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Abstract Indian Ocean sea surface temperatures impact precipitation across the basin through coupled
ocean-atmosphere responses to changes in climate. To understand the hydroclimate response over the

western Indian Ocean and equatorial east Africa to different forcing mechanisms, we present four new

proxy reconstructions from core VM19-193 (2.98°N, 51.47°E) that span the last 250 ky. Sub-surface water
temperatures (Sub-T; TEX,) show strong precessional (23 ky) variability that is primarily influenced by
maximum incoming solar radiation (insolation) during the Northern Hemisphere spring season, likely
indicating that local insolation dominates the upper water column at this tropical location over time. Leaf
waxes, on the other hand, reflect two different precipitation signals: §'*C___(in phase with boreal fall insolation)
is likely reflecting vegetation changes in response to local rainfall over east Africa, whereas 6D,

ecip (Primarily
driven by boreal summer insolation) represents changes in regional circulation associated with thepsummer
monsoon. Glacial-interglacial changes in ocean temperatures support glacial shelf exposure over the Maritime
Continent in the eastern Indian Ocean and the subsequent weakening of the Indian Walker Circulation as a
mechanism driving 100 ky climate variability across the tropical Indo-Pacific. Additionally, the 100 ky spectral
powerinéD,,, .,
climates. Overall, the proxy records from VM19-193 indicate that both precession and glacial-interglacial

cycles exert control over hydroclimate at this tropical location.

supports a basin-wide weakening of summer monsoon circulation in response to glacial

1. Introduction

Sea surface temperatures (SSTs) across the Indian Ocean (IO) basin have a strong influence on precipitation
patterns over nearby regions via coupled ocean-atmosphere feedbacks (Saji et al., 1999; Tierney et al., 2013;
Tokinaga et al., 2012). The entire IO has been warming since at least the mid-20th century (Alory et al., 2007)
with the western tropical IO warming at a much faster rate, even relative to the rest of the tropics (W. Cai
et al., 2014; Roxy et al., 2014). Changes in the tropical IO SST gradient are expected to increase the frequency
and intensity of climate modes such as the 10 dipole (W. Cai et al., 2014; DiNezio et al., 2020). During positive
dipole events, the SST gradient weakens the Walker Circulation over the 10 and increases convective activity over
the western IO leading to increased precipitation over equatorial east Africa and the potential for drought over
Sumatra (Saji et al., 1999). Another major climate feature of the IO basin is the Indian summer monsoon, driven
by intense heating of the land surface over northern India during Northern Hemisphere (NH) summer leading to
strong land-sea temperature contrasts and pressure gradients (Molnar et al., 2010). The pressure gradients drive
cross-equatorial winds that pick up speed and curve toward the northeast off the east African coast via the Somali
Jet (Schott & McCreary, 2001; Schott et al., 2009). Past climate changes can help shed light on the IO SST gradi-
ent and Indian summer monsoon response to external drivers.

Pleistocene climate reconstructions are characterized by rhythmic climate changes that correspond with 23-
(precession), 41- (obliquity/tilt), and 100-ky (eccentricity/glacial-interglacial) cycles (Laskar et al., 2004;
Ruddiman, 2006). The cyclic configurations of Earth's orbit control the seasonal and latitudinal distribution of
incoming solar radiation (insolation). Precession, which controls the seasonal amount of insolation, is thought
to be the dominant control on tropical climate during the Pleistocene (Clement et al., 2004; Jalihal et al., 2019;
Merlis et al., 2013); however, reconstructions long enough to span multiple glacial cycles from the Indo-Pacific
Warm Pool exhibit clear 100 ky glacial-interglacial variability (Lea, 2004; Liickge et al., 2009; Windler
etal., 2019b, 2021). Exposure of the Sunda and Sahul Shelves in the Warm Pool during glacial periods is thought
to trigger a dipole-like response across the tropical IO (DiNezio & Tierney, 2013; DiNezio et al., 2016, 2018),
suggesting that glacial-interglacial variability should be important in the western 1O as it is in the eastern IO.
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Figure 1. Map of the core sites discussed in this text. Vectors represent the average 850 mb winds from June—September,
from the NCEP/NCAR Reanalysis product (Kanamitsu et al., 2002). Blue rectangle denotes area averaged for annual
precipitation in Figure 2b.

Paleoclimate reconstructions from the Arabian Sea vary predominantly with precession and are thought to
reflect the intensity of the summer monsoon (S. Clemens & Prell, 2003; S. Clemens et al., 1991), whereas
records from the Gulf of Aden and the Omani coast show a mixed influence of precession and glacial-interglacial
cycles on overall climate variability (Anderson & Prell, 1993; Tierney et al., 2017a). Currently, there is a lack of
multi-proxy climate reconstructions spanning multiple glacial cycles from the western 1O outside of the Arabian
Sea upwelling zone, meaning there is a sparsity of reconstruction data from the equatorial western IO to examine
cross-basin hydroclimate responses over time.

Here we present four new proxy reconstructions from the western IO, outside of the primary Indian summer
monsoon domain, that span approximately 250 ky. Specifically, we examine SSTs using the Ug index, sub-surface
temperatures (Sub-Ts) using the TEX, index, and the isotopic composition of regional precipitation and vege-
tation using terrestrial leaf waxes (5D and §'*C). We use singular spectrum analysis (SSA) to isolate the leading
signals, or modes of variability, in the data. We then use cross-spectral analysis to examine the coherency and
phase of these leading modes in the proxy reconstructions with maximum NH summer insolation to determine
the major influences on precipitation, circulation, and upper ocean temperatures in the tropical western 10O for
the last 250 ky.

1.1. Modern Climatology of VM19-193

Marine core VM19-193 (2.98°N, 51.47°E) was obtained in August 1963 as part of the Vema cruise VM19 from
a water depth of 5,106 m in the western 10 (Figure 1). VM19-193 is 10.78 m long and consists of alternating
carbonate-rich and carbonate-poor sediment layers, which mark glacial to interglacial transitions and were used in
our age model construction (Figure 3). The likely source of terrestrial material to this site is equatorial east Africa
and the Horn of Africa, east of the topographic highlands of Ethiopia and Kenya. Vegetation in the equatorial
lowlands near the coast in this region largely consists of a grass savannah (Schefup et al., 2003). Precipitation
peaks during two seasons in this area: a primary peak during the “long rains” in April and May when the Inter-
tropical Convergence Zone passes overhead as it shifts northward and a secondary peak during the “short rains”
in October and November as it shifts back southward (Figure 2b). The major moisture source to this area is the
nearby 10.
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VM19-193 Hydrographic Profile
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Figure 2. (a) Water temperature versus depth at VM19-193. Data plotted from the World Ocean Atlas 2018 1° resolution data set for the period 1955-2017 (Locarnini
et al., 2018). Mean annual, NH spring (AMJ), and NH summer (JAS) temperatures are plotted. Gray shading indicates 1¢ around mean annual temperatures. (b)
Monthly GPCC Precipitation data (1° resolution from 1891 to 2016) averaged over 0—10°N and 40-50°E (see blue rectangle in Figure 1) (Schneider et al., 2011, 2016).
Dashed line represents monthly local insolation at VM19-193 (CERES Edition 4.0 data product from 2000—present) (Loeb et al., 2018). GPCC Precipitation data
provided by the NOAA/OAR/ESRL PSL from their website. Points in panel a show calculated mean annual Holocene sea surface temperature and Sub-T from the U;‘;
and TEX proxies, respectively, measured in the uppermost section of VM19-193.
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Figure 3. VM19-193 %CaCO; plotted (a) versus depth and (b) versus age with the benthic §'%0 stack (Lisiecki & Raymo, 2005). Tie points for the age model are

denoted as black triangles in both depth and age space.
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SSTs at VM19-193 are fairly warm year-round (>26°C), but exhibit small seasonal changes: the warmest SSTs
occur in the spring corresponding to a peak in local insolation, whereas the coldest SSTs occur in the summer
(Figure 2a). Not only is VM19-193 in the pathway of the Somali Jet, but it is also located just south of a seasonal
upwelling wedge off the Somali coast (Schott et al., 2009); therefore, the slightly colder summer SSTs here
reflect both increased surface evaporation from strengthened monsoon winds and cooler water that upwells off
the Somali coast and gets diverted southward (back toward the equator) (Schott et al., 2009). Conversely, the
thermocline does not change much seasonally (Figure 2a).

1.2. Paleoclimate Proxies

Alkenones are long-chain (C,) ketones produced by Emiliania huxleyi, a marine phytoplankton that lives through-
out Earth's surface oceans (Prahl & Wakeham, 1987; Volkman et al., 1980). The number of unsaturations in the
alkenone structure varies with the temperature of the water in which the organism grows, thus reflecting SSTs
(Brassell et al., 1986). The alkenone unsaturation index reflects the ratio of di- and tri-unsaturated alkenones
in a given sample as follows: Ug = [C4,,1/([C57,5] + [Cyy5]), where Uf; values approaching 1 reflect warmer
temperatures (Prahl & Wakeham, 1987). One potential issue with U;‘; in warm tropical regions, such as our study
site, is the non-linear sensitivity of alkenones to high temperatures (>24°C) (Conte et al., 2006; T. 1. Eglinton
& Eglinton, 2008). The BAYSPLINE calibration for converting U;‘; values to SSTs addresses this issue with a
non-linear Bayesian regression model (Tierney & Tingley, 2018). Seasonal biases in the production of alkenones
could also skew the temperature estimates away from mean annual values, but this is largely a problem at high
latitudes (Conte et al., 2006; Tierney & Tingley, 2018). Seasonal SST variability at VM19-193 is small and mean
Holocene SST values reconstructed from VM19-193 are consistent with modern mean annual surface tempera-
tures (Figure 2a), so alkenones here likely capture mean annual temperatures.

Isoprenoidal glycerol dialkyl glycerol tetraethers (GDGTs) are membrane lipids produced by marine archaea and
contain a different number of pentacyclic rings, depending on water temperature (Schouten et al., 2002). TEX,
(TetraEther indeX of 86 carbons) describes the relative amount of cyclization of GDGTSs in which values closer
to 1 reflect a greater number of rings and higher water temperatures (Schouten et al., 2007; Wuchter et al., 2004):
TEX,, = (IGDGT-2] + [GDGT-3] + [cren'])/([GDGT-1] 4+ [GDGT-2] + [GDGT-3] + [cren']), where cren’ refers
to the isomer of crenarchaeol, a characteristic lipid of Thaumarchaeota, the primary producers of isoprenoidal
GDGTs. While TEX,, values are empirically related to SSTs (Schouten et al., 2002), Thaumarchaeota can live
throughout the water column with greatest abundances from 0 to 200 m (Church et al., 2010), thus TEXy, can
also reflect subsurface temperatures (Sub-T) (Chen et al., 2016; Lopes dos Santos et al., 2010). At Site VM19-
193, conversion of the Holocene TEX values using the BAYSPAR SST calibration yields temperatures (ca.
24.5°C) that are substantially colder than mean annual SST (ca. 26°C) and also cooler than the alkenone-inferred
SSTs (Figure 2a). In addition, the GDGT-2/GDGT-3 ratio of the Holocene samples is 7.2, which at a TEX,
value of 0.670 lies to the right of the pure temperature-dependent relationship between these indices established
by Rattanasriampaipong et al. (2022), indicating some deeper water input to the sedimentary GDGTs (although
not an extreme amount). Therefore, we chose to interpret our TEX,, data to indicate Sub-T variability. We cali-
brate our data with the BAYSPAR Sub-T calibration, which predicts gamma-weighted integrated temperatures
for 0-200 m water depths from TEX, values with a peak probability at 50 m (Tierney & Tingley, 2015). Mean
Holocene Sub-Ts reconstructed from VM19-193 are consistent with modern temperatures at the thermocline,
suggesting that this calibration and the Sub-T interpretation is appropriate (Figure 2a). In addition, thermocline
steepness at VM19-193 exhibits little-to-no seasonal difference (Figure 2a), thus we interpret TEX to indicate
mean annual Sub-T.

The wax layer of terrestrial plant leaves is composed of long-chain (>C,;) n-alkanes and n-alkanoic acids, also
known as fatty acids (G. Eglinton & Hamilton, 1967), which are geologically stable and accumulate in sediment
via runoff and wind (T. I. Eglinton & Eglinton, 2008). Terrestrial leaf wax 6D (6D, ) reflects the 6D of the plant's
source water; therefore, waxes extracted from sediments, which are contributed by regional vegetation, reflect

wax

the 6D variability of regional precipitation (6D, ) over time. The apparent offset between 6D, . and 6D

precip: precip

(&,arer—nay) Varies between different plant types and photosynthetic pathways, where monocots (grasses) exhibit a

larger ¢,

water—wax

during leaf wax synthesis than other vascular plants (Gao et al., 2014; Sachse et al., 2012). Photo-
synthetic pathways among grasses also affect &

water—wax*

C, grasses synthesize waxes that are more depleted in D
relative to precipitation than C, grasses, meaning that C, grasses exert a smaller ¢,

water—wax

than their C, counterparts
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Table 1 (Sachse et al., 2012). The carbon isotope composition of leaf waxes (6'°C, )
VM19-193 Age Model Information also differs between C, (~—30%0 6'°C, ) and C, (~—20%. 6"3C, ) plants,

reflecting the different degree of fractionation between each photosynthetic

Depth(cm) Tie Point(ka) OxCal Median(ka) OxCal lo(ky) ) .

pathway (T. L. Eglinton & Eglinton, 2008; Sachse et al., 2012). The §"*C,
0 - 3.1 +14 values extracted from sediments thus indicate changes in the relative contri-
40.5 18 17.4 +1.8 bution of C; versus C, plant types from regional vegetation through time.
180.5 60 58.5 +1.8 Here, we use the §'°C, in tandem with 6D, measurements from VM19-
265.5 75 74.4 +1.6 193 to account for regional vegetation influence on &, ... The closest
1555 37 290 416 contmerhltal margln.ls tl.le hkehly source of leaf waxes to VM19-193, .that is,

equatorial east Africa, including the sparsely vegetated Horn of Africa and
380.5 96 95.6 +1.7 . -

southern Somalia and Kenya (Figure 1).
475.5 120 119.2 +1.7
520.5 126 127.9 +1.6 .

2. Materials and Methods
540.5 135 134.5 +1.7
742.5 188 188.2 +1.6 Due to the depth of the site, preservation of foraminifera is poor in VM19-
791 196 197.6 +1.7 193, which precludes us from using either planktic or benthic foraminifera
885.5 230 2299 +1.8 to construct an age model. Instead, the VM19-193 age model is based on tie
9405 246 2470 419 points between bulk CaCO, measurements in the core and the global benthic

Note. Includes %CaCO, tie points, median modeled ages, and 16 uncertainty

using OxCal version 4.4.

foraminifera 5'80 stack from Lisiecki and Raymo (2005) (Figure 3, Table 1).
This approach is rooted in the fact that the carbonate compensation depth,
or CCD, in the deep western equatorial IO near the Somali Basin closely
tracks glacial and interglacial periods during the Quaternary (Divakar Naidu
et al., 1993). Specifically, the CCD was deeper during glacial periods relative
to today, resulting in better CaCO, preservation during cooler periods. Bulk CaCO, was measured by coulometry
at Lamont-Doherty Earth Observatory. Some glacial terminations are identifiable as sudden transitions to near
0% CaCO, (e.g., the termination of the Last Glacial Maximum, Figure 3). Other transitions are more gradual,
so depth tie points were chosen based on shifts between carbonate-rich and carbonate-poor sediment in the core
description and photographs. We used the P sequence routine in OxCal version 4.4 to generate the age model
(Bronk Ramsey, 2008), the inputs and results of which are summarized in Table 1. We find no evidence of
sudden sedimentation rate changes throughout the core, including near glacial-interglacial transitions (Figure S1
in Supporting Information S1). The overall sedimentation rate is approximately 3.6 cm/ky +0.5 cm/ky 1o. The
%CaCO, record ends at the 995 cm depth (Figure 3a). The core description and pictures show a sharp contact
and large irregular patch below approximately 940 cm; therefore, we do not present proxy data beyond that depth.

2.2. Organic Geochemical Analyses

A total of 107 samples from VM19-193—taken approximately every 10 cm and averaging 19 g of sediment
per sample—94 of which were from depths of 940 cm and above, were freeze-dried before total lipid extrac-
tion, which was performed on a Thermo (DIONEX) accelerated solvent extractor with a 9:1 (v/v) mixture of
dichloromethane:methanol. Internal standards were added to each lipid extract for compound quantification:
5,000 ng of a general recovery standard consisting of stearyl stearate (for alkenones) and cis-11-eicosanoic acid
(for fatty acids) and 2,000 ng of a C,; GDGT standard. The different compounds were separated using column
chromatography with a layered 1:1 solid phase of LC-NH, (bottom layer) and 5% deactivated silica (top layer)
gels. Separation of alkenones, GDGTs, and fatty acids was achieved using the solvents dichloromethane, dichlo-
romethane:isopropanol (2:1), and 4% acetic acid in dichloromethane, respectively and in that order.

Alkenones were analyzed on an Agilent 7890 gas chromatograph (GC) with a programmable temperature vapour-
ization inlet. The inlet and oven temperature programs were those described by Windler et al. (2019b). Approx-
imately 20% of the alkenone samples were run in duplicate with an average analytical error of +0.006 U;‘; units
(+0.3°C). To convert Uf; values to temperature, we used the BAYSPLINE calibration (Tierney & Tingley, 2018),
which is non-linear at warm temperatures providing more realistic values as U;‘; values approach one.

Glycerol dialkyl glycerol tetraethers were filtered with a 99:1 mixture of hexane:isopropanol prior to analysis on
an Agilent 6210 single quadropole mass spectrometer with a 1260/1290 high performance liquid chromatograph.
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The liquid chromatograph method, modified from Hopmans et al. (2016), and the binary solvent pump timetable
were those described in Windler et al. (2019b). Approximately 20% of the GDGT samples were run in duplicate
with an average analytical error of +0.003 TEX, units (+0.2°C). To convert TEX,, values to temperature, we
used the BAYSPAR Sub-T calibration (Tierney & Tingley, 2015), which predicts gamma-weighted integrated
temperatures in the top 200 m of the water column.

Fatty acids were methylated over night using methanol with a known isotopic composition to form fatty acid
methyl esters (FAMES), then further purified using a final column chromatography step with silica gel as the
solid phase. The 6'°C and 6D of FAMEs were analyzed separately using a Thermo Scientific Delta V Plus
stable isotope mass spectrometer with a Conflo IV, Trace 1310 GC, and GC Isolink II. External FAME and
n-alkane standards of known isotopic composition were run every five injections to monitor drift and ensure
accuracy. Higher chain leaf wax fatty acids (>C,) are largely produced by terrestrial vascular plants (Kusch
et al., 2010), but aquatic sources with chain lengths as high as C,; have been detected (Feakins et al., 2007;
Volkman et al., 1980). To avoid the influence of aquatic material we measured 6'*C and 5D values of the Cs, fatty
acid. All samples were run in at least duplicate for both carbon and hydrogen analyses. Approximately 25% were
run in triplicate for 6D with an overall analytical precision of +1.4%0 (16). Approximately 15% of the samples
were run in triplicate for 5'*C with an overall precision of +0.1%o (15). All 6D values are reported in %o notation
versus Vienna Standard Mean Ocean Water. All §'3C values are reported in %o notation versus Vienna Pee Dee
Belemnite (VPDB). Measurements were corrected for the carbon and hydrogen isotopes added during the meth-
ylation process using mass balance.

2.3. Vegetation Correction

As previously mentioned, the fractionation of leaf wax isotopes (&,,,,.,_,...) varies between different plant types and
photosynthetic pathways (Feakins & Sessions, 2010; Sachse et al., 2012; Smith & Freeman, 2006). To account for
changesin¢,,,,_,,, Over time, we use an established Bayesian method to infer 6D, ,, from 6D, (Bhattacharya
et al., 2018; Tierney et al., 2017; Windler et al., 2020). We use paired 5'*C,, measurements from VM19-193 to
estimate the fractional contribution of leaf waxes from C, plants (f,,) in each sample, using designated 5'*C,
and 6'°C, endmembers (Tierney et al., 2017). Estimated f,., and designated endmember values of ¢, and ¢, are

for each sample (Equation 1). The & values are then used

water—wax

used to calculate a vegetation-weighted ¢

water—wax
to calculate 6D, (Equation 2):

Ewater—wax = fC4 X €cq + (1 - fC4) X €c3 (1)

5meip — M — 1,000

( ) +1 @

1,000

We use the following endmember values (+standard error) from the “All Africa” data set (Garcin et al., 2014):
68Cy = =33.4 + 0.4%o¢ and 6"°C, = —19.8 + 0.3%o. For ¢

water—wax

endmembers (+standard error), we use
values from Sachse et al. (2012): £, = =114 + 2.1%o0 (excluding grasses) and &, = —132 + 3.3%o (monocots
only). All endmember values correspond to C,y-alkane 5'*C and ¢

water—wax®

since comparable data do not exist for
the C,, fatty acid; however, fractionation between the two appear to be closely related (Gao et al., 2014), so we
corrected 6D

assume they are equivalent. The raw 6D and f, values are shown in Figure S2 in Supporting

wax? precip?®

Information S1.

2.4. Singular Spectrum and Cross Spectral Analyses

To isolate the leading oscillatory modes of variability in each reconstruction we perform a SSA on each record
(Allen & Smith, 1996, 1997; Ghil et al., 2002). A “trajectory matrix” is constructed using M lagged copies of a
centered, evenly spaced time series, then the empirical orthogonal functions are calculated from the covariance
matrix of the lagged series (Ghil et al., 2002; Ghil & Vautard, 1991; Vautard et al., 1992). We resample the VM 19-
193 reconstructions to an even time step of 3,000 years and use an embedded dimension (window width) M equal
to 1/5 the length of the evenly spaced data (M = 16). We calculate the singular value decomposition of the M X M
covariance matrix of the centered, evenly spaced data. The eigenvalues from the singular value decomposition
are used to quantify the percent of variance explained by each eigenvector. The “reconstructed components”
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(RCs) are calculated by projecting the time series onto each mode (see Equation 11 in Ghil et al. (2002) and
Equation 1 in Windler et al. (2021)). We determine the combination of leading modes that explains the majority
of the variance in each reconstruction and estimate their dominant frequency using a smoothed periodogram
(Bloomfield, 2004). We calculate the raw periodogram of each linearly detrended RC and smooth the spectra
with an eight-point Gaussian filter.

We perform cross spectral analyses between ETP, or the combination of eccentricity (E), obliquity (tilt; T), and
precession (P) (Laskar et al., 2004), and the combined RCs of the leading modes of variability in the new recon-
structions from VM19-193, including 5me,ip, o13C SST, and Sub-T, to look at coherence and phase at the
different orbital frequency bands. To compare phases of coherent spectral signals in VM19-193 with potential

wax’

internal drivers, we also perform cross spectral analyses between ETP and the global benthic §'30 stack (Lisiecki
& Raymo, 2005) (representing ice volume) and atmospheric CO, from the Vostok ice core (Bereiter et al., 2015).
All cross spectral analyses were done with the Arand Time Series Analysis Software (Howell et al., 2006). Each
record was re-sampled to a consistent time step of 3,000 years prior to analysis and run with 30% lags and a full
linear detrend. Precession was weighted by —1 in the ETP record, so that precession minima (NH summer inso-
lation maxima) is phase 0. All isotope proxies (benthic §'°0 stack, 6D,,,.,,, and 6"°C, ) were multiplied by —1
prior to the cross spectral analysis so that lighter isotope values are in phase with precession minima.

2.5. Calculating Glacial Cooling

The changes in the western IO thermocline during glacial periods when the Sunda and Sahul Shelves are exposed
may be driven by a dipole-like response to a weaker Walker Circulation over the IO (DiNezio & Tierney, 2013;
DiNezio et al., 2016, 2018). To compare glacial changes in the upper water column of the western versus eastern
IO during the Late Pleistocene, we calculate overall glacial-to-interglacial changes in the thermocline at VM19-
193 consistent with the methodology of Windler et al. (2019b). To do so, we use the ensemble temperature
predictions from the BAYSPLINE (SST) and BAYSPAR (Sub-T) calibrations. The range of temperatures from
the SST and Sub-T ensembles (2,500 ensemble members for each sample in both the SST and Sub-T records)
are sorted from lowest to highest temperature values to retain the structure of the time series. For example,
each temperature record ensemble has the dimension N X M, or 94 samples X 2,500 ensemble members, and
are sorted along dimension M. Sorting in this way retains the shape of the time series when considering all
ensembles at once, since the calibrations output temperature values in a random order. To account for the effect
of analytical precision on the inferred temperatures, we added uncertainty back into the sorted ensembles: 0.2°C
for SST and 0.4°C for Sub-T (1o). We define glacial and interglacial periods based on when relative sea level is
below (exposed shelf) or above (submerged shelf) —50 m, respectively, using the relative sea level curve from
Waelbroeck et al. (2002). The temperature values for the interglacial periods (submerged shelf) are subtracted
from the glacial periods (exposed shelf) to calculate the magnitude of glacial cooling in both the SST and Sub-T
prediction ensembles. We use a T-test for equality to determine if the distributions of cooling between SST and
Sub-T are significantly different (Long & Rippeteau, 1974). We then compare the calculated glacial-interglacial
cooling in the SST and Sub-T at VM 19-193 with those from MD98-2152 in the eastern IO (Windler et al., 2019b).

3. Results
3.1. VM19-193 Paleoclimate Reconstructions

Median SSTs largely range from 25 to 30°C over the last 250 ky, except during the Last Glacial Maximum (LGM,
23 ka) when SSTs cooled to 20°C (Figure 4a). There is little visible structure in the SSTs and no pronounced
peaks in spectral power at frequencies corresponding to the 23-, 41-, and 100-ky cycles, specifically, frequen-
cies 0.043, 0.024, and 0.01 cycles/ky (Figure 5a). The Ug‘; values in VM19-193 range from 0.745 to 0.978;
therefore, saturation of the U§7' index is not likely to dampen spectral power in the SST record by obscuring
warmer temperatures. Median Sub-Ts range from about 16 to 25°C and exhibit larger changes through time than
SSTs (Figure 4a). GDGT quality control indices, including the branched and isoprenoidal index (BIT) (Hopmans
et al., 2004), the methane index (MI) (Zhang et al., 2011) and the ring index (RI) (Zhang et al., 2016) suggest that
pelagic GDGT producers dominated the GDGT pool throughout the span of the record. Average BIT is 0.045
and remains relatively invariant aside from a few data points that approach a value of 0.2. Average MI is 0.24 and
does not exceed 0.28. Average ARI is 0.07 and never exceeds 0.18. These metrics are available in the data set
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accompanying this study (Windler et al., 2022). The leading two modes of variability in the Sub-T record explain
52% of the total variance combined and shows peak spectral power at 0.043 cycles/ky, corresponding to the 23 ky
precession cycle (Figure 5b). Spectral power at the 100- and 41-ky frequencies is not well defined in the Sub-T
record (Figure 5b). Cooling during glacial periods, when the Sunda and Sahul Shelves are exposed, over the last
250 ky is —0.9°C in the surface with more widely distributed estimates than Sub-T, which cooled approximately
—0.4°C during shelf exposure (Figure 6a).

The éD,,,,;, values range from —4 to +23 %o and display more glacial-interglacial structure than the temperature
records, with more enriched values occurring during glacial periods at ~25 and 140 ka (Figure 4b). The differ-
ence between glacial and interglacial extremes in 6D,,,,., approaches 20%o for the transitions between MIS 6/5
and MIS 2/1. The D, ., has pronounced peaks in spectral power at frequencies corresponding to the 23 ky

precession cycle (27% of the variance) and the 100 ky cycle (up to 46% of the variance between modes 1 and
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Figure S. Smoothed periodograms of leading modes from the singular spectrum analysis for VM 19-193 reconstructions. (a)
sea surface temperature, (b) Sub-T, (c) 6D,,,,» and (d) §°C,,,.. The 23-, 41-, and 100-ky orbital frequencies are marked with
dotted lines in each panel. Modes in quadrature (modes that have similar but out-of-phase empirical orthogonal functions
and the same frequency (Ghil et al., 2002)) are combined and listed as pairs. Explained variance for each mode are listed in

parentheses.
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Figure 6. Distributions of the amount of cooling of sea surface temperature (SST) versus Sub-T between glacial periods

of shelf exposure and interglacial periods when the shelf is submerged at (a) VM19-193 in the western IO from this study
(Windler et al., 2022) and (b) MD98-2152 in the eastern IO from Windler et al. (2019b). Box whiskers represent the 5%

and 95% confidence levels. Box lines represent median values, which are listed. The p-values from the T-tests between the
distributions of cooling in SST and Sub-T records at each location are also listed. A p-value <0.05 indicates the distributions
are significantly different.
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Table 2

Coherency and Phase Results From Cross Spectral Analyses at Orbital Frequency Bands for the VM19-193
Reconstructions (This Study), Ice Volume Minima (Lisiecki & Raymo, 2005), and CO, Concentrations (Bereiter
et al., 2015) All Relative to ETP

Precession (23 ky) Obliquity (41 ky) Eccentricity (100 ky)

Reconstruction Coherency Phase + 1o Coherency Phase + 1o Coherency Phase + 1o

8D, .., Min 0.97 ~13° %7 0.30 - 091 —27°+ 12
81°C,,, Min 0.88 —91° + 14 0.21 - 0.84 +38° + 16
SST Max 0.22 = 0.36 = 0.62 =

Sub-T Max 0.94 +61°£9 0.72 +20° +23 0.77 +37° + 21
Ice Min 0.85 ~78° + 16 0.88 ~70° + 14 0.89 —6°+ 13

CO, Max 0.78 =71° £ 20 0.74 =70° £ 22 0.84 +5°+ 16

Note. Coherency above 0.64 and 0.79 are significant above noise at the 80% and 95% confidence levels, respectively. Phase
values are only listed if the proxy is coherent at that frequency band. Negative phase values indicate lag and positive phase
values indicate lead.

2; Figure 5¢). The 53C, , values range from only —23 to —26 %o (Figure 4c) and are indicative of large contri-
butions from C, grasses to this location (Figure S2 in Supporting Information S1) reflecting the grass savannah
landscape east of the Kenyan and Ethiopian highlands (SchefuB et al., 2003). The 53C, record has strong
spectral power at the 100 ky cycle (56% of the total variance) and a secondary component that peaks at the 23 ky
precession cycle (21% of the variance; Figure 5d).

3.2. Cross Spectral Phases Relative to ETP

Coherence and phase are used to describe the correlation and timing between different time series at particular
frequency bands. Here, we report the coherence and phase of the RCs of leading modes of variability of each
reconstruction relative to ETP at the precession (23 ky), obliquity (41 ky), and 100 ky frequency bands (Table 2).
Phase wheels are useful for summarizing the phase relationships (relative timing) of proxy reconstructions to
either external drivers of climate such as the amount of insolation, or internal drivers such as global ice volume or
greenhouse gases (Figure 7). For instance, ice volume minima (ice) and atmospheric CO, concentrations are well
known internal drivers of Earth's climate during the Pleistocene (Bereiter et al., 2015; Lisiecki & Raymo, 2005).
Both are coherent with ETP at all three orbital frequency bands and lag precession minima (June 21 perihelion)
(Table 2). Our cross spectral results for ice and CO, are comparable to those reported in other studies (Bolton
etal., 2013; S. C. Clemens et al., 2021; McGrath et al., 2021).

The Sub-T, 6D, and 513C,,, reconstructions from VM19-193 are all coherent with ETP at the 23 ky preces-
sional frequency band (Table 2, Figure 7), so we focus our phase discussion below on precession. Positive phase
values indicate lead and plot to the left on the phase wheel, whereas negative phase values indicate lag from
the zero phase (in this case June 21 perihelion) and plot to the right on the phase wheel. Among the VM19-193
reconstructions, only Sub-T is coherent with ETP at the obliquity frequency band. Sub-T, D, ., and & BC, ..
are coherent at the eccentricity band (Table 2). As a point of comparison, we perform a SSA and cross spectral
analysis using the same methodology described above for D ,,,,, and & 13C, .. from the Gulf of Aden (RC09-166
in Figure 1) (Tierney et al., 2017a). See Figures S3 and S4 in Supporting Information S1.

4. Discussion
4.1. Precessional Variability

. 3 . . .
The leaf wax reconstructions (6D,,,,,, and 6°C, ) both display a peak in spectral power at the 23 ky precession

frequency (Figures 5c and 5d), but are almost 90° out-of-phase with one another (Figure 7). The 6D, ., plots
close to zero-phase within uncertainty (Table 2), indicating that the primary driver of 6D, .,
east African coast is precession minima, or NH summer insolation maxima (Figure 7). By contrast, §'*C,_, is

over the equatorial

in phase with insolation maxima during NH fall within uncertainty (Figure 7). In other words, 6D is lighter

precip
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Figure 7. Phase relationships of the VM19-193 reconstructions (this study), ice volume minima (Lisiecki & Raymo, 2005),
and CO, concentration (Bereiter et al., 2015) all relative to ETP at the precession frequency band. All isotope proxy records
(6D 83C, ., and the benthic §'30 stack) were multiplied by —1 so that lighter isotope values are in phase with precession

precip® wax?®
minima (June 21 perihelion). All plotted phases exceed the 95% confidence level of non-zero coherency reported in Table 2.

Negative (positive) phase values indicate a lag (lead) between the proxy and phase 0, which plots to the right (left) of the top
of the wheel. Error bars represent 1o uncertainties.

(more depleted in D) in response to insolation maxima during NH summer and 6'*C__is lighter (more C, plant
material) following NH fall insolation maxima. This ~90° phase contrast suggests that the different leaf wax
isotopes in this region are recording distinct signals.

Equatorial east Africa receives most of its precipitation during either the NH spring “long rains,” or the “short
rains” during the fall (Figure 2b), thereby driving the vegetation growing season during those times. The coher-
ency of 6'3C,, with NH fall insolation over precessional cycles (Figure 7) suggests that variability in the fall
season “short rains” is dominating the precessional-scale local precipitation signal in this region. In other words,
the relative amount of C, and C, vegetation recorded by §'3C, . is responding to changes in the fall rainy season
over equatorial east Africa. In line with this, coupled simulations for the mid-Holocene (6 ka)—a time with
maximum insolation during NH fall (Laskar et al., 2004)—indicate rainfall increases from June to November, and
decreases from December to May, over the western IO and equatorial east Africa (LeGrande & Schmidt, 2009;
Tierney et al., 2011). Our results indicate that this simulated change in rainfall seasonality is likely a consist-
ent feature during the precessional cycles of the last 250 Ky: increases in NH fall insolation result in increased
precipitation during the fall “short rains” season, likely due to enhanced local convection, over the arid savannah
grasslands of equatorial eastern-most Africa, which allows for the landscape to support an expansion of C, plants
during the fall growing season. Changes in CO, are small over precessional time scales and so are not likely to
impact vegetation at this frequency, making a vegetation response to localized rainfall availability a reasonable
mechanism for driving 6'*C,, changes at this location.
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Figure 8. Reconstructions of 5me[p from VM19-193 (blue line) (Windler et al., 2022) and RC09-166 (black line) (Tierney
etal., 2017a). Shading represents 1o uncertainty. The 6D, of RC09-166 was calculated from 6D, values using the same
methodology described in this study.

Contrary to the local NH fall season precipitation signal captured by the carbon isotope composition of the vegeta-

tion on the landscape, the 6D from this area likely reflects large-scale regional circulation changes associated

reci
with the summer monsoon. "i"hep maximum NH summer insolation that occurs during precession minima more
rapidly heats up the NH land surface in early summer, increasing the land-sea temperature contrast, and causing
the loci of heavy monsoon precipitation to shift northward. Idealized modeling experiments have found that this
northward shift increases summer precipitation over northeast Africa, the Arabian Peninsula, and southern Asia
when NH insolation is high (Battisti et al., 2014; Bosmans et al., 2018). Isotope-enabled simulations estimate
a similar spatial pattern in the isotopic composition of precipitation; however, the lighter precipitation isotope
values under high insolation are driven by large-scale transport of depleted water vapor rather than the amount
of local precipitation (Battisti et al., 2014). Summer rainfall over equatorial east Africa and the Horn of Africa

does not change much during precession minima (Battisti et al., 2014; Bosmans et al., 2018), but 6D from

precip
VM19-193 suggests that this area was affected by intensified monsoon circulation over precessional time scales.

The lighter 6D, values in VM19-193 during high NH summer insolation could be specifically related to
low-level moisture convergence over the tropical western IO from an intensified Somali Jet. Bosmans et al. (2018)
simulated a dipole-like response in NH summer across the tropical IO during precession minima: enhanced east-
erly winds across the southern IO lead to warmer SSTs, lower sea level pressure, and increased precipitation and
upward motion of air over the equatorial western IO. Converging moisture at low levels of the atmosphere is
isotopically depleted relative to local moisture sources because it retains the rainout of heavy isotopes along its
trajectory (Aggarwal et al., 2012; Galewsky et al., 2016; Moore et al., 2014). Today, summer is relatively dry in
east Africa, but still receives some rainfall (Figure 2b). The summer depletion signal from enhanced monsoon

circulation must have been large enough to either dominate the 5D values from the rest of the year, or carry

precip
over into the fall growing season.

Either way, the VM19-193 leaf wax record refines our understanding of the drivers of 6D in east Africa. The

precip
almost 90°phase offset between D and 5'°C clearly suggests that each isotope system is recording a different

seasonal aspect of the regional hydrological cycle. Previous work has argued that 6D over the Horn of Africa

region reflects aridity (Tierney & DeMenocal, 2013; Tierney et al., 2017a), wheregs tlple results here suggest it
is more accurately understood as a summer monsoon circulation indicator. Changes in circulation have conse-
quences for aridity insofar as they may be associated with an increase or decrease in summer rainfall, so these
interpretations are not mutually exclusive; however, circulation provides a better explanation for the similarities
between VM19-193 and other records of 0D, ein from east Africa (i.e., (Tierney & DeMenocal, 2013)) that are ca.
1,000 km distant. Indeed, the VM19-193 6D, ,, record is similar to 6D, ., from RC09-166 in the Gulf of Aden
for the last 200 ky (Figure 8) (Tierney et al., 2017a) in line with the regionally coherent changes in precipitation
isotopes simulated in Battisti et al. (2014). The precessional phasing of RC09-166 is likewise close to zero phase
within uncertainty (Figure S4 in Supporting Information S1). The only substantial difference between the records
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is during MIS 4, when RC09-166 exhibits much more enriched isotopes than VM19-193 (Figure 8). This could
reflect a real regional difference in hydroclimate, representing a particularly dry period focused within the Horn
region that corresponds with a major “out-of-Africa” human migration event (Tierney et al., 2017a).

The Sub-T reconstruction at VM 19-193 is coherent with ETP above the 95% confidence level at the precession
band (Table 2) and plots between insolation maxima during NH spring and summer on the phase wheel, closer
to spring maxima (Figure 7). This phasing of the Sub-T record suggests that the amount of heating during the
spring season, when local insolation is highest (Figure 2b) is a dominant control on mean annual upper water
column temperatures at this equatorial site. In other words, during periods of NH spring insolation maxima, the
seasonal insolation cycle observed today (Figure 2b) is enhanced, leading to greater heating of the upper water
column during the spring season at this location that is apparently not counter-balanced by cooling in other times
of the year.

In contrast with the Sub-T record, the alkenone SST data show no coherency with ETP in the precessional band
(Table 2) and there is no evidence of spectral power near precession in the SSA results (Figure 5a). This suggests
that precessional forcing of SST is symmetric across the seasonal cycle (i.e., warming during one season is coun-
terbalanced by cooling during a different season) leading to a net-zero impact on mean-annual SST variability.

4.2. Glacial-Interglacial Variability

VM19-193 is ideally located to test the western IO response to glacial shelf exposure over the Maritime Conti-
nent in the eastern 10 Basin. The shelf exposure mechanism asserts that during glacial periods, when sea level
is low relative to today, the exposed Sunda and Sahul Shelves in the Indo-Pacific region cool the surface via
increased albedo relative to the surrounding ocean (DiNezio & Tierney, 2013; DiNezio et al., 2016). This surface
cooling causes a decoupling of the Indian (weaker) and Pacific (stronger) Walker Circulation cells (DiNezio
et al., 2016, 2018). Weaker circulation over the tropical eastern 10 leads to increased low level moisture diver-
gence (Windler et al., 2020) and a dipole-like mean state where anomalous easterly winds become part of a posi-
tive feedback with a warmer west/cooler east SST gradient, causing upwelling off the Sumatra and Java coasts
(DiNezio et al., 2016, 2018). Increased convection over the warmer SSTs (and deeper thermocline) in the western
IO also contribute to a precipitation dipole, where rainfall increases over the ocean and east African coastline and
severe drying across the Sunda Shelf in the eastern 10 (DiNezio & Tierney, 2013; DiNezio et al., 2016, 2018).

A comparison of SST and Sub-T reconstructions from core MD98-2152 off southern Sumatra (Figure 6b) agrees
with the simulated dipole-like response to shelf exposure, where Sub-Ts show greater cooling when the shelves
are exposed than SSTs, indicating upwelling in the equatorial eastern 10O driven by sea level (Figure 6b) (Windler
et al., 2019b). Our results for VM19-193 show that the Sub-Ts in the tropical western IO experience very little
glacial cooling during the last 250 ky, whereas SSTs cool slightly more, though there is not a significant differ-
ence between the two (Figure 6a). In other words, the thermocline is getting deeper or experiencing very little
change over glacial-interglacial time scales in the tropical western 1O. This supports shelf exposure as a primary
mechanism influencing climate in the 10 Basin during glacial periods. A direct comparison of the eastern and
western temperature reconstructions is shown in Figure S5 in Supporting Information S1. Why then, do neither
the SST, nor Sub-T records show prominent spectral power at the 100 ky frequency (Figures 5a and 5b)? This
lack of 100 ky power is likely canceled out by the overall cooler conditions of glacial periods. For example, if the
entire IO cooled by ~3°C during MIS 6, but the feedbacks associated with shelf exposure made the tropical west-
ern IO warmer relative to the rest of the basin, then the overall cooling effect of glacial conditions is counteracted
by the effect of shelf exposure at this location. The result is muted glacial variability in the temperature proxies.

Since the §'°C, from VM19-193 represents a vegetation response to local precipitation over precessional time
scales, then we might expect the 100 ky spectral power in the record (Figure 5d) to vary according to the shelf
exposure mechanism, which instigates a rainfall dipole across the tropical 10 with a wetter western 10 and a
drier eastern IO (DiNezio et al., 2016, 2018). Regional vegetation over southern Sumatra and western Java shows
an expansion of C, grassland during glacial periods of the last 450 ky, indicating enhanced rainfall seasonality
with a more intense dry season associated with weaker IO Walker Circulation (Windler et al., 2019b); however,
68C, . from VM19-193 does not indicate a wetter east African coastline during the glacial periods MIS 2 and 6
(Figure 4c). The glacial response of §'3C,_from equatorial east Africa suggests that the increase in rainfall asso-
ciated with shelf exposure may have been limited to the ocean, where the largest changes are simulated (DiNezio
et al., 2016, 2018; DiNezio & Tierney, 2013).
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Additionally, the 100 ky variability in §'3C
pheric CO, concentrations mean that C, grasses have an advantage over C, plants under glacial conditions

o May be reflecting CO, limitations on the vegetation. Lower atmos-
(Ehleringer et al., 1997; Sachse et al., 2012), thus limiting C, expansion over the landscape. The §'*C, , record is
coherent with ETP at the 100 ky frequency band above the 95% level; however, phase values suggest that §'°C
leads changes in CO, (Table 2). The difference in dating between the records, the small number of full glacial
cycles represented by VM19-193, and the high phase errors make this relationship difficult to quantify in this
study; however, a new §'°C,_record of northwest African vegetation changes shows that the relative changes
in C,/C, plant distribution closely tracks CO, concentrations over 100 ky time scales, not ice volume (O'Mara

etal., 2022).

The prominent 100 ky spectral power in the 6D from VM19-193 (Figure 5c) is notable, as it suggests a broad

reorganization of circulation related to a wealierpAfro-Indian monsoon system during glacial periods. Strong
100 ky variability has also been found in precipitation isotope reconstructions from the Gulf of Aden (Figure
S3 in Supporting Information S1) (Tierney et al., 2017a) and regions affected by the Indian and East Asian
summer monsoons (McGrath et al., 2021; Windler et al., 2021) with the exception being speleothems from east-
ern China, the interpretations of which are highly debated (Cheng et al., 2016; Chiang et al., 2015; S. C. Clemens
et al., 2010, 2018; Liu et al., 2014; Wang et al., 2001). The presence of 100 ky power in different precipitation
isotope archives across the different monsoon regions adjacent to the IO suggests a spatially coherent summer

monsoon response to glacial climates.

Simulations of glacial conditions have found widespread reductions in summer precipitation from Africa to
northwest India, which may be driven by mid-latitude advection of cold, dry air via the westerlies that mixes
equatorward and limits the spatial extent of the summer monsoon into the Asian continent (DiNezio et al., 2018).
Weaker monsoon circulation would likely shorten moisture transport resulting in the observed precipitation
isotopic enrichment over the region (Y. Cai et al., 2015; McGrath et al., 2021; Moore et al., 2014). No matter

the exact mechanism, the pronounced glacial-interglacial changes in 6D (Figure 4b) indicate that equatorial

east African hydroclimate responds to glacial boundary conditions (i.e.,pextpensive NH ice sheets and/or reduced
greenhouse gas concentrations). Additionally, the 100 ky variability in RC09-166 (Figure S3 in Supporting Infor-
mation S1) suggests that northeast Africa responds to similar mechanisms over glacial-interglacial time scales.
This directly contrasts with west African dust and vegetation records that suggest the African monsoon system
is a purely precessional signal that is coherent throughout the late Pleistocene (Kuechler et al., 2013; O'Mara
et al., 2022; Skonieczny et al., 2019). Future work is necessary to reconcile this spectral difference over the

African continent.

5. Conclusions

We have presented four new climate reconstructions from the tropical western IO that span the last 250 ky. We
found strong 23 ky precessional variability in marine Sub-Ts, the 8D of precipitation, and the §'3C of regional
vegetation from east Africa that all exhibit different phasing with respect to NH summer insolation maxima
during this period. Sub-Ts are likely driven primarily by NH spring insolation maxima, which exacerbates the
modern seasonal insolation cycle at this location. Despite this spring-driven signal in the ocean, vegetation shifts
follow local rainfall over equatorial east Africa during the NH fall “short rains.” The 6D,
NH summer insolation maxima over precessional time scales, likely reflecting large regional circulation changes

more closely follows

associated with summer monsoon intensity.

We expect the lack of a 100 ky spectral signal in the temperature reconstructions if the shelf exposure mechanism
is influencing the equatorial western IO during glacial climates: the warming from shelf exposure works in oppo-
sition to overall glacial cooling. Our calculation of glacial cooling in the SST and Sub-T records from the western
10 indicate that the sub-surface cooled less than the surface (deeper thermocline), which supports shelf exposure
over the Maritime Continent as a primary mechanism influencing glacial-interglacial climate variability in the
I0; however the §3C, , sourced from equatorial east Africa do not show expansion of C, plants over the land-
scape during glacial periods. This may indicate that the rainfall dipole associated with shelf exposure was limited

to the open ocean. By contrast, the 100 ky signal in 6D from the tropical western IO may reflect a spatially

precip
coherent weaker monsoon circulation across the 10 Basin during glacial periods. Overall, the VM19-193 record
of hydroclimate over east Africa indicates that both precession and glacial-interglacial cycles play key roles in

driving ocean-atmosphere responses to climate at this tropical location.
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