
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 Quater-
nary (here, the last ∼25 kyr) with rainfall increasing in northeastern Brazil at the expense of drying in western 
Amazonia, and vice versa (M. C. Campos et al., 2022; Cheng et al., 2013; Cruz et al., 2009; Martin et al., 1997). 
This zonal rainfall pattern is called the “South American Precipitation Dipole” (SAPD), a term that describes 
the opposing east-west patterns of past rainfall anomalies (Figures 1a and 1b), and is distinct from the precip-
itation dipole studied in the modern climate between southeastern South America and the South Atlantic 
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Convergence Zone (Boers et al., 2014; Nogués-Paegle & Mo, 1997). The SAPD has been identified on precession 
(Cheng et al., 2013; Cruz et al., 2009; Martin et al., 1997; Wang et al., 2004) and glacial-interglacial timescales 
(Abouchami & Zabel, 2003; Mason et al., 2019), and it corresponds with many high-amplitude signals in pale-
oclimate proxy data (P. A. Baker, Rigsby, et al., 2001; P. A. Baker, Seltzer, et al., 2001; Cruz et al., 2009; Fritz 
et al., 2004; Tapia et al., 2003; Wang et al., 2017). Still, conflicting model and proxy interpretations cast doubt 
on what drives the SAPD (M. C. Campos et al., 2022; Cruz et al., 2009; Liu & Battisti, 2015), and even whether 
it exists at all (Wang et al., 2017).

On precession timescales, a primary challenge of the SAPD enigma is how to interpret the speleothem oxygen 
isotope (δ 18O) records that span the dipole region (Figures 1c–1e). These spatially and temporally complex δ 18O 
records are difficult to reconcile with some independent proxy data. From the relatively high austral summer 
insolation phase around the Last Glacial Maximum (LGM, ∼21 ka) to the lower phase at the mid-Holocene 
(∼7 ka), the speleothem δ 18O records are zonally imbalanced—the δ 18O shifts to the east are about twice as large 
as the opposing shifts in the west. East δ 18O is, if anything, less sensitive to precipitation amount than west δ 18O 
today (Figure S1 in Supporting Information S1), so it is speculated that these data imply a zonally imbalanced 
SAPD with larger precipitation anomalies in the east (Cheng et al., 2013). Yet, the implication of a more quies-
cent precipitation history in the west is not consistent with previous evidence for substantial drying from the 
wetter-than-present LGM to the mid-Holocene (P. A. Baker, Rigsby, et al., 2001; P. A. Baker, Seltzer, et al., 2001; 
Fritz et al., 2004; Tapia et al., 2003). Further, evidence from strontium isotopes in speleothems across tropical 
South America shows δ 18O is often decoupled from rainfall amount (Ward et al., 2019; Wortham et al., 2017). 
Thus, it is not clear that zonally imbalanced δ 18O signals require a zonally imbalanced SAPD.

Figure 1. South America proxy map and isotope data. Proxy map for the (a) Last Glacial Maximum (LGM) (∼21) and (b) mid-Holocene (∼7 ka). Data points in panels 
(a, b) are jittered to show instances of multiple proxy records from the same site. Offshore runoff proxies are lighter in panel (a) because they can record a sea-level 
signal at the LGM. (c) Rio Grande do Norte (eastern) δ 18O record (Cruz et al., 2009). (d) Paraíso (central) δ 18O record (Wang et al., 2017). (e) Diamante and Tigre 
Perdido composite (western) δ 18O record (Cheng et al., 2013; van Breukelen et al., 2008). Teal lines (c–e) show February insolation at 10°S following Cruz et al. (2009) 
(scales varied to match δ 18O magnitude).
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The speleothem δ 18O data also reveal important discrepancies with isotope-enabled General Circulation Models 
(GCMs) forced with precession. In isotope-enabled GCMs, opposing east-west precipitation and δ 18O anomalies 
have a similar magnitude—the SAPD is zonally balanced (Cruz et al., 2009; Liu & Battisti, 2015). Under low 
summer insolation, precipitation δ 18O decreases by 1‰–3‰ in the east, increases by the same amount in the 
west, and shows no change in east-central Amazonia where there is a large ∼6‰ shift in the speleothem data 
(Cruz et al., 2009; Liu & Battisti, 2015; Wang et al., 2017). Thus, while the direction of change is reasonable, 
the magnitude and spatial pattern of δ 18O is inconsistent with the speleothem data, suggesting factors other than 
precession may contribute to the late Quaternary SAPD. Precession may also be insufficient to explain the appar-
ent out-of-phase changes in speleothem δ 18O in the last ∼15 kyr (Figures 1c–1e). Precession-driven insolation 
forcing is uniform east-to-west, but minimum and maximum δ 18O values occur at different times across tropical 
South America.

The goal of this manuscript is to develop a conceptual model for the late Quaternary SAPD that is consistent 
with the enigmatic features of the oxygen isotope records—namely the zonally imbalanced δ 18O signals and their 
out-of-phase nature. We begin by reinterpreting the δ 18O data to account for the effect of upwind rainout (where 
upwind is east). Upwind rainout can decouple local δ 18O from local rainfall amount by generating low-δ 18O 
moisture that is transported downwind. The effect is widely known to drive Amazon δ 18O in modeling, obser-
vational, and paleoclimate studies (Ampuero et al., 2020; J. C. A. Baker et al., 2016; Brienen et al., 2012; Gat 
& Matsui, 1991; Grootes et al., 1989; Salati et al., 1979; Vimeux et al., 2005; Vuille & Werner, 2005; Vuille 
et al., 2003), yet has not been empirically constrained in previous interpretations of the SAPD (Cheng et al., 2013; 
Cruz et al., 2009; van Breukelen et al., 2008). Accounting for upwind rainout yields two important results. First, 
it brings the δ 18O data in better agreement with other proxy records, including strontium isotopes, and casts the 
SAPD as zonally balanced—the magnitude of precipitation anomalies is similar in the east and west. Second, the 
δ 18O data can be understood as recording zonal shifts in the location of maximum rainout, or the “precipitation 
centroid,” across tropical South America. A precipitation centroid that migrates east-west reconciles a zonally 
balanced SAPD with zonally imbalanced δ 18O anomalies and it explains the out-of-phase δ 18O signals. Yet, the 
mechanisms for a zonally migrating precipitation centroid are not immediately clear.

In the second part of our analysis, we test whether precession forcing can explain a migrating precipitation 
centroid. Precession is considered the primary driver of the SAPD, and it was previously linked to east-west shifts 
in the pan-Asian Monsoon precipitation centroid (Battisti et al., 2014). These zonal pan-Asian Monsoon shifts 
caused large changes in δ 18O and precipitation, and we find similarly large changes in South America using an 
isotope-enabled reactive transport model (Kukla et al., 2019). However, the same GCM simulations presented 
in Battisti et al. (2014) showed no zonal migration in the tropical South American precipitation centroid, and 
we also find no zonal shifts in the PMIP3/CMIP5 models. Instead, we posit that land surface albedo change, in 
addition to precession, can explain the late Quaternary SAPD. We impose reasonable late Quaternary land albedo 
forcings in an energy balance model for tropical atmospheric circulation and find zonal shifts in the South Amer-
ican precipitation centroid that are consistent with the isotope data. We conclude that, while precession can drive 
a zonal precipitation dipole, additional forcings such as land albedo are necessary to explain the zonal imbalance 
of δ 18O signals, their magnitude, and their out-of-phase trends.

2. Late Quaternary Speleothem δ 18O Records and Precipitation Dynamics
Our analysis leverages three existing speleothem δ 18O records that span tropical South America and have previ-
ously been used to identify the SAPD. We refer to these as the eastern, central, and western records (Figure 1). 
The eastern record is from the Rio Grande do Norte site of northeastern Brazil and shows a 5‰–7‰ decrease in 
δ 18O from the LGM to early mid Holocene interpreted as evidence for a weakening South American Monsoon 
(Cruz et al., 2009) (Figure 1c). The central record comes from the Paraíso site in east-central Amazonia (Wang 
et al., 2017) and resembles the eastern record, but the δ 18O decrease lags behind by 1–2 kyr, and the records 
diverge in the late Holocene (Figure 1d). Given its location near the monsoon's deep convective region, data 
from the central site were interpreted as evidence for stronger convection 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 Tigre Perdido (van Breukelen et al., 2008) records (Figure 1e). We adopt the cave temperature 
correction for these records following Wang et al. (2017) (see also Ampuero et al. (2020) and Kukla et al. (2021)), 
increasing δ 18O by 1.4‰ to account for its relatively cooler cave temperatures. These records are interpreted to 
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reflect Amazon or western Amazon rainfall amount, with a muted δ 18O increase of ∼2.5‰ 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 δ 18O records initially decrease. The western record stands out from the central and  east ern 
records in that δ 18O increases, rather than decreases, from the LGM to the early mid Holocene. This contrast 
defines the δ 18O expression of the SAPD, with the western-wet phase at the LGM and eastern-wet phase at the 
mid-Holocene representing end-member SAPD states.

The zonal SAPD is likely driven by multiple factors but, on precession timescales, it is agreed that changes in 
austral summer insolation are critical (M. C. Campos et al., 2022; Cheng et al., 2013; Cruz et al., 2009; Liu 
& Battisti, 2015; Prado et al., 2013). Precession drives summer insolation with a ∼21 kyr beat, and this forc-
ing carries no zonal component. Low austral summer insolation (as during the mid-Holocene, ∼7 ka) weakens 
the South American Monsoon and decreases rainfall in western tropical South America (P. A. Baker, Seltzer, 
et al., 2001; M. C. Campos et al., 2022; Cruz et al., 2009; Liu & Battisti, 2015). However, the opposing increase 
in eastern precipitation requires some zonal shift in atmospheric circulation, and the cause is debated. One theory 
posits that weaker subsidence over northeast Brazil must compensate for weaker convection to the west, increas-
ing northeast Brazil rainfall (M. C. Campos et al., 2022; Cruz et al., 2009; Shimizu et al., 2020). Another argues 
that northeast Brazil rainfall increases as south African summer cooling shifts the subtropical rain band, the South 
Atlantic Convergence Zone, northward, and north African cooling shifts the tropical rain band, the Inter-Tropical 
Convergence Zone (ITCZ), southward (Liu & Battisti, 2015), consistent with a broader seasonal ITCZ migration 
(Chiessi et al., 2021). In both cases models capture zonally opposing δ 18O anomalies, but not their zonal imbal-
ance, nor the magnitude of eastern and central δ 18O change (note that the central record was published after Cruz 
et al. (2009) and Liu and Battisti (2015)). Moreover, other simulations with precession forcing find no SAPD, 
or a zonal precipitation dipole in the austral summer that is offset by opposing anomalies in the austral winter 
(Prado et al., 2013; Shimizu et al., 2020; Tigchelaar & Timmermann, 2016). One key limitation in the application 
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 previously been linked to rainfall anomalies in tropical 
South America (Lu et al., 2021). If such zonal forcings can impact tropical South American rainfall, they may be 
critical for explaining the zonal patterns of the SAPD.

Recent theoretical work demonstrates that South American rainfall, more so than other tropical regions, is ener-
getically primed to shift east-west due to factors like non-local land surface albedo change (Boos & Korty, 2016). 
The precipitation centroid in tropical South America sits at the intersection of the energy flux equator (EFE) 
(correlated with the ITCZ) and an energy flux prime meridian (EFPM) (Boos & Korty, 2016). These energy flux 
lines occur where column-integrated divergent atmospheric energy transport is zero in the meridional (EFE) and 
zonal (EFPM) directions (Boos & Korty, 2016). The EFE-prime meridian intersection conditions the precipita-
tion centroid to migrate zonally because, just as the EFE (and ITCZ) moves north and south following anomalous 
meridional energy sources (e.g., changes in insolation and albedo), the EFPM moves west and east in response to 
zonal energy anomalies. North-south shifts in the precipitation centroid, following the EFE, are well documented 
in tropical South America and elsewhere (Arbuszewski et  al.,  2013; J. L. P. S. Campos et  al.,  2019; Chiessi 
et al., 2021; Deplazes et al., 2013; Haug, 2001; Mulitza et al., 2017), but east-west shifts are less thoroughly 
explored. The pan-Asian monsoon is also associated with an EFPM and has been shown to migrate zonally with 
high-amplitude precession forcing, though precession alone appears insufficient to shift the precipitation centroid 
east-west in South America (Battisti et al., 2014; Liu & Battisti, 2015; Shimizu et al., 2020). If other factors drove 
the EFPM over South America to shift zonally in the past, we expect the precipitation centroid to shift with it 
(Boos & Korty, 2016), driving a zonal dipole in rainout expressed as the SAPD.

3. Methods
3.1. Paleo-Isotope Gradient Justification

The isotope gradient is defined as downwind δ 18O minus upwind δ 18O along a given moisture trajectory and 
it is expressed in units of ‰ per thousand kilometers. This change in δ 18O is related to Rayleigh distillation 
interpretations of isotopic data as both δ 18O and Δδ 18O decrease as net rainout (or distillation) increases (Gat 
& Matsui, 1991; Salati et al., 1979). Whereas one must assume the upwind δ 18O value to interpret a given δ 18O 
record in terms of net rainout, Δδ 18O explicitly accounts for these upwind variations, theoretically isolating the 
δ 18O signal due to rainout alone (Hu et al., 2008; Kukla et al., 2019, 2021; Winnick et al., 2014). This approach 
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is particularly useful in tropical South America because upwind effects are known to be a primary driver of δ 18O 
(Ampuero et al., 2020; J. C. A. Baker et al., 2016; Gat & Matsui, 1991; Lee et al., 2009; Liu & Battisti, 2015; 
Salati et al., 1979; Vuille & Werner, 2005; Vuille et al., 2003). Upwind and local rainout can be distinguished 
because upwind rainout will change the initial δ 18O of a given domain but not Δδ 18O (Kukla et al., 2021; Salati 
et al., 1979). We note that Δδ 18O values are generally restricted to below zero (the “hydrostat”), since a zero 
isotope gradient reflects all precipitation being 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 atmospheric moisture 
through transport and recycling among the eastern, central, and western sites in the modern climate. We use 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) (van der Ent,  2016; van der Ent & Savenije,  2013). The model simulates 
precipitation-sheds, the area where evaporation sources a site's precipitation, and evaporation-sheds, the area 
where a site's evaporation re-precipitates out. Contours enclosing the area where 70% of a site's rainfall is 
sourced (for precipitation-sheds) or a site's evaporation rains out (for evaporation-sheds) can be used to infer a 
meaningful dynamic connection between sites (Keys et al., 2012). We find that moisture recycling between our 
sites surpasses this threshold (Figure 2), demonstrating that these sites are sufficiently isotopically connected 
for Δδ 18O analysis (see Text S1, Figures S2 and S3 in Supporting Information S1). We also find that the modern 
isotope gradient across tropical South America is negatively correlated with rainout and is negative throughout 
the year, consistent with theory for upwind signals propagating downwind with minimal attenuation (Figure 
S4 in Supporting Information S1) (Kukla et al., 2019). Constraining the isotopic connectivity between sites is 

Figure 2. WAM-2layers hydrologic connectivity between speleothem sites. (a, c, and e) Annual mean precipitation-sheds and (b, d, and f) evaporation-sheds for 
the (a, b) western, (c, d) central, and (e, f) eastern sites. Magenta line denotes the spatial threshold where 70% of precipitation is sourced (precipitation-sheds) or 
where evaporation re-precipitates (evaporation-sheds), used to indicate a dynamically significant connection (Keys et al., 2012). Results show sites are significantly 
hydrologically connected within a single evaporation-precipitation cycle (See Supporting Information S1 for seasonal results).
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challenging, in part because a strong connection today does not necessarily imply a strong connection in the past. 
Yet, as air-masses shift in response to past forcings, moisture at one site can still be recycled to the next. Today, 
moisture recycling connects regions across tropical South America that receive their peak rainfall at different 
times of the year (Staal et al., 2018). We discuss how weak isotopic connections would affect our conclusions 
in Section 5.4.

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 precip-
itation reconstruction because this trajectory aligns best with that of the prevailing winds (see Text S1 and S2 
in Supporting Information S1). Oxygen isotope gradients along a dominant moisture trajectory depend on the 
balance of three fluxes: precipitation, evapotranspiration, and atmospheric transport (Salati et al., 1979; Winnick 
et al., 2014). We use a reactive transport model that simulates Δδ 18O as a function of these fluxes to quantify 
past precipitation rates from Δδ 18O data. To do so, we randomly sample from uniform distributions of reactive 
transport model input parameters to estimate past precipitation from the simulations that agree with Δδ 18O 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 gradients because PMIP3/CMIP5 results (Braconnot et  al.,  2012) show 
that reactive transport model inputs are similar for both time periods. However, modern reanalysis data cannot 
be reasonably applied 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 evapotranspiration. Source region moisture content is calculated assum-
ing relative humidity remains constant over the ocean (Sherwood et al., 2010), and potential evapotranspiration 
is decreased following the scaling relationship defined by Scheff and Frierson (2014) and Siler et al.  (2019). 
Decreasing source moisture content and potential evapotranspiration both increase net rainout, all else equal. 
Therefore, these changes decrease the reconstructed LGM precipitation rates required to reproduce a given 
isotope gradient. 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 
estimates. Proxy studies (Bradtmiller et al., 2016; McIntyre & Molfino, 1996; 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 pCO2 implies 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.

We find that our results are not sensitive to the shape of the distributions of model inputs, nor the sample size of 
the Monte Carlo routine (Figure S5 in Supporting Information S1). We also test the importance of an additional 
input, rain re-evaporation, on model δ 18O. Rain re-evaporation and its effect on δ 18O is heavily parameterized in 
models because it is difficult to directly measure (Dee et al., 2015; Konecky et al., 2019; Worden et al., 2007) (see 
Text S2 and S3 in Supporting Information S1). Using a parameterization fit to isotope data we find that it has a 
negligible effect on δ 18O in the model (Figure S6 in Supporting Information S1). Diagnostics of our late Holo-
cene Monte Carlo results (essentially a modern analysis because late Holocene speleothem Δδ 18O is the same as 
modern rainfall) are provided in Figure S7 in Supporting Information S1.

We further use the reactive transport model to calculate spatial δ 18O patterns for individual PMIP3/CMIP5 models 
(Braconnot et al., 2012). Using zonal profiles of atmospheric moisture content, zonal winds, potential evapotran-
spiration, and temperature from the individual PMIP3/CMIP5 models, we run the reactive transport model to 
simulate the isotope gradient for the LGM, mid-Holocene, and late Holocene (PMIP3/CMIP5 pre-industrial). We 
then compare the predicted Δδ 18O derived from the PMIP3/CMIP5 data to the speleothem data. If the predicted 
Δδ 18O is more negative than the observed Δδ 18O, then the net rainout in that model is too high to reconcile the 
observed data in the reactive transport framework. We also analyze the precipitation rate necessary to match the 
paleo-isotope gradient if all other PMIP3/CMIP5 inputs to the reactive transport model are correct. This analysis 
effectively asks how much rainfall must increase or decrease relative to the PMIP3/CMIP5 prediction in order to 
reconcile the paleoclimate Δδ 18O data.
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3.3. Application of a 2-Dimensional Atmosphere Energy Balance Model

We use a 2-dimensional energy balance model that is capable of tracking zonal shifts in the precipitation centroid 
(Boos & Korty, 2016) to accomplish two related goals. First, we identify the precipitation centroid to test whether 
it shifts zonally in the mid-Holocene or LGM simulations of the PMIP3/CMIP5 models. Second, we simulate the 
zonal precipitation centroid response to conditions that likely characterize the LGM and mid-Holocene but are 
not accounted for in the PMIP3/CMIP5 experiments.

The energy balance model predicts how changes in energy input to the atmosphere would change atmospheric 
energy transport, thus altering atmospheric circulation and precipitation patterns. Here, we follow the meth-
odology of Boos and Korty  (2016) and consider how changes in continental albedo alter energy input to the 
atmosphere, and how atmospheric circulation would have to adjust in order to maintain the energy balance. The 
anomalous energy flux generated by the energy balance model is then used to infer a shift in precipitation based 
on the assumption that the position of peak precipitation migrates with the intersection of the EFE and EFPM (see 
Equations 2–7 in Boos and Korty (2016)). We refrain from attributing the precipitation centroid anomalies to a 
specific atmospheric feature because the model is not designed to distinguish between the individual effects of, 
for example, the South American Monsoon, the South Atlantic Convergence Zone, and the ITCZ.

3.3.1. Analysis of PMIP3/CMIP5 Precipitation Dynamics

Using the energy balance model, we identify the PMIP3/CMIP5 ensemble mean location of the precipita-
tion centroid, defined as the intersection of the EFE and prime meridian, for the LGM, mid-Holocene, and 
pre-industrial (or late Holocene). The LGM and mid-Holocene ensemble means are then used as the initial condi-
tions for the perturbations discussed in the next section.

3.3.2. Simulating Additional LGM and Mid-Holocene Constraints

A critical step in determining whether the precipitation centroid migrated zonally in the past is quantifying 
the sensitivity of zonal shifts to energetic forcing. We impose anomalous moist static energy (MSE) sources in 
the PMIP3/CMIP5 ensemble mean to quantify how the zonal location of the EFPM (and thus the precipitation 
centroid (Boos & Korty, 2016)) changes with zonal forcing. The response of the South American precipitation 
centroid to anomalous energy forcing depends on (a) the magnitude and direction of energetic forcing, (b) the 
area over which the forcing is applied, and (c) the distance (especially zonally) of the anomalous forcing to the 
centroid.

During the mid-Holocene, lower land surface albedo likely increased the net column energy over the grassy 
“green” Sahara by about 70 W/m 2, accounting for the attenuation of the albedo anomaly at the top of the atmos-
phere (Boos & Korty, 2016). This forcing exceeds the magnitude of insolation change due to orbital variability 
(∼10 W/m 2 in the mid-Holocene), but is applied over a smaller area (confined to the modern Sahara). Other mode-
ling 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 (Binney et al., 2017; Prentice et al., 2011; Wu et al., 2007). These vegetation shifts would 
have brightened the regional land surface and, barring strong compensating feedbacks, the top of atmosphere. 
We note that our analysis does not account for other factors outside of MSE anomalies that can shift the precip-
itation centroid zonally. For example, there is evidence for stronger easterly winds across the tropical Atlantic at 
the LGM (Adkins et al., 2006; Bradtmiller et al., 2016; McGee et al., 2013; McIntyre & Molfino, 1996; Zular 
et al., 2019) that could shift the maximum vector wind divergence, and thus precipitation centroid, westward, but 
stronger winds cannot 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 Eurasia (LGM) as spatially uniform positive and negative 
MSE anomalies, respectively. 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 location of the South American 
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 Niño-dominant mean climate state after the LGM (Ford 
et al., 2018; Koutavas & Joanides, 2012), which could affect the zonal energy balance (Boos & Korty, 2016) 
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and was previously argued to contribute to the zonally imbalanced δ 18O signals by decreasing δ 18O everywhere, 
amplifying the eastern and dampening the western trend (Cheng et al., 2013). However, because this mecha-
nism  affects all sites similarly it cannot explain the Δδ 18O trends that we interpret as changes in the precipitation 
centroid's location.

4. Results and Interpretation
4.1. Isotope Gradients and Net Rainout

The isotope gradients over space are distinct from any one δ 18O record, suggesting there is no single representa-
tive site that reflects basin-wide rainout. Figure 3a 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 
Δδ 18O value of zero labeled as the hydrostat (Caves et al., 2015; Chamberlain et al., 2014; Kukla et al., 2019). 
The hydrostat is the point where further drying has no affect on Δδ 18O because nearly all precipitation is being 
recycled. The eastern domain gradient is near the hydrostat from the LGM to the early Holocene, then decreases 
to ∼−2.5‰ in the mid-late Holocene and increases by <1‰ to present. While at the hydrostat, Δδ 18O does not 
capture further drying that likely distinguishes the early mid Holocene conditions from the mid-late Holocene 
(P. A. Baker, Seltzer, et al., 2001; Cheng et al., 2013; Fritz et al., 2004; Kukla et al., 2021). The western domain 
gradient shows a mostly opposing trend, with Δδ 18O near ∼−2‰ at the LGM and increasing to zero, the hydro-
stat, by the mid-Holocene before decreasing to present. The late Holocene Δδ 18O value in this domain is similar 
to the rainfall Δδ 18O across the tropical South America today (Salati et al., 1979; Wang et al., 2017). Overall, 
despite δ 18O shifts that are zonally imbalanced (about twice as large in the eastern and central records compared 
to the west), the magnitude of Δδ 18O change is comparable in each domain, consistent with zonally balanced 
changes in rainout.

Following previous work using isotope gradients (Hu et al., 2008; Salati et al., 1979; Winnick et al., 2014), we 
interpret the Δδ 18O data as reflecting rainout between two sites and the δ 18O data as recording the net integrated 
upwind rainout signal. Figure 3b is an attempt to visualize both the local (Δδ 18O) and upwind (δ 18O) rainout 
signals. Here, the eastern, central, and western δ 18O records are smoothed and plotted together with the space 

Figure 3. Isotope gradient and individual δ 18O records. (a) Eastern-to-central (light green) and central-to-western (dark green) isotopic gradients. More negative 
Δδ 18O is interpreted as more rainout between sites (wetter). (b) The three, smoothed δ 18O records (labels on right of panel) (Cheng et al., 2013; Cruz et al., 2009; van 
Breukelen et al., 2008; Wang et al., 2017). 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 are hiatus periods in the δ 18O 
records.
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between them colored to illustrate the magnitude of change in δ 18O between each site. This figure shows that the 
location where δ 18O 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, to 
somewhere in between by the late Holocene.

This interpretive framework explains how the SAPD is zonally balanced despite zonally imbalanced δ 18O records. 
The western δ 18O shifts are small compared to the eastern 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 
upwind of these sites at the mid-Holocene. Put otherwise, the focus of rainout shifts along the moisture trajec-
tory relative to the eastern and central sites, but not the western site, driving larger amplitude δ 18O trends in the 
eastern and central sites. We note that additional complications at the eastern site, such as competing air-masses 
(Garreaud et al., 2009; Liu & Battisti, 2015) could modify the relationship between rainout and Δδ 18O through 
time. We caution against interpreting eastern Δδ 18O as quantitative trends in rainout, and we expand on this point 
in Section 5.4.

In addition to the zonally imbalanced δ 18O trends, another enigmatic feature of the δ 18O data is that the records 
are out-of-phase with one another. The out-of-phase nature of these δ 18O shifts can also be understood in the 
context of upwind effects. The western δ 18O record decreases from 10 to 5 ka (Figure 3b) while Δδ 18O stays near 
the theoretical maximum value of zero (Figure 3a), consistent with the δ 18O shift being driven by upwind rather 
than local rainout. Meanwhile, in the last 5 kyr, the focus of decreasing δ 18O shifts inland, first over the eastern 
domain and next over the western domain, revealing a time-transgressive trend that emerges from the central δ 18O 
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 Δδ 18O 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 Figure 4a; 3,000 ± 800 mm/yr). This 
result is consistent with extensive evidence for wetter conditions in western tropical 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 

Figure 4. (a) Reconstructed precipitation for the Last Glacial Maximum (blue), mid-Holocene (red), and late Holocene (gray). Mid-Holocene is restricted at the 
lower-bound because Δδ 18O is at the hydrostat. (b) Map of records with δ 18O ranges in the largest 5% (red) and all sites (black). (c) The distribution of δ 18O ranges. 
Red, vertical lines show values for the west, central, and western sites discussed in the text. The central and eastern records are in the largest 5% of all similar sites (Text 
S4 in Supporting Information S1).
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equal to or greater than modern values (see Section 3), calculated rainfall increases to ∼3,400 ± 400 mm/yr to 
compensate for increased moisture transport and decreased isotopic fractionation associated with transpiration 
(dark blue distributions of Figure 4a). We note that hydrogen isotope composition (δD) of leaf waxes from the 
Amazon River appears higher at the LGM than before or after, suggesting drier conditions than today (Häggi 
et al., 2017). However, the signal is small (about 1‰–2‰ in δ 18O) and not inconsistent with our finding that the 
western domain Δδ 18O values are higher at the LGM compared to before and after.

During the mid-Holocene, the reactive transport model simulates rainfall decreasing to ∼1,200 mm/yr (about 
half of modern; red distribution of Figure 4a). As discussed in Kukla et  al.  (2021), the Δδ 18O values in the 
mid-Holocene straddle zero—the theoretical maximum value for a single moisture trajectory. At this point, 
further drying has a negligible effect on Δδ 18O. The shape of the mid-Holocene distribution thus reflects the 
imposed lower-bound of annual precipitation, effectively restricting the solution to the wettest scenarios.

One limitation to our analysis is that we do not explicitly account for the possibility that changes in the seasonality 
of rainfall affects one site more than the other. Seasonality could be an issue in northeastern Brazil, where peak 
precipitation is offset from the central and western sites. However, seasonality, independent of rainout, is unlikely 
to drive the eastern (or central) δ 18O data because the amplitude of change is equal to or greater than the ampli-
tude of δ 18O seasonality today (see Figure S4 in Supporting Information S1). To formalize this point, we use high 
and low austral summer insolation results for northeastern Brazil from the isotope-enabled GCM experiments of 
Liu and Battisti (2015) to show that a 5‰–8‰ decrease in wet-season precipitation δ 18O is required to explain 
the low mid-Holocene values (Text S6 and Figure S8 in Supporting Information S1). Changes in monthly precip-
itation amount have a small effect on annual δ 18O, as noted by Liu and Battisti (2015), indicating that a shift in 
the dominant air-mass cannot explain the speleothem signal. This required decrease in wet-season δ 18O is about 
four times greater than that simulated by the isotope-enabled GCM (Figure S8 in Supporting Information S1). 
Given the small influence of precipitation and air-mass changes, it is best explained by an increase in net upwind 
rainout. We expand on how changes in seasonality and atmospheric circulation affect our conclusions at other 
sites in the discussion section.

The reactive transport model estimates of past precipitation show larger SAPD anomalies than predicted by 
GCMs (Cruz et  al.,  2009; Liu & Battisti,  2015; Shimizu et  al.,  2020). GCM simulations of the SAPD have 
accounted for precession and its impact on land surface heating, but not other “boundary condition” changes such 
as the land albedo response to vegetation change. If the speleothem δ 18O data reliably reflects past precipitation 
δ 18O, we must consider the possibility that other factors, in addition to (and in response to) precession, shape the 
late Quaternary SAPD.

Zonal migration of the precipitation centroid should drive larger precipitation anomalies than a zonally static 
precipitation centroid. Battisti et al. (2014), for example, argues that a zonal shift in the pan-Asian monsoon with 
changing northern hemisphere summer insolation could explain some of the largest documented speleothem δ 18O 
shifts. Using the SISALv2 database (Atsawawaranunt et al., 2018; Comas-Bru et al., 2019, 2020) we find that 
magnitude of δ 18O shifts in the eastern and central records is in the top 5% of all comparable records (duration 
between 10 3 and 10 5 years and within 40° of the equator) (see Text S4 in Supporting Information S1) (Figures 4b 
and 4c). The other records with large δ 18O ranges appear near the pan-Asian monsoon region, consistent with 
these two regions being among the most sensitive to zonal energy anomalies and precipitation shifts (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 GCM results (Cruz et  al.,  2009; 
Liu & Battisti,  2015). The simulations do not capture zonal migration of the precipitation centroid and they 
under-estimate the magnitude of δ 18O variation. We find that, while the EFE shifts northward in the mid-Holocene 
wet season (a result contested by other models, Liu and Battisti (2015) and Chiessi et al. (2021)), the EFPM does 
not show any systematic shift to the east or west (Figure 5a). Meanwhile, when forced with PMIP3/CMIP5 output 
the reactive transport model correctly predicts late Holocene Δδ 18O data, demonstrating that the net rainout in 
the models is consistent with the isotope data despite broad precipitation biases. During the LGM, however, the 
PMIP3/CMIP5 output leads to an isotope gradient that is too shallow, consistent with the models being too dry 
(Figures 5b and 5c). In contrast, the simulated isotope gradients are too steep at the mid-Holocene when driven by 
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PMIP3/CMIP5 output, consistent with the models being too wet. Taken together, zonal shifts in the precipitation 
centroid are negligible in the PMIP3/CMIP5 models and their precipitation anomalies are smaller than suggested 
by the isotope data, despite good agreement in the late Holocene.

We therefore hypothesize that the zonal migration of the precipitation centroid can resolve these discrepancies. 
This hypothesis is outlined in Figure 6, and we address its plausibility in the following subsection. We hypothe-
size that the precipitation centroid tracks the region of maximum net rainout (decreasing δ 18O), located between 
the central and western records at the Last Glacial Maximum (Figures 6c and 6f), upwind of the eastern record 
at the mid-Holocene (Figures 6b and 6e), and somewhere in between in the late Holocene (Figures 6a and 6d), 
consistent with its modern position (Boos & Korty, 2016). While zonal precipitation centroid migration aligns 
with the δ 18O data and its magnitude of change, it is unclear whether late Quaternary forcings could plausibly 
drive such zonal shifts.

4.4. Zonal Migration of the Precipitation Centroid 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 precipitation centroid to shift zonally relative to its initial PMIP3/CMIP5 ensemble 
mean state (Figure 7). In our energy balance model simulations, the anomalous MSE source owed to a darker 
Sahara at the mid-Holocene is sufficient to pull the EFPM east of the eastern speleothem record, consistent with 
its mid-Holocene δ 18O minimum (Figures 7d–7f). In contrast, a decrease in forest cover in tropical Africa and 
Eurasia pushes the EFPM westward in the LGM (Figures 7a–7c). We note that the location of the EFE-prime 
meridian intersection approximates, but may be offset from, the location of the precipitation centroid (Boos & 
Korty, 2016), although this offset should be constant as the precipitation centroid migrates (Adam et al., 2016; 

Figure 5. PMIP3/CMIP5 SAM centroid and isotope gradient analysis. (a) PMIP3 models show little zonal variation in the tropical South American precipitation 
centroid from the Last Glacial Maximum (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) systematically predicts a steeper-than-observed δ 18O 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 δ 18O 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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Boos & Korty, 2016). The simple energy balance model does not account for changes in the partitioning between 
latent and sensible heat, but any repartitioning does not alter the total energy flux from the land to the base of 
the atmospheric column (Laguë et al., 2019). Instead, repartitioning could affect the net energy imbalance via 
uncertain cloud feedbacks (Laguë et al., 2021) and possibly amplify the imbalance due to latent cooling-driven 
reductions in outgoing longwave radiation (Boos & Korty, 2016). A decrease in Saharan dustiness would also 
amplify  the energy imbalance, though we do not account for it here. Our analysis shows that the precipita-
tion centroid is sufficiently sensitive to remote forcing to explain the late Quaternary precipitation anomalies, 
although the exact location of rainout will depend on the initial state (here, from PMIP3/CMIP5) and the relative 
offset between the energy flux intersection and the precipitation centroid.

5. Discussion
5.1. A Zonally Balanced SAPD

Previous work has argued that the distinct trends between the western and central/eastern δ 18O data reflect either 
(a) a zonally imbalanced precipitation dipole (Cheng et  al.,  2013); or (b) changes in the strength of convec-
tion, but not the location of peak rainout (Wang et al., 2017). Here, we address how our results support a third 
scenario—a zonally balanced SAPD that reconciles the zonally imbalanced amplitudes of δ 18O change. We also 
discuss how accounting for upwind rainout distinguishes our revised δ 18O interpretations from previous work.

Figure 6. Precipitation centroid migration hypothesis and its isotopic expression. (a–c) Show the three distinct isotope profiles of the (a) late Holocene, (b) 
mid-Holocene, and (c) Last Glacial Maximum (LGM). Late Holocene is reproduced in panels (b and c) for comparison. Lines connect the mean of each site. Data from 
van Breukelen et al. (2008), Cruz et al. (2009), Cheng et al. (2013), and Wang et al. (2017). (d–f) Illustrate hypothesized changes in the South American precipitation 
centroid (intersection of the energy flux equator and energy flux prime meridian) based on where most of the δ 18O decrease (rainout) occurs (tropical Atlantic/northeast 
Brazil at mid-Holocene, and western Amazon at LGM).
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Larger δ 18O signals in the eastern and central records do not require larger precipitation anomalies because a 
shift in the location of peak rainout has a small effect on sites that remain downwind. That is, whether the focus 
of rainout occurs near the speleothem site or a few hundred kilometers upwind, speleothem δ 18O will be approx-
imately the same as long as the same magnitude of rainout occurs before the airmass reaches that site. We argue 
that this is why the western δ 18O trends are muted—the focus of rainout remains upwind of the western site for 
the entirety of the record. This may also explain discrepancies with basin-integrated precipitation isotope data. 
Häggi et al. (2017), for example, find basin-integrated δD trends that are small (∼1‰–2‰ in δ 18O) and distinct 
from any one speleothem δ 18O record in the last 50 kyr, consistent with a decoupling of δ 18O and local precipi-
tation amount. The magnitude of total rainout, and basin-integrated precipitation δ 18O, appear relatively constant 
through time, regardless of whether that rainout occurs in the west or east. The western and eastern legs of the 
SAPD are approximately balanced.

Previous work has applied a different interpretive framework to the central and western δ 18O data to argue that 
the Amazon was wetter in the mid-Holocene and drier at the LGM, opposing our results (Wang et al., 2017). The 
key distinction with our work is that Wang et al. (2017) assume that upwind δ 18O is constant (with corrections for 
temperature and seawater δ 18O following P. A. Baker and Fritz (2015)) such that the central δ 18O record drives 
all variability in Δδ 18O. We argue that the assumption of an effectively constant upwind δ 18O value is refuted by 
data (Cruz et al., 2009)—the strong correlation between central and eastern (upwind) δ 18O records is evidence 
that upwind δ 18O is propagating downwind without attenuation. Our approach avoids the assumption that upwind 
moisture loss is constant through time and, as we discuss in the next section, is consistent with evidence that δ 18O 
is not always strongly coupled with local precipitation amount (Ward et al., 2019; Wortham et al., 2017). Within 

Figure 7. Sensitivity of the South American Precipitation Dipole to zonal energy anomalies. Gray and black boxes in the maps of panels (a, d) show the locations of 
Last Glacial Maximum (LGM) and mid-Holocene moist static energy forcings, respectively. Panels (b, e) show the response of the energy flux prime meridian (lines) 
and energy flux intersection (points; approximating the precipitation centroid) to selected forcing levels for the LGM and mid-Holocene. The energy flux intersection 
longitude versus the magnitude of forcing is shown in panels (c, f) for the LGM and mid-Holocene. We note that the points on the map panels are not a proposed path of 
the precipitation centroid in the late Quaternary, but rather the response to different forcing magnitudes starting from the PMIP3/CMIP5 initial conditions.
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our framework, the wettest time occurs when the isotope gradient is steepest, not when central δ 18O is lowest, 
consistent with our understanding of how Δδ 18O relates to precipitation today (Ampuero et al., 2020; Pattnayak 
et al., 2019; Salati et al., 1979).

5.2. Zonal and Meridional Components of Precipitation Centroid Migration

Late Quaternary forcings, including precession and land surface change, should lead to zonal and meridional 
shifts in the precipitation centroid. The EFE drives north-south migration that is well-documented in late Quater-
nary proxy records (Arbuszewski et al., 2013; Chiessi et al., 2021; Deplazes et al., 2013; Mulitza et al., 2017), 
and the EFPM drives the east-west component (Boos & Korty, 2016) which we argue is evident in the speleothem 
δ 18O data. Because the location of the precipitation centroid varies near-linearly with anomalous forcing (rather 
than abruptly at some threshold; Figure 7) its spatial migration should cause time-transgressive proxy trends as 
it reaches different locations at different times. Here, 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 
precipitation centroid 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) Δδ 18O data, shown in Figure 8b. Here, lower values on the 
y-axis are interpreted as more western 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 intercept near zero (no rainout in the western domain, only 
moving through the eastern domain) (Figure 8c, “expected if only zonal”). The Δδ 18O data, however, do not 

Figure 8. Isotope gradients reflect zonal and meridional shifts in the precipitation 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 (derived from data in van Breukelen et al. (2008), Cruz et al. (2009), Cheng et al. (2013), 
and Wang et al. (2017)). Numbered points in panel (b) correspond with numbers in panels (a, c). (c) More negative Δδ 18O 
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 Last Glacial Maximum to early mid Holocene does not follow this 
zonal trajectory, suggesting a meridional component (dashed arrow).
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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) (Figure 8b, points 1–2), followed 
by a mostly zonal progression into the eastern, then western domain (points 2–3 and 3–4, respectively). The 
precipitation centroid 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 migration from the Δδ 18O data is supported by independent proxy results. In the last 
8,000  years, for example, a steeper isotope gradient reflecting more moisture distillation first appears in the 
eastern domain from ∼8–5 ka (points 2–3 of Figure 8), and next in the western domain from ∼5–0 ka (points 
3–4) (see also Figure 3). This result suggests that the precipitation centroid began passing over the central record 
∼5,000 years ago, consistent with recent strontium isotope evidence from the same site pointing to high infil-
tration rates from 6 to 5 ka with less infiltration before and after (Ward et al., 2019). The timing of migration is 
also consistent with a shift from dry to wet conditions in a nearby lake (Reis et al., 2017). After ∼5 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 gradual westward migration of rainout also explains the perplexing lag of 
central δ 18O behind the eastern record (Figures 1c and 1d). The precipitation centroid first reaches the eastern site 
at ∼8–7 ka when δ 18O 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 Δδ 18O, and we suggest this reflects the precipitation centroid moving around, 
rather than through, the eastern domain (points 1–2 of Figure 8). Movement around the domain would require 
a meridional component of precipitation centroid migration reflected by a change in Δδ 18O in one domain that 
is not balanced by a corresponding change in the other (Figure 8c, bottom panel). It is possible that the precip-
itation centroid moved southeast around the central δ 18O site as there is evidence for wetter conditions to the 
southeast (Fornace et al., 2016; Whitney et al., 2011) 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 EFE (Arbuszewski et al., 2013). The south-
east appears to become drier around 12 ka, approximately when a nearby speleothem δ 18O shift occurs that is 
consistent with decreased Amazon and more Atlantic-derived moisture (Figure S9 in Supporting Information S1) 
(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 δ 18O 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 δ 18O reaches its lowest values (Cruz et al., 2009; 
De Oliveira et  al., 1999), suggesting this marks the easternmost extent and turning point of the precipitation 
centroid. As discussed earlier, this timing also corresponds with the onset of the time-transgressive westward 
shift in wet conditions that continues to the present. While more work is needed to trace the past focus of rainfall, 
we suggest the progressive shifts in wet conditions across the continent (both east-west and west-east) provide 
empirical support and a testable framework for the pattern of precipitation centroid migration.

5.3. Mechanisms for Zonal Precipitation Centroid Migration

While climate model simulations are necessary to assess the dynamical drivers of precipitation centroid migration, 
our analysis allows us to present testable hypotheses. For example, the greening of the Sahara at the mid-Holocene 
(about 70 W/m 2 anomalous heat source at top of atmosphere; Boos and Korty (2016)) is likely sufficient to drive 
the EFPM eastward entirely over the tropical Atlantic (Figures 7e and 7f). Comparison to proxy records from 
Africa generally support this remote influence on tropical South American rainfall. 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 δ 18O records lose sensitivity to precession at the same times (and Δδ 18O where there 
is data, in the ∼30 ka case; Figure S10 in Supporting Information S1) (Cheng et al., 2013; Mosblech et al., 2012; 
Wang et al., 2017). Further, there is a rapid increase in δ 18O at the eastern site at ∼5 ka, consistent with a west-
ward (inland) shift of rainout, contemporaneous with the termination 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 preliminary 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 precipitation centroid was sensitive to Saharan albedo.
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At the LGM, vegetation change that increases land albedo in tropical Africa and Eurasia could push the EFPM 
westward. However, it is not clear if the magnitude of forcing required for this shift could be accomplished by 
the LGM vegetation change alone. For example, low Δδ 18O 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 (Figure S10 in Supporting 
Information S1), suggesting the cause of a westward shift in rainout is not unique to this time interval. African 
dust fluxes were persistently high from 40 to 20 ka, consistent with a remote albedo forcing, but data for other 
possible drivers of precipitation centroid migration, such as the strength of the easterlies, is sparse at this time.

Based on the zonal, meridional, and hysteresis-like migration of the South American precipitation centroid, we 
suggest that multiple forcing mechanisms operate at different times to drive these complex, precession-scale 
patterns. Remote land albedo change could play a particularly important role in driving zonal shifts in rainout, 
but more sophisticated climate model simulations are needed to rigorously test these hypotheses. We note that 
Heinrich and Dansgaard/Oeschger events are also linked to remote forcing of tropical South American precipita-
tion (Arz et al., 1998; Kanner et al., 2012; Nace et al., 2014), but these shorter, millennial-scale events are beyond 
the scope of this study.

5.4. Air-Mass and Seasonality Complications

Up to now, our interpretation of a zonal shift in the precipitation centroid has hinged on the assumption that 
the three speleothem sites are isotopically connected through time. Here, we discuss how relaxing this assump-
tion does not necessarily invalidate our conclusions. This assumption warrants scrutiny because, at least in the 
eastern-to-central record domain, the timing of peak precipitation and the relevant air-mass can differ between 
sites (Figure S4 in Supporting Information S1, Garreaud et al. (2009) and Liu and Battisti (2015)) suggesting the 
isotopic connection may not be strong through time.

For simplicity, we consider two forms of isotopic connectivity between sites: (a) an “air-mass connection,” where 
the same air mass rains out at both sites and (b) a “recycling connection” where rainout at one site evaporates and 
re-precipitates at the other. An air-mass connection implies a recycling connection and allows upwind isotopic 
signals to propagate fully downwind. When two sites share only a recycling connection, each site is dominated by 
a different air-mass and the upwind signal propagates downwind with some attenuation due to air-mass mixing. 
While changes in circulation might alter the strength of the air-mass connection across tropical South America 
through time, the recycling connection is likely more robust. For example, about half of western Amazon rainfall 
is derived from upwind recycling (Staal et al., 2018; Zemp et al., 2017) and upwind (northeastern Brazil) tran-
spiration can travel over 1,000 km before re-precipitating out, connecting the east and west (Staal et al., 2018).

First, we note that if two sites share an air-mass and recycling connection, then the mean isotope gradient is 
insensitive to differences in the timing of peak precipitation between them. We demonstrate this point with a toy 
model that simulates the isotope gradient between two sites that have different phases of precipitation seasonality 
(Text S5 in Supporting Information S1). Differences in the seasonal phase lead to Δδ 18O errors (relative to the 
in-phase case), but these errors are negligible—less than 1% of the seasonal Δδ 18O amplitude (Figures S11 and 
S12 in Supporting Information S1). Thus, a difference in the timing of peak precipitation—as between the eastern 
and central sites—does not, itself, invalidate the Δδ 18O framework.

Still, our conclusions could be impacted if the air-mass connection between sites is weak at some point in time. 
We evaluate two additional scenarios that address this possibility. First, we assume there is a weak air-mass 
connection between the eastern and central sites. In this case, the high-δ 18O values at these sites during the 
LGM indicate that their air-masses are delivering undistilled moisture. The precipitation centroid—where mois-
ture distillation is strongest—is likely situated to the west. Toward the mid-Holocene, eastern and central δ 18O 
decrease in tandem, with no evidence for the downwind attenuation that is expected if upwind recycling was 
mixing with an independent air-mass. Perhaps δ 18O of the central site's air-mass also decreased from the LGM 
to mid-Holocene, hiding the attenuation. In this case, lest we invoke a third air-mass somehow, the central signal 
should propagate west. Wang et al. (2017) explain the lack of western signal by invoking an increase in plant 
transpiration, but this mechanism has been discredited (Ampuero et al., 2020; Pattnayak et al., 2019).

In the alternate scenario, we assume the eastern and central sites share an air-mass connection with each other, 
but not the western site. In this case, the eastern and central δ 18O shift from the LGM to mid-Holocene makes 
sense, however it is not consistent with the lack of a signal in the west. The signal could be masked by a 
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coincident decrease in the western air-mass's rainout, but such a decrease may also be related to a zonal shift 
in the precipitation centroid. Still, western δ 18O shifts directions to track the central site as soon as Δδ 18O 
reaches the theoretical maximum value for two sites with a strong air-mass connection. Without a strong air-mass 
connection, this western δ 18O shift and the central and eastern δ 18O decrease after the LGM must be somewhat 
coincidental, driven by coeval changes in independent air-masses that happen to cancel out the attenuation of the 
upwind signal while obeying the theoretical maximum Δδ 18O of a single air-mass system. Arguments against 
a strong air-mass connection should address how these apparently unattenuated signals occur in the speleo-
them data. Overall, we argue that uncertainty in the strength of the air-mass connection makes our quantitative 
precipitation reconstruction less certain, but it does not conflict with our zonal precipitation centroid migration 
hypothesis.

6. Conclusion
Our analysis provides a path forward for resolving the enigmatic, non-uniform trends in tropical South Amer-
ican speleothem δ 18O, but it rests on assumptions, many previously discussed, that deserve further scrutiny. 
One critical assumption that is difficult to address is that speleothem δ 18O reliably tracks precipitation δ 18O at 
all sites. Kinetic fractionation and other confounding processes could decouple speleothem and precipitation 
δ 18O, challenging our model approach. Such effects have not been documented in these speleothems (Cheng 
et al., 2013; Cruz et al., 2009; van Breukelen et al., 2008; 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 the simplified energy balance modeling approach. The goal of these 
model exercises is to present plausible drivers of zonal rainout shifts for further testing, while recognizing that our 
list of drivers is not exhaustive. Future studies of the SAPD with more sophisticated models should analyze the 
zonal location of the EFPM and its relation to zonal precipitation patterns to test whether this zonal precipitation 
centroid migration effect is present.

It is also fair to question whether the discrepancies between proxies and isotope-enabled GCMs are resolva-
ble, as we posit. GCMs are known to struggle with tropical South American precipitation—there is substantial 
inter-model spread and dry-bias in seasonal and annual rainfall that complicate their application to exotic, paleo-
climate states (Li et al., 2006; Ribas et al., 2022). However, these models show better agreement in their simulated 
precipitation change, and their precipitation biases do not appear to cause biases in net rainout (see Figure 5c). We 
also reiterate that, while we question whether precession without land albedo change sufficiently explains the late 
Quaternary SAPD, our work should not be taken to discredit the role of precession more generally. We expect that 
the spatial pattern and amplitude of δ 18O anomalies can vary from one precession cycle to the next, depending 
on how orbital forcing interacts with other forcings and feedbacks within the Earth system. A zonal shift in the 
precipitation centroid is not required to explain zonally opposing precipitation anomalies, but it helps explain 
certain features of the late Quaternary proxy data, including the zonally imbalanced amplitude of δ 18O change 
and their notable phase-shifted trends. Our results build on previous work (Battisti et al., 2014) suggesting that 
zonal forcings may help explain some of the enigmatic proxy records found in places where tropical precipitation 
is energetically primed to migrate east-west.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
Code and data associated with this study can be found through Zenodo (Kukla et al., 2022) and Github (https://
github.com/tykukla/ZonalPrecipPatterns-Amazon). The Zenodo/Github repository includes code and results for 
the energy balance and reactive transport model analysis, SISALv2 analysis, speleothem δ 18O data cleaning and 
smoothing, and the proxy compilation in Figure 1 of the main text. We note that the Tigre Perdido record (van 
Breukelen et al., 2008) from the western composite data was downloaded from the SISAL database (siteID: 25) 
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