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South American monsoon intensification during the
last millennium driven by joint Pacific and

Atlantic forcing
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The South American summer monsoon (SASM) profoundly influences tropical South America’s climate, yet under-
standing its low-frequency variability has been challenging. Climate models and oxygen isotope data have been
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used to examine the SASM variability over the last millennium (LM) but have, at times, provided conflicting find-
ings, especially regarding its mean-state change from the Medieval Climate Anomaly to the Little Ice Age. Here, we
use a paleoclimate data assimilation (DA) method, combining model results and §'80 observations, to produce a
§'80-enabled, dynamically coherent, and spatiotemporally complete austral summer hydroclimate reconstruc-
tion over the LM for tropical South America at 5-year resolution. This reconstruction aligns with independent hy-
droclimate and §'20 records withheld from the DA, revealing a centennial-scale SASM intensification during the
MCA-LIA transition period, associated with the southward shift of the Atlantic Intertropical Convergence Zone
and the strengthening Pacific Walker circulation (PWC). This highlights the necessity of accurately representing

the PWC in climate models to predict future SASM changes.

INTRODUCTION
The South American summer monsoon (SASM) is a major southern
hemisphere monsoon system that is active during December, January,
and February (DJF) and accounts for up to 70% of the annual pre-
cipitation over large parts of tropical and subtropical South America
(1-3). Despite decades of research enhancing our understanding of
the SASM dynamics on interannual and decadal timescales (1, 3), its
behavior over longer timescales is less understood, primarily due to
the scarcity and short length of instrumental data. Previous research
has found that the observed isotopic composition of precipitation
(6'%0) over the SASM region can trace the local hydroclimate and
the regional atmospheric circulation (4-6). Consequently, the de-
velopment of many precisely dated, high-resolution oxygen isotope
records spanning the last millennium (LM) has provided important
advances in our understanding of past SASM changes, e.g., (7-13).
A key characteristic of most 80 records in tropical South
America is the shift in the mean state of 8'°0 toward substantially
more negative values during the Little Ice Age (LIA; 1450 to 1849
CE) compared to the Medieval Climate Anomaly (MCA; 950 to
1250 CE), particularly within the western and southern portions of
the SASM domain (11-13). Rayleigh distillation theory postulates
that isotopic fractionation processes during convective rainout lead
to progressively more negative 8'°0 in precipitation along moisture
trajectories from the Atlantic origin to the ultimate condensation
site over the continental interior of tropical South America (4, 5).
On the basis of this theory, previous studies proposed two hypothe-
ses to explain the changes in isotopic composition of precipita-
tion during the transition from the MCA to the LIA: (i) Enhanced
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convective activity associated with a more intense monsoon over its
core region, the Amazon basin, resulted in a more negative isotopic
composition of precipitation downstream over the western Amazon
basin, the tropical Andes and over southeastern South America dur-
ing the LIA (11-13); and (ii) increased rainfall over the Atlantic
Intertropical Convergence Zone (ITCZ) resulted in a more negative
isotopic composition of precipitation downstream over tropical
South America, without markedly changing the local rainfall
amounts in the SASM region (14). To date, neither hypothesis has
been validated, as the state-of-the-art climate models fail to fully
replicate the hydroclimatic changes that occurred during the transi-
tion from the MCA to the LIA as indicated by "0 and hydrocli-
mate paleo-records (fig. S1) (12, 15, 16).

The existing discrepancy between modeling results and proxy
records complicates our understanding of the continental-scale
8'%0 changes over the LM. This raises several critical questions: Is
there a specific continental-scale hydroclimate response pattern that
explains the signal observed in the proxy records? If so, is this pat-
tern the result of a strengthened monsoon or rather caused by the
southward shift and intensification of the ITCZ over the Atlantic?
Furthermore, what is the mechanism underlying these centennial-
scale variations in the SASM that would lead to such a marked and
persistent transition from the MCA to the LIA? To address these
questions, we present a hydroclimate reconstruction over tropical
South America spanning the LM, using offline data assimilation
(DA) based on a particle filter. This method enables merging oxygen
isotope proxy records over the American Neotropics (encompass-
ing the tropical Americas across both hemispheres, as detailed in
Fig. 1A and table S1) with the full-field dynamical constraints
provided by the isotope-enabled Community Earth System Model
(iCESM1) (17). We choose iCESM1 simulations given their capacity
to provide sufficient particles, preventing particle filter degeneracy
(ﬁ§. S2) (18). Consequently, our DA reconstruction provides a
8'%0-enabled, dynamically coherent, and spatiotemporally com-
plete hydroclimate reconstruction over the LM in tropical South
America. It allows investigating the spatiotemporal characteristics
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Fig. 1. Validation of the DA reconstruction of mean-state change of §'20 and DJF precipitation between the LIA and the MCA (LIA-MCA) over tropical South
America. The figure indicates the mean values during the LIA (1450 to 1849 CE) minus the mean during the MCA (950 to 1250 CE). The background shading in (A) and
(B) shows the values based on the DA reconstruction. Independent 5'%0 records (6180PREc|p) that were withheld from the DA are denoted by diamond symbols in (A), while
independent local hydroclimate records (HYDRO) are shown as hexagon symbols in (B). Records indicating drier (wetter) conditions during the LIA compared to the MCA
are colored brown (green), while records showing no clear changes between the two periods are depicted in cyan in (B).

of the SASM variations during the LM and yields insight into the
physical mechanisms responsible for the centennial-scale hydrocli-
mate variability as constrained by the isotopic proxy records.

RESULTS

Validation with 5’20 and precipitation

Given that our DA reconstruction relies on iCESM1 as the prior, it
inherently incorporates biases due to the model’s limitations (de-
tailed in Materials and Methods and fig. S3, A to I). To evaluate the
fidelity of our reconstructed DJF precipitation-weighted 8'°0, we
use a quantitative statistical approach, integrating independent low-
frequency 8'%0 records (referred to as 8°Oprpcyp, detailed in ta-
ble S2) over tropical South America. Overall, our reconstruction
presents much better agreement with the observed 8%0precip for
the LM (mean = 0.49; fig. S4, A to F) than the iCESM1 prior
(fmean = 0.13) and results in an ~25% reduction of the root mean
square error in the reconstruction of the mean-state changes during
the transition from the MCA to the LIA when compared to the
iCESML1 (fig. S4G).

Moreover, to validate the mean-state change in the reconstructed
precipitation from the MCA to the LIA, we conduct a comparative
analysis with independent, locally hydroclimate-sensitive recon-
structions (denoted “HYDRO” in Fig. 1B and listed in table S3). We
find that the majority of HYDRO records (17 of 26; fig. S5) from
tropical South America indicate wetter conditions during the LIA
compared to the MCA. This characteristic is generally reflected in
our DA-reconstructed precipitation during the transition from
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the MCA to the LIA (Fig. 1B). The agreement between our DA-
reconstructed precipitation and the HYDRO data is much better
than that between the prior and the data (figs. S1 and S6). It is
important, however, to note a geographical bias in these records, as
they predominantly originate from the tropical Andean region.
Nevertheless, the overall agreement between our reconstruction
and these two independent datasets (5'"*Oprgcip and HYDRO)
underscores its robustness on centennial timescales.

Hydroclimate footprint of 5'20

To investigate the hydroclimate footprint linked to §'®0O variability
over the LM, we decompose the §'*0 and precipitation into spatio-
temporal modes of variability using multivariate empirical orthogo-
nal function (MVEOF) analysis (details in Materials and Methods)
(19, 20). The primary spatial mode (MVEOF]I; Fig. 2, A and B) for
both 8'®0 and precipitation, which accounts for 49% of the total
variance, displays a dipole pattern: Negative 'O loadings (positive
for precipitation) are prominent across tropical South America,
whereas central eastern Brazil exhibits positive 8'*0 loadings (nega-
tive for precipitation). The first principal component (PC1) shows a
pronounced positive trend during the transition from the MCA to
the LIA (Fig. 2C). This PC1 correlates strongly with the entirely
proxy-based Monte Carlo EOF1 (MCEOF1) based on oxygen iso-
tope records over tropical South America (r = 0.74 at P < 0.05)
derived from (12). This congruence, despite incorporating high-
resolution 8'*0 data from tropical North America (Fig. 1A), along-
side data from tropical South America as noted by Orrison et al.
(12), indicates that our DA-based reconstruction, integrating both
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Fig. 2. Leading modes of DJF 520 and precipitation over tropical South America, along with the associated atmospheric circulation patterns in the DA recon-
struction. (A and B) Multivariate empirical orthogonal function (MVEOF1) of 880 and precipitation over the LM. (C) Comparison between the associated principal com-
ponent (PC) time series (blue), the precipitation-based SASM index (black), and the PC1 from the solely proxy-based Monte Carlo empirical orthogonal function (EOF)
analysis derived from (72) (red). Shaded areas represent the SD of the ensemble mean from our DA-based reconstruction. All time series are shown with a 5-year temporal
resolution. (D) Regression of MVEOF PC1 against 850-hPa velocity potential (shading) and divergent wind (vectors). (E) Regression of MVEOF PC1 against 500-hPa vertical
velocity (o, shading), 200 hPa wind (vectors) and geopotential height (contours). Contour intervals are 10 geopotential meters, with negative contours dashed. Regression
coefficients are plotted only where significant at the 95% confidence level based on a two-tailed Student’s t test, with degrees of freedom adjusted for the effective
sample size to account for serial correlation in the time series.
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proxy and model data, accurately captures the dominant spatiotem-
poral modes of variability mirrored in the proxy records.

The MVEOF1 loading for 8'®0 and precipitation over the core
monsoon region (2.5°S to 18°S and 45°W to 75°W) indicates a gener-
ally negative correlation between them at a continental scale (r = —0.75
at P < 0.05; fig. S7), aligning with the “amount effect” (4, 21, 22). How-
ever, a closer examination reveals that the highest MVEOF1 loadings
for precipitation are notably concentrated over northeastern Brazil,
the Amazon Basin, and the tropical Andes. Conversely, the most
negative MVEOF1 loadings for §'*0 are predominantly found in the
southwestern Amazon basin and over southeastern South America.
This spatial offset between precipitation loadings and 5'*0 loadings
suggests that, consistent with prior research, upstream rainout pro-
cesses over the Amazon Basin are the principal factor affecting 5'%0
in precipitation across the tropical and Central Andes and the Bolivian
lowlands (4, 6, 23, 24).

To understand the atmospheric dynamics underpinning the
MVEOF1 of 80 and precipitation during the transition from the
MCA to the LIA (Fig. 2C), we regress the PCI1 against large-scale
atmospheric circulation diagnostics over tropical South America ob-
tained in the DA reconstruction (Fig. 2, D and E). The most visible
feature in the low-level circulation is the anomalous convergence at
850 hPa associated with positive loadings of PC1, particularly over
the core Amazon area. Given the positive trend of PC1 from MCA
toward the LIA (Fig. 2C), this indicates increasing anomalous low-
level convergence across the Amazon basin, providing favorable con-
ditions for anomalous ascent and convective activity. The low-level
convergence in the Amazon region is coupled with notable upward
vertical motion at 500 hPa, with the most pronounced regions of as-
centlocated over the Amazon region and the tropical Andes (Fig. 2E).
In addition, a diagonally oriented band of deep convection extends
from tropical South America to southeastern Brazil and into the sub-
tropical South Atlantic. This pattern is characteristic of the South
Atlantic Convergence Zone (25), a region of strong convective activ-
ity that is intimately tied to the SASM. In the upper troposphere,
there is an anomalous tropical easterly jet and distinct subtropical
anticyclonic anomalies straddling the equator, centered at 10° lati-
tude in both hemispheres (Fig. 2E), reflecting the dynamic response
to the strengthened convection over the Amazon (24). These atmo-
spheric circulation anomalies identified through linear regression-
based analysis are consistently observed in the composite analyses as
well (figs. S8 and S9), which accounts for complex, nonlinear interac-
tions between the SASM and the corresponding atmospheric circula-
tion. Overall, given the positive trend of the PC1 during the LM
(Fig. 2C), these atmospheric configurations indicate a marked inten-
sification of the SASM during the LIA compared to the MCA.

To quantitatively evaluate the fluctuations in SASM intensity, we
use precipitation and wind shear-based SASM indices (detailed in
Materials and Methods). Because both indices exhibit a high degree
of congruence and are statistically positively correlated (r = 0.55,
P < 0.05 for the instrumental period; and r = 0.68, P < 0.05 for the
LM; fig. S10, A and B), we opt to use the precipitation-based SASM
index in further analyses (hereafter referred to simply as the SASM
index). This index reveals a distinct change in the mean state of
the monsoon intensity from the MCA to the LIA. Moreover, the
SASM index correlates strongly with the PC of the MVEOF1 mode,
as indicated by the significant correlation coefficient of 0.90
(P < 0.05; Fig. 2C). Overall, our analysis reveals that the observed
centennial-scale shifts seen in §'®0 proxy records from tropical
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South America, during the transition from the MCA to the LIA, re-
flect variations in the intensity of the SASM.

Drivers of the SASM

Previous research has identified strong relationships between the
variability of the SASM at interannual to multidecadal timescales
and the dynamics of regional Walker and Hadley circulations, driv-
en by internally generated coupled ocean-atmosphere variability
and associated sea surface temperature anomalies over the tropical
Pacific and Atlantic (26-30). Consequently, to investigate the driv-
ers of centennial-scale fluctuations and trends of the SASM during
the transition from the MCA to the LIA, we focus on the relation-
ships between the SASM and both the Pacific Walker circulation
(PWC) and the Hadley circulation. To quantitatively assess the in-
tensity of the PWC, we reconstruct the PWC index over the LM,
using the sea-level pressure gradient along the equatorial Pacific as a
proxy for PWC strength (31). In addition, we calculate the mean
position of the Atlantic ITCZ based on the latitude of maximum
precipitation within the Atlantic tropics (32), as detailed in Materi-
als and Methods.

Our analysis demonstrates a significant correlation between the
100-year low-pass—filtered SASM and the PWC index across the LM
(r = 0.76, P < 0.05; Fig. 3A). Both time series exhibit consistent
centennial-scale variations, with a minimum during the MCA and a
maximum during the LIA, suggesting a strengthening of both the
PWC and the SASM during the transition from the MCA to the
LIA. Further support for a causal link between these two indices
stems from the relationship between the SASM and the vertical ve-
locity averaged across the 5°N to 5°S region. This relationship indi-
cates enhanced upward motion over tropical South America and
downward motion over the eastern Pacific (Fig. 3B), which is dy-
namically consistent with both a stronger PWC and an enhanced
SASM. In addition, this finding is corroborated by the composite
analysis of atmospheric circulation diagnostics during periods of
strong (mostly during the LIA) and weak (mostly during the MCA)
SASM events, including the vertical velocity averaged across the 5°N
to 5°S region (fig. S9C).

In addition, we find that the centennial-scale variations of the
SASM over the LM are significantly correlated with the 100-year
low-pass-filtered latitudinal displacement of the Atlantic ITCZ
(r=0.82, P < 0.05; Fig. 3C). This is consistent with the notable rela-
tionship between the 100-year low-pass—filtered SASM index and
variations in vertical velocity over the tropical Atlantic (45°W to 10°E)
between 10°N and 10°S (Fig. 3D), associated with the Hadley circula-
tion. The observed enhanced upward motion in the 0°S to 10°S range
and downward motion in the 0°N to 10°N range suggest a pronounced
southward shift of the Atlantic ITCZ concurrent with an intensified
SASM. This is further supported by the composite analysis of atmo-
spheric circulation anomalies during strong (mostly during the LIA)
and weak (mostly during the MCA) SASM events (fig. S9D).

Our reconstruction uses oxygen isotope records from both the
northern and southern hemisphere American Neotropics. It should
thus be sensitive to the latitudinal displacements of the Atlantic
ITCZ, as suggested by Steinman ef al. (33). Consequently, as expected,
our reconstructed Atlantic ITCZ index mirrors the transition from
the MCA to the LIA observed in the proxy-based MCEOF1 derived
from (33) over the LM (r = 0.72 at P < 0.05; Fig. 4A), although there
are methodological, spatial, and data input differences between the
two studies. Notably, our results show better consistency with the
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Fig. 3. Relationship between the intensity of the SASM and both the strength of the PWC and the location of the Atlantic ITCZ over the LM. (A) DA-reconstructed
SASM index and PWC index over the LM. (B) Regression of the SASM index against vertical velocity and zonal wind averaged over the latitude band 5°S to 5°N, representa-
tive of the PWC. The thick black horizontal bar indicates the location of South America. (C) Relationship between the DA- reconstructed Atlantic ITCZ index and the SASM
index over the LM. (D) Regression of the SASM index against vertical velocity and meridional wind averaged over the tropical Atlantic (45°W to 10°E), representative of the
Hadley circulation. Time series in (A) and (C) are depicted with a 5-year average temporal resolution in thinner lines. Shading represents the SD of the ensemble mean from
our DA-based reconstruction. Thicker lines represent a 100-year Butterworth low-pass-filtered time series, emphasizing centennial-scale (>100 years) changes. The
“r" values in (A) and (C) refer to the correlation between the DA-reconstructed 100-year low-pass-filtered SASM index and the PWC index, as well as between the SASM
index and the Atlantic ITCZ index. P values are estimated using phase-randomization Monte Carlo methods to account for the serial correlation structure of the time series
(81). Vertical velocity and zonal or meridional wind vectors in (B) and (D) are shown only where the linear regression is significant at the 95% confidence level based on a

two-tailed Student’s t test, with degrees of freedom adjusted for the effective sample size to account for serial correlation in the time series.

titanium (Ti) record from the Cariaco Basin in the southern Caribbean
Sea (r = 0.82 at P < 0.05; Fig. 4B), indicative of Atlantic ITCZ shifts
over the LM (34) and independent of our DA reconstruction.

The offline DA method used here is able to reconstruct variables
not directly assimilated by proxy records through the covariance
structures between the reconstructed variables and proxy records as
described by the model. Accordingly, the PWC is reconstructed rely-
ing on the covariance relationships between the 8'*0 records over
tropical South America and the PWC, as modeled in the iCESM1,
despite the absence of any proxy records from the pan-Pacific do-
main in our reconstruction. As illustrated in Fig. 4 (C and D), the
DA-reconstructed PWC reveals centennial-scale variations that align
closely with independent PWC reconstructions over the LM.

Lyu et al., Sci. Adv. 10, eado9543 (2024) 20 September 2024

Our PWC index exhibits a correlation coefficient of r = 0.71
(P < 0.10) with the Southern Oscillation Index (SOI) reconstruction
by Yan et al. (35) over the LM (Fig. 4C). Furthermore, there is a
strong consistency (r = 0.87, P < 0.05) between our PWC index and
the median of 4800 PWC reconstructions from a global-scale multi-
archive compilation of proxy records for the stable isotopic compo-
sition of water from 1200 to 1849 CE (Fig. 4D) (36). The coeflicient
of efficiency (37) and the correlation coefficient between our recon-
struction and the 4800 100-year Butterworth low-pass—filtered PWC
reconstructions by Falster et al. (36) further validate the skill of
our reconstruction in capturing centennial variability (fig. S11).
Specifically, our reconstruction demonstrates a median of 0.32 for
the coefficient of efficiency and a correlation coefficient of 0.64 at
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Fig. 4. Validation of the DA reconstruction of the PWC and the Atlantic ITCZ index. (A and B) Comparison of the DA-reconstructed Atlantic ITCZ index with PC1 of
MCEOF1 derived from neotropical hydroclimate records (33) and the Cariaco basin titanium (Ti) record derived from (34). (C and D) Comparison of the DA-reconstructed
PWC index with the Southern Oscillation index (SOI) reconstruction derived from (35) and the PWC index (median) derived from (36). In each panel, the thin time series
represents the original temporal resolution of the DA reconstruction (i.e., 5-year), as well as the independent Atlantic ITCZ index and the independent PWC (SOI) index.
The thicker lines depict the 100-year Butterworth low-pass-filtered results of these datasets. Shading represents the SD of the ensemble mean from our DA-based recon-
struction. The r values in (A) to (D) refer to the correlation between the respective DA-reconstructed indices and the comparison datasets. P values are estimated using
phase-randomization Monte Carlo methods to account for the serial correlation structure of the time series (87).

P < 0.05 among 4800 values, indicating a strong agreement with (36).
The observed alignment implies a strong covariance between the
PWC and §"®0 over tropical South America simulated in iCESM1.
This strong covariance, consistent with previous research, demon-
strates that iCESM1 accurately captures the diversity of §'*0 anom-
aly patterns associated with the PWC, as evidenced by the similar
8"80-PWC relationship in both iCESM1 simulations and corre-
sponding observations (36, 38).

While those PWC reconstructions indicate a weakened Walker
circulation during the MCA (indicative of an El Nifio-like mean
state) and a strengthened circulation during the LIA (a La Nifia-like
mean state), there remains vigorous debate surrounding the mean
state of the El Niflo-Southern Oscillation over the LM. In particular,
hydroclimate records from the western United States (39) and sea
surface temperature reconstructions from the tropical Pacific (40, 41)
suggest a predominance of El Nifio-like conditions during the
LIA. Nevertheless, there is growing recent evidence for prevalent
La Nifia-like conditions between the 15th and 17th centuries, such
as a multiproxy reconstruction of the NINO3.4 index from the
Past Global Changes 2k database (42), a PWC reconstruction (36),
and an Interdecadal Pacific Oscillation index reconstructed from
pan-Pacific ice core records (43).

DISCUSSION

Our DA approach provides a physically consistent, multivariate, hy-
droclimatic reconstruction of the SASM through direct assimilation of
%0 records from the American Neotropics. Compared to previous
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DA-based reconstructions, such as Paleo Hydrodynamics Data As-
similation (PHYDA) (44) and Last Millennium Reanalysis (LMR) (45)
products, our reconstruction shows more pronounced changes during
the transition period from the MCA to the LIA (fig. S12). The PHYDA
and LMR do not incorporate most 8'*0 records from tropical South
America, which contain centennial variability signals related to the
SASM. This exclusion explains their damped variability in recon-
structing the SASM. Furthermore, the correlation between SASM in-
dices derived from PHYDA and LMR is weak and negative (r = —0.18,
P < 0.10). This indicates that, without the assimilation of 80 records
from tropical South America, PHYDA and LMR cannot produce
robust and consistent SASM reconstructions, despite using the same
DA methodology (e.g., ensemble Kalman filter).

Our reconstruction compares well with independent evidence
for both 8'®0 and precipitation at centennial timescales over the
LM. The primary mode of co-variability between 5'*0 and precipita-
tion illustrates the joint influence of the amount effect and “upstream”
rainout on continental-scale §'®0 over tropical South America. Other
more localized synoptic-scale processes, such as air mass mixing, mi-
crophysical processes, and local environmental conditions, can sub-
stantially alter the 8'%0 signal at local scales (46-49). However, these
processes are unlikely to notably alter the first-order, large-scale cli-
mate signal at centennial timescales. Because both the prior model
(i.e., iCESM1) and the DA-based reconstruction are not able to cap-
ture processes that occur at such fine spatial resolution, they are not
considered in this study.

Our analysis reveals that the spatially coherent isotopic signal
over tropical South America is characterized by increasingly negative
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8'%0 values during the transition from the MCA to the LIA. This
isotopic signal corresponds with significantly enhanced deep con-
vection over the Amazon region, which can be dynamically inter-
preted as an intensification of the SASM. This interpretation contrasts
with that of Atwood et al. (14), who suggested that the observed
LIA isotopic depletion in the central Andes and southern Amazon
reflects upstream rainout in the SASM entrance region rather than
a strengthening of the monsoon. Nevertheless, our reconstructed
SASM index is significantly correlated with the Atlantic ITCZ index
over the LM, indicating that the strengthened SASM and the south-
ward movement of the Atlantic ITCZ likely occurred concurrently
during the LIA. Hence, while rainout over both the monsoon en-
trance region and the core region of convection over the Amazon
basin likely contributed to the observed LIA isotopic depletion in the
central Andes and southern Amazon, independent non-isotopic
proxy records from the western Amazon and the tropical Andes, as
well as records related to the movement of the Atlantic ITCZ, indi-
cate wetter conditions and an intensified monsoon, along with a
southward shift of the Atlantic ITCZ during the LIA.

The simulations from the Community Earth System Model Last
Millennium Ensemble (50), despite illustrating a southward shift of
the Atlantic ITCZ during the LIA driven by volcanic activity (33),
fail to adequately replicate the marked hydroclimate transition that
occurred in tropical South America from the MCA to the LIA, ir-
respective of external forcings (fig. S13). This discrepancy may stem
from potential model biases, including overlooked feedback mech-
anisms or uncertainties in convective parameterizations (15, 16).
Alternatively, it may suggest that the Atlantic ITCZ shift alone is
insufficient to instigate the centennial-scale changes in the SASM
that occurred during the transition from the MCA to the LIA. Our
study suggests that the dynamic drivers of SASM variability on
centennial scales are linked to both the PWC and the Atlantic
ITCZ. Notably, our DA-reconstructed PWC, which is strengthened
during the LIA (a La Nina-like mean state) compared to the MCA
(an El Niflo-like mean state), correlates strongly with deep con-
vection over tropical South America. The correlation between the
PWC and the SASM observed in this study aligns with the estab-
lished relationship on interannual timescales, where El Nifio events
are associated with drier conditions in northeastern Brazil, the cen-
tral Amazon, and downstream over the tropical Andes (24, 51).
However, state-of-the-art climate models display considerable
uncertainties in simulating the low-frequency variability of the
PWC, attributable to either internal variability or external forcings
(52-55). As a result, attaining reliable PWC projections for the near
future constitutes a critical factor for predicting changes in mon-
soon rainfall over tropical South America.

MATERIALS AND METHODS

Particle filter-based DA

DA is an effective method for integrating observational data with
the climate physics represented in climate models. As a methodology
of paleoclimate reconstruction, it has several key advantages. First,
compared to statistical-based reconstructions, DA reduces the need
for an a priori hypothesis regarding the stationarity of the relation-
ship between reconstructed fields and observed variables during a
reference period used for calibration, although it still relies on the as-
sumption of stationary covariance structures between climate fields
and a consistent signal-to-noise ratio in the observations. Second, it
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provides a spatially complete estimate for all the variables simulated
by the model, allowing for a thorough investigation of the dynamic
mechanisms at play (56-59). In our study, we use an offline ap-
proach on the basis of a static ensemble of simulations. This ap-
proach uses a particle filter, as outlined by van Leeuwen (59) and
follows the implementation detailed by Dubinkina et al. (18), a
method having been used in several recent studies (60-62). The pri-
mary motivation for using the particle filter DA approach in our
study lies in its ability to handle non-Gaussian statistics and nonlin-
ear dynamics, which are particularly prevalent in the multivariable
hydroclimate reconstructions of the SASM through the assimilation
of 8'%0 proxy records. During the DA process, the likelihood of
each ensemble member, or particle, is evaluated by comparing it
with the assimilated proxy data. Particles are then assigned weights
based on their respective likelihoods, with the weighted average
of all particles constituting the DA-based reconstruction. The SD
across all particles is used to quantify the uncertainty of the recon-
struction at each time step.

The DA framework encompasses three essential elements: (i) prior
climate model simulations, (ii) proxy records and their uncertain-
ties, and (iii) proxy system models (PSMs) that establish a connec-
tion between climate model output and proxy data. However, we do
not incorporate any PSMs in the DA framework for this study. Al-
though some cave drip water 8'*0 PSMs, such as Proxy System
Modeling tool (PRYSM) (63), are accessible, essential parameters
like residence time and Peclet number in PRYSM are not yet obtain-
able from the speleothem sites within our proxy network. Other
PSM:s to convert 830 ccite t0 8 3Oyaters such as those recommended
by Cauquoin ef al. (64) and Comas-Bru et al. (65), minimally alter
the climatological averages. By comparing the observed 580 calcite tO
880 yater where available for the caves over tropical South America,
including Huagapo (66), Jaragua (67), Sao Bernardo-Sao Matheus
(68), Diva (69), and Cuica (70), the changes from 880 a1cite O
8"%0yater for the records are as follows: —1.36, 0.71, 1.20, 1.80, and
1.26 per mil (%o), respectively. Because the proxy records that we as-
similated are the anomalies respective to a reference period (i.e., the
LM) and not the raw data, this small difference in climatology has a
minimal impact on our final reconstruction. Nevertheless, we con-
ducted a sensitivity DA experiment using the converted iCESM1-
simulated 880 cire as the prior, following the same conversion
recommendations of Cauquoin ef al. (64) and Comas-Bru et al. (65).
As expected, the results shown in fig. S14 are virtually identical to
our findings.

Prior climate model simulations

The prior model simulations used in DA are derived from three
isotope-enabled iCESM1 model simulations (17), encompassing the
preindustrial era (850 to 1849 CE). These simulations are chosen
because they provide a sufficient number of particles to prevent de-
generation in the particle filter, as shown in fig. S2. Specifically, they
provide at least 600 particles, a particularly vital element when using
a 5-year assimilation step (as detailed in the “DA experimental de-
sign” section).

Given that oxygen isotope variations are influenced by diverse
physical variables, the assessment of the performance of iCESM1 in
simulating the near-surface climate over the SASM region is impor-
tant when using it as the prior in DA. Therefore, we evaluate the
iCESM1-simulated 250-hPa geopotential height, precipitation, and
precipitation-weighted 8'°0 during the austral summer (DJF) by
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comparing it to the latest European Centre for Medium-Range
Weather Forecasts atmospheric reanalysis v5, ERA5 (71), precipitation
observations from Global Precipitation Climatology Centre (GPCC)
(72), and an isotope-enabled reanalysis product from IsoGSM2
(73). GPCC is a global rainfall dataset at a resolution of 0.25° longi-
tude X 0.25° latitude with data available from 1891 to the near-
present. IsoGSM2 is an isotope-enabled reanalysis product that
realistically portrays the 'O seasonal cycle and interannual vari-
ability in tropical South America with a resolution around 1.6°.
These gridded observed datasets have been widely used in climate
change studies in South America on timescales ranging from intra-
seasonal to decadal, e.g., (3, 29).

Averaged over the period 1979 to 2005 CE, the 250-hPa geopo-
tential height simulated in iCESM1 is very close to that in ERA5
over the SASM domain (fig. 3, A and D), exhibiting a bias of less
than 40 m compared to that in ERA5, as shown in fig. S3G. This
model simulation accurately portrays the Bolivian High, a season-
al upper-level anticyclone forming due to the SASM deep convec-
tion over the Amazon basin (74). The model also effectively
replicates the precipitation-weighted 8'*0 continentality gradient
from IsoGSM2 during 1980 to 2005 (fig. S3, B and E), displaying
the most negative 8'°0 values along the Altiplano region and the
least negative values along the northeastern South American Atlantic
coast. However, the coarse representation of Andean orography in
iCESMI1 leads to precipitation-weighted 8'%0 values that are less
negative than in observations, notably over the Altiplano Plateau
(with a bias of ~6%o, in fig. S3H). The climatological precipitation
patterns simulated by the iCESM1 model are characterized by en-
hanced precipitation along the eastern slopes of the Andes and in
northeastern Brazil (fig. S3F). In contrast, precipitation data ob-
served by GPCC indicate more pronounced maxima within the
Amazon Basin (fig. S3C). Notably, the precipitation over the Ama-
zon region as simulated by iCESM1 is ~50 mm/month weaker
than the observations reported by GPCC for the period 1979 to
2005. iCESM1 also has some limitations in its ability to capture the
location and intensity of the South Atlantic Convergence Zone, a
challenge consistent with broader deficiencies observed in glob-
al climate models, as noted by Zilli et al. (25). Nonetheless, giv-
en iCESM1’s overall skill in simulating the climatology of the
SASM, it is well positioned to serve as the prior model for our DA
reconstruction.

Proxy records and their uncertainties

In this study, we make use of 18 oxygen isotope records (SISOPRECIP)
derived from three natural archives: ice core (1), lake sediments (1),
and speleothems (16). The selected records represent the best avail-
able, precisely dated, and high-resolution continental proxies over
the American neotropics (details in table S1 and Fig. 1) for recon-
structing hydroclimate during the LM (12, 30). Their temporal range
covers the LM (850 to 1849 CE), and the time resolution has been
interpolated to 1 year, considering the age uncertainty following the
methods provided by Tierney et al. (75) and Orrison et al. (12).

The uncertainties associated with proxy records are pivotal in
DA. Proxy records with low uncertainties carry more weight in DA
than those with large uncertainties. This study addresses two types
of uncertainties. The first arises from the age uncertainties of each
record, which are accounted for using the age model developed by
the SISAL project (76, 77). This model uses the Bacon Bayesian
method (78) to generate an age-depth ensemble comprising 1000
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members. Each ensemble member is linearly interpolated between
depth-age points and aligned with the depth from each proxy sam-
ple to create an ensemble of proxy time series. For samples that do
not cover the entire study period, multiple shorter samples are com-
bined to form composite records, following (12). The median of the
1000-member ensemble for each proxy record is used in the DA
reconstruction. The uncertainty used in DA corresponds to the vari-
ance across the 1000 ensemble members at each time step.

The second type of uncertainty relates to unresolved processes at
the spatial scale of the proxies due to the model’s coarse spatial reso-
lution. This is referred to as a representativeness error. Given the
absence of a gridded observational §'*0 dataset with higher spatial
resolution than iCESM1, our approach involves using the GPCC
dataset to assess representativeness errors. These errors are subse-
quently converted to 8'*0 using the 8'*0-precipitation relation-
ship derived from IsoGSM2 via a linear regression conducted over
the SASM domain (2.5°S to 18°S and 45°W to 75°W) and the rela-
tionship between 880 alcite and 8'80yater derived from the PSMs
(64, 65). More specifically, we perform spatial smoothing on the
original GPCC data, transitioning from its initial resolution of
0.25° X 0.25° to a resolution approximating that of iCESM1 (around
2°) via linear interpolation. Subsequently, we extract the DJF pre-
cipitation data within GPCC for the grid cell nearest to each proxy
record during the period of 1980 to 2005 CE and, likewise, extract
data from the interpolated GPCC at ~2° resolution. We then calcu-
late the variance of the differences within the resulting time series.
This value is then multiplied by the §'0-precipitation relationship
derived from IsoGSM2 and the relationship between 80 calcite
and 8'80,e; derived from the PSMs (64, 65) to obtain representa-
tiveness errors. Overall, the error applied in the DA is the sum of the
first and second errors for each proxy record.

In addition to those records used in the DA, we compile 32 proxy
records that are independent of the DA experiment to validate the
DA reconstruction. These records are broadly divided into two cat-
egories: Proxies recording the stable oxygen isotopic composition of
precipitation (referred to as 5'"®O0pgrecip, a to fin Fig. 1A and table S2)
and hydroclimatic-sensitive proxy records (referred to as HYDRO
records a to z in Fig. 1B and table S3). The SISOPRECIP records are
used for validation purposes rather than for direct application in the
DA reconstruction due to their comparatively lower temporal reso-
lution, approximately on the scale of decades, as opposed to the
higher resolution records used in the DA reconstruction. The inclu-
sion criteria for HYDRO records consist of the following:

1) The record is within 0°S to 30°S and 40°W to 80°W.

2) Original studies establish a time frame spanning from 850 to
1849 CE, with a dating error of less than 100 years.

3) Records have at least sub-centennial temporal resolution.

4) Original references clearly indicate that proxy records are
associated with changes in precipitation, humidity, or monsoon
patterns.

DA experimental design

We assimilate 18 oxygen records derived from speleothems (16), ice
core (1), and lake sediments (1), as listed in table S1. The speleothem
8'%0 signal is subject to a complex array of factors within the bed-
rock, such as the mixing of older and younger waters in the epikarst,
as well as percolation through distinct flow paths (including fracture
flows and matrix flow) (79). This complexity means that climatic
information is predominantly captured in signals that are temporally
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smoothed, typically manifesting on annual to decadal scales. For in-
stance, a residence time of 7 to 9 years was observed in the monitor-
ing program of drip water 80 from a cave in the southeastern
SASM region (68), contrasting with the very short residence time of
a few months observed in caves in the western Amazon (80). The
paucity of such monitoring systems across tropical South America
limits our ability to accurately determine the residence time for
all speleothem records used in the DA experiment. Consequently, a
5-year average has been used for the oxygen isotope records to re-
duce the influence of non-climatic signals, such as those stemming
from epikarst processes. In addition, we tested a 10-year binning to
assess sensitivity to this averaging period. The results, shown in fig. S15,
are similar to those with 5-year binning, as presented in Fig. 1.

MVEOF analysis

Empirical orthogonal function (EOF) analysis is a technique that
decomposes spatiotemporal input data into temporally varying
PCs and spatial patterns by solving an eigenvalue problem. Unlike
the conventional EOF method, MVEOF is an advanced extension
that constructs a combined matrix for multiple variables (19, 20).
MVEOF analysis follows a process by standardizing variables, com-
bining data into a matrix, computing the covariance matrix, per-
forming eigenvalue decomposition, and deriving PC time series.
This approach enables the extraction of coupled variability patterns
among these variables, offering an advantage in capturing the inter-
actions between different variables. In this study, we use MVEOF
analysis to investigate the primary modes of the DA-reconstructed
8'80 and precipitation data. Our focus is on the core monsoon re-
gion spanning 2.5°S to 18°S and 45°W to 75°W. The stability of our
MVEOEF results is confirmed through another sensitivity test, dem-
onstrating that minor adjustments in the analysis region (specifi-
cally within 0°S to 25°S and 35°W to 80°W) do not notably affect
the outcomes (fig. S16, A and B).

SASM index

To quantitatively evaluate the fluctuations in SASM intensity, we use
two distinct methods for calculating the SASM index. The first meth-
od involves deriving a vertical wind shear index from the zonal wind
at the 850- and 250-hPa levels, averaging over the region 7.5°N to
2.5°S and 45°W to 20°W, as outlined by Vuille and Werner (24) and
Gan et al. (26) (referred to here as the wind shear-based SASM in-
dex). The second method is based on the total DJF precipitation aver-
aged over the core monsoon region ranging from 2.5°S to 18°S, and
45°W to 75°W) following (24) (referred to here as the precipitation-
based SASM index). Notably, these two indices demonstrate substan-
tial alignment, as evidenced by significant correlation coefhicients of
0.55 (P < 0.05) for the instrumental period (fig. SI0A) and 0.68
(P < 0.05) for the LM from the DA reconstruction (fig. S10B). This
consistency across different SASM index definitions underscores the
robustness of our findings.

PWC and Atlantic ITCZ index

We calculate the PWC index using the anomalies in the difference
between the area-mean sea level pressure over the central eastern
Pacific Ocean (160°W to 80°W and 5°S to 5°N) and the western
Pacific/eastern Indian Oceans (80°E to 160°E and 5°S to 5°N) fol-
lowing (31). The Atlantic ITCZ index is defined as the mean latitude
of the Atlantic ITCZ based on the latitude of maximum precipita-
tion within the tropical Atlantic (0°W to 50°W and 10°S to 10°N).
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Following (32), the location of the Atlantic ITCZ is given by expected
latitudes, using a weighting function based on the area-weighted
precipitation integrated between the latitudes @' and ¢*

ﬂz
| leos@pldp
L (1)

- ﬂz
Lﬁ [cos((b)P] do

where P is precipitation, @' = 10°S, and #* = 10°N. Following (32),

we interpolate precipitation to a 0.05° resolution to reduce grid de-

pendence. For computational simplicity, all reconstructed indices

are directly incorporated into the prior, instead of undergoing post-

processing from reconstructed spatial climate fields.

Statistical analysis

To assess linear correlations between variables, the Pearson correla-
tion coeflicient was used. However, to accurately determine the re-
duction in effective degrees of freedom, it is necessary to account for
the autocorrelation of the series, particularly in low-pass-filtered time
series. To address this, we used phase-randomization Monte Carlo
methods as recommended by Ebisuzaki (81). This method involves
generating 10,000 phase-randomized surrogate time series, calculat-
ing Pearson correlation coefficients to form a null distribution, and
comparing the observed correlation coeflicient to this distribution to
estimate the P value and determine statistical significance. In addi-
tion, for correlations and regression analysis calculated using the
5-year averaged time series (i.e., no low-pass filtering), we applied the
two-tailed Student’s ¢ test, taking into account the effective sample
size. Here, the degrees of freedom are chosen on the basis of the effec-
tive sample size calculation, which considers the serial correlation in
the time series, ensuring the accuracy of the statistical analysis (82).

Supplementary Materials
This PDF file includes:

Figs.S1to S16

Tables S1to S3
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