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Key Points:

e The late Quaternary South American Precipitation Dipole is unlikely due to changes
in monsoon strength alone.

+ Dipole transitions drive changes in rainfall greater than 1000 mm/yr.

« Spatial monsoon migration explains dipole transitions and reconciles conflicting
proxy interpretations.
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Abstract

Speleothem oxygen isotope records (§'%0) of tropical South American rainfall in the late
Quaternary show a zonal “South American Precipitation Dipole” (SAPD) with wet con-
ditions in the west at the Last Glacial Maximum (LGM; ~21 ka), in the east at the mid-
Holocene (~7 ka), and in between by the late Holocene (~1 ka to today). However, the
SAPD remains enigmatic because it is expressed differently in western versus eastern §'%0
records and isotope-enabled climate model simulations usually misrepresent the mag-
nitude and/or spatial pattern of 6'¥0 change. Here, we address the SAPD enigma in two
parts. First, we re-interpret the 6§10 data to account for upwind rainout effects which

are known to be pervasive in tropical South America, but are not commonly considered

in Quaternary paleoclimate studies. Our revised interpretation reconciles the §'%0 data
with other hydroclimate proxy records by demonstrating that the amount of rainout is
similar in the western and eastern phases of the SAPD (the SAPD is zonally balanced).
Second, we hypothesize that the SAPD is driven by the zonal migration of South Amer-
ican Monsoon rainout. Using an energy balance model of monsoon circulation, we find
that zonal monsoon migration can be explained by regional energy budget shifts, such

as changing Saharan albedo associated with the African Humid Period, that have not
been modeled in previous SAPD studies. This zonal monsoon migration hypothesis presents
a new framework for interpreting 'O records from tropical South America and may

help explain the zonal rainfall anomalies that predate the late Quaternary.

Plain Language Summary

Paleoclimate data suggest that, in the last ~25 thousand years, western Amazo-
nia has been wetter at times when eastern Amazonia is drier, and vice versa. This east-
west pattern in past rainfall is known as the “South American Precipitation Dipole”, and
its extreme western and eastern states approximately coincide with the Last Glacial Max-
imum (~21 thousand years ago) and mid-Holocene (~7 thousand years ago), respectively.
However, the cause of the dipole is debated because different models produce different
results, and the interpretations of data are in conflict. Central in this conflict are oxy-
gen isotope tracers of past precipitation which show different trends at different sites that
are difficult to interpret. We present a new interpretation of these data, backed by model
results, which suggests that the precipitation dipole is driven by the monsoon region mi-
grating from west-to-east (and back) across tropical South America. We test this mon-
soon migration hypothesis with an energy balance climate model which reproduces the
expected east-west differences for the Last Glacial Maximum and mid-Holocene. The mon-
soon migration hypothesis is a possible solution to the precipitation dipole enigma, but
the hypothesis remains to be tested in more sophisticated climate models where east-
west monsoon migration is less well-studied.

1 Introduction

Tropical South America spans about one-tenth of the Earth’s circumference from
east to west (zonally). There is mounting evidence that rainfall across this stretch has
varied in a zonal “dipole” fashion in the late Quaternary (here, the last ~25 kyr) with
rainfall increasing in northeastern Brazil at the expense of drying in western Amazonia,
and vice versa (Martin et al., 1997; Cruz et al., 2009; Cheng et al., 2013). This zonal rain-
fall pattern is called the “South American Precipitation Dipole” (SAPD), a term that
describes the empirical patterns of past rainfall associated with the South American Mon-
soon, and is distinct from the precipitation dipole studied in modern climate between
southeastern South America and the South Atlantic Convergence Zone (Nogués-Paegle
& Mo, 1997; Boers et al., 2014). The SAPD has been identified on precession (Martin
et al., 1997; Wang et al., 2004; Cruz et al., 2009; Cheng et al., 2013) and glacial-interglacial
timescales (Abouchami & Zabel, 2003; Mason et al., 2019), and it corresponds with many
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high-amplitude signals in paleoclimate proxy data (P. A. Baker, Seltzer, et al., 2001; P. A. Baker,
Rigsby, et al., 2001; Tapia et al., 2003; Fritz et al., 2004; Cruz et al., 2009; Wang et al.,

2017). Still, conflicting proxy interpretations cast doubt on what drives the SAPD (Cruz

et al., 2009; Liu & Battisti, 2015), and even whether it exists at all (Wang et al., 2017).

At the foundation of these conflicting proxy interpretations is an apparent discrep-
ancy between speleothem oxygen isotope records (6'%0) of past rainfall and independent
records of continental water runoff (Fig. 1). Specifically, speleothem §'¥O records are
zonally imbalanced as trends in the eastern Amazon and northeastern Brazil are twice
as large as, and generally the opposite direction of, those to the west. Based on the larger
0'80 shifts in the east, the magnitude of past change in eastern Amazon rainfall should
outpace the west (Cruz et al., 2009; Cheng et al., 2013), especially considering that east-
ern 080 is, if anything, less sensitive to precipitation than western §'%0 today (Fig. S1).
However, evidence for these seemingly large swings in eastern Amazon rainfall opposes
proxy records for continental water runoff—runoff appears to be higher at the Last Glacial
Maximum (LGM; ~ 20 ka) when §'¥0 is high in the eastern Amazon and northeast-
ern Brazil, and runoff is lower at the mid-Holocene (~7 ka) when §'¥0 is low (Fig. 1)

(Arz et al., 1998; Behling et al., 2002; Campos et al., 2019; Mulitza et al., 2017; Nace

et al., 2014; Venancio et al., 2018). Runoff also does not track the western Amazon 50O
records such that no single §'30 record corresponds with basin-wide runoff trends. The
discrepancy between records of continental runoff and interpretations of existing §'30

data warrants revisiting the speleothem oxygen isotope data which remain in conflict (Cruz
et al., 2009; Cheng et al., 2013; Wang et al., 2017).

Climate model simulations are often more consistent with SAPD-like precipitation
anomalies, but not necessarily their isotopic expression. For example, models have found
that increased northern hemisphere summer insolation in the mid-Holocene weakens the
South American Monsoon, causing compensating changes in atmospheric circulation that
decrease western Amazon rainfall and increase rainfall in the eastern Amazon and north-
eastern Brazil (Cruz et al., 2009; Liu & Battisti, 2015). However, the western decrease
and eastern increase in rainfall is comparable, not imbalanced as predicted from the speleothem
5180 data (Cruz et al., 2009; Liu & Battisti, 2015; Shimizu et al., 2020). Further, some
models do not simulate SAPD behavior (Shimizu et al., 2020) and a closer inspection
of the speleothem §'30 data reveals that the trends are out-of-phase, with the highest
western 480 occurring before the minima in the records further east (Fig. lc-e). These
asynchronous 680 trends challenge the prevailing SAPD model where precipitation changes
are driven by the same atmospheric circulation anomaly (Cruz et al., 2009). We currently
lack a conceptual model for the SAPD that is able to explain the zonally imbalanced 530
signals, their out-of-phase nature, and the apparent discrepancy with continental runoff
data.

Here, we test whether a revised interpretation of the speleothem 6'%0 data leads
to better agreement with proxies, and we present new model analyses to test whether
the strength of monsoon convection and its related compensating circulation (henceforth,
monsoon strength) is the most likely driver of the late Quaternary SAPD. Our revised
5180 interpretation uses spatial oxygen isotope gradients (A§'80; %o/1000 km) to ac-
count for the degree of upwind rainout from an airmass—a factor that was not empir-
ically constrained in previous §'%0O interpretations of the SAPD (van Breukelen et al.,
2008; Cruz et al., 2009; Cheng et al., 2013; Wang et al., 2017). The degree of upwind rain-
out (where upwind is east) is widely known to drive Amazon §'%0 in modeling, obser-
vational, and paleoclimate studies (Salati et al., 1979; Grootes et al., 1989; Gat & Mat-
sui, 1991; Vuille et al., 2003; Vimeux et al., 2005; Vuille & Werner, 2005; Brienen et al.,
2012; J. C. A. Baker et al., 2016; Ampuero et al., 2020), potentially decoupling %O from
local precipitation amount (to which speleothem §'%O trends are commonly attributed)
(van Breukelen et al., 2008; Cruz et al., 2009; Cheng et al., 2013; Wang et al., 2017). Speleothem
strontium isotope records provide evidence for 680 decoupling from rainfall amount at
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the eastern Amazon site (Ward et al., 2019) and across tropical South America more broadly
(Wortham et al., 2017; Ward et al., 2019), emphasizing the limitations of interpreting

080 as a precipitation amount proxy in this region. We ultimately find that account-

ing for upwind rainout brings the speleothem §'80 data in agreement with independent

proxy records, including the strontium isotope data, and casts the SAPD as zonally balanced—
with similar rainout in the western and eastern phases—despite zonally imbalanced 680
signals.

In the second part of our analysis, we present evidence for an alternative hypoth-
esis to explain the zonally balanced SAPD and we test its plausibility for the late Qua-
ternary. We hypothesize that the SAPD precipitation anomalies are driven by the east-
west migration of the centroid of South American Monsoon rainout, such that the lo-
cation of peak rainout changes while the amount of rainout does not. Previous work shows
that the South American Monsoon (like the pan-Asian Monsoon; Battisti et al. (2014))
is energetically primed to migrate east-west (Boos & Korty, 2016). Such zonal shifts cause
large changes in precipitation and 6'80 in the pan-Asian Monsoon region (Battisti et
al., 2014), and we find similarly large changes in South American precipitation using an
isotope-enabled reactive transport model. To test whether late Quaternary forcing could
cause the South American Monsoon to migrate zonally, we impose plausible forcings in
an energy balance model for monsoon circulation and find zonal shifts in the monsoon
that support the proxy data. These forcings were not considered in previous climate model
studies of the SAPD. We argue that the zonal monsoon migration hypothesis for the SAPD
is consistent with key features of the §'80 records, including their out-of-phase relation-
ship. While monsoon migration can explain the SAPD precipitation anomalies over the
last ~25 kyr, we stress that the SAPD is an empirical rainfall pattern, not a dynamic
mechanism, and different mechanisms than zonal monsoon migration may drive the SAPD
anomalies in older records (Abouchami & Zabel, 2003; Mason et al., 2019).

2 Late Quaternary speleothem §'®0 records and monsoon dynamics

Our analysis leverages three existing speleothem §'30 records that span tropical
South America and have previously been used to identify the SAPD. We refer to these
as the eastern, central, and western records (Fig. 1). The eastern record is from the Rio
Grande do Norte site of northeastern Brazil and shows a 5-7%0 decrease in §'30 from
the LGM to early-mid Holocene interpreted as evidence for a weaker South American
Monsoon (Cruz et al., 2009) (Fig. 1c). The central record comes from the Paraiso site
in east-central Amazonia (Wang et al., 2017) and resembles the eastern record, but the
580 decrease lags behind by 1-2 kyr (Fig. 1d). Given its location near the monsoon’s
deep convective region, these data are considered evidence for stronger monsoon convec-
tion in the mid-Holocene, in conflict with the eastern record interpretation (Wang et al.,
2017). The western record is a composite of the Diamante (Cheng et al., 2013) and Ti-
gre Perdido (van Breukelen et al., 2008) records (Fig. le). We adopt the cave temper-
ature correction for these records following Wang et al. (2017) (see also Ampuero et al.
(2020); Kukla et al. (2021)), increasing §'80 by 1.4%0 to account for its relatively cooler
cave temperatures. These records are interpreted to reflect Amazon or western Amazon
rainfall amount, with a muted §'®0 increase of ~2.5%o from the LGM to early Holocene
indicative of drying, then a gradual decrease to wetter, present conditions that starts when
the eastern and then central 6'80 records initially decrease. The western record stands
out from the central and eastern records in that §'80 increases, rather than decreases,
from the LGM to the early-mid Holocene. This contrast defines the 680 expression of
the SAPD, with the western phase at the LGM and eastern phase at the mid-Holocene
representing end-member SAPD states (Cruz et al., 2009; Cheng et al., 2013).

Existing hypotheses of the underlying SAPD dynamics rely on isotope-enabled cli-
mate model experiments that test the effect of high northern-hemisphere summer inso-
lation (either the mid-Holocene orbital configuration (Cruz et al., 2009) or even higher-
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Figure 1. South America proxy map and isotope data. Proxy map for the LGM (~21
ka) (A) and mid-Holocene (~7 ka) (B). Data points in A and B are jittered to show instances
of multiple proxy records from the same site. (C) Rio Grande do Norte (eastern) §'*O record
(Cruz et al., 2009). (D) Parafso (central) §'*0 record (Wang et al., 2017). (E) Diamante and
Tigre Perdido composite (western) §'%0 record (van Breukelen et al., 2008; Cheng et al., 2013).
Teal lines (C-E) show February insolation at 10°S following Cruz et al. (2009) (scales varied to
match 6'¥0 magnitude). (F) Runoff proxy data from Nace et al. (2014); Mulitza et al. (2017)

and Venancio et al. (2018) with higher values indicating more runoff. Note the log scale in (F).
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insolation (Liu & Battisti, 2015)). These studies show that high northern hemisphere
summer insolation decreases the strength of the South American Monsoon and increases
rainfall in northeast Brazil, although the mechanism for wetter conditions in the north-
east is debated. Cruz et al. (2009) find that reduced moisture convergence in the South
American Monsoon is balanced by reduced subsidence in northeast Brazil (see also Shimizu
et al. (2020)), whereas Liu and Battisti (2015) find that cooling of South Africa leads

to a north-shift and strengthening of the South Atlantic Convergence Zone. However,

these studies did not simulate LGM conditions so the implications for the opposing, west-
ern SAPD phase at the LGM are unclear.

Each model is generally successful in reproducing the decrease in eastern §'*0 and
increase in western 6'80 at the mid-Holocene relative to today, yet some key discrep-
ancies remain. Both models under-predict the magnitude of 680 decrease at the east-
ern site, over-predict the magnitude of 6180 increase at the western site, and find little-
to-no 6180 change over the central site (note that the central record was published af-
ter Cruz et al. (2009) and Liu and Battisti (2015)). One key limitation in the applica-
tion of these models to the mid-Holocene is they do not account for the greening-induced
decrease in Saharan land albedo—a major boundary condition change that has previ-
ously been linked to rainfall anomalies in tropical South America (Lu et al., 2021). If
such zonal forcings can impact monsoon rainfall, they may be critical for explaining the
zonal patterns of the SAPD.

Recent theoretical work demonstrates that the South American Monsoon, more-
so than most other monsoon systems, is energetically primed to shift east-west due to
changes in the zonal energy budget that could occur due to factors like non-local land
surface albedo change (Boos & Korty, 2016). The South American Monsoon system sits
at the intersection of the energy flux equator (correlated with the Inter-Tropical Con-
vergence Zone; ITCZ) and an energy flux prime meridian (Boos & Korty, 2016). These
energy flux lines occur where column-integrated divergent atmospheric energy transport
is zero in the meridional (energy flux equator) and zonal (energy flux prime meridian)
directions and their intersection approximates the rainfall maximum, or precipitation cen-
troid, of the monsoon (Boos & Korty, 2016). This energy flux equator-prime meridian
intersection conditions the South American Monsoon to migrate zonally because, just
as the energy flux equator (and ITCZ) move north and south following anomalous merid-
ional energy sources (e.g. changes in insolation and albedo), the energy flux prime merid-
ian moves west and east in response to zonal energy anomalies. Previous work found that
the pan-Asian Monsoon (the other monsoon system to exist at an energy flux line in-
tersection) also shifts zonally due to asymmetric zonal forcing (Battisti et al., 2014). If
the energy flux prime meridian shifted zonally in the past, we expect the monsoon cen-
troid to shift with it (Boos & Korty, 2016), perhaps driving a zonal dipole in rainout ex-
pressed as the SAPD.

3 Methods
3.1 Paleo-isotope gradient justification

Isotope gradients measure the change in 680 (A§'®0) between two sites that fall
along a given moisture trajectory. This change in 6'80 is a metric for the net rainout
of moisture from an air-mass between two sites and, in this way, is related to Rayleigh
distillation interpretations of isotopic data (680 and A&'80 decrease as distillation (rain-
out) increases) (Salati et al., 1979; Gat & Matsui, 1991). Whereas one must assume the
upwind §'80 value to interpret a given 680 record in terms of net rainout, A§'*0 ex-
plicitly accounts for these upwind variations, theoretically isolating the 6'80 signal due
to rainout alone (Hu et al., 2008; Winnick et al., 2014; Kukla et al., 2019, 2021). This
approach is particularly useful in tropical South America because upwind effects are known
to be a primary driver of 50 such that changes in 680 through time are likely to re-
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flect a combination of changes in local versus upwind rainout (Salati et al., 1979; Gat

& Matsui, 1991; Vuille et al., 2003; Vuille & Werner, 2005; Lee et al., 2009; Liu & Bat-
tisti, 2015; Ampuero et al., 2020). Upwind and local rainout can be distinguished be-
cause upwind rainout will change the initial 680 of a given domain but not A§'80 (Salati
et al., 1979; Kukla et al., 2021). We note that AJ*®O values are generally restricted to
below zero (the “hydrostat”), since a zero isotope gradient reflects all precipitation be-

ing recycled between two sites or zero or negligible precipitation (i.e. no net rainout) (Caves
et al., 2015; Chamberlain et al., 2014; Kukla et al., 2019).

To validate our use of the isotope gradient approach, we analyze the connectivity
of moisture recycling among the eastern, central, and western sites in the modern cli-
mate using the 2-layer Water Accounting Model (WAM-2layers) (van der Ent et al., 2014)
and the precipitation back-tracking scheme of Keys et al. (2012). We find that moisture
recycling between our sites surpasses the threshold commonly used for identifying mean-
ingful dynamical connections (Keys et al., 2012), demonstrating that these sites are suf-
ficiently isotopically connected for A§'®O analysis (see Supplemental Text S1; Fig. S3).
We also find that the modern isotope gradient across tropical South America is nega-
tively correlated with rainout and is negative throughout the year, consistent with the-
ory (Fig. S2).

3.2 Reconstructing paleo-precipitation rates from the central-to-western
sites

We focus exclusively on the isotope gradient between the central and western sites
for our quantitative precipitation reconstruction because this trajectory aligns best with
that of prevailing monsoon winds (see Supplemental Text S1, S2). Oxygen isotope gra-
dients along a dominant moisture trajectory depend on the balance of three fluxes: pre-
cipitation, evapotranspiration, and atmospheric transport (Salati et al., 1979; Winnick
et al., 2014). We use a reactive transport model that simulates AJ'®O as a function of
these fluxes to quantify past precipitation rates from A§'80 data. To do so, we randomly
sample from uniform distributions of reactive transport model input parameters to es-
timate past precipitation from the simulations that agree with A§'80 data (Kukla et
al., 2019, 2021).

Our application of the reactive transport model to the central-to-western isotope
gradient follows that of Kukla et al. (2021) with one key change. Kukla et al. (2021) used
modern reanalysis data to analyze both the late Holocene and mid-Holocene isotope gra-
dients because PMIP3/CMIP5 results show that reactive transport model inputs are sim-
ilar for both time periods. However, modern reanalysis data cannot be reasonably ap-
plied to the LGM due to the ~5°C of tropical cooling. To account for this cooling, we
apply temperature-based scaling relationships to the reanalysis data to estimate LGM
moisture content over the ocean (moisture source region) and potential evapotranspi-
ration. Source region moisture content is calculated assuming relative humidity remains
constant over the ocean, as predicted with future climate change (Sherwood et al., 2010),
and potential evapotranspiration is decreased following the scaling relationship defined
by Scheff and Frierson (2014) and Siler et al. (2019). Moisture content and humidity are
allowed to change over land depending on model-simulated rainout. We further account
for unique LGM conditions by restricting the wind speed and transpiration fraction es-
timates. Proxy studies (McIntyre & Molfino, 1996; Bradtmiller et al., 2016; Venancio et
al., 2018) suggest that the northeasterlies were stronger at the LGM, so we restrict wind
speeds to be equal to or greater than the late Holocene. Lower atmospheric pCOs im-
plies lower plant water use efficiency suggesting that more transpiration may have been
necessary to fix (approximately) the same amount of carbon. Since the rainforest largely
remained intact at the LGM (i.e. similar biomass), we assume the transpired fraction
of evapotranspiration is also equal to or greater than modern.



213 We find that our results are not sensitive to the shape of the distributions of model

274 inputs, nor the sample size of the Monte Carlo routine (Fig. S4). We also test the im-
215 portance of an additional input, rain re-evaporation, on model §'30. Rain re-evaporation
276 and its effect on §'30 is heavily parameterized in models because it is difficult to directly

o7 measure (Worden et al., 2007; Dee et al., 2015; Konecky et al., 2019) (see Supplemen-
278 tary text S2-S3). Using a parameterization fit to isotope data we find that it has a neg-
279 ligible effect on 6180 in the model (Fig. S5). Diagnostics of our late Holocene Monte Carlo

280 results (essentially a modern analysis because speleothem A§*80 is the same as mod-

281 ern rainfall) are provided in Fig. S6.

282 We further use the reactive transport model to calculate spatial 58O patterns for

283 individual PMIP3/CMIP5 models. Using zonal profiles of atmospheric moisture content,

284 zonal winds, potential evapotranspiration, and temperature from the individual PMIP3/CMIP5
285 models, we run the reactive transport model to simulate the isotope gradient for the LGM,

286 mid-Holocene, and late Holocene (PMIP3/CMIP5 pre-industrial). We then compare the
267 predicted AJ*¥O derived from the PMIP3/CMIP5 data to the speleothem data. If the
288 predicted AJ*80 is more negative than the observed Ad*80, then the net rainout in that

289 model is too high to reconcile the observed data in the reactive transport frameowork.

290 We further analyze the precipitation rate necessary to match the paleo-isotope gradient

201 if all other PMIP3/CMIP5 inputs to the reactive transport model are correct. This anal-

202 ysis effectively asks how much rainfall must increase or decrease relative to the PMIP3/CMIP5
203 prediction in order to reconcile the paleoclimate AJ'30 data.

204 3.3 Application of a 2-dimensional monsoon energy balance model

205 We use a 2-dimensional monsoon energy balance model that is capable of track-

296 ing zonal monsoon shifts (Boos & Korty, 2016) to accomplish two related goals. First,

207 we use the energy balance model and reactive transport model to test whether the PMIP3/CMIP5
208 models show zonal monsoon shifts and are consistent with speleothem AJ'80 data. Sec-

209 ond, we analyze monsoon behavior under conditions that likely characterize the LGM

300 and mid-Holocene but are not accounted for in the PMIP3/CMIP5 experiments.

301 The energy balance model predicts how changes in energy input to the atmosphere
302 would change atmospheric energy transport, thus altering atmospheric circulation and

303 precipitation patterns. Here, we follow the methodology of Boos and Korty (2016) and
304 consider how changes in continental albedo alter energy input to the atmosphere, and

30 how atmospheric circulation would have to adjust in order to maintain the energy bal-

306 ance. The anomalous energy flux generated by the energy balance model is then used

307 to infer a shift in precipitation based on the assumption that the position of peak pre-

308 cipitation migrates with the intersection of the energy flux equator and energy flux prime

300 meridian (see equations 2-7 in Boos and Korty (2016)).

310 3.3.1 Analysis of PMIP3/CMIP5 monsoon dynamics

su Using the energy balance model, we identify the PMIP3/CMIP5 ensemble mean

312 location of the monsoon precipitation centroid, defined as the intersection of the energy
313 flux equator and prime meridian, for the LGM, mid-Holocene, and pre-industrial (or late
314 Holocene). The LGM and mid-Holocene ensemble means are then used as the initial con-
315 ditions for the perturbations discussed in the next section.

316 3.3.2 Simulating additional LGM and mid-Holocene constraints

317 A critical step in determining whether the South American Monsoon migrated zon-
318 ally in the past is quantifying the sensitivity of zonal shifts to energetic forcing. We im-
319 pose anomalous moist static energy sources in the PMIP3/CMIP5 ensemble mean to quan-
320 tify how the zonal location of the energy flux prime meridian (and thus monsoon rain-
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fall centroid (Boos & Korty, 2016)) changes with zonal forcing. The response of the South
American Monsoon rainfall centroid to anomalous energy forcing depends on (1) the mag-
nitude and direction of energetic forcing; (2) the area over which the forcing is applied;
and (3) the distance (especially zonally) of the anomalous forcing to the monsoon.

During the mid-Holocene, lower land surface albedo likely increased the net col-
umn energy over the grassy “green” Sahara by about 70 W/m?, accounting for the attuen-
uation of the albedo anomaly at the top of the atmosphere (Boos & Korty, 2016). This
forcing exceeds the magnitude of insolation change due to orbital variability (~10 W/m?
in the mid-Holocene), but is applied over a smaller area (confined to the modern Sahara).
Other modeling investigations of the late Quaternary SAPD (including PMIP3/CMIP5
simulations) accounted for orbital forcing, but did not consider the Green Sahara (Cruz
et al., 2009; Liu & Battisti, 2015). During the LGM there is evidence for forest dieback
and grassland expansion in the African tropics, plus tundra expansion in the forests of
modern Eurasia (Wu et al., 2007; Prentice et al., 2011; Binney et al., 2017). These veg-
etation shifts would have brightened the regional land surface and, barring strong com-
pensating feedbacks, the top of atmosphere. We note that our analysis does not account
for other factors outside of moist static energy anomalies that can shift the precipita-
tion centroid zonally. For example, there is evidence for stronger easterly winds across
the tropical Atlantic at the LGM (Mclntyre & Molfino, 1996; Adkins et al., 2006; McGee
et al., 2013; Bradtmiller et al., 2016; Zular et al., 2019) that could shift the maximum
vector wind divergence, and thus monsoon centroid, westward, but stronger winds can-
not be readily integrated to the energy balance model as an anomalous energy source.

Starting from the ensemble mean mid-Holocene and LGM climates, we simulate
the effect of a darker Sahara (mid-Holocene) and a brighter African tropics and Eura-
sia (LGM) as spatially uniform positive and negative moist static energy anomalies, re-
spectively. This approach carries some important limitations and should be taken as a
proof of concept for demonstrating how land surface albedo can modulate the zonal lo-
cation of the South American Monsoon precipitation centroid. Our analysis implicitly
assumes that the attenuation of the land surface anomaly to the top of atmosphere is
spatially uniform, which is unlikely when comparing tropical Africa and Eurasia. This
analysis also ignores the role of an apparent shift to a less El Nino-dominant mean cli-
mate state after the LGM (Koutavas & Joanides, 2012; Ford et al., 2018). The El Nifio
Southern Oscillation impacts Amazon rainfall (Marengo et al., 2013) and is a primary
mode of zonal energy anomalies in the modern climate (Boos & Korty, 2016), but its be-
havior is uncertain in paleoclimate models (Zheng et al., 2008; Brierley & Wainer, 2018).
To our knowledge, El Nino dynamics have not been explicitly considered as drivers of
the late Quaternary SAPD in previous work.

4 Results and interpretation
4.1 Isotope gradients and net rainout

The isotope gradients over space are distinct from any one §'30 record, suggest-
ing there is no single representative site that reflects basin-wide rainout. Figure 2a shows
these gradients for the eastern-to-central sites (“eastern domain”; light green) and central-
to-western sites (“western domain”; dark green), with the theoretical maximum A§80
value of zero labelled as the hydrostat (Chamberlain et al., 2014; Caves et al., 2015; Kukla
et al., 2019). The eastern domain gradient is near the hydrostat from the LGM to the
early Holocene, then decreases to ~-2.5%o in the mid-late Holocene and increases by <1%q
to present. The western domain gradient shows a mostly opposing trend, with A§'¥0O
near ~-2%q at the LGM and increasing to zero, the hydrostat, by the mid-Holocene be-
fore decreasing to present. The late Holocene A§'®O value in this domain is similar to
the rainfall AJ*®O across the Amazon today (Salati et al., 1979; Wang et al., 2017). Over-
all, despite 6'80 shifts that are zonally imbalanced (about twice as large in the eastern
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Figure 2. Isotope gradient and individual §'®0 records. (A) Eastern-to-central (light
green) and central-to-western (dark green) isotopic gradients. More negative A§'®0O is interpreted
as more rainout between sites (wetter). (B) The three, smoothed §'80 records (labels on right of
panel). Y-axis color range is proportional to net moisture loss (rainout) within the western (dark
green), eastern (light green), or ocean (turquoise) domains. The increase in blue toward the MH
reflects a hypothesized increase in rainout over the ocean. Dashed lines with intervals of lighter

shading are hiatus periods in the §'*0O records.

and central records compared to the west), the magnitude of A§'®O change is compa-
rable in each domain, consistent with zonally balanced changes in rainout.

Following previous work using isotope gradients (Salati et al., 1979; Hu et al., 2008;
Winnick et al., 2014), we interpret the A§'®O data as reflecting rainout between two sites
and the 580 data as recording the net integrated upwind rainout signal. Figure 2b is
an attempt to visualize both the local (A§'80) and upwind (§%0) rainout signals. Here,
the eastern, central, and western 6'80 records are smoothed and plotted together with
the space between them colored to illustrate the magnitude of change in 680 between
each site. This figure shows that the location where §'O decreases the most (indicative
of the most rainout) shifts from the western domain (dark green) at the LGM to east
of the eastern site, over the tropical Atlantic Ocean (blue), by the mid-Holocene.

This interpretive framework explains how the SAPD is zonally balanced despite
zonally imbalanced 6180 records. The western 6'20 shifts are small compared to the east-
ern record because the focus of rainout is always upwind of the western site. In contrast,
the focus of rainout is downwind of the eastern and central sites at the LGM, and up-
wind of these sites at the mid-Holocene. Put otherwise, the focus of rainout shifts along
the moisture trajectory relative to the eastern and central sites, but not the western site,
driving larger amplitude 6'80 trends in the eastern and central sites.

In addition to the zonally imbalanced §'®0O trends, another enigmatic feature of
the 6180 data is that the records are out-of-phase with one another. The out-of-phase
nature of these %0 shifts can also be understood in the context of upwind effects. The
western 6180 record decreases from 10-5 ka (Fig. 2b) while A§'®O stays near the the-
oretical maximum value of zero (Fig. 2a), consistent with the §'*0O shift being driven
by upwind rather than local rainout. Meanwhile, in the last 5 kyr, the focus of decreas-
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Figure 3. (A) Reconstructed precipitation for the LGM (blue), mid-Holocene (red) and late
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stat. (B-C) Map of §**0 records with §'¥0 ranges in the largest 5% (red) and all sites (black)

and the distribution of 6'®0 ranges. The central and eastern records are in the largest 5 percent

of all similar sites (Supplemental text S4).

ing 6'80 shifts inland, first over the eastern domain and next over the western domain,
revealing a time-transgressive trend that emerges from the central 680 data lagging the
eastern record. Thus, the progressive inland migration of the focus of rainout provides

a plausible mechanism for the enigmatic lag between these records.

4.2 Reconstructed annual precipitation rates

Our reactive transport results suggest that late Holocene precipitation rates were
similar to modern, consistent with similar A§'®O values between the late Holocene speleothem
data and modern rainfall. During the LGM, we find increased rainfall relative to the late
Holocene (light blue distribution of Fig. 3a; 3000 & 800 mm/yr). This result is consis-
tent with independent proxy data pointing to more continental runoff (Mulitza et al.,
2017; Nace et al., 2014; Venancio et al., 2018) and wetter conditions in western tropi-
cal South America (P. A. Baker, Seltzer, et al., 2001; P. A. Baker, Rigsby, et al., 2001;
Fritz et al., 2004). When wind speed and transpiration are equal to or greater than mod-
ern values (see Methods), calculated rainfall increases to ~3400 £400 mm/yr to com-
pensate for increased moisture transport and decreased isotopic fractionation associated
with transpiration (dark blue distributions of Fig. 3a). We note that hydrogen isotope
composition (6D) of leaf waxes from the Amazon River appears higher at the LGM than
before or after, suggesting drier conditions than today (Héggi et al., 2017). We suggest
this trend could be driven by an increased eastern Amazon (higher-6D) vegetation in-
put to the Amazon River. Higgi et al. (2017) note that this effect is unlikely due to higher
precipitation in the west, but we suggest a greater input of eastern biomass could oc-
cur due to destabilization of vegetation in the east during drier, colder conditions.

During the mid-Holocene, the reactive transport model simulates rainfall decreas-
ing to ~1200 mm/yr (about half of modern; red distribution of Fig. 3a). As discussed
in Kukla et al. (2021), the A§180 values in the mid-Holocene straddle zero—the theo-
retical maximum value for a single moisture trajectory. At this point, further drying has
a negligible effect on A§'80. The shape of the mid-Holocene distribution thus reflects
the imposed lower-bound of annual precipitation, effectively restricting the solution to
the wettest scenarios.
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One limitation to our analysis is that we do not explicitly account for the possi-
bility that changes in the seasonality of rainfall affect one site more than the other. Such
changes can modify the spatial gradient in A§'®O without changing net rainout. The
reconstructed isotope gradient in the western domain, however, provides some support
that seasonal biases in precipitation do not overprint the A§'80O data (Fig. S7). If lo-
calized shifts in seasonality drove the 50 data we would expect to find A§'8O values
greater than zero due to seasonal overprinting, especially when isotope gradient is already
shallow (near-zero A§'80). Instead, we find that when the isotope gradient becomes shal-
low, the upwind and downwind 680 records shift in tandem (leading to changes in 680
but no change in A§'®0), suggesting upwind signals fully propagate inland without sea-
sonal overprinting (i.e. a high degree of isotopic connectivity).

The estimates of past precipitation form the reactive transport model show larger
precipitation anomalies than predicted by the Earth System Models used to link the SAPD
to monsoon strength (Cruz et al., 2009; Liu & Battisti, 2015; Shimizu et al., 2020). Thus,
if the speleothem §'®0 data reliably reflects past precipitation, we must consider the pos-
sibility that monsoon strength is not the primary driver of the late Quaternary SAPD.
Changes in the location of monsoon rainout are likely to have a greater effect on local
(east vs west) annual rainfall amounts than changes in the strength of monsoon rainout.
For example, Battisti et al. (2014) argues that a zonal shift in the pan-Asian monsoon
with changing northern hemisphere summer insolation could explain some of the largest
documented speleothem §'80 shifts. Using the SISALv2 database (Atsawawaranunt et
al., 2018; Comas-Bru et al., 2019, 2020) we find that magnitude of §%O shifts in the east-
ern and central records is in the top 5% of all comparable records (duration between 103—
10° years and within 40° of the equator) (see Supplemental text S4) (Fig. 3b, c). The
other records with large §'®0 ranges appear near the pan-Asian monsoon region, con-
sistent with these two monsoon systems being among the most sensitive to zonal energy
anomalies and monsoon migration (Battisti et al., 2014; Boos & Korty, 2016).

4.3 PMIP3/CMIP5 analysis with energy balance and reactive transport
models

Our analyses with the PMIP3/CMIP5 data affirm previous isotope-enabled Earth
System Model results (Cruz et al., 2009; Liu & Battisti, 2015). The simulations do not
capture zonal migration of the monsoon centroid and they under-estimate the magni-
tude of 6'¥0 variation (Battisti et al., 2014). We find that, while the energy flux equa-
tor shifts northward in the mid-Holocene, the energy flux prime meridian does not show
any systematic shift to the east or west (Fig. 4a). Meanwhile, when forced with PMIP3/CMIP5
output the reactive transport model correctly predicts late Holocene A§'30 data, demon-
strating that the net rainout in the models is consistent with the isotope data. During
the LGM, however, the PMIP3/CMIP5 output leads to an isotope gradient that is too
shallow, consistent with the models being too dry (Fig. 4b,c). In contrast, the simulated
isotope gradients are too steep at the mid-Holocene when driven by PMIP3/CMIP5 out-
put, consistent with the models being too wet. Taken together, zonal monsoon shifts are
negligible in the PMIP3/CMIP5 models and their precipitation anomalies are smaller
than suggested by the isotope data.

We therefore hypothesize that the zonal migration of the South American Mon-
soon precipitation centroid drives the late Quaternary SAPD and its isotopic expression.
This hypothesis is outlined in Figure 5, and we address its plausibility in the following
subsection. We hypothesize that the monsoon centroid existed between the central and
western records at the Last Glacial Maximum (Fig. 5c, ), upwind of the eastern record
at the mid-Holocene (Fig. 5b, e), and somewhere in between in the late Holocene (Fig.
5a, d), consistent with its modern position (Boos & Korty, 2016). This evolution of the
monsoon centroid is based on the region where the decrease in 6180 is greatest (indica-
tive of the most rainout) or upwind of the three records when the eastern 60 values
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Figure 4. PMIP3/CMIP5 SAM centroid and isotope gradient analysis. (A) PMIP3
models show little zonal variation in the South American Monsoon precipitation centroid from
the LGM, mid-Holocene, and late Holocene (pre-industrial) for months NDJFMAM. (B) When
forced with PMIP3/CMIP5 output, the reactive transport model (Kukla et al., 2019) system-
atically predicts a steeper-than-observed 6'0 gradient at the mid-Holocene (red bars) and a
shallower-than-observed gradient at the LGM (blue bars) with no systematic error in the late
Holocene. This result is consistent with the 6'8O error found in the isotope-enabled simulations
of Cruz et al. (2009) and Liu and Battisti (2015). (C) To match the observed oxygen isotope
gradient, the reactive transport model requires similar rainfall amounts as predicted by the
PMIP3/CMIP5 models at the late Holocene, but requires drier conditions than PMIP3/CMIP5
at the mid-Holocene and wetter conditions at the LGM.
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and western Amazon at LGM).

are lowest. While zonal monsoon migration aligns with the §'0 data and its magnitude
of change, it is unclear whether late Quaternary forcings could plausibly drive such zonal
shifts in the late Quaternary.

4.4 Zonal monsoon migration in an Energy Balance Model

We find that reasonable zonally asymmetric forcings for the mid-Holocene and LGM,
not captured in the PMIP3/CMIP5 models, can cause the monsoon to shift zonally rel-
ative to its initial PMIP3/CMIP5 ensemble mean state (Fig. 6). In our energy balance
model simulations, the anomalous moist static energy source owed to a darker Sahara
at the mid-Holocene is sufficient to pull the energy flux prime meridian east of the east-
ern speleothem record, consistent with its mid-Holocene ¢80 minimum (Fig. 6d-f). In
contrast, a decrease in forest cover in tropical Africa and Eurasia pushes the energy flux
prime meridian westward in the LGM (Fig. 6a-c). We note that the location of the en-
ergy flux equator-prime meridian intersection approximates, but may be offset from, the
location of the precipitation centroid (Boos & Korty, 2016). Nonetheless, the spatial shifts
in the energy flux lines are highly correlated with spatial shifts in the precipitation field
(Adam et al., 2016; Boos & Korty, 2016). Thus, this analysis emphasizes that the dis-
tance that the precipitation centroid migrates due to remote forcing is likely sufficient
to explain the late Quaternary precipitation anomalies, although the exact location of
monsoon rainout will depend on the initial state (here, from PMIP3/CMIP5) and the
relative offset between the energy flux intersection and the precipitation centroid.
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mid-Holocene. We note that the points on the map panels are not a proposed path of the mon-
soon precipitation centroid in the Late Quaternary, but rather the monsoon response to different

forcing magnitudes starting from the PMIP3/CMIP5 initial conditions.
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5 Discussion
5.1 A zonally balanced SAPD

Previous work has argued that the distinct trends between the western and cen-
tral/eastern 180 data reflect either (1) a zonally imbalanced precipitation dipole (Cruz
et al., 2009; Cheng et al., 2013); or (2) changes in the strength of monsoon convection,
but not the location of monsoon rainout (Wang et al., 2017). Here, we address how our
results support a third scenario—a zonally balanced SAPD—and reconcile the §'30 data
with independent proxies. We also discuss how accounting for upwind rainout distinguishes
our revised 6180 interpretations from previous work.

The muted 680 shifts in the western record compared to the larger §'0 shifts
toward the east were previously cited as evidence that the SAPD disproportionately af-
fects eastern Amazonia with dampened precipitation change in the west (Cheng et al.,
2013). This is a reasonable result when interpreting 6'80 trends as reflecting local rain-
out. However, when accounting for upwind effects, downwind §'%0 should be minimally
affected by changes in the location of upwind rainout. That is, whether the focus of rain-
out occurs near the speleothem site or a few hundred kilometers upwind, speleothem §'30
will be approximately the same so long as the same magnitude of rainout occurs before
the airmass reaches that site. We argue that this is why the western §'30 trends are muted—
the focus of rainout remains upwind of the western site for the entirety of the record. In
contrast, the focus of rainout moves from downwind (inland) of the central and eastern
sites at the LGM to upwind (coastal) of these sites at the mid-Holocene. In this way, the
magnitude of total rainout is relatively constant (as evidenced by the muted western §'80
record), regardless of whether that rainout occurs in the west or east. In other words,
the western and eastern legs of the SAPD are balanced.

Using the same §'30 data as our study, but a different interpretive framework, pre-
vious work argued that the central §'80 record reflects the strength of South American
Monsoon convection without invoking a zonal precipitation dipole (Wang et al., 2017).
Wang et al. (2017) assume that upwind §'%O is constant (with corrections for temper-
ature and seawater 6'80) such that the central 6'80 record drives all variability in A§*0,
and they find a wet mid-Holocene (~3400 mm/yr) and drier LGM (~1400 mm/yr). How-
ever, this assumption of an effectively constant upwind 6'20 value is refuted by data (Cruz
et al., 2009)—the strong correlation between central and eastern (upwind) 620 records
is evidence that upwind 630 is influencing the downwind signal, especially given that
upwind signals from the eastern site should propagate to the central site today (Supple-
mentary Text S1). Our approach avoids the assumption that upwind moisture loss is con-
stant through time and, as a result, we find that the wettest time occurs when the iso-
tope gradient is steepest, not when central §'%0 is lowest. Previous work argues that a
shallower isotope gradient at the mid-Holocene can be reconciled with wetter conditions
if increased transpiration causes the isotope gradient to shallow (Cheng et al., 2013; Wang
et al., 2017). However, this effect has been shown to be isotopically negligible or at least
too small to explain the A§'80 data based on modeling and observational evidence (Pattnayak
et al., 2019; Ampuero et al., 2020).

The primary limitation of these two previous 6'20 interpretations (Cheng et al.,
2013; Wang et al., 2017) is that both imply that the increase in precipitation at the east-
ern and central sites toward the mid-Holocene must outpace drying in the west—a re-
sult that is difficult to reconcile with low mid-Holocene continental runoff (Campos et
al., 2019; Mulitza et al., 2017; Nace et al., 2014; Venancio et al., 2018). By accounting
for upwind rainout, we show that eastern and central 680 are low at the mid-Holocene
mostly because of upwind rainout that did not occur over land, consistent with low runoff
(Campos et al., 2019; Mulitza et al., 2017; Nace et al., 2014; Venancio et al., 2018).
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547 Overall, the speleothem 6'80 data show that total continental rainout correlates

548 with continental runoff for most of the last 25 kyr, and this result cannot be inferred from
549 amount effect interpretations of speleothem 580 in South America alone. However, there
550 remains a discrepancy between our revised isotope interpretation and the continental runoff
551 proxy data in the last 3-5 kyr, as western domain A§'®O (central-to-western record) de-

552 creases while Amazon runoff does not appear to increase. Still, more local proxy data

553 shows generally wetter conditions in east-central Amazonia in the last 5 kyr (Reis et al.,

554 2017; Ward et al., 2019), suggesting wetting here may be balanced by drying elsewhere,

555 counteracting any increase in runoff. We note that there is no such discrepancy between

556 runoff and the eastern domain AJ'8O—runoff from northeastern Brazil increases in the

557 last 5 kyr as A§'80 decreases (Arz et al., 1999; Behling et al., 2002; Gu et al., 2017; Cam-
558 pos et al., 2019; Jaeschke et al., 2007).

559 5.2 Monsoon strength versus monsoon migration

560 A zonally balanced SAPD can be explained by changes in the strength of the mon-
561 soon (with its compensating circulation) (Cruz et al., 2009; Liu & Battisti, 2015) and

562 changes in its location (via zonal migration). As discussed earlier, a weaker monsoon has
563 been found to decrease rainout in western Amazonia and increase it in northeastern Brazil
564 via balancing overturning circulation (Cruz et al., 2009; Shimizu et al., 2020) or a re-

565 mote response of the South Atlantic Convergence Zone to cooling over South Africa (Liu
566 & Battisti, 2015). Meanwhile, the migration of the monsoon centroid from the western

567 Amazon at the LGM to the northeast at the mid-Holocene would have the same effect—
568 rainout decreases in the west and increases proportionately in the east.

560 We attempt to distinguish between monsoon strength and monsoon migration un-
570 der the premise that monsoon migration will lead to higher-amplitude 68O and precip-
571 itation change (Battisti et al., 2014). Indeed, the central and eastern §'80 shifts (the

572 records most affected by monsoon migration) are are among the largest documented, sim-
573 ilar to the pan-Asian Monsoon, and Earth System Models tend to predict smaller changes
574 in 680 and precipitation compared to observations and §'8O-derived precipitation es-

575 timates (Cruz et al., 2009; Liu & Battisti, 2015; Shimizu et al., 2020; Wang et al., 2017).
576 The apparent disagreement between Earth System Models and proxy-based estimates

577 could indicate that more complex models are not simulating key processes driving pre-

578 cipitation 6'80. However, we cannot rule out the possibility that speleothem 630 does
579 not accurately reflect precipitation 6'80. We note that previous work has found discrep-
580 ancies between 680 and local rainout, suggesting that §'%0 is at least not always track-
581 ing local precipitation (Ward et al., 2019; Wortham et al., 2017). However, as discussed
582 in the next section, these results are consistent with our interpretation of 680 as a proxy
583 for upwind rainout. Taken together, without evidence against speleothem §'¥0 as an up-
584 wind rainout signal, the large magnitude of central and eastern §'20 shifts along with

585 the modeled magnitude of precipitation change is inconsistent with monsoon strength

586 as a driver for the SAPD.

587 5.3 Zonal and meridional components of monsoon migration

588 In addition to the magnitude of isotopic signals, monsoon migration may be dis-

589 tinguished from monsoon strength through the temporal and spatial characteristics of

590 proxy records. For example, monsoon migration should lead to both zonal and merid-

501 ional shifts in the South American Monsoon precipitation centroid. The energy flux equa-
502 tor drives north-south migration that is well-documented in late Quaternary proxy records

503 (Arbuszewski et al., 2013; Deplazes et al., 2013), and the energy flux prime meridian drives
504 the east-west component (Boos & Korty, 2016). Because the location of the South Amer-

595 ican Monsoon varies near-linearly with anomalous forcing (rather than abruptly at some
596 threshold; Fig. 6) the spatial migration of the South American Monsoon should cause
507 time-transgressive proxy trends as it reaches different locations at different times. Here,
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we compare the west-east (LGM to mid-Holocene) and east-west (mid-Holocene to present)
SAPD transitions and discuss evidence for zonal and meridional structure of monsoon
migration with asynchronous proxy signals, consistent with our hypothesis.

We first focus on a broad comparison of the two SAPD transitions by comparing
the eastern-to-central (eastern domain) and central-to-western (western domain) A§¥0
data, shown in Figure 7b. Here, lower values on the y-axis are interpreted as more west-
ern domain rainout, and lower values on the x-axis as more eastern domain rainout. If
the focus of rainout only migrates zonally, then a west-east trade-off in rainout will mark
a diagonal line with slope —1 (as rainout in one domain increases at the expense of the
other), and a shift in rainout further east over the ocean will trace a flat line with an in-
tercept near zero (no rainout in the western domain, only moving through the eastern
domain) (Fig. 7c, “expected if only zonal”). The Ad'®O data, however, do not follow
this trend. Instead, the LGM to early-mid Holocene marks a decrease in western domain
rainout (increase in y-axis) with no compensating increase in the east (x-axis remains
near zero) (Fig. 7b, points 1-2), followed by a mostly zonal progression into the eastern,
then western domain (points 2-3 and 3-4, respectively). The focus of monsoon rainout
appears to migrate eastward with a meridional component relative to the speleothem sites
from the LGM to early-mid Holocene, and then westward following a zonal pattern through
the speleothem sites to present.

This inferred pattern of monsoon migration from the A§'80 data is supported by
independent proxy results. In the last eight thousand years, for example, a steeper iso-
tope gradient reflecting more moisture distillation first appears in the eastern domain
from ~8-5 ka (points 2-3 of Fig. 7), and next in the western domain from ~5-0 ka (points
3-4) (see also Fig. 2). This result suggests that the precipitation centroid began pass-
ing over the central record ~5 thousand years ago, consistent with recent strontium iso-
tope evidence from the same site pointing to high infiltration rates from 6-5 ka with less
infiltration before and after (Ward et al., 2019). The timing of migration is also consis-
tent with a shift from dry to wet conditions in a nearby lake (Reis et al., 2017). After
~b ka, rainfall begins increasing in the western domain and water infiltration rates at
the central site temporarily decline (Ward et al., 2019). As discussed earlier, this grad-
ual westward migration of monsoon rainout also explains the perplexing lag of central
580 behind the eastern record (Fig. 1c, d). The precipitation centroid first reaches the
eastern site at ~8-7 ka when §'30 values are lowest, and later the central site at ~5 ka,
in tandem with records of the local water balance (Reis et al., 2017; Ward et al., 2019).

Unlike this east-west migration, the dipole transition from west to east spanning
~20-10 ka does not coincide with a decrease in eastern domain A§'®0, and we suggest
this reflects the precipitation centroid moving around, rather than through, the eastern
domain (points 1-2 of Fig. 7). Movement around the domain would require a meridional
component of monsoon migration reflected by a change in A'80 in one domain that
is not balanced by a corresponding change in the other (Fig. 7c, bottom panel). It is pos-
sible that the precipitation centroid moved southeast around the central 520 site as there
is evidence for wetter conditions to the southeast (Whitney et al., 2011; Fornace et al.,
2016) and drier conditions to the north (Deplazes et al., 2013; Zular et al., 2019), as well
as some evidence for a south-shift of the energy flux equator (Arbuszewski et al., 2013).

The southeast appears to become drier around 12 ka, approximately when a nearby speleothem

5180 shift occurs that is consistent with decreased Amazon and more Atlantic-derived
moisture (Fig. S8) (Novello et al., 2017, 2018).

As the precipitation centroid migrates further east, after ~12 ka, pollen data from
semi-arid northeastern Brazil (near the eastern 6180 site) suggest humid conditions from
~10.9-6.7 ka (De Oliveira et al., 1999). Humidity peaks halfway through this interval
(~8.9 ka) when eastern 680 reaches its lowest values (De Oliveira et al., 1999; Cruz et
al., 2009), suggesting this marks the easternmost extent and turning point of the pre-
cipitation centroid. As discussed earlier, this timing also corresponds with the onset of
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Figure 7. Isotope gradients reflect zonal and meridional shifts in monsoon precipi-
tation centroid. (A) Map of speleothem sites showing the east and west domains—the axes of
panel B—and a schematic for the interpretation of panel B. (B) Crossplot of eastern and western
domain data. Points correspond with numbers in panels A and C. (C) More negative A§*30
refers to more rainout in a given domain. Data should track a sideways “V” shape if the focus

of rainout migrates only zonally (top panel, note different order of numbers). However, the LGM
to early-mid Holocene does not follow this zonal trajectory, suggesting a meridional component

(dashed arrow).

the time-transgressive westward shift in wet conditions that continues to the present. While
more work is needed to trace the past focus of Amazon rainfall, we suggest the progres-
sive shifts in wet conditions across the continent (both east-west and west-east) provide
empirical support and a testable framework for the pattern of monsoon migration.

5.4 Mechanisms for zonal monsoon migration

While climate model simulations are necessary to assess the dynamical drivers of
monsoon migration, our analysis allows us to present testable hypotheses. For example,
the greening of the Sahara at the mid-Holocene (about 70 W/m? anomalous heat source
at top of atmosphere; Boos and Korty (2016)) is likely sufficient to drive the monsoon’s
energy flux prime meridian eastward entirely over the tropical Atlantic (Fig. 6e, f). Com-
parison to proxy records from Africa generally support this remote influence on the South
American Monsoon. Dust flux records of West African Monsoon behavior show pronounced
precession-scale variability in the last 240 kyr with prominent exceptions at ~30, ~70,
and ~150 ka when dust fluxes “skip” precession beats (Skonieczny et al., 2019). In South
America, western Amazon §'%0 records lose sensitivity to precession at the same times
(and AJ'®O where there is data, in the ~30 ka case; Fig. S7, inset) (Mosblech et al., 2012;
Cheng et al., 2013; Wang et al., 2017). Travertine deposits from northeast Brazil sup-
port the precession-pacing of the SAPD and also show a skipped beat at ~150 ka (Wang
et al., 2004). Further, there is a rapid increase in §'*O at the eastern site at ~5 ka, con-
sistent with a westward (inland) shift of rainout, contemporaneous with the termination
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of the African Humid Period in North Africa (Shanahan et al., 2015) where increasing
land albedo would provide an anomalous energy sink. These similarities are mostly pre-
liminary and more data is needed to test if they hold over space and time, but they are
consistent with expectations if the zonal location of the South American Monsoon was
sensitive to Saharan albedo.

At the LGM, vegetation change that increases land albedo in tropical Africa and
Eurasia could push the energy flux prime meridian westward. However, it is not clear
if the magnitude of forcing required for this shift could be accomplished by the LGM veg-
etation change alone. For example, low AJ*¥O values (along with high runoff (Nace et
al., 2014)) are a persistent feature in the western domain for at least ~20 kyr before the
LGM (Fig. S7, inset), suggesting the cause of a westward shift in rainout is not unique
to this time interval. African dust fluxes were persistently high from 40-20 ka, consis-
tent with a remote albedo forcing, but data for other possible drivers monsoon migra-
tion, such as the strength of the easterlies, is sparse at this time.

Based on the zonal, meridional, and hysteresis-like migration of the focus of South
American Monsoon rainout, we suggest that multiple forcing mechanisms operate at dif-
ferent times to drive complex patterns of monsoon migration. Our analysis suggests that
remote land albedo change could drive the zonal patterns of monsoon rainout, and some
features of the proxy data support such a trans-Atlantic correlation, but more sophis-
ticated climate model simulations are needed to rigorously test these hypotheses.

6 Limitations and future directions

Our analysis provides a path forward for resolving the enigmatic, non-uniform trends
in tropical South American speleothem 680, but it rests on assumptions, many previ-
ously discussed, that deserve further scrutiny. One critical assumption that is difficult
to address is that speleothem §'80 reliably tracks precipitation §'80 at all sites. Kinetic
fractionation and other confounding processes could decouple speleothem and precip-
itation §'%0, challenging our model approach. Such effects have not been documented
in these speleothem (van Breukelen et al., 2008; Cruz et al., 2009; Cheng et al., 2013;
Wang et al., 2017), but additional proxy constraints (such as triple oxygen and mass-

48 clumped isotopes) will provide more rigorous tests of local and kinetic effects (Huth
et al., 2022). Another limitation lies in our simplified monsoon energy balance model-
ing approach. The goal of these model exercises is to present plausible drivers of zonal
monsoon shifts for further testing, while recognizing that our list is not exhaustive. Fu-
ture Earth System Modeling studies of the SAPD should analyze the zonal location of
the energy flux prime meridian and its relation to zonal precipitation patterns to test
whether this zonal monsoon migration effect is present.

We argue that zonal monsoon migration explains the late Quaternary SAPD, but
similar zonal precipitation anomalies at other times in the past could be related to dif-
ferent dynamics. As stated earlier, the SAPD is an empirical rainfall pattern that ap-
pears on precession (Martin et al., 1997; Cruz et al., 2009; Liu & Battisti, 2015) and glacial-
interglacial timescales (Abouchami & Zabel, 2003; Mason et al., 2019), and its under-
lying cause likely varies with time. Changes in monsoon strength and its associated cir-
culation can also cause zonal precipitation anomalies (Cruz et al., 2009; Liu & Battisti,
2015), albeit likely at a lower amplitude than we estimate for the late Quaternary. At
present, our understanding of what causes zonal monsoon migration in South America
(or elsewhere) is limited, so we cannot know how pervasive this dynamic might be in pa-
leoclimate records. However, our results support previous work (Battisti et al., 2014) sug-
gesting that zonal forcings may help explain some of the enigmatic proxy records found
in places where monsoons are energetically primed to migrate east-west.
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720 Data Availability Statement

71 Code and data associated with this study can be found through Zenodo (Kukla et
™ al., 2022) and Github (https://github.com/tykukla/ZonalPrecipPatterns-Amazon).
3 The Zenodo/Github repository includes code and results for the energy balance and re-
720 active transport model analysis, SISALv2 analysis, Amazon speleothem §'®0 data clean-
725 ing and smoothing, and the proxy compilation in Figure 1 of the main text. We note that
726 the Tigre Perdido record (van Breukelen et al., 2008) from the western composite data

27 was downloaded from the SISAL database (siteID: 25), while other speleothem records

728 were provided by the original authors or taken from the supplementary materials of the
729 relevant publication.
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