.1175/2007JCLI1824.1

Roxy, M. K., Ritika, K., Terray, P., & Masson, S. (2014). The curious case of Indian Ocean warming. Journal of Climate, 27(22), 8501-8509.
https://doi.org/10.1175/JCLI-D-14-00471.1

Saji, N. H., Goswami, B. N., Vinayachandran, P. N., & Yamagata, T. (1999). A dipole mode in the tropical Indian ocean. Nature, 401(6751),
360-363. https://doi.org/10.1038/43854

Samonds, K. E., Crowley, B. E., Rasolofomanana, T. R. N., Andriambelomanana, M. C., Andrianavalona, H. T., Ramihangihajason, T. N.,
et al. (2019). A new late Pleistocene subfossil site (Tsaramody, Sambaina basin, central Madagascar) with implications for the chronology of
habitat and megafaunal community change on Madagascar’s Central Highlands. Journal of Quaternary Science, 34(6), 379-392. https://doi.
org/10.1002/jqs.3096

SchefuB, E., Kuhlmann, H., Mollenhauer, G., Prange, M., & Pitzold, J. (2011). Forcing of wet phases in southeast Africa over the past 17,000
years. Nature, 480(7378), 509-512. https://doi.org/10.1038/nature 10685

Schneider, T., Bischoff, T., & Haug, G. H. (2014a). Migrations and dynamics of the intertropical convergence zone. Nature, 513(7516), 45-53.
https://doi.org/10.1038/nature 13636

Schneider, U., Becker, A., Finger, P., Meyer-christoffer, A., Ziese, M., & Rudolf, B. (2014b). GPCC’s new land surface precipitation climatology
based on quality-controlled in situ data and its role in quantifying the global water cycle. Theoretical and Applied Climatology, 115(1-2),
15-40. https://doi.org/10.1007/s00704-013-0860-x

Schrag, D. P., Adkins, J. F., Mclntyre, K., Alexander, J. L., Hodell, D. A., Charles, C. D., & McManus, J. F. (2002). The oxygen isotopic
composition of seawater during the Last Glacial Maximum. Quaternary Science Reviews, 21(1-3), 331-342. https://doi.org/10.1016/
S0277-3791(01)00110-X

Scroxton, N., Burns, S. J., McGee, D., Hardt, B., Godfrey, L. R., Ranivoharimanana, L., & Faina, P. (2017). Hemispherically in-phase precipita-
tion variability over the last 1700 years in a Madagascar speleothem record. Quaternary Science Reviews, 164, 25-36. https://doi.org/10.1016/j.
quascirev.2017.03.017

Scroxton, N., Burns, S. J., McGee, D., Hardt, B., Godfrey, L. R., Ranivoharimanana, L., & Faina, P. (2019). Competing temperature and atmos-
pheric circulation effects on southwest Madagascan rainfall during the last deglaciation. Paleoceanography and Paleoclimatology, 34(2),
275-286. https://doi.org/10.1029/2018PA003466

Shakun, J. D., Burns, S. J., Fleitmann, D., Kramers, J., Matter, A., & Al-subary, A. (2007). A high-resolution, absolute-dated deglacial spele-
othem record of Indian Ocean climate from Socotra Island, Yemen. Earth and Planetary Science Letters, 259(3—4), 442-456. https://doi.
org/10.1016/j.eps1.2007.05.004

Stager, J. C., Ryves, D. B., Chase, B. M., & Pausata, F. S. R. (2011). Catastrophic drought in the Afro-Asian monsoon region during Heinrich
event 1. Science, 331(6022), 1299-1302. https://doi.org/10.1126/science.1198322

Strikis, N. M., Chiessi, C. M., Cruz, F. W., Vuille, M., Cheng, H., De Souza Barreto, E. A., et al. (2015). Timing and structure of Mega-SACZ
events during Heinrich Stadial 1. Geophysical Research Letters, 42(13), 5477-5484. https://doi.org/10.1002/2015GL064048

Teixeira, H., Montade, V., Salmona, J., Metzger, J., Bremond, L., Kasper, T., et al. (2021). Past environmental changes affected lemur population
dynamics prior to human impact in Madagascar. Communications Biology, 4(1), 1-10. https://doi.org/10.1038/s42003-021-02620-1

Thirumalai, K., DiNezio, P. N., Tierney, J. E., Puy, M., & Mohtadi, M. (2019). An El Nifio mode in the glacial Indian Ocean? Paleoceanography
and Paleoclimatology, 34(8), 1316-1327. https://doi.org/10.1029/2019PA003669

Tierney, J. E., & DeMenocal, P. B. (2013). Abrupt shifts in horn of Africa hydroclimate since the Last Glacial Maximum. Science, 342(6160),
843-846. https://doi.org/10.1126/science.1240411

Tierney, J. E., Pausata, F. S. R., & Demenocal, P. (2016). Deglacial Indian monsoon failure and North Atlantic stadials linked by Indian Ocean
surface cooling. Nature Geoscience, 9(1), 46-50. https://doi.org/10.1038/nge02603

Tierney, J. E., Russell, J. M., Huang, Y., Sinninghe Damsté, J. S., Hopmans, E. C., & Cohen, A. S. (2008). Northern hemisphere controls on
tropical southeast African climate during the past 60,000 years. Science, 322(5899), 252-255. https://doi.org/10.1126/science.1160485

Tierney, J. E., Russell, J. M., Sinninghe Damsté, J. S., Huang, Y., & Verschuren, D. (2011). Late Quaternary behavior of the East African monsoon
and the importance of the Congo air boundary. Quaternary Science Reviews, 30(7-8), 798-807. https://doi.org/10.1016/j.quascirev.2011.01.017

Tierney, J. E., Smerdon, J. E., Anchukaitis, K. J., & Seager, R. (2013). Multidecadal variability in East African hydroclimate controlled by the
Indian Ocean. Nature, 493(7432), 389-392. https://doi.org/10.1038/nature 11785

Tierney, J. E., Zhu, J., King, J., Malevich, S. B., Hakim, G. J., & Poulsen, C. J. (2020). Glacial cooling and climate sensitivity revisited. Nature,
584(7822), 569-573. https://doi.org/10.1038/s41586-020-2617-x

Tiger, B. H., Burns, S. J., Dawson, R. R., Scroxton, N., Godfrey, L. R., Ranivoharimanana, L., et al. (2023). NOAA/WDS Paleoclimatology
- Anjohibe, Madagascar d'®0, d'30 and trace metal data over the past 27,000 years [Dataset]. NOAA National Centers for Environmental
Information. https://doi.org/10.25921/c7x0-h948

TIGER ET AL.

20 of 21

8518017 SUOWIWIOD BATea1D 3ol dde aup Aq peusenob ae sajolfe YO ‘SN JO Se|nl Joy Afeid18UIIUO 4B UO (SUORIPUOD-PUR-SLLBY WD A8 | IMAReiq Ul |Uo//Sdhy) SUORIPUOD pUe swie | 8us 89S *[£202/TT/60] U0 AriqiTauliuo A8|im ‘AiseAIUN yloouke N A 929100VdEZ02/620T OT/I0P/W0d A8 |im Are.d1jpuluo'sgndnBe//:sdny wouy pepeojumod ‘TT ‘€202 ‘G2Shz.Se


https://doi.org/10.1038/nature17450
https://doi.org/10.1073/pnas.1323585111
https://doi.org/10.1073/pnas.1323585111
https://doi.org/10.1038/s41558-022-01380-y
https://doi.org/10.1038/s41586-021-03984-4
https://doi.org/10.1126/science.1259531
https://doi.org/10.1126/science.aay9165
https://doi.org/10.1007/s00704-015-1719-0
https://doi.org/10.1016/j.quascirev.2014.09.007
https://doi.org/10.1175/2007JCLI1824.1
https://doi.org/10.1175/JCLI-D-14-00471.1
https://doi.org/10.1038/43854
https://doi.org/10.1002/jqs.3096
https://doi.org/10.1002/jqs.3096
https://doi.org/10.1038/nature10685
https://doi.org/10.1038/nature13636
https://doi.org/10.1007/s00704-013-0860-x
https://doi.org/10.1016/S0277-3791(01)00110-X
https://doi.org/10.1016/S0277-3791(01)00110-X
https://doi.org/10.1016/j.quascirev.2017.03.017
https://doi.org/10.1016/j.quascirev.2017.03.017
https://doi.org/10.1029/2018PA003466
https://doi.org/10.1016/j.epsl.2007.05.004
https://doi.org/10.1016/j.epsl.2007.05.004
https://doi.org/10.1126/science.1198322
https://doi.org/10.1002/2015GL064048
https://doi.org/10.1038/s42003-021-02620-1
https://doi.org/10.1029/2019PA003669
https://doi.org/10.1126/science.1240411
https://doi.org/10.1038/ngeo2603
https://doi.org/10.1126/science.1160485
https://doi.org/10.1016/j.quascirev.2011.01.017
https://doi.org/10.1038/nature11785
https://doi.org/10.1038/s41586-020-2617-x
https://doi.org/10.25921/c7x0-h948

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2023PA004626

Treble, P., Shelley, J. M. G., & Chappell, J. (2003). Comparison of high resolution sub-annual records of trace elements in a modern (1911-1992)
speleothem with instrumental climate data from southwest Australia. Earth and Planetary Science Letters, 216(1-2), 141-153. https://doi.
org/10.1016/S0012-821X(03)00504-1

Tremaine, D. M., Froelich, P. N., & Wang, Y. (2011). Speleothem calcite farmed in situ: Modern calibration of §'30 and §'*C paleoclimate
proxies in a continuously-monitored natural cave system. Geochimica et Cosmochimica Acta, 75(17), 4929-4950. https://doi.org/10.1016/j.
gca.2011.06.005

Ummenhofer, C. C., Biastoch, A., & Boning, C. W. (2017). Multidecadal Indian ocean variability linked to the pacific and implications for
preconditioning Indian Ocean dipole events. Journal of Climate, 30(5), 1739-1751. https://doi.org/10.1175/JCLI-D-16-0200.1

Ummenhofer, C. C., Gupta, A. S., England, M. H., & Reason, C.J. C. (2009). Contributions of Indian Ocean sea surface temperatures to enhanced
East African rainfall. Journal of Climate, 22(4), 993—1013. https://doi.org/10.1175/2008JCLI2493.1

Ummenhofer, C. C., Kuliike, M., & Tierney, J. E. (2018). Extremes in East African hydroclimate and links to Indo-Pacific variability on interan-
nual to decadal timescales. Climate Dynamics, 50(7-8), 2971-2991. https://doi.org/10.1007/s00382-017-3786-7

Voarintsoa, N. R. G., Railsback, L. B., Albert Brook, G., Wang, L., Kathayat, G., Cheng, H., et al. (2017). Three distinct Holocene intervals
of stalagmite deposition and nondeposition revealed in NW Madagascar, and their paleoclimate implications. Climate of the Past, 13(12),
1771-1790. https://doi.org/10.5194/cp-13-1771-2017

Voarintsoa, N. R. G., Ratovonanahary, A. L. J., Rakotovao, A. Z. M., & Bouillon, S. (2021). Understanding the linkage between regional clima-
tology and cave geochemical parameters to calibrate speleothem proxies in Madagascar. Science of the Total Environment, 784, 1-13. https://
doi.org/10.1016/j.scitotenv.2021.147181

Voarintsoa, N. R. G., Wang, L., Railsback, L. B., Brook, G. A., Liang, F., Cheng, H., & Edwards, R. L. (2017). Multiple proxy analyses of a U/
Th-dated stalagmite to reconstruct paleoenvironmental changes in northwestern Madagascar between 370 CE and 1300 CE. Palaeogeography,
Palaeoclimatology, Palaeoecology, 469, 138—155. https://doi.org/10.1016/j.palaeo.2017.01.003

Vuille, M., Werner, M., Bradley, R. S., Chan, R. Y., & Keimig, F. (2005). Stable isotopes in East African precipitation record Indian Ocean zonal
mode. Geophysical Research Letters, 32(21), 1-5. https://doi.org/10.1029/2005GL023876

Wang, L., Brook, G. A., Burney, D. A., Voarintsoa, N. R. G., Liang, F., Cheng, H., & Edwards, R. L. (2019). The African Humid Period, rapid
climate change events, the timing of human colonization, and megafaunal extinctions in Madagascar during the Holocene: Evidence from a 2m
Anjohibe Cave stalagmite. Quaternary Science Reviews, 210, 136-153. https://doi.org/10.1016/j.quascirev.2019.02.004

Wang, X., Auler, A. S., Edwards, L. L., Cheng, H., Cristalli, P. S., Smart, P. L., et al. (2004). Wet periods in northeastern Brazil over the past 210
kyr linked to distant climate anomalies. Nature, 432(7018), 740-743. https://doi.org/10.1038/nature03067

Wang, X., Edwards, R. L., Auler, A. S., Cheng, H., Kong, X., Wang, Y., et al. (2017). Hydroclimate changes across the Amazon lowlands over
the past 45,000 years. Nature, 541(7636), 204-207. https://doi.org/10.1038/nature20787

Wang, X., & Wang, C. (2014). Different impacts of various El Nino events on the Indian Ocean Dipole. Climate Dynamics, 42(3—4), 991-1005.
https://doi.org/10.1007/s00382-013-1711-2

Wang, Y.J., Cheng, H., Edwards, R. L., An, Z. S., Wu, J. Y., Shen, C.-C., & Dorale, J. A. (2001). A high-resolution absolute-dated late Pleistocene
monsoon record from Hulu Cave, China. Science, 294(5550), 2345-2348. https://doi.org/10.1126/science.1064618

Wassenburg, J. A., Riechelmann, S., Schroder-Ritzrau, A., Riechelmann, D. F. C., Richter, D. K., Immenhauser, A., et al. (2020). Calcite Mg and
Sr partition coefficients in cave environments: Implications for interpreting prior calcite precipitation in speleothems. Geochimica et Cosmo-
chimica Acta, 269, 581-596. https://doi.org/10.1016/j.gca.2019.11.011

Weldeab, S., Lea, D. W., Oberhinsli, H., & Schneider, R. R. (2014). Links between southwestern tropical Indian Ocean SST and precipitation
over southeastern Africa over the last 17 kyr. Palaeogeography, Palaeoclimatology, Palaeoecology, 410, 200-212. https://doi.org/10.1016/j.
palae0.2014.06.001

Windler, G., Tierney, J. E., DiNezio, P. N., Gibson, K., & Thunell, R. (2019). Shelf exposure influence on Indo-Pacific Warm Pool climate for the
last 450,000 years. Earth and Planetary Science Letters, 516, 66-76. https://doi.org/10.1016/j.epsl.2019.03.038

Wu, J. Y., Wang, Y. J., Cheng, H., & Edwards, L. R. (2009). An exceptionally strengthened East Asian summer monsoon event between
19.9 and 17.1 ka BP recorded in a Hulu stalagmite. Science in China - Series D: Earth Sciences, 52(3), 360-368. https://doi.org/10.1007/
s11430-009-0031-1

Waurtzel, J. B., Abram, N. J., Lewis, S. C., Bajo, P., Hellstrom, J. C., Troitzsch, U., & Heslop, D. (2018). Tropical Indo-Pacific hydroclimate
response to North Atlantic forcing during the last deglaciation as recorded by a speleothem from Sumatra, Indonesia. Earth and Planetary
Science Letters, 492, 264-278. https://doi.org/10.1016/j.epsl.2018.04.001

Zhang, Q., Holmgren, K., & Sundqvist, H. (2015). Decadal rainfall dipole oscillation over Southern Africa modulated by variation of austral
summer land-sea contrast along the east coast of Africa. Journal of the Atmospheric Sciences, 72(5), 1827-1836. https://doi.org/10.1175/
JAS-D-14-0079.1

TIGER ET AL.

21 of 21

8518017 SUOWIWIOD BATea1D 3ol dde aup Aq peusenob ae sajolfe YO ‘SN JO Se|nl Joy Afeid18UIIUO 4B UO (SUORIPUOD-PUR-SLLBY WD A8 | IMAReiq Ul |Uo//Sdhy) SUORIPUOD pUe swie | 8us 89S *[£202/TT/60] U0 AriqiTauliuo A8|im ‘AiseAIUN yloouke N A 929100VdEZ02/620T OT/I0P/W0d A8 |im Are.d1jpuluo'sgndnBe//:sdny wouy pepeojumod ‘TT ‘€202 ‘G2Shz.Se


https://doi.org/10.1016/S0012-821X(03)00504-1
https://doi.org/10.1016/S0012-821X(03)00504-1
https://doi.org/10.1016/j.gca.2011.06.005
https://doi.org/10.1016/j.gca.2011.06.005
https://doi.org/10.1175/JCLI-D-16-0200.1
https://doi.org/10.1175/2008JCLI2493.1
https://doi.org/10.1007/s00382-017-3786-7
https://doi.org/10.5194/cp-13-1771-2017
https://doi.org/10.1016/j.scitotenv.2021.147181
https://doi.org/10.1016/j.scitotenv.2021.147181
https://doi.org/10.1016/j.palaeo.2017.01.003
https://doi.org/10.1029/2005GL023876
https://doi.org/10.1016/j.quascirev.2019.02.004
https://doi.org/10.1038/nature03067
https://doi.org/10.1038/nature20787
https://doi.org/10.1007/s00382-013-1711-2
https://doi.org/10.1126/science.1064618
https://doi.org/10.1016/j.gca.2019.11.011
https://doi.org/10.1016/j.palaeo.2014.06.001
https://doi.org/10.1016/j.palaeo.2014.06.001
https://doi.org/10.1016/j.epsl.2019.03.038
https://doi.org/10.1007/s11430-009-0031-1
https://doi.org/10.1007/s11430-009-0031-1
https://doi.org/10.1016/j.epsl.2018.04.001
https://doi.org/10.1175/JAS-D-14-0079.1
https://doi.org/10.1175/JAS-D-14-0079.1

	Zonal Indian Ocean Variability Drives Millennial-Scale Precipitation Changes in Northern Madagascar
	Abstract
	Plain Language Summary
	1. Introduction
	2. Contemporary Hydroclimate
	2.1. Seasonal Variability
	2.2. Interannual Variability

	3. Speleothem Proxies
	3.1. Oxygen Isotopes
	3.2. Carbon Isotopes
	3.3. Trace Elements

	4. Materials and Methods
	4.1. Sample Collection
	4.2. 
          U-Th Geochronology
	4.3. Stable Isotope Analysis
	4.4. Trace Element Analysis
	4.5. Event Timing

	5. Results
	5.1. Age Model
	5.2. Stable Isotope Proxies
	5.3. Trace Metal Proxies

	6. Discussion
	6.1. The Last Glacial Period Compared to the Common Era
	6.2. Interpreting Millennial-Scale Variability
	6.3. Comparison With Other Sites From the Region
	6.4. 
          Millennial-Scale Mechanisms
	6.4.1. The Role of Zonal Indian Ocean Variability
	6.4.2. High Latitude Teleconnections
	6.4.3. Caveats to the Zonal Hypothesis


	7. Conclusions
	Data Availability Statement
	References


