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Greenhouse Gas and Ice Volume Drive Pleistocene Indian
Summer Monsoon Precipitation Isotope Variability
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Abstract Orbital-scale Indian Summer Monsoon variability is often interpreted as a direct response
to northern hemisphere summer insolation. Here we present a continuous (0-640 kyr) orbital scale
precipitation isotope (8Dpyecip) Tecord using leaf wax 8D from the core monsoon zone of India. The 8D pyecip
record is quantitatively coherent with, and 6D, minima in phase with, greenhouses gas maxima, and
ice volume minima across all orbital bands. The 6D, record is also coherent and in phase with the

two existing orbital-scale Indian speleothem 8'*0 records, demonstrating a consistent regional response
among independent proxies. These findings preclude interpretation of Indian precipitation isotope records
as a direct response to northern hemisphere summer insolation. Rather, they dominantly reflect changes
in moisture source and transport paths associated with changes in greenhouse gases and ice volume. The
orbital-scale precipitation isotope responses of the Indian and East Asian monsoon systems are uncoupled
and are driven by different forcings.

Plain Language Summary Understanding the variability and forcing mechanisms of the
Indian Summer Monsoon is a key socioeconomic concern. Late Pleistocene orbital-scale proxy records
provide a unique opportunity to study monsoonal change since both external (insolation) and internal
climate forcing functions (greenhouse gases and high-latitude ice volume) are well constrained. Here we
present the first long, continuous orbital-scale precipitation isotope proxy record using leaf wax hydrogen
isotopes. Precipitation isotopes reflect precipitation amount, moisture source, and moisture transport
path dynamics making them ideal proxies for summer monsoon variability. We document a regionally
consistent precipitation isotope signal driven by changes in greenhouse gas and ice volume. This diverges
from previous studies that interpret the orbital-scale precipitation isotope signal as a direct response to
external insolation forcing. Our findings are consistent with model results showing that anthropogenic
increases in greenhouse gas will alter large-scale Indian Summer Monsoon circulation leading to
increased precipitation and more distal moisture sources.

1. Introduction

Indian Summer Monsoon (ISM) variability is consequential, leading to flooding or droughts, and is tied
to the socio-economic stability of India (Gadgil & Gadgil, 2006). Projecting changes in the ISM is a key
challenge for global and regional circulation models (e.g., Asharaf & Ahrens, 2015; Seth et al., 2019; Shuk-
la, 2007; Wang et al., 2015), particularly under future climate change scenarios. Orbital-scale proxy records
over the Late Pleistocene provide a unique opportunity to study monsoonal change in which the external
forcing function, insolation, is known (Berger, 1978; Laskar et al., 2004), and two of the critical internal
forcing functions, greenhouse gases and terrestrial ice volume, are well constrained from ice core and
benthic foraminifera 8'*0 records respectively (Bereiter et al., 2015; Lisiecki & Raymo, 2005; Loulergue
et al., 2008). The relative sensitivity of monsoonal proxy records to these external and internal drivers
can be evaluated using cross-spectral analysis, a means of quantifying coherence and phase relationships
among them.

Previous orbital-scale studies do not yield consistent interpretations with regard to the timing or caus-
es of ISM variability. The phase of the Arabian Sea proxies suggests that the timing of the strongest
summer-monsoon winds is sensitive to latent heat imported from the southern hemisphere, greenhouse gas
concentrations, and high-latitude ice volume and sea ice cover (Caley et al., 2011; Clemens & Prell, 2003).
Runoff (Gebregiorgis et al., 2020) and wind-driven stratification proxies (Bolton et al., 2013) from the Bay

MCGRATH ET AL.

1 of 10


https://orcid.org/0000-0003-3372-1894
https://orcid.org/0000-0002-1136-7815
https://orcid.org/0000-0003-1312-825X
https://doi.org/10.1029/2020GL092249
https://doi.org/10.1029/2020GL092249
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GL092249&domain=pdf&date_stamp=2021-02-23

A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL092249

20°N

10°N

OFRENWARIOIOUINWOWONOOWAROIINUION
(e RO
(Aepyww) uonendioaid Jswwng

et
S

OOO0000000O00OOHHENWUINHFENWY
o000 oRRNWRNOOWUINNZNUNO

70°E 85°E 100°E 115°E

Figure 1. Mean June-September precipitation from APHRODITE (mm day™'; 1998-2015; V1901) (Yatagai et al., 2012)
plotted with a logarithmic scale. The dashed line outlines the CMZ of India (Gadgil, 2003) and star marks Site U1446.
Dots are color-coded by proxy record type: yellow indicates §Dy,y, purple indicates wind, orange indicates ISM
speleothems, red indicates East Asian summer monsoon speleothems, and blue indicates 8" Oyeamater- Sites references:
(1) RC27-61 and 722B (Clemens & Prell, 2003), (2) MD04-2861 (Caley et al., 2011), (3) Bittoo Cave Speleothem
(Kathayat et al., 2016), (4) Lonar Lake (Sarkar et al., 2015), (5) SO188-342 KL (Contreras-Rosales et al., 2014), (6) SO93-
117 KL, SO93-118 KL, and SO93-120 KL (Hein et al., 2017), (7) NGHP 17 (Gebregiorgis et al., 2018), (8) Site 758 (Bolton
et al., 2013), (9) Xiaobailong Cave (Cai et al., 2015), (10) Dongge Cave (Cheng et al., 2016), (11) Sanbao Cave (Cheng

et al., 2016), (12) Hulu Cave (Cheng et al., 2016), and (13) Site U1429 (Clemens et al., 2018).

of Bengal support these internal forcing inferences, providing evidence that ISM winds and precipitation
are coupled at precession frequencies. However, both Bay of Bengal wind and runoff records have different
obliquity phases compared to the Arabian Sea wind records.

Currently there exists two speleothem §'°0 records of sufficient length (~200,000 years; 200 kyr) to mon-
itor orbital-scale ISM dynamics using time-series analytical approaches. Xiaobailong (XBL) speleothem
8'%0 from southwestern China, shows precession and glacial-interglacial variability interpreted to reflect
changes in regional ISM precipitation and variable moisture trajectories (Cai et al., 2015). Bittoo speleo-
them 8'®0 from northwestern Indian Himalayan foothills, shows precession variability similar to that in the
East Asian speleothem composite (Cheng et al., 2016); interpreted to reflect a consistent Indian and East
Asian monsoon precipitation isotope response to northern hemisphere summer insolation forcing (Kath-
ayat et al., 2016). Both XBL and Bittoo precession variability are interpreted as direct responses to northern
hemisphere summer insolation forcing.

None of these proxies capture monsoon variability in the core monsoon zone (CMZ) of India, an area that
receives significant summer monsoon rainfall and correlates to all-India summer monsoon rainfall (Gadg-
il, 2003). Here we present the first such proxy record, a precipitation isotope (8Dpye.ip) record, based on leaf
wax 8D (Text S1), spanning the last 640 kyr from International Ocean Discovery Program Site U1446, north-
western Bay of Bengal (Figure 1). We interpret the 6D variability to reflect ISM circulation; changes in
precipitation, moisture source, and moisture transport dynamics. Hence, our use of the term “circulation”
refers to the large-scale cross-equatorial overturning circulation of the atmosphere that carries moisture
associated with monsoon rainfall.

Quantitative spectral analysis of the variance, coherence, and phase of 8Dy, relative to existing records
clarifies the sensitivity of Indian precipitation isotopes to external and internal climate forcing. The 8D precip
response across precession and obliquity is consistent with that of the speleothem 8'*0 records, all of which
are in phase with greenhouse gas radiative forcing maxima and ice volume minima. This indicates large-
scale ISM circulation encompassing precipitation, moisture source, and moisture transport changes are
driven by the radiative forcing effects of greenhouse gasses and ice volume.
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2. Background and Approach
2.1. Site Description

Indian margin Site U1446 (19°5.0°’N, 85°44.0’E, 1440 mbsl, 70 km offshore) (Figure 1) is located near the
mouth of the Mahanadi catchment (Clemens et al., 2016). The majority of sediment and terrestrial organic
matter at Site U1446 comes from the Mahanadi River Basin (Dunlea et al., 2020) (Figure S1). The Mahanadi
River Basin receives ~85% of the annual rainfall during the ISM (June-August) (Figure 1, Figure S2, and
Text S2). The age model was constructed by mapping of U1446 benthic foraminifera 80 (Text S3) to the
LRO4 stack (Lisiecki & Raymo, 2005) using Analyseries (Paillard et al., 1996). Correlations and tie points are
shown in Figure 2 and Table S1.

2.2. Precipitation-Isotope Drivers

Modern interannual precipitation isotopes over India are weakly correlated with the “amount effect”: great-
er precipitation amount leads to lighter precipitation isotopes (Rao et al., 2016). Proximal to Site U1446,
GNIP stations IAEA/WMO, 2019) in Bangladesh indicate that annual weighted precipitation isotopes are
weakly correlated with total annual precipitation amount (* = 0.32) and annual average water vapor pres-
sure (#* = 0.29) but have no relationship with annual average temperature (+* = 0.01) (Figure S3). Hence,
the modern precipitation “amount effect” explains about 32% of the total modern variance. Changes in
moisture source origin and transport also impact precipitation isotopes (Text S4).

2.3. 8Dy Proxy

Long-chain lipid n-alkanoic acids are components of waxy coatings on terrestrial plant leaves that are trans-
ported by wind and water into the ocean and are preserved in sediments (Sachse et al., 2012). Multiple lines
of evidence support interpretation of the hydrogen isotopic composition of these waxy coatings (8Dy.y) as
a proxy for precipitation isotopic composition (8Dpyecip) Over the ISM region. Site U1446 collects leaf wax
fatty acids predominantly from the proximal Mahanadi River Basin and small coastal catchments (Dunlea
et al., 2020), and we infer that 6D« should be representative of Mahanadi basin-integrated 8D eip. Catch-
ment studies in the nearby larger Ganges-Brahmaputra catchment finds the exported signal records the
basin-integrated 8Dyip (Galy et al., 2011). Integrating leaf waxes from a large catchment reduces the vari-
ability from different vegetation and microclimates, providing clearer climate signals (Douglas et al., 2012).
Although residence time could impose a lag in sedimentary systems, even in the much larger floodplain
system of the Ganges-Brahmaputra catchment, leaf wax fatty acids have been shown to have short resi-
dence times (from 0.015 to 1.2 kyr) (French et al., 2018; Galy & Eglinton, 2011) that do not interfere with the
timing of the forcing and response investigated here.

Holocene records support Dy, as an ISM proxy. Two multiproxy studies in the Bay of Bengal fan interpret
Ganges-Brahmaputra basin 8Dy, as a monsoonal precipitation proxy which exhibits similar variability
to monsoonal proxies including speleothem 80, salinity, vegetation structure, and runoff records (Con-
treras-Rosales et al., 2014; Hein et al., 2017). Located within the CMZ, Lonar Lake 8D, is interpreted to
reflect monsoonal precipitation, moisture source, and moisture transport changes, demonstrating similar
variability to local speleothem and vegetation records (Sarkar et al., 2015). Similarly, we use 6Dy, from Site
U1446 to reconstruct late Pleistocene ISM circulation variability within the local Mahanadi River Basin in
the CMZ.

3. SDwax and SDp..ip Records

Hydrogen isotopes of Cy n-acid (8Dy,.x) Were analyzed at ~2 kyr resolution in sediments from Site U1446
over the last 640 kyr (Text S5). 8Dy is converted to 8Dpeip Using ice volume and vegetation corrections
(Text S6). 8Dprecip is heavier by about 95%. with a nominally increased range of 3%. (Figure 2a). All climatic
interpretations are made from the corrected 8Dy, record. However, the results and interpretation of the
8D record would be the same regardless of whether or not the corrections are incorporated.
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Figure 2. Timeseries and spectra. From top to bottom: U1446 8Dy, U1446 8Dyrccip, Bittoo speleothem s*0 (Kathayat et al., 2016), Xiaobailong (XBL)
speleothem 8'%0 (Cai et al., 2015), East Asian (EA) speleothem §'*0 composite (Cheng et al., 2016), daily insolation for June 21 at 25°N (Laskar et al., 2004),
radiative forcing of greenhouse gas (Lo et al., 2017) calculated using CO, and CH, concentration (Bereiter et al., 2015; Loulergue et al., 2008), and the global
benthic stack (Lisiecki & Raymo, 2005). (a) Timeseries with light gray bands highlight interglacial periods. At bottom, the U1446 benthic 8'*0 stratigraphy
overlays the LR04 stack with triangles indicating tie points. (b) Proxy spectra and coherence relative to ETP up to 640kyr or maximum record length with a 50%
lag calculated on ARAND software (Howell et al., 2006). For coherence, thin and thick gray lines represent 80% and 95% confidence intervals, respectively. Gray

bands highlight eccentricity, obliquity, and precession frequencies.
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3.1. Spectral Structure

Both the 8Dy,x and 8Dy records show heavier values during glacial periods and lighter values during
interglacial periods (Figure 2a). Superimposed on the glacial-interglacial pattern are higher frequency var-
iations driven by precession and obliquity. This is clearly reflected in the spectral analysis of the records
relative to ETP, a normalize average record of eccentricity, tilt (obliquity) and precession (June 21 periheli-
on). 8Dy, spectral structure is dominated by 100 kyr eccentricity, 41 kyr obliquity, 23 and 19 kyr precession
cycles (Figure 2b). 8Dycip has the same peaks, but with relatively increased 19 kyr precession-band variance
due to the vegetation and ice volume corrections lowering the spectral power across eccentricity, obliquity,
and precession (23 kyr) frequencies (Figure 2b).

3.2. Coherence and Phase

Coherence provides a measure of linear correlation among variables as a function of frequency while phase
indicates the temporal leads and lags critical to understand forcing and response relationships (Tables S1
and S3). 6Dy, and 8Dyrecip are highly coherent with one another (Tables S3) and in phase at the 100 kyr
eccentricity, 41 kyr obliquity, and 23 kyr precession cycles (Table S2). The 6Dyay and 8Dyyecip are highly co-
herent with orbital parameters (eccentricity, obliquity, and precession) (Table S2) as well as with ice volume
and greenhouse gas concentration (Tables S3).

4. Discussion
4.1. Consistent Indian Summer Monsoon Precipitation Isotope Signal

The 8Drecip Spectral structure is similar to Indian monsoon speleothem 880 spectral structure. Bittoo spe-
leothem 8'0 has variance at the 100- and 41-kyr spectral bands exceeding that at the precession band
(Figure 2b). XBL speleothem 8'*0 has 100-kyr variance exceeding that at the precession band as well (Fig-
ure 2b). Local insolation is dominated by precession variance while internal climate forcings including ice
volume and greenhouse gas radiative forcing are all dominated by eccentricity and obliquity variance. The
existence of significant of variance at the 100- and 41-kyr spectral bands indicates the ISM precipitation
isotopes are strongly sensitive to internal climate drivers, as opposed to direct insolation forcing. Both the
speleothem 8'*0 and U1446 8D precip records show large-amplitude changes at terminations, further linking
variability in these proxies to climate change boundary conditions driven by ice volume and greenhouse gas.

Beyond spectral structure, coherence and phase analysis offer a means of quantifying relationships among
time series. At precession, 8Dy, lags precession minima by about 4.9 kyrs and obliquity maxima by 5.6
kyrs. At both precession and obliquity, Dpycip is coherent and in phase with Bittoo speleothem 880 as well
(Figure 3, Tables S2 and S3). Finally, at precession, 8Dy is coherent and in phase with XBL speleothem
8'0 (Figure 3, Tables S2 and S3). These relationships indicate a consistent ISM precipitation isotope re-
sponse in records recovered from both terrestrial and marine archives, using two independent (organic and
inorganic) proxies. 8Dpyecip is consistently in phase with ice volume minimum and greenhouse gas maxima
at both precession and obliquity (Figure 3, Table S2). In short, 8Dpyccip, Bittoo and XBL speleothem 80 are
all coherent with ice volume and greenhouse gas across the orbital frequencies (Table S3). Since Bittoo and
XBL are highly coherent with each other, a Bittoo-XBL composite was created, filling in the gaps in Bittoo
with XBL (Figure S4). This composite is also highly coherent with both 8Dy, and the internal climate
parameters (Table S3). This multiproxy ISM precipitation isotope response is maximized (lightest values) at
times of maximum greenhouse gas radiative forcing and minimum high-latitude ice-volume indicating a
common, strong response to internal climate forcings. Below we place these findings in context with other
proxies and provide our climatic interpretation.

4.2. Indian Summer Monsoon Proxy Comparison

Beyond the ISM precipitation isotope proxies discussed above, a range of summer monsoon wind and sea-
water 8'%0 records from the Arabian Sea and Bay of Bengal also have significant spectral structure outside
of precession, further documenting ISM sensitivity to ice volume and greenhouse gas forcing. However,
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(a) 23 kyr cycle (b) 41 kyr cycle
Precession minima Obliquity maxima
Max NH summer insolation
Max NH summer insolation Max SH summer insolation
0 kyr 0 kyr AS1 350 kyr

EA 5'°0 640 kyr

AS2 310 kyr

U1446 3D, 640 kyr
Bittoo 5'°0 280kyr

EA 5'80 640kyr

Bittoo 5'%0 280kyr
1446 3D 640kyr

precip

AS1 350 kyr
AS2 310 kyr

NGHP 17 5704 640 kyr 180
B y NGHP 17 /%0, 640 Ky’ o

Max SH summer insolation

P = ISM precipitation isotope proxies
P = wind proxies

(B)= Radiative forcing of greenhouse gasses maxima
(D= Ice volume minima

Figure 3. Phase wheels of (a) precession and (b) obliquity ISM records. U1446 8D cip, Bittoo speleothem 8"°0
(Kathayat et al., 2016), and XBL speleothem 880 (Cai et al., 2015), compared with East Asian speleothem composite
(EA 8"0: Cheng et al., 2016), wind proxies (AS2: Caley et al., 2011; AS1: Clemens & Prell, 2003; 758 §'*0,.4: Bolton
et al., 2013), and runoff proxy (NGHP17 8'*0y,: Gebregiorgis et al., 2018). Dots represent greenhouse gasses radiative
forcing maxima from CO, and CH, (Bereiter et al., 2015; Loulergue et al., 2008) calculated by the method from

Lo et al. (2017), and ice volume minima (Lisiecki & Raymo, 2005). Negative/positive phases are measured in the
clockwise/anticlockwise direction and represent phase lags/leads relative to precession minima or obliquity maxima.
Phase errors are reported in Table S2.

these wind and seawater 8'0 proxies significantly lag the three terrestrial precipitation isotope records at
precession. At obliquity the wind proxies are widely distributed (Figure 3).

Andaman Sea site NGHP17 seawater 8'®0 is interpreted as a salinity indicator, responding to eastern Bay
of Bengal rainfall and runoff from the Salween and Irrawaddy catchments to the north (Gebregiorgis
et al., 2018). NGHP 17 seawater §'°0 lags 8D yecip by about 4 kyrs at precession and about 6 kyrs at obliquity
(Figures 1 and 3). These phase differences indicate that terrestrial precipitation isotope and seawater iso-
tope records capture different aspects of the monsoon system. Runoff proxies in the Andaman Sea may be
delayed in phase relative to North Indian precipitation isotopes due to differences in rainfall on the eastern
and western sides of the Bay of Bengal. Additionally, ISM precipitation isotopes are sensitive to moisture
source and moisture transport isotopic effects that may not be reflected in Andaman seawater isotopes.

Wind proxies from the Arabian Sea at sites RC27-61, 722B, and MD04-2861 (Caley et al., 2011; Clemens
& Prell, 2003) as well as from eastern equatorial Indian site 758 (Bolton et al., 2013) also lag 8Dpye.ip at the
precession band, by about 4 kyrs (Figures 1 and 3). The uniform wind response at precession indicates Ara-
bian Sea and Bay of Bengal winds both strengthen closer to precession maxima than precession minima. At
the obliquity band, the Arabian Sea wind records slightly lead or are in phase with the 8Dy, suggesting
potential links to moisture transport. The equatorial eastern Indian Ocean wind record significantly lags,
indicating wind strength in the Arabian Sea and Bay of Bengal are uncoupled at obliquity. We look to sim-
ulations to help interpret these phase relationships.

4.3. Model Comparison

U1446 3Dyrecip shows strong glacial-interglacial variability with heavier isotopic signatures during gla-
cials and lighter signatures during interglacials, consistent with isotope-enabled simulations for the ISM
region (Cai et al., 2015). If the modern precipitation isotope and rainfall amount regression (Figure S3)
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(a) Precession minima

is extrapolated back in time, then interglacials were ~30% wetter and
glacials ~40% drier compared to modern. A 40% reduction of ISM rain-

SONT fall during glacial periods aligns with model results indicating precipi-
20°N | North tation reduction over India between 10% and 50% compared to modern

10°N filjea (Chabangborn et al., 2014; Dinezio & Tierney, 2013).
0° F Idealized climate models driven only by insolation show increased ISM
sl N precipitation at times of increased summer insolation (minimum pre-
~ cession and maximum obliquity), accompanied by a redistribution of
20°s 1 precipitation and convection from ocean to land (Bosmans et al., 2018).
3005 | Similarly, idealized insolation-only isotope-enabled models show that
. . . . . . . ; changes in moisture sources and transport paths also impact precipita-
10°F 25°E 40%E  35°E 70°E  85°E 100°E 115°F tion isotopes on orbital timescales (Hu et al., 2019; Tabor et al., 2018), in-
(b) Precession maxima dicating lighter precipitation isotopes in India during high insolation and
30°N | M‘\,/;,] heavier precipitation isotopes during low insolation (Battisti et al., 2014;
o b Norh oA Hu et al., 2019; Tabor et al., 2018). However, these models are limited to
Africa P f“ e Y the equilibrium monsoon responses to orbital forcing only and cannot
10°N /' g pl ) address phase lags attributed to atmospheric CO, and ice volume. These
oo I | s ) models, as well as time-dependent models that include changes in inso-
sl g__& . Szl lation, ice volume, and greenhouse gas concentration (Caley et al., 2014),
(% i Scean o all undfsrestimate the isotopic range in both leaf wax 6D, and speleo-
20°s | them 6 °Opecip records over India; models indicate about 8%o. change in
| 8D precip (Battisti et al., 2014; Tabor et al., 2018) whereas proxy data indi-

) ’ ) ) ) ) . ! cate about 20%o change in 6D;p at the precession-band time scale.
10°E  25°E  40°E 55°E  70°E  85°E 100°E 115°E

JJA mean wind s;feed (850 hPa)

6 8

Figure 4. Schematic of precession-band ISM moisture transport. The
arrows represent moisture sources from Tabor et al. (2018) and follow

the simulated wind field response from Jalihal et al. (2019). The spiral
arrow over South Asia represents recycled water from the ISM region.
The shading shows June-August mean wind speed (850 hPa) of greater
than 6 m/s (after Jalihal et al., 2019). (a) At precession minima, maximum
summer wind strength is concentrated in a narrow low-level jet (Jalihal
et al., 2019) supporting more distal moisture sources and longer transport
paths (Tabor et al., 2018). (b) At precession maxima, maximum summer
wind strength is dispersed in a broader low-level jet (Jalihal et al., 2019)
supporting more proximal moisture sources and shorter transport paths

(Tabor et al., 2018).

10

12 14

16 m/s

The 8Dpyrecip phase relative to runoff proxies suggests that SDpyecip iS cap-
turing a combination of precipitation amount, moisture source, and
transport variability. Orbital-scale modeling indicates that moisture

source varies as a function of monsoonal circulation, with stronger large-
scale circulation leading to lighter precipitation isotopes; due to sourcing
from distal regions and longer transport paths (Tabor et al., 2018). At the
precession band, two moisture routes are present, feeding into the CMZ
of India: a longer path during precession minima and a shorter path dur-
ing precession maxima (Figure 4). During precession minima, enhanced
distal moisture sourcing leads to lighter precipitation isotopes (Tabor
et al., 2018) which is supported by a narrow, concentrated low-level jet
during precession minima (Jalihal et al., 2019) (Figure 4a). During pre-
cession maxima, enhanced proximal moisture sourcing leads to shorter
transport distances and heavier precipitation isotopes (Tabor et al., 2018)
which is supported by a wider, dispersed low-level jet with stronger Bay
of Bengal winds, possibly leading to enhanced (proximal) Bay of Bengal
moisture sourcing (Jalihal et al., 2019) (Figure 4b). A similar monsoon circulation pattern is also seen at gla-
cial-interglacial scales with longer moisture transport paths during interglacials, leading to lighter precipi-
tation isotopic values, and shorter moisture transport paths during glacials, leading to heavier precipitation
isotopic values (Cai et al., 2015). These models support the interpretation of ISM precipitation isotopes as
capturing these large-scale moisture circulation changes.

Additionally, models show there is a difference in the timing of maximum terrestrial versus marine rainfall
for the ISM. Increased precipitation over the CMZ at precession minima and increased precipitation over
the Bay of Bengal during precession maxima is observed in multiple climate models forced only by insola-
tion (Jalihal et al., 2019; Lee et al., 2019; Tabor et al., 2018). Jalihal et al. (2019) interpret the out-of-phase
precipitation over the CMZ and Bay of Bengal as a function of low-level jet dynamics driven by insolation
influence on terrestrial precipitation and surface fluxes, and driven by vertical stability influence on pre-
cipitation over the ocean. This opposite precession precipitation variability over the India CMZ and Bay
of Bengal is reflected in the ~90° phase difference between the Indian 8Dj..i, and Andaman Sea seawater
80, consistent with the two proxies capturing different components of the monsoon system.
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In summary, monsoon proxies are broadly consistent with insolation only model results (which can only
yield precipitation and precipitation isotope responses that are in phase with orbital maxima or minima);
the proxy 6Dprcip phase falls closer to precession minima while Andaman 8" Ogeawater phase falls closer to
precession maxima. Neither of the proxy records indicate phase responses aligned with orbital extremes,
rather, the phases are drawn away from these orbital positions because of their sensitivity to coupled ice
volume and greenhouse gas forcing.

4.4. Interpretation of Indian Versus East Asian Summer Monsoon Records

East Asian speleothem §'°0 records have been used to infer Asian monsoon intensity, grouping together the
Indian (South Asian) summer monsoon with the East Asian summer monsoon (e.g., Cheng et al., 2016).
East Asian speleothem §'°0 from the Yangtze river valley (YRV) exhibits a dominant precession-band re-
sponse (Figure 2b) and thus insolation is interpreted as the primary driver of Asian monsoon intensity.
This is in contrast to the East China Sea seawater 5'°0 record that monitors YRV runoff; having removed
the temperature and global ice-volume signals, YRV runoff has little to no precession-band variance (Clem-
ens et al., 2018). As well, isotope enabled climate models suggest that East Asian speleothem §'°0 does
not reflect local precipitation amount at the orbital timescale (Battisti et al., 2014; Caley et al., 2014; Hu
et al., 2019). Instead, orbital scale East Asian speleothem 8'°0 variation is thought to represent large scale
dynamics along moisture transport paths (Battisti et al., 2014; Caley et al., 2014; Hu et al., 2019; Zhang
et al., 2020).

The spectral structures of U1446 8Djccip, Bittoo §'0, and XBL 8'%0 records have significant spectral struc-
ture outside of precession, unlike the East Asian speleothem 8'%0 (Figure 2b). As well, both Bittoo 80
and 0Dy slightly lag East Asian speleothem 880 at precession and obliquity and are in phase with CO,
maxima and ice volume minima (Figure 3). The spectral structure and phase of U1446 8Dy, Bittoo, and
XBL precipitation 8'*0 clearly indicate sensitivity to greenhouse gas radiative forcing and ice volume, a
finding very different from that based on the East Asian speleothem 8'*0 record. On the basis of the differ-
ence in spectral structure, coherence, and phase relationships demonstrated here, the precipitation isotope
responses of the Indian and East Asian subsystems are uncoupled, responding in different ways to internal
and external driving mechanisms at orbital time scales.

5. Conclusions

The ISM 8Dprecip and speleothem 80 signals exhibit strong spectral structure outside of precession, show
strong glacial-interglacial changes, and are coherent and in phase with greenhouse gas maxima and ice
volume minima. This indicates large-scale ISM circulation encompassing precipitation, moisture source,
and moisture transport changes are dominated by these internal climate drivers. Proxy phase responses are
broadly consistent with insolation-only model experiments showing increased precipitation, more distal
moisture sources and longer transport paths leading to lighter isotopes at precession minima and intergla-
cials (Bosmans et al., 2018; Cai et al., 2015; Jalihal et al., 2019; Tabor et al., 2018). On the basis of our results
indicating strong sensitivity to CO, maxima and ice volume minima, future anthropogenic increases in
greenhouse gas radiative forcing may change large-scale ISM circulation leading to increased precipitation
and more distal moisture sources.

Data Availability Statement

The U1446 8Dy, 8D precips 3" Cuax, and benthic 5'°0 data presented in this study are archived at NOAA’s
National Centers for Environmental Information (https://www.ncdc.noaa.gov/paleo/study/32374). Sup-
porting paleoclimate datasets are available in these in-text data citation references: Bittoo speleothem §'*0
(Kathayat et al., 2016), Xiaobailong speleothem 8'®0 (Cai et al., 2015), East Asian speleothem 80 com-
posite (Cheng et al., 2016), wind proxies (AS2: Caley et al., 2011; AS1: Clemens & Prell, 2003; 758 8'%0,.q:
Bolton et al., 2013), runoff proxy (NGHP17 8'*0,: Gebregiorgis et al., 2018), daily insolation for June 21
at 25°N (Laskar et al., 2004), radiative forcing of greenhouse gas (Lo et al., 2017) calculated using CO, and
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