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Abstract

Uncertainty about the influence of anthropogenic radiative forcing on the position and strength
of convective rainfall in the Intertropical Convergence Zone (ITCZ) inhibits our ability to project
future tropical hydroclimate change in a warmer world. Paleoclimatic and modeling data inform
on the timescales and mechanisms of ITCZ variability; yet a comprehensive, long-term
perspective remains elusive. Here, we quantify the evolution of neotropical hydroclimate over
the pre-industrial past millennium (850-1850 CE) using a synthesis of 47 paleo-records,
accounting for uncertainties in paleo-archive age models. We show that an interhemispheric
pattern of precipitation anti-phasing occurred on multi-century timescales in response to
changes in natural radiative forcing. The conventionally-defined “Little Ice Age” (1450-1850 CE)
was marked by a clear shift toward wetter conditions in the southern neotropics and a less
distinct and spatiotemporally complex transition toward drier conditions in the northern
neotropics. This pattern of hydroclimatic change is consistent with results from climate model
simulations indicating that a relative cooling of the Northern Hemisphere caused a southward
shift in the thermal equator across the Atlantic Basin and a southerly displacement of the ITCZ in
the tropical Americas, with volcanic forcing as the principal driver. These findings are at odds
with proxy-based reconstructions of ITCZ behavior in the western Pacific basin, where changes
in ITCZ width and intensity, rather than mean position, appear to have driven hydroclimate
transitions over the last millennium. This reinforces the idea that ITCZ responses to external
forcing are region-specific, complicating projections of the tropical precipitation response to

global warming.



Significance Statement

Understanding Intertropical Convergence Zone (ITCZ) responses to external forcing is critical for
predicting climate change in a warming world. We analyzed paleoclimate records of
precipitation change in the neotropics and climate model simulations that span the preindustrial
last millennium to assess ITCZ behavior on multi-century timescales. Our results demonstrate
that the ITCZ shifted southward during the Little Ice Age in the Atlantic Basin in response to
relative cooling of the northern hemisphere driven by volcanic forcing. This finding contrasts
with studies suggesting that changes in ITCZ width and/or strength, rather than a change in
mean position, occurred during the Little Ice Age. This reinforces the idea that ITCZ responses to

external forcing are region specific.

Main Text
Introduction

Although the climate of tropical Central and South America is relatively wet, the precipitation is
highly seasonal and leads to an extended dry season in much of the region. Trends in
observational data spanning the past ~50 years (Fig. 1A, see Materials and Methods), for
example, indicate precipitation reductions in Central America (e.g. the Dry Corridor) and eastern
Brazil that recently have contributed to crop failures, malnourishment and the migration of
thousands of people (1, 2). These changes in neotropical hydroclimate could be a result of
anthropogenic influences on the Intertropical Convergence Zone (ITCZ) (3), although this has yet

to be conclusively determined.

In the tropical Americas, climate variability is dominated by seasonal variations of the North and
South American Monsoon (NAM/SAM) systems and the latitudinal migration of the ITCZ, which
control the timing and intensity of wet-season precipitation (4) (Fig. 1B) through interactions
with sea surface temperature (SST) and atmospheric circulation in the Atlantic and Pacific basins
(see Sl Appendix). Over land, monsoonal convection arises from land mass heating, moisture
convergence related to ITCZ position, and the interaction of moisture transport with local
topography. As the upward branch of the convergent Hadley Cells, the ITCZ influences heat

redistribution to higher latitudes and impacts hydroclimate globally (5).



While fundamentally linked, the ITCZ and monsoons are distinct systems (6). In South America,
the SAM displays significant interannual- and decadal-scale variability in its intensity; yet the
location of maximum precipitation is not easily displaced latitudinally because of orographic
constraints (7). The position of the ITCZ, on the other hand, traverses ~7° of latitude on a
seasonal basis over the central Atlantic and Pacific Oceans (8), achieving its northernmost extent
during the boreal summer and vice versa in winter. Because the ITCZ contributes to convective
activity over the SAM region, a southward displacement of its mean position can enhance both
the moisture flux onto the continent and convective activity over the Amazon Basin and
downstream regions including the Andes, while a northward shift can enhance convection and
moisture delivery over Central American and circum-Caribbean locations (7). The mean position
of the ITCZ is thus a strong control on the monsoons, with increasing moisture availability and
convection occurring in the hemisphere toward which the ITCZ shifts, and vice versa, leading to

an interhemispheric, anti-phased precipitation response (8).

The latitudinal mean position of the ITCZ is governed by interhemispheric contrasts in
temperature and upper atmosphere net radiative fluxes; wherein relative warming of either
hemisphere produces anomalous cross-equatorial energy flow into the cooling hemisphere and
a shift in the ITCZ toward the warming hemisphere (3). Studies that used idealized simulations
with a “slab” ocean demonstrate that the ITCZ is located at the latitude where poleward
atmospheric energy flux is zero (i.e. the “Energetic Theory”) (9, 10), while more recent modeling
studies accounting for tropical atmospheric dynamics suggest that ITCZ position is effectively
offset equatorward of the maximum in SST (i.e. the “Dynamical Theory”) (11). Both theories
indicate that inter-hemispheric disparity in ocean temperature changes should latitudinally shift
the mean position of the ITCZ. The Atlantic meridional SST gradient is thus a strong control on
ITCZ position, with ITCZ displacement toward the hemisphere undergoing relative warming. In
the Pacific Basin, ITCZ position is strongly influenced by both meridional and zonal SST gradients,
with relative warming of the eastern tropical Pacific (e.g. during El Nifio events) leading to a

southward shift of the ITCZ.

One prevalent hypothesis asserts that the ITCZ mean position shifts northward on a global scale
in response to greater hemispherically symmetric radiative forcing (and vice versa), owing to the

Northern Hemisphere’s relatively larger land mass (which has less thermal inertia than the



ocean) and thus stronger response to radiative forcing (12). Consistent with this hypothesis,
numerous studies based on paleoclimate archives have asserted that in the neotropics wetter
conditions occurred in the south and drier conditions in the north during the Little Ice Age (LIA,
1450-1850 CE) (13) largely in response to a southward shift in ITCZ mean position. For example,
hydroclimate records from northern South America (8), the Caribbean (14, 15), and Central
America (16, 17) indicate drier conditions during LIA, while numerous records from the Andes
(7) reveal wetter conditions at this time. Paleo-data from the tropical Pacific (18) support the
inferred southward shift in the ITCZ during the LIA, and a synthesis of paleo-records (19)

suggests it was global in scale.

However, recent proxy-, observational- and modeling-based studies have challenged the mean
position shift hypothesis, suggesting instead that ITCZ responses to external forcing are likely
region specific and more strongly characterized by changes in its width and/or strength. For
example, Campos et al. (20) and Asmerom et al. (21) suggest that the ITCZ became wider and
perhaps weaker in the neotropics during the LIA, and Yan et al. (22) and Griffiths et al. (23) show
that the ITCZ did not shift southward in the western Pacific during the LIA but rather retracted
equatorward (i.e. became narrower), while Scroxton et al. (24) show that similar precipitation
changes occurred on both sides of the equator in the western Indian basin during the last
millennium. The mean position shift hypothesis also does not appear to explain trends observed
over the satellite era (1979 — present) during which the ITCZ has instead strengthened, become
more narrow and exhibited only a slight, and statistically insignificant, northward shift (3).
Furthermore, model projections of changes in ITCZ position in response to anthropogenic
forcing indicate zonal heterogeneity, with different projected shifts in the neotropics and Asia
(25), while simulations of ITCZ behavior during the last glacial maximum and mid-Holocene in
Africa point to mean position, width and strength changes as each being valid possibilities and
not mutually exclusive for explaining ITCZ behavior under different boundary conditions (26).
The diversity of conclusions from these studies demonstrates a lack of consensus on ITCZ
dynamical responses to external forcing and that further study of hydroclimate changes in the
tropics is needed for a more robust characterization of the underlying mechanisms controlling

tropical precipitation on multi-decadal and longer timescales.



Here, we contribute to this debate by exploring the patterns and driving mechanisms of
hydroclimate change in the neotropics over the pre-industrial last millennium (850-1850 CE)
through a comprehensive synthesis that incorporates 48 paleo-proxy records (see Materials and
Methods for the selection process) and an analysis of a large ensemble of climate model
simulations. A key advance is that our study synthesizes broadly distributed datasets based on a
range of proxies (instead of individual, or small groups, of records); thus it has the advantage of
emphasizing the regional signal over the site-to-site and within-site noise arising from local
climatic variability and inherent proxy uncertainties. Our results reveal that a southerly shift in
the ITCZ is likely to have occurred in the tropical Americas during the LIA, noting however that
marked heterogeneity in the northern records cannot be explained solely through a shift in ITCZ
mean position. Analysis of coupled climate model “last millennium” simulations demonstrates
spatiotemporal precipitation and sea surface temperature (SST) patterns that are largely
consistent with the paleoclimate data and that point toward changes in the Atlantic meridional
SST gradient as a principal control on neotropical precipitation variability on multi-century
timescales. The simulations further indicate that volcanic rather than solar forcing appears to

have been the main driver of these changes during the last millennium.

Results and Discussion
Paleoclimate record analysis

We compiled tropical American hydroclimate records from sites in Central America, the
Caribbean, and South America distributed from the Atlantic to the Pacific Oceans and spanning a
range of altitudes (Fig. 1B) (see Materials and Methods), and analyzed them using a Monte Carlo
Principal Component (MCPC) approach (27-29). The records include: 80 of ice (30, 31),
speleothems (7, 15, 21, 32-44), and lake sediment (14, 16, 17, 45-53); carbon isotope (6*3C)
values of speleothems (7, 15, 21, 32, 34, 36, 38, 43, 44); 6D of lake sediment (18, 54); ocean
sediment trace metal concentrations (55); lake sediment lithology and/or bio/geochemistry (56—
58); multi-proxy paleolimnological data (59); diatoms in lake sediment (60); and ice

accumulation data (61) (SI Appendix Tab. S1). Each of the paleoclimate proxies was interpreted



by the primary authors to reflect changes in hydroclimate, although they vary in their

uncertainties as well as the geographic scale of information provided.

Three distinct proxy ensembles were analyzed: ALL, which consists of all records (n = 48);
PRECIP&0, which consists exclusively of records of changes in the isotopic composition of
precipitation archived in ice, speleothems, and lake sediment (n = 21); and NON-PRECIP&*80,
which consists of records other than those reflecting precipitation isotope values (n = 27). The
latter two ensembles were analyzed to determine the influence of proxy type on the results.
Within each ensemble, the records were separated into three groups that were each
independently analyzed: those currently located directly within the ITCZ core region (hereafter
referred to as “Core”), those located in the northern tropics and outside of the ITCZ Core region
(“Northern”), and those located in southern tropics and outside of the Core region (“Southern”).
These groupings were chosen to test hypotheses related to ITCZ width/strength versus mean

position changes.

MCPC analysis of the ALL ensemble returned positive median Empirical Orthogonal Function—1
(EOF1) loadings for 11 of 18 Northern records, negative loadings for 19 of 21 Southern records,
and positive loadings for 8 of 9 Core records onto PC1 (~47 % of variance) (Fig. 2A, 2B, S1, Tab.
S2). PC1 of the Northern records (~51 % of variance) demonstrates relatively wetter conditions
during what is often termed the Medieval Climate Anomaly (MCA; ~950-1250 CE) (13), while
PC1 of the Southern records (~42 % of variance) indicates drier conditions during this time, with
the opposite pattern during the LIA. PC1 of the Core records indicates relatively wetter
conditions during the MCA and a transition to a drier climate thereafter, largely consistent with
the Northern PC1 pattern. The Northern and Southern PC1 series are strongly anti-correlated (r
=-0.93 20: -0.85 t0 -0.98, p < 0.001) (Fig. 2C; see Materials and Methods), suggesting opposite

hydroclimate changes in each hemisphere.

Relative to the Southern records, those in the Northern group exhibit substantial heterogeneity
in their EOF ranges. Closer inspection, however, reveals that seven of the Northern EOF ranges
are entirely positive versus four that are entirely negative, and a parallel analysis of the
difference between Northern proxy values from the LIA and MCA shows that the former time

period was relatively dry (i.e. the LIA — MCA difference ranges are entirely negative) in six of the
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18 locations versus three that show wetter conditions (Fig. S2). This suggests that although
there is substantial variability among the Northern records, the general pattern is a transition to
a drier climate during the LIA. The coherency among the Southern records is likely at least in
part a result of the abundance of PRECIP&80 records (which capture broad, regional-scale
processes associated with the SAM (7)) in that group, while the relative heterogeneity among
the Northern records is likely due to complex, locally controlled processes related to topography
(62), coastal proximity and associated atmospheric circulation (26) as well as the greater
diversity of proxy types and the disparities in specific hydroclimate information they record (see

Materials and Methods).

Consistent with MCPC1 of the ALL ensemble, MCPC1s for both the PRECIP§*30 and NON-
PRECIP&®0 (Figs. S3, S4) ensembles exhibit a decreasing trend over the last millennium. There
are, however, notable differences; for example, the PRECIP§'0 MCPC1 has a prominent
maximum at ~1000 CE, while the NON-PRECIP§*0 MCPC1 declines through this interval before
reaching a local maximum around 1350 CE, a feature driven by variability in the nine Southern
records (note that Southern MCPC1 values were multiplied by -1 for comparison in the figures).
This suggests dry conditions prevailed around 1350 CE at the NON-PRECIP§*0 locations having
positive loadings onto MCPC1 and that the PRECIP§*0 records from those sites (or nearby) do
not reflect local climate. This could have resulted from upstream rainout and isotopic depletion
of air masses prior to reaching the locations of the archives. Additionally, the relatively small
number of Southern records in the NON-PRECIP&*0 ensemble makes it less useful for
reconstructing large-scale hydroclimate patterns. The ALL ensemble, on the other hand, has the

advantage of a greater number and spatial distribution of records as well as a larger variety of

proxy types.

To test whether paleoclimate evidence supports an ocean temperature control of ITCZ position,
changes in the Atlantic meridional SST gradient over the last millennium are inferred from the
difference between reconstructions of SST north of Iceland (63) and the eastern Southern Ocean
(64) (Note that no other non-coastal South Atlantic records exist that have sufficient temporal
resolution.) (Fig. 2D, S3D, S4D). These data indicate relative warming of the South Atlantic
during the transition into the LIA and a SST pattern consistent with a southerly displaced ITCZ.
The strong correlation (r = 0.83 20: 0.72-0.91, p = 0.005 for ALL) between the proxy PC1 and the
8



Atlantic meridional SST gradient supports this inference. A reconstruction of the zonal SST
gradient in the tropical Pacific (65) indicates relative warming of the east Pacific cold tongue
region during the LIA (Fig. 2E, S3E, S4E), which would promote an El Nifio-like mean state and a
southward displacement of the ITCZ. Proxy PC2 and the Pacific zonal SST gradient exhibit several
notable parallels (r = 0.66 20: 0.15-0.90, p = 0.08 for ALL) including lower values during the LIA,
suggesting a secondary but important role for tropical Pacific ocean-atmosphere dynamics in

controlling neotropical precipitation on long timescales.

Climate model analysis: all-forcing experiments

To investigate hypothesized ITCZ responses to the combined effects of prominent external
forcings, we compared our paleoclimate record synthesis to results from the Community Earth
System model (CESM) Last Millennium Ensemble (LME) (66). By conducting PC analysis on the
ensemble mean rather than individual simulations the influence of internal variability on the
results is reduced, given that internal (i.e. random) signals largely cancel across an average of
many model realizations (in this case 13) using the same external forcings (67—-69). The results
reveal spatiotemporal precipitation patterns that are generally similar to results from the
paleoclimate record analysis. Both EOF1 (Fig. 3A) and EOF2 (Fig. S5A) of modeled annual
precipitation indicate north-south antiphasing on multi-century timescales, although in the case
of EOF1, South America as a whole varies in phase, a pattern somewhat inconsistent with the
paleoclimate data. Model PC1 indicates a shift from wetter to drier conditions in much of the
Northern region, and vice versa in the Southern region during the transition into the LIA (Fig.
3B). Furthermore, precipitation PC1 is strongly correlated to the Atlantic meridional SST gradient
(north — south) (r =0.83, p = 0.003), which is expressed through EOF2 of model SST and exhibits
a north-south antiphasing pattern (Fig. 4A), with the corresponding PC2 of SST similar to both
model precipitation PC1 and the Atlantic meridional SST gradient (Fig. 3B). PC3 of Pacific-Indian
tropical SST (Fig. 3C) significantly correlates (r =-0.65, p = 0.043, linear trend removed from both
series) with PC2 of model precipitation, and the associated EOF exhibits an interhemispheric,
antiphased loading pattern (Fig. 4E). These results suggest that changes in Atlantic Basin SST are
the predominant control on precipitation variability in the tropical Americas on multi-century
timescales, and that Pacific Basin processes are an important but secondary influence, similar to

the relationships identified in the paleoclimate records.



Climate model analysis: single-forcing experiments

The CESM-LME single forcing (volcanic and solar) ensemble means (five and four simulations,
respectively) provide an experimental framework for investigating the impact of individual
external forcings on ocean-atmosphere circulation and the resulting influence on hydroclimate
in the tropical Americas. The volcanic-only precipitation EOF1 pattern displays a distinct north-
south antiphased structure similar to that of the all-forcing pattern (Fig. 3D); whereas the solar-
only EOF1 pattern displays an east-west anti-phased signature across much of tropical South
America (Fig. 3G). Additionally, the correlation between PC1 of precipitation for the volcanic-
only and all-forcing simulations is significant (r = 0.66, p = 0.038); whereas that between the
solar-only and all-forcing ensembles is not (r = 0.04, p = 0.91) (both correlations over the interval
900-1800 CE). Although precipitation PC1 is significantly correlated to the Atlantic meridional
SST gradient (north — south) in both the volcanic-only (Fig. 3E) and solar-only (Fig. 3H)
ensembles, the correlation is substantially stronger for the volcanic-only scenario (r =0.79, p =
0.006 versus r = 0.67, p = 0.033). Analysis of both of the single-forcing simulation ensembles
reveals significant correlations between Pacific-Indian Basin SST and precipitation in the tropical
Americas. For each experiment, PC2 of precipitation significantly correlates with either SST PC2
(volcanic-only: r =0.58, p = 0.077) (Fig. 3F) or PC3 (solar-only: r =-0.76, p = 0.01) (Fig. 3I),
although the EOF patterns are inconsistent with one another and with that of the all-forcing

simulations.

Patterns of ITCZ variability during the last millennium and controlling mechanisms

These results strongly suggest that tropical American hydroclimate over the last millennium was
driven by a common mechanism capable of producing large-amplitude latitudinal fluctuations
that persisted for centuries. Externally forced variability in the location of the ITCZ and its
interaction with the monsoon systems provides such a mechanism. MCPC analysis of the
paleoclimate data indicate that both the Northern and Core regions were relatively dry during
the LIA. Theoretical and modeling studies suggest that ITCZ width and strength are linked, with a
wider latitudinal distribution coupled with reduced precipitation intensity, and vice versa (3).
The reduction in Core region precipitation is thus consistent with the hypothesis that the ITCZ

became wider and weaker during the LIA (21). However, this would also, in theory, have led to
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an increase in precipitation along the equatorward margins of both the Northern and Southern
region, i.e. where locations are most sensitive to ITCZ position and or width changes. While the
Southern records, spanning a broad latitudinal range, generally indicate greater precipitation
and a wetter overall climate during the LIA, there is no conclusive evidence of wetter conditions
along the equatorward edge of the Northern region. For example, records from the southern
Yucatan exhibit no clear trend and, in some cases, contradictory patterns (see Yok Balum G 8§*3C
and Macal Chasm 60, among others). The paleo-data therefore do not support the hypothesis
that ITCZ width changes were the principal control on hydroclimate in the neotropics during the
past millennium (and during the LIA in particular). Rather they point toward a more complex
response characterized by a southward shift in the mean position of the ITCZ coupled with a
reduction in strength within the Core region and local climate controls in Central America that in
some locations appear to predominate over the broad, synoptic-scale influences expected from
changes in the ITCZ. In the northern neotropics several controls add complexity to precipitation
dynamics and thus may help to explain differences between the records, including variations in
the Atlantic-Pacific cross-basin SST gradient and the resulting shifts in inter-basin atmospheric
circulation (29), the direct influence of the Atlantic Warm Pool on precipitation in the Yucatan
region during the fall (after the ITCZ has migrated to the south) (62), and enhanced local rainout
during topographic uplift on Caribbean-facing mountains in response to strengthened trade

winds (which commonly occur when the ITCZ is shifted southward) (71).

That proxy MCPC1 most strongly corresponds to the Atlantic (rather than Pacific) SST pattern
points toward processes operating in the Atlantic Basin as the principal drivers. This result is
consistent with patterns identified in the climate model simulations; wherein PC1 of neotropical
precipitation strongly corresponds with PC2 of Atlantic Basin SST, while PC2 (which explains
substantially less total variance; Table S2) of model precipitation exhibits similarity to either PC2
or PC3 of Pacific-Indian Basin SST (depending on the external forcing scenario) (Fig. 4) . A more
compelling proxy-data comparison would involve multiple high resolution SST datasets from the
tropical South Atlantic, from which there are none currently, and additional records from the
eastern tropical Pacific region (72), given the limited utility of basin-scale temperature gradients

based on a small number (e.g. 2-4) of SST records.
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Volcanic and solar forcing have been shown to be the dominant external controls on climate
change during the pre-industrial era (73), with volcanism principally responsible for the
transition into the LIA (73). While the radiative forcing by explosive tropical volcanic eruptions is
largely symmetric with respect to the equator, the response is not. Owing to its larger extent of
land coverage and lesser thermal inertia relative to the Southern Hemisphere, there is a greater
cooling response to volcanic eruptions in the Northern Hemisphere. This mechanism alone,
combined with more numerous and clustered volcanic events, is expected to yield a southward
displacement of the thermal equator and the potential for synchronous but anti-phased
precipitation changes across the tropics during the LIA. Additional dynamical mechanisms
appear to play an important role, however, in the model simulations. For example, in the all-
forcing experiments a southward displacement of the thermal equator and an interhemispheric,
antiphased pattern of sea surface temperature variability also are favored by a slow-down in the
Atlantic Meridional Overturning Circulation (AMOC) and expansion of sea ice (Fig. S6). A
weighted average (produced via multivariate regression) of the global, interhemispheric
temperature difference (north — south) and the North Atlantic maximum streamfunction series
(i.e. AMOC) approximates the Atlantic SST gradient (r = 0.86, p = 0.001) and is similar to PC1 of
precipitation (r = 0.73, p = 0.016) (Fig. 3B), indicating that both the direct temperature response
to volcanism and the longer timescale ocean response are key controls (70,73-75). Supporting
these results, North Atlantic freshwater forcing experiments conducted by Zhang and Delworth
(76) produced a substantial reduction in the AMOC, a relative cooling of the North Atlantic and
an interhemispheric, anti-phased precipitation pattern in the tropical Americas consistent with

behavior exhibited by the CESM-LME during the LIA.

The strong similarity between Atlantic SST EOF2 of the volcanic-only (Fig. 4B) and all-forcing
ensembles and the relative dissimilarity between the latter and the solar-only SST EOF2 (Fig. 4C)
indicates volcanic forcing is the dominant causal mechanism of the anti-phased Atlantic SST
pattern and thus the principal driver of precipitation and SST variability on centennial
timescales. Supporting this assertion, analysis of the Mann et al. (70) proxy-based SST field
reconstruction demonstrates an EOF2 pattern (Fig. 4D) that is markedly similar to both the

volcanic-only and all-forcing results, but differs from the solar-only results. It is worth noting
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that the proxy-based reconstruction is based on a small number of spatial EOFs, particularly

during the earlier centuries, limiting its ability to capture fine-scale structure in the SST pattern.

EOFs from the volcanic-only experiments display a distinct horseshoe-like pattern that extends
across the Pacific Basin and resembles the canonical El Nifio SST anomaly pattern (Fig. 4F), while
the solar-only simulations have a more complex structure with responses in the Indian Basin and
the central Pacific that are opposite those of the eastern and western sides of the Pacific Basin
(Fig. 4G), similar to central Pacific (i.e. Modoki) El Nifio SST anomalies. Both of these SST
arrangements impact zonal wind strength in the Pacific basin, with the former strengthening
easterly winds and amplifying the Walker Circulation during eastern Pacific cool phases (and vice
versa) and the latter potentially leading to a two-cell Walker circulation and a strengthened
convection region in the central Pacific. Analysis of observational data demonstrates highly
disparate atmospheric circulation and precipitation responses over South America during the
two different expressions of ENSO (77), which potentially explains the disparity between
volcanic-only and solar-only precipitation EOF1, particularly over the northern Andes of
Colombia, western Brazil, and the Andes region of southern Peru and Bolivia. The Pacific-basin
EOF2 pattern in the Mann et al. (70) field reconstruction largely resembles that of the volcanic-
only simulations and thus also points toward volcanic forcing as the dominant external control

on Pacific ocean-atmosphere variability on multi-century and longer timescales.

Conclusions

Paleoclimate data indicate that a multi-century long southerly shift in the ITCZ accompanied by a
decrease in ITCZ strength occurred in the neotropics over the past millennium in response to
relative cooling of the Northern Hemisphere, culminating around 1700 CE (Fig. 2C,2D). This
finding is in contrast to recent studies that use changes in ITCZ width and/or strength to explain
inferred tropical precipitation patterns in both the neotropics (21) and Asia (22-24) and
reinforces recent conclusions based on model (25) and proxy data (78) that ITCZ responses to
external forcing are region-specific. Exhibiting a similar north-south anti-phasing pattern of
precipitation, the single and all-forcing simulations from CESM-LME reveal that volcanic forcing
was the principal driver of hydroclimate and ITCZ changes over the last millennium and that
Atlantic basin processes, in particular changes in the meridional SST gradient, were the main

ocean-atmosphere controls. The development of additional well-dated paleoclimate records of
13



catchment-scale precipitation-evaporation balance from the Andes and Amazon Basin, along
with additional records of all types, and in particular precipitation 60 values, from the
northern neotropics should help to better characterize ITCZ patterns over past centuries and
shed light on potential future responses of the tropical rain belt to anthropogenic radiative

forcing.

Materials and Methods

Modern precipitation trends

Three land station-based observational data products were used to produce the precipitation
time series: University of Delaware Terrestrial Precipitation - 1900-2017 Gridded Monthly Time
Series V5.0.1 (79); Global Precipitation Climatology Centre (GPCC) Full Data Reanalysis Version
2018 (80); and Climatic Research Unit (CRU) TS4.02 Precipitation (81). All three datasets have
0.5x0.5° spatial resolution and span a common time period of 1901 — 2016 CE. The mean across
the three products was computed for each grid cell, and trends were determined for each grid
cell via linear regression (see Correlation and significance methods, below) for annual (Fig. 1A),

October — March (Fig. S7A), and April — September (Fig. S7B) total precipitation.
Record selection

The criteria for inclusion in the MCPC analysis were a minimum temporal resolution of 50 years,
a minimum of two age model control points, a time frame that encompasses 850-1850 CE (with
three exceptions — see Hydroclimate record realizations below), and a location within 255-22.5N
and 40W—-100W. The ALL ensemble includes all the records. The PRECIP&*0 ensemble consists
of records that reflect changes in the isotopic composition of precipitation (including the 6D
records of Sachs et al. (18) and Nelson and Sachs (54)). For these records, we assume isotopic
equilibrium between meteoric water source and the analyzed material (45, 82), even in the case
of the Macal Chasm 80 record (34), which is known to have been influenced by kinetic
fractionation but nevertheless contains a strong precipitation 6120 signal. The NON-PRECIP§80
ensemble consists of records that do not mainly reflect precipitation isotope values, and

therefore represent changes in catchment-scale hydroclimate.

Paleoclimate proxy influences and uncertainties
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Most of the records (29 of 48) are from ice core, lake sediment, or speleothem 30
measurements. 580 from speleothems and open-basin lakes, and 8D from terrestrial organic
material in lake sediments, predominantly reflect the isotopic composition of precipitation,
which is controlled (via Rayleigh distillation) by the extent of rainout (i.e. precipitation amounts)
along the moisture transport pathway (7). Andean ice core, speleothem and lake sediment 30
measurements are therefore interpreted as predominantly recording the 80 of air masses
traversing tropical South America, with a strong influence by the isotopic effects of monsoonal
precipitation and moisture recycling in the Amazon Basin (7). Sources of uncertainty include
potential isotopic disequilibrium between precipitation/groundwater and either the carbonate
minerals (82) or organic material (18) preserved in speleothem or sediment, respectively, as well
as secondary influences on air mass isotope content by temperature and evaporation. §20
records from closed-basin lakes are most strongly influenced by changes in lake hydrologic
balance and the extent to which water losses occur through evaporation (49). Isotopic
disequilibrium between water and calcite forming in the water column, as well as changes in the
isotopic composition of inflowing meteoric water are potential sources of uncertainty in closed-
basin lake 880 records (83). The sediment lithology (56), ice accumulation (61), and
speleothem 863C (51) records reflect hydroclimate on a local/catchment scale and thus should
be expected to exhibit patterns that are at least somewhat different from those of the
precipitation 620 records. The proxy controls described above hold true at interannual to

orbital timescales and are supported by modeling results (7, 82).
Hydroclimate record realizations

Paleoclimatic data have several limitations related to both the sensitivity of the proxy to specific
climate variables (as discussed above) and, perhaps most importantly, the inherent age model
uncertainty, which is derived from the analytical uncertainty of radiometric ages and the
uncertainty associated with age assignments for proxy values between dated layers (due to, for
example, unknown changes in the rate of archive accumulation). To better resolve these issues,
in our MCPC analysis we leveraged the power of age-modeling routines that characterize
uncertainty both in age control points and archive deposition rates to produce a large ensemble

of realizations for each paleoclimate record.
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1000 age model realizations for each record were produced using Bchron (84) (version 4.7.6,
compiled in R), which accounts for both analytical and calibration related uncertainty in age
control point data as well as potential changes in accumulation rates of the archives. Bchron has
been shown to produce age models similar to those of other software packages based on
Bayesian methods (85). Insufficient data were available for one of the speleothem records (Dos
Anas); consequently, age model uncertainty was not applied to this record. The Quelccaya and
Huascaran ice core datasets were dated using layer counting and/or flow modeling. To account
for uncertainty in these records, an algorithm was applied that assumes a 1% likelihood of either
missing a layer/year entirely or falsely identifying a layer/year. For speleothem records
produced by combining data from independent speleothems (either from the same cave or
different cave systems), 1000 realizations of each of the separate records were produced, and
the data were spliced at a year near the midpoint of the overlapping time frame. Time gaps in
spliced speleothem records, which occasionally occurred due to age model uncertainty, were
infilled using linear interpolation between the values on each side of the gap. For records that
did not span the entire 850 — 1850 CE interval (i.e. Cascayunga, Perdida, Cariaco) end values (i.e.
nearest neighbor) were used to infill the missing time periods. Unless otherwise noted, the age
model data correspond to that of the original sources and were obtained either from public
databases (NOAA-NCEI, SISAL (86)) or through communication with the researchers. Intcal20
(87) was used for C age calibration. Unless otherwise noted, all computations were performed

in MATLAB®.

The 1000 age model realizations for each hydroclimate record were used to produce 1000
realizations of each record (i.e. one proxy times series was produced for each of the 1000 age
models). 1000 different ensembles of the 48 records were then compiled using the 1000
different realizations of each record, with the resulting master ensemble having n = 48 members
and r = 1000 realizations of each member. Analytical uncertainty values of 0.1 %o, 0.06 %o, and 1
% (10) were applied to the 680, §'3C data, and sediment composition measurements,
respectively. Analytical uncertainty was not applied to the other proxies. Each realization was
linearly interpolated to a five-year spacing. To alleviate between-site differences in the
amplitude of hydroclimate reconstructions, each proxy realization was converted to

standardized deviation units, or z-scores, where z = (x —m)/o, and x, m, and o are the original
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data, mean values for individual time-series (spanning 850-1850 CE), and their standard
deviations, respectively. A 200-year periodicity low-pass filter (88) was applied to each

realization in order to isolate multi-century and longer timescale variability.

For the time period difference analysis (i.e. LIA-MCA), for each realization of each record the
mean of the MCA (9501250 CE) was subtracted from the mean of the LIA (1450—-1850 CE). The

median and 2o range of the resulting distribution was then determined (Fig. S2).

Monte Carlo Principal Component (MCPC) analysis

MCPC (27, 28) was conducted on each of the 1000 sets of realizations of the paleoclimate
records to produce synthetic spatial, empirical orthogonal function (EOF; also described as
“loadings”), and temporal, principal component (PC), variables that capture cumulative (but
independent) proportions of variance. For each set, singular value decomposition was applied to
compute PCs, EOFs and eigenvalues (which were subsequently normalized). Empirical
distributions of the PCs, EOFs and normalized eigenvalues at each time step were computed to
determine median values and the 1/20 uncertainty ranges. MCPC was conducted on each set of
records, and then on records from the Northern, Southern and Core groups, independently.
Note that Tierney et al. (27) and Anchukaitis and Tierney (28) describe their method as “MCEOF”
rather than MCPC, but the methods are essentially the same. We focused on two climate
intervals, the LIA and MCA, that are acknowledged as important in the Northern Hemisphere as

a convenience for framing our analysis of the MCPC results for the last millennium.

SST gradient reconstructions

The Atlantic meridional SST gradient record was produced using the southern ocean SST
reconstruction of Nielsen et al. (64) based on analysis of diatoms in ODP sediment core TNO57-
17 and the North Atlantic SST reconstruction of Sicre et al. (63) based on analysis of alkenones in
sediment core MD99-2275. 1000 age model realizations of the Southern Ocean SST
reconstruction were produced using Bchron to account for age model uncertainty. Chronological
control for the North Atlantic SST record is based on a series of tephra layers dated using
dendrochronology; thus no age uncertainty was applied to this record. 1000 realizations of the

Atlantic meridional SST gradient were produced by subtracting each of the 1000 realizations of
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the South Atlantic time series from the North Atlantic time series (north — south). We produced
1000 realizations of the Pacific zonal SST reconstruction (west — east) by randomly sampling

from the 20 uncertainty ranges of the temperature values of Rustic et al. (65). 1000 realizations
of both the zonal Pacific and meridional Atlantic SST gradients were used in the correlation and

significance assessments.

Correlation and significance methods

The Pearson correlation coefficient was used to determine the linear correlation between
variables. To determine the effective degrees of freedom (DOF.#) for low-pass filtered time
series, the inverse of the low-pass filter period was assumed to be the Nyquist frequency, which

is defined as half of the sampling rate. DOF. is therefore defined as:

DOFess = 2*L / LPP - 2

where L is the length of the time series and LPP is the low-pass filter period.

For the observational data, no low-pass filtering was applied, and the DOF was adjusted based

on the decorrelation time (DT), which is defined as:

DT=(1+p)/(1-p)

where p is the lag-1 autocorrelation. The effective degrees of freedom (DOF.) is thus defined

as:

DOFess = DOF / DT - 2

DOF.ss was applied to determine significance of correlation coefficient values.

For the proxy data, correlation (r) and significance (p) values were calculated for each of the
1000 sets of correlations between different realizations. The reported values in the text and

figures are the mean of the resulting 1000 r and p values.

Climate model analyses

The Community Earth System Model version 1.1 using the Community Atmosphere Model

(CAM) version 5 were applied in the CESM-LME (66) . The model uses a ~2° resolution for the
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atmosphere and land components and a ~1° resolution for the ocean and sea ice. The model
was spun up for 650 years using boundary conditions for 1850 CE followed by a 200-year spin up
using boundary conditions for 850 CE. The transient LME simulations were branched off from
the end of this spin up. The applied forcings in the all-forcing simulations include orbital, solar,
volcanic, changes in land use/land cover, and greenhouse gases. We chose the CESM-LME for
this study because it has the advantage of being to-date the largest ensemble of last millennium
simulations and includes separate ensembles of single forcing experiments (each with 4-5
simulations) of sufficient size for internal variability signals to be substantially reduced when

averaging across the ensembles, as discussed below.

The separation of internally generated (e.g. ENSO) and externally forced climate signals has
been shown (67, 68) to be difficult, in principal, and an obstacle to the assessment of climate
responses to external forcing. We therefore used the mean of the all-forcing and single forcing
simulations for analysis of climate variables (precipitation, SST, North Atlantic streamfunction,
and sea ice coverage). The advantage of using the ensemble mean is that even in the case of
small ensembles (e.g. 4 or 5 members) internal variability signals largely cancel when averaged
across multiple simulations (especially when smoothing is applied) (69), and the external forcing

signal is thus better isolated.

Monthly average data were used to produce annual averages. To prevent splitting of the
hydrologic year in South America, annual averages of precipitation and SST were based on April
through March (of the following year). The annual average series from each grid cell in each
realization of the ensemble were averaged to produce the ensemble mean. The annual mean
time series for each model grid cell were low-pass filtered (88) at a 200-year periodicity prior to

PC analysis.

The model Atlantic meridional SST gradient was calculated by subtracting the mean of SST time
series in the South Atlantic (0 - 60° S, 310 - 15° E) from the mean of SST in the North Atlantic (O -
70° N, 305 - 350° E).

The cosine of latitude was applied as a weighting factor for calculations of model mean time
series across a spatial domain, and the square root of cosine latitude was applied in the principal

component analyses of model time series.

19



The % variance explained for the SST PC-EOFs was determined with PC1 both included and
excluded to assess proportions of variance explained among PCs that do not capture the global

cooling trend (Tab. S2).
Filtering frequency

To assess the influence of the filtering frequency on the results, we produced a complimentary
set of proxy and precipitation field MCPC results using a 100-year low-pass filter (SI Appendix
Fig. S8). The results demonstrate that the conclusions are not dependent upon a specific filter

frequency.
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Figures and Tables

Figure 1 (A). Trend (mm/yr) in annual precipitation from 1970-2016 CE. Regions of significance
(p <= 0.1) are marked by black dots. Precipitation data are the mean of three products (see
Materials and Methods). (B) Vertical atmospheric motion (Omega) monthly mean (June minus
January) (Pascal/s) from NCEP/NCAR Reanalysis 1 (1981 — 2010 CE). The seasonal shift in
ITCZ position and development of summer monsoons produces opposite responses in each
hemisphere. Negative values represent upward vertical atmospheric movement. Paleoclimate
record locations: circles — lake sediment, diamonds — speleothems, asterisks — ice, squares —
ocean sediment. Numbers correspond to SI Appendix Tab. S1. Yellow locations are part of the
“Core” region group.

Figure 2. (A) Paleoclimate proxy MCEOF1 loadings (circles) onto MCPC1 of the ALL ensemble.
The outer ring, inner ring, and central colors depict the 20 high, median, and 2o low loading
values. Circles outlined in yellow are speleothem &13C, ice accumulation for the Quelccaya Ice
Cap and lipid &D for El Junco Lake. Median (solid) and 20 range (dashed) of MCPC1 for (B) All,
(C) Northern (red), Southern (blue; multiplied by -1 for visual comparison), and Core (green)
records from the ALL proxy ensemble. (D) Median (solid black) and 2o range (dashed black) of
proxy MCPC1, and median (solid blue) and 2o range (dashed blue) of 1000 realizations of the
Atlantic meridional SST gradient (north — south). (E) Median (solid black) and 2o range (dashed
black) of MCPC2, and median (solid blue) and 20 range (dashed blue) of 1000 realizations of the
Pacific zonal SST gradient (west — east).

Figure 3. (A) Paleoclimate record MCEOF1 loadings onto MCPC1 of the ALL ensemble (circles).
Background colors: EOF1 loadings for each grid cell onto PC1 of the annual precipitation field in
the CESM Last Millennium all-forcing simulations. (B) Model PC1 of precipitation in the tropical
Americas (black), meridional (north — south) Atlantic SST gradient (dashed blue), approximation
of the meridional Atlantic SST gradient (solid blue) from a weighted combination of the global,
inter-hemispheric mean temperature difference (north — south) and maximum North Atlantic
stream function (series shown in SI Appendix Fig. S6C), and PC2 of Atlantic Basin SST (red). (C)
Model PC2 of precipitation in the tropical Americas (black) and PC2/3 of Pacific-Indian tropical
SST (red) (linear trend removed from both series). For B the correlations are between the
regression model and the meridional Atlantic SST gradient (blue text) and PC1 of precipitation
and the meridional Atlantic SST gradient (black text). (D,E,F) PRECIP &80 proxy and volcanic-
only model results. (G,H,I) NON-PRECIP 6180 proxy and solar-only model results. 200 year low-
pass filter applied to all series prior to analysis. EOFs corresponding to the Atlantic and Pacific-
Indian SST PCs are shown in Figs. 4 and S5.

Figure 4. Results from the CESM1 last millennium ensemble mean and proxy-based climate field
reconstruction of Mann et al. (70). EOF2 of Atlantic Basin SST for (A) all-forcing, (B) volcanic-
only, (C) solar-only simulations and (D) proxy data. Tropical Pacific-Indian SST (E) EOF3 for all-
forcing, (F) EOF2 for volcanic-only, (G) EOF3 for solar-only, and (H) EOF2 for proxy data. Green
diamonds: Locations of SST records used to produce ocean-basin SST gradient reconstructions
shown in Fig. 2.
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