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ABSTRACT

The main objective of the thesis is to provide a past-present-future perspective
of climate changes and terrestrial ecosystem responses in South America. The
first part investigates the vegetation response to a temperature increase from
the Last Glacial Maximum (LGM) to the pre-industrial era. In order to verify the
most affected biomes and explore how they might react to future warming it was
employed the Center for Weather Forecasting and Climate Studies Potential
Vegetation Model version 2 model (CPTEC PVM2). In addition, to determine the
influence of each climate parameter on biome distribution, sensitivity
experiments for both LGM and future scenario were run, considering the
anomalies of CO,, precipitation and temperature separately. The results for the
LGM indicate grassland expansion in southern Brazilian highlands and the
persistence of the Amazon rainforest under colder and drier conditions. The
western and central Amazon forest remained due to negative temperature
anomalies, while a decrease in precipitation led to changes in the eastern
portion. The reliability of computed precipitation anomalies and simulated
potential vegetation for LGM is validated with compilation of 149 published
vegetation and hydroclimate records. Results reaffirmed paleo studies that
claim that changes in monsoon intensity cannot be used as the main driver for
vegetational changes/stability across the Amazon biome, and that lower
temperatures in combination with substantially lower CO, are important
controlling factors during the LGM. In contrast, for the future +4°C warming
scenario, biome shifts will be driven by changes in precipitation.
Savanna/Cerrado is projected to expand, while the Amazon forest, Tropical
seasonal forest, and Caatinga may decrease. In the future warming scenario
increasing temperatures with reduction in precipitation neutralize the potential
gain in biomass from the positive effect of CO, fertilization. The thesis also
investigates the Atlantic Multidecadal Oscillation (AMO) as a potential main
driver of warming/cooling scenarios and changes in precipitation in South
America during the last millennium. This study evaluates AMO influence on
atmospheric dynamics, precipitation and consequently 3'0 of precipitation in
South America using the water isotope-enabled version of the Community Earth
System Model version 1.2 (iCESM1.2) forced with cold and warm AMO phase
sea surface temperature fields. The model-derived AMO signal for the region
under the influence of the Atlantic ITCZ aligns with proxy reconstructions,
indicating changes in ITCZ during the Little Ice Age (LIA). One implication of
these findings is that a change in the core strength of the ITCZ, caused by a
persistent cold AMO, might have contributed to dry conditions over the
northernmost part of South America and increased precipitation along the
coastal area of northeastern Brazil during the LIA. Hydroclimatic spatiotemporal
patterns during last millennium in other regions of South America remain
puzzling. The study also warns that caution should be exercised when
interpreting records reflecting annual means, as they may actually record
signals of seasonal variability rather than ITCZ shifts. This thesis contributes to
our understanding of past and future climate changes and terrestrial ecosystem



responses in South America, highlighting the importance of considering both
simulations and paleo records as neither available paleorecords nor state-of-
the-art models alone are conclusive, especially under extremely heterogeneous
and complex environmental conditions.

Keywords: Last Glacial Maximum. Simulation. Biomes. Future scenario. Paleo
Records. Last millennium. Atlantic Multidecadal Oscillation. Isotope-enabled
model. 5'%0.
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UMA PERSPECTIVA PASSADO-PRESENTE-FUTURO DAS MUDANGAS
CLIMATICAS E RESPOSTAS DO ECOSSISTEMA TERRESTRE NA
AMERICA DO SUL: CONHECIMENTOS DE SIMULACOES DE MODELOS E
RECONSTRUCOES PALEOCLIMATICAS

RESUMO

O objetivo principal da tese é fornecer uma perspectiva passado-presente-futuro das
mudancgas climéticas e respostas dos ecossistemas terrestres na Ameérica do Sul. A
primeira parte investiga a resposta da vegetagdo ao aumento da temperatura desde o
Ultimo Maximo Glacial (UMG) até a era pré-industrial. Para verificar os biomas mais
afetados e explorar como eles podem reagir ao aquecimento futuro, foi utilizado o
modelo do Potencial Vegetacional do Centro de Previsdo de Tempo e Estudos
Climéticos (CPTEC PVM2). Além disso, foram realizados experimentos de
sensibilidade para determinar a influéncia de cada parametro climatico na distribuicao
dos biomas, tanto para o LGM quanto para cenarios futuros. Os resultados para o
LGM indicam expansdo de campos no planalto sul brasileiro e a persisténcia da
Floresta Amazénica sob condicBes mais frias e secas. A Floresta Amazénica ocidental
e central permaneceram devido a anomalias negativas de temperatura, enquanto uma
reducdo na precipitacdo causou alteragdes na porcao leste. Os resultados reafirmaram
os estudos paleo que afirmam que as mudancgas na intensidade das mong¢des nao
podem ser usadas como o principal fator para mudancas/estabilidade da vegetacdo
em todo o bioma Amazonia, e que temperaturas mais baixas em combinagédo com CO,
substancialmente mais baixo sdo fatores de controle importantes durante o LGM. A
confiabilidade das anomalias de precipitacdo calculadas e da vegetacdo potencial
simulada para o LGM é validada com a compilacdo de 149 registros de vegetagéo e
hidroclima. Por outro lado, para o cenario futuro de aquecimento de +4°C, as
mudancas nos biomas serdo impulsionadas por alteragbes na precipitacdo. A
savana/Cerrado é projetada para expandir, enquanto a Floresta Amazénica, Floresta
Tropical sazonal e Caatinga podem diminuir. No cenario de aquecimento futuro, o
aumento das temperaturas com a reducdo da precipitacdo neutraliza o ganho
potencial de biomassa pelo efeito positivo da fertilizacdo de CO,. A tese também
investiga a Oscilacdo Multidecenal do Atlantico (AMO) como um possivel motor
principal de cenéarios de aquecimento/resfriamento e mudangcas na precipitagdo na
América do Sul durante o Ultimo milénio. Este estudo avalia a influéncia da AMO
usando a versao habilitada para isétopos do Modelo de Sistema Terrestre da
Comunidade, versdo 1.2 (iCESM1.2). O sinal de AMO derivado do modelo para a
regido sob a influéncia da Zona de Convergéncia Intertropical do Atlantico (ITCZ)
coincide com reconstru¢cdes de proxy, indicando mudancas na ITCZ durante a
Pequena Idade do Gelo (PIG). Uma implicacdo dessas descobertas é que uma
mudanca na forca central da ITCZ, causada por uma AMO fria persistente, pode ter
contribuido para condi¢cdes secas na parte mais ao norte da América do Sul e aumento
da precipitacdo ao longo da area costeira do nordeste do Brasil durante a LIA. Os
padrdes espécio-temporais hidrocliméaticos durante o Gltimo milénio em outras regides
da América do Sul ainda sdo enigmaticos. Esta tese contribui para nossa
compreensdo das mudancas climaticas passadas e futuras e respostas dos
ecossistemas terrestres na Ameérica do Sul, destacando a importancia de considerar
tanto simulacdes quanto registros paleo, ja que nem os paleoregistros disponiveis nem
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0s modelos por si s6 sao conclusivos. Insights em escalas e estados climaticos devem
contribuir para uma compreensao mais profunda das projec@es climaticas futuras.

Palavras-chave: Ultimo Maximo Glacial, Simulac&o, Biomas, Cenario futuro, Registros

paleo, Ultimo milénio, Oscilacdo Multidecenal do Atlantico, Modelo habilitado para
isétopos, 6180.
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1 INTRODUCTION

South America presents unique ecosystems with enormous biodiversity and
differing vulnerability to future climate change (IPCC, 2021). South America has
distinct rainy season from November to March, and dry season from May to
September. The main driver of this difference in precipitation between winter dry
and summer wet season is South America Monsoon System (SAMS) (VERA et
al., 2006; GARREAUD et al., 2009). Global warming is expected to alter
precipitation regime, by changing the timing or duration of the wet season, the
frequency and magnitude of extreme events in different regions of South
America (PASCALE et al., 2015; DUFFY et al., 2015; HOEGH-GULDBERG et
al., 2018; KONAPALA et al., 2020). Projected changes in hydroclimate, together
with increases in global temperature and carbon dioxide concentrations, will
certainly affect vegetation distribution and structure, by implying significant and
varied shifts in phenology (CLELAND et al., 2007), possibly disrupting
ecosystem services and decreasing biodiversity (ROOT et al., 2003;
GONZALEZ-OROZCO et al., 2016; AGUIRRE-GUTIERREZ et al., 2020). In the
case of the Amazon, a potential replacement of the forest by other types of
drought-resilient vegetation (i.e., tropical savanna) has been previously
hypothesized (NOBRE et al., 1991; OYAMA,; NOBRE et al., 2004; TRISOS et
al., 2020). Besides the risk of biome replacement, there is considerable amount
of evidences that show the risk of transforming some parts of the Amazon
Forest from a carbon sink into a carbon source (AGUIAR et al., 2016; QIN et al.,
2021; GATTI et al., 2021; LAPOLA et al., 2023). The consequences of one such
biome change would not only have a negative effect on biodiversity, but would
also affect the climate of other South American regions, potentially affecting
global climate (LENTON et al., 2008; LOVEJOY; NOBRE, 2018). Recent study
also shows that CO, physiological effect can cause rainfall decrease as strong
as large-scale deforestation in the Amazon (SAMPAIO et al., 2022). Besides
the Amazon forest, the Caatinga biome has been also identified as particularly
vulnerable to climate change (SEDDON et al., 2016). If these predictions were

to occur in the future, it would likely put pressure on existing water resources



and threaten agricultural and ecological security, with further implications on
biosphere and humans.

Literature confirms that is “extremely likely” that since the start of the industrial
era (about 1850 Common Era (CE)), the main cause of global warming is
increased emissions of greenhouse gasses (IPCC, 2021), which by far exceeds
the natural range of the last 650 kyr (SIEGENTHALER et al., 2005). While
shortness of instrumental records hinders direct attributions of observed
changes in hydrological variability and extremes to this anthropogenic forcing,
palaeoclimate and palaeoecological proxies (e.g. ice cores, speleothems, tree-
ring width and density, boreholes, charcoal records, lake sediments) provide
valuable insights into hydrological variability and environmental responses in
the past (BUSH et al., 2020). The most widely reported climate proxies with
high temporal resolution and precisely dated time series are records of
speleothem oxygen isotope composition (6180). These climate proxies are a
valuable source of information about magnitudes of extremes in the past and
thus could place recent hydrological extremes and projected changes for the
end-of-century into context. This rainfall-sensitive paleoclimate records inform
us about decadal to centennial or even longer-scale variations in magnitude and
frequency of
hydroclimate, as well as exceptionality of observed extremes (STRIKIS et al.,
2015; STEIGER et al., 2021; COOK et al., 2022). Nevertheless, proxies provide
evidence-based insights into timing of precipitation or temperature changes, but
identification of the underlying spatial patterns of those changes, as well as
factors behind climate shifts, is hardly possible without model simulations.

Climate models are constantly improved (FLATO et al.,, 2011). When we
evaluate them, we actually evaluate their accuracy in simulating a particular
point in history, by comparing simulations with the instrumental climate record of
the last 100-150 years. However, even when models reproduce the general
features of observed climate; this is not guarantee for an accurate simulation of
a different climate state. This is mostly because climate models are
parameterized and calibrated to reproduce the instrumental record (HOURDIN

et al., 2017). Climate reconstructions from the so-called pre-instrumental period



can thus serve for out-of-sample evaluation of climate models (HARRISON;
BARTLEIN, 2012). Therefore, simulations of the periods with wide range of
variations in climate forcings and responses, give us valuable clues of models’
performance in reproducing climate across different scales and climate states
(BRACONNOT et al., 2012; NOLAN et al., 2018). If models are able to simulate
both historical period and past climate changes, then we gain more confidence

in projections for the end of the twenty-first century.

In the last decades, the Coupled Model Intercomparison Project (CMIP)
coordinated a series of past climate experiments in order to evaluate the ability
of climate models to simulate past scenarios and to test a model’s response to
forcings. Since the beginning of CMIP, the Last Glacial Maximum (LGM) has
been considered an important period for understanding Earth's systems
(MEEHL et al., 2005). The LGM is the most recent global cold extreme period,
placed between 26 500 and 19 000 years before present (CLARK et al., 2009).
It has a clear longterm global signature, for which radiative forcings, boundary
conditions and climate responses are relatively well known. The most important
characteristic of the LGM is global cooling under relatively small change in
orbital forcing (BERGER, 1978). Due to global cooling ice sheets in the
Northern Hemisphere reached their maximum in extent and volume (ca 3000 m
over North America), but there is currently no consensus about the form of the
LGM ice sheets (ABE-OUCHI et al., 2015). Simultaneously, the ~ 120 m lower
global sea level (KHAN et al.,, 2019) characterized LGM. Greenhouse gas
concentrations were also lower: 350 ppb for CH,4, 200 ppb for N,O and 180 ppm
for CO,, and additionally contributed to the cooling (SIEGENTHALER et al.,
2005).

Proxy based data of global LGM cooling give us wide range of estimates, from
-1.7 °C to —-8.0°C (SCHNEIDER VON DEIMLING et al., 2006; SCHMITTNER et
al., 2011; ANNAN; HARGREAVES, 2013; TIERNEY et al., 2020). Models
compiled in the Palaeoclimate Modeling Intercomparison Project phase 3 /
Coupled Model Intercomparison Project phase 5 (PMIP3/CMIP5) (TAYLOR et
al., 2012) in general agree about the sign and magnitude of temperature
change for the LGM. The PMIP3/CMIP5 models simulate a LGM cooling of -5.9



to -3.1°C (ARIAS et al., 2021). The most recent study (KAGEYAMA et al.,
2021) showed that the simulations from the PMIP4/CMIP6 (KAGEYAMA et al.,
2017) span larger range, but, the multi-model global cooling average is similar
for the PMIP4 and PMIP3 ensembles (KAGEYAMA et al., 2017).

In contrast to temperature, PMIP3 models show large discrepancies in
precipitation patterns for the LGM (HARRISON et al.,, 2015). This lack of
consensus about the LGM precipitation persisted in the most recent PMIP4
simulations (KAGEYAMA et al., 2021). Discrepancies between models came
mostly from systematic differences (in special physical parametrizations and
vertical and horizontal resolution) and the complexity in simulating precipitation
(YIN et al., 2013).

Although the climate was very different from the present one, the estimated
global mean warming since the LGM to the present time is of a similar
magnitude to the upper range of CMIP5 projections for the end of the twenty-
first century (COLLINS et al., 2013). Thus, the LGM provides the rare
opportunity to test the vegetation response to a temperature increase from the
LGM to the present, and then use this knowledge to project and to explore the
consequences of potential future warming. However, much uncertainty still
exists about the precipitation in the LGM. It is worth bearing in mind that
precipitation biases in models inflict bias in vegetation modeling. Distinct
precipitation projections lead to distinct vegetation responses in models.
Therefore, the assessment of paleovegetation based on outputs from one
climate model (e.g. LEITE et al., 2016; COSTA et al., 2018) can lead to false
estimation of vegetation distribution. Thus, prior to discussing the vegetation
simulations for the LGM and further future warming, especially under extremely
heterogeneous and complex environmental conditions like in South America, it

is first necessary to validate the climate simulations using paleoclimate proxies.

On the other hand, the multiple climatic variables influenced each archive and
proxy. Although powerful resource for the precipitation reconstruction, the
relationship between precipitation and cave drip water §'®0 is complex and

influenced by several factors, such as temperature of condensation,



atmospheric humidity, precipitation amount and dominant moisture source
region (DANSGAARD, 1964; LACHNIET et al., 2009). Besides complex spatio-
temporal interactions of all these factors, speleothem oxygen isotopes are
strongly shaped by dynamics (changes in winds) and thus signals are not
always regionally coherent (BAKER et al., 2019). Although the number of
available speleothem records from South America significantly increased in the
last two decades, climate reconstruction for South America is still difficult,
mostly due to the sparseness of the available proxy data (COMAS-BRU et al.,
2020). That is why the estimates of hydrological conditions in the LGM in South
America come mostly from fossil pollen observations and vegetation
reconstructions. Nevertheless, when we evaluate the regional precipitation of
the LGM based on the vegetation reconstructions we must take into account the
effect of low CO, on water-use efficiency (COWLING; SYKES, 1999;
PRENTICE; HARRISON, 2009; SCHEFF et al., 2017). That is, estimates based
on vegetation reconstructions are potentially dry biased by low CO; levels due
to neglecting the negative effect of low CO, on water use efficiency (PRENTICE
et al, 2022). However, isolating the direct impact of each parameter (i.e.
temperature, precipitation and COy) is not easy, as none of these factors can be
considered in isolation. Thus, to generate continuous maps of precipitation over
South America for LGM is currently not possible using a strictly proxy-driven
approach. This indicates that neither available paleorecords nor state-of-the-art
models alone are conclusive, and that it is crucial to employ both while
reconstructing past biomes.

Studies also explore the change of central feature of tropical rainfall, a narrow
band known as the intertropical convergence zone (ITCZ). Arbuszewski et al.,
(2013) suggest that ITZC migrated about 7° southward of their present position
during the LGM. On the other hand, Mcgee et al., (2014) found only slight shift
of likely <1°. The most recent study (WANG et al., 2023) shows that LGM ITCZ
significantly shifted southward, narrowed, and weakened both at global and

regional scales relative to the preindustrial period.

According to Haug et al., (2001) the ITCZ underwent another southward shift

during the period known as the Last Millennium (LM), which spans from 850 CE



to 1849 CE and is characterized by stable CO, levels at approximately 280 ppm
(JONES; MANN, 2004). Notably, the LM period is distinguished by two
prolonged intervals of anomaloustemperatures: the Medieval Climate Anomaly
(MCA) from around 950 to 1250 CE, characterized by warmer global
temperatures, and the subsequent Little Ice Age (LIA) spanning approximately
1450 to 1850 CE, characterized by cooler global temperatures. The definitions
of these periods were provided by the Intergovernmental Panel on Climate
Change (IPCC) in 2013, but the exact timing of the MCA and LIA remains a
topic of ongoing debate among researchers.

Studies suggest that although temperatures did not fluctuate uniformly, the
MCA in some regions might be as warm as much of the twentieth century
(PAGES 2K CONSORTIUM, 2013). By contrast, the LIA was the last cold event
recorded worldwide and referred to as mini glaciation (WANNER et al., 2011).
The cooling was likely caused by several factors, including clusters of volcanic
eruptions, weak solar activity during specific periods, and interactions within the
climate system. These processes and feedbacks contributed to the abrupt
cooling (TOOHEY; SIGL, 2017; OWENS et al., 2017; SMIRNQV et al., 2017;
BREHM et al., 2021; BRONNIMANN et al., 2019; HEGERL et al., 2011;
MILLER et al., 2012; SCHLEUSSNER; FEULNER, 2013; SLAWINSKA,
ROBOCK, 2018; SUN et al., 2022). However, the recent study by Lapointe and
Bradeley (2021) offers an explanatory hypothesis that the LIA was preceded
and potentially triggered by an exceptional intrusion of warm Atlantic water into
the Nordic Seas in the late 1300s that allowed the large volume of ice to be

exported into the North Atlantic.

Signals of these two temperature anomalies are well-recognized and
extensively documented in records from the mid-to-high latitudes of the
Northern Hemisphere (GROVE, 2001; MANN, JONES, 2003; MANN et al.,
2009; WANNER et al., 2022). The most remarkable implication of LIA cooling
was that glaciers in most of the highest mountains worldwide reached their
greatest volumes over the last 10 000 years (BRADLEY; JONES, 1993;
WANNER et al., 2022). Although these anomalies varied on small scales, both

spatially and temporally, focusing more narrowly on the LM is of particular



relevance to future assessments of climate, as this shift in the climate system
occurred right before anthropogenic forcing became the significant factor in

shaping climate.

Over the past two decades, numerous studies (APAESTEGUI et al., 2014;
AZEVEDO et al., 2019; BIRD et al., 2011; LUNING et al., 2019; NEUKOM et al.,
2011; NOVELLO et al.,, 2012; NOVELLO et al., 2018; REUTER et al., 2009;
VUILLE et al., 2012; UTIDA et al., 2019) have presented increasing evidence
for the existence of both the Medieval Climate Anomaly (MCA) and the Little Ice
Age (LIA) in South America. Climate variability over the LM and the relative
contributions of internal climate variability and externally forced changes have
been studied using outputs from fully coupled global climate models (SCHMIDT
et al., 2011; JUNGCLAUS et al., 2017; OTTO-BLIESNER et al., 2016; BRADY
et al.,, 2019). Simulations, however, do not show very strong temperature
anomalies over these two specific periods in South America, nor clear
precipitation anomalies (ROJAS et al., 2016). Due to relatively scarce proxy
data, climatic spatiotemporal patterns of the MCA and LIA in South America

remain puzzling.

Sediment, pollen analyses and speleothems reconstructions (FLANTUA et al.,
2015; CAMPOS et al.,, 2019; ORRISON et al.,, 2022) suggest regionally
contrasting patterns of hydrological changes in South America. Previous
research has established that in regions under monsoon influence an
anomalously drier climate prevailed during the MCA, in contrast to anomalously
wetter conditions during the LIA (CAMPQOS, et al., 2019). Proxy evidence also
suggests a more southerly position of the monsoon convective axis during the
LIA (NOVELLO et al., 2018). Reconstructions from the Northeast Brazil region
show that MCA was characterized by an abrupt transition from wet to dry
conditions that persisted until the onset of the LIA (UTIDA et al., 2019). The
results inferred from the sedimentary concentrations of titanium (HAUG et al.,
2001), show widespread aridity during LIA in the northern regions of South
America and drought conditions in the Cariaco Basin. According to Peterson
and Haug, (2006) these conditions are best explained by the meridional shift of
the ITCZ. SACHS et al. (2009) suggested that the southward ITCZ shift during



the LIA was approximately 5°. Previous simulation indeed showed that minor
changes in SST could influence ITCZ position. The SST change of ca. 0.2 -
0.3°C drive southward (northward) shift in the austral summer (winter), induced
seasonal changes in precipitation over Western Amazon and Northeast Brazil,
but minor change in the annual mean position of the precipitation band
(MAKSIC et al., 2019; SHIMIZU et al., 2020). It is worthwhile mentioning that
speleothem records are not able to capture changes on seasonal scales (e.g.
CRUZ et al., 2009; PRADO et al., 2013; STRIKIS et al., 2011; WANG et al.,
2004) and indicate only southward displacement of the ITCZ for the mid-

Holocene, but no evidence of seasonal variation.

The meridional shift of ITCZ has also been suggested as a mechanism through
which the Atlantic Multidecadal Oscillation (AMO) influences precipitation in
present time (KNIGHT et al., 2006, TING et al., 2011, LEVINE et al., 2018).
Indeed, Lapointe et al., (2020) highlights the period of LIA as the longest and
most persistent period with a cold anomaly in the North Atlantic. This supports
the hypothesis of ITCZ shifting during LIA to a more southerly position of
present-day mean (HAUG et al., 2001; BIRD et al., 2011; ZHANG et al., 2019).
The observational data of §'®0 of precipitation in the International Atomic
Energy Agency-Global Network of Isotopes in Precipitation (IAEA-GNIP)
database are unfortunately short (initiates in 1960), discontinuous, and spatially
scarce to allow unraveling the relationship of isotope signals and modern
decadal/centennial modes (LACHNIET, 2009; BAKER et al., 2019). Although
the scientific literature frequently explains the changes in 80 signals in
speleothem records from LM in the context of zonally uniform northward and
southward shifts of the mean position of the ITCZ in consequence of
interhemispheric balance of energy inputs to the atmosphere, this is by no
means assured (ROBERTS; VALDES, 2017; BIASUTTI; VOIGT, 2020;
MAMALAKIS et al., 2021). This hypothesis has recently also been challenged
by synthesis of paleoclimate records from Central America which show
significant spatial variability in hydroclimate during LIA. Steinman et al. (2022)
and Asmerom et al. (2020) argue that ITCZ shift cannot be the main driver of

inferred precipitation patterns. Despite the relative consensus in the literature



that ITCZ shift controled precipitation over the LM, existing paleoclimate data
suggest much more complex evolution of hydroclimate within South America
(ORRISON et al., 2022; MEDINA et al., 2023) that goes beyond changes in

mean position of the ITCZ.

To better understand the AMO and whether the signals in paleo records could
be influenced by AMO, that is, how AMO is reflected on §'80 of precipitation

requires use of isotope-enabled models.

As previously discussed, insights across scales and climate states should
contribute to a deeper understanding of future climate projections. Therefore,
the main objective of this thesis is to provide a past-present-future perspective
of climate changes and terrestrial ecosystem responses in South America,
analyzing both simulations and records-based reconstructions. Thus, this thesis

intends to:

1. Test the vegetation response to a temperature increase of approximately
4°C from the Last Glacial Maximum to the pre-industrial period, and then
use this knowledge to project vegetation response on an additional 4°C

of potential future warming.

2. Establish the relationship between specific forcings and observed

responses in both past and future projections.

3. Investigate scenarios of warming/cooling in the period right before the
anthropogenic warming of the 20th century and the Atlantic Multidecadal
Oscillation as potential major driver of precipitation changes in South

America.

This thesis is composed of three themed chapters (chapters 2, 3, and 4).
Chapter Two evaluates vegetation response to a temperature increase of
approximately 4°C from the LGM to the pre-industrial, and to an additional 4°C
of potential future warming. Three analyzes the influence of the AMO on South
American atmosphere, dynamics and precipitation. Four analyzes the results of
simulated isotopic fingerprint of AMO and paleoclimate reconstructions of the

LM. Thesis chapters Two and Three are amended versions of published



papers. The published papers are in the appendix. Finally, chapter Five
presents the general conclusions of the research.
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2 BRAZILIAN BIOMES DISTRIBUTION: PAST AND FUTURE

2.1 Introduction

During the LGM global climate was significantly different from modern (i.e., pre-
industrial) climate. Since the LGM, the atmosphere warmed and given climate
models projections, warming will certainly continue in the coming decades. The
global mean warming since the LGM is of a similar magnitude to the upper
range of Coupled Model Intercomparison Project phase 5 (CMIP5) projections
for the end of the twenty-first century (COLLINS et al., 2013). This provides the
rare opportunity to test the vegetation response to a temperature increase of
approximately 4°C from the LGM to the pre-industrial, and then use this
knowledge to project vegetation response on an additional 4°C of potential
future warming. Hereafter, the LGM will also be referred to as the “-4°C”
scenario and the end-of-century scenario will also be referred to as “+4°C”. In
this study, the potential vegetation of Brazil is simulated for both scenarios in
order to verify the most affected biomes and explore the extent of biome
changes with temperature increase in each scenario. With the aim to determine
the main drivers behind vegetation changes sensitivity experiments were
conducted. By isolating each factor (CO,, precipitation and surface
temperature), the sensitivity experiments allowed us exploring the influence of
each factor over vegetation for both scenarios. In addition, biome projections for
the past are compared with a compilation of 149 published reconstructions of

climate and vegetation within Brazil and adjacent areas.

2.2 Data and methods

In the chapter that follows, | present a description of the model data selected for
the temperature and precipitation analyses, as well as the methods used for
vegetation projections and compilation of proxy data from paleoclimate archives

used for model validation.

2.2.1 Past and future climate simulations

With the aim of analyzing the maximum number of models compiled in the

Coupled Model Intercomparison Project phase 5 (CMIP5) / Palaeoclimate
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Modeling Intercomparison Project phase 3 (PMIP3) (TAYLOR et al., 2012), we
used all the models that were available at the moment of analysis at the British
Atmospheric Data Centre (BADC) and had both past and future scenario
outputs. Climate scenarios for both past and future were extracted from the
following models: CCSM4, CNRM-CM5, FGOALS-g2, GISS-E2-R, IPSL-CM5A-
LR, MIROC-ESM, MPI-ESM-P, and MRI-CGCMS3. Models references are given
in the Table 2.1.

Table 2.1 - CMIP5 Earth system models analyzed in this study, with the atmospheric
resolution (lat x lon grid; number of vertical levels), references and
experiments.

Model References Grid Experiments
Historical, LGM
(o] O- ) y
CCsSM4 Gent et al. 2011 1.25° x 0.9°; 27 RCPS.5
. Historical, LGM
- —~ o] 0O- L] ]
CNRM-CM5 Voldoire et al. 2013 1.4°x 1.4° 31 RCPS.5
FGOALS-g2 Li et al., 2013 2.89x2.8° Historical, LGM
GISS-E2-R Schmidt et al. 2014 2°x 2.5°; 40 Historical, LGM
IPSL-CM5A-LR | Dufresne et al. 2013 | 1.9° x 3.750: 39 H'Stgggg ;GM’
MIROC-ESM Watanabe et al. 2011 | 2.8°x 2.8° 80 Historical, LGM
MIROC5 Watanabe et al. 2010 0.79° x1.41° Historical, RCP8.5
MPI-ESM-P Giorgetta et al. 2013 | ~1.9°x 1.9% 47 Historical, LGM
MPI-ESM-LR Giorgetta et al. 2013 | ~1.9°x 1.99; 47 Historical, RCP8.5
. Historical, LGM
- —~ (0] O- ’ ]
MRI-CGCM3 Yukimoto et al. 2012 0.9° x 0.9°; 48 RCPS 5

Here are analyzed the results of eight CMIP5 Earth system models for the past,
present and future climates obtained from the British Atmospheric Data Centre
(BADC). The parameters for these climate simulations were defined by the
protocol established by the Coupled Model Intercomparison Project phase 5
(CMIP5; TAYLOR et al. 2012), which is a series of coordinated experiments to
evaluate the ability of climate models to simulate past scenarios and assess the
sensibility of the climate to changes in atmospheric composition and biosphere.
Here are analyzed the results from the Historical, LGM and RCP8.5 CMIP5
experiments, which are briefly described below.

The Historical experiment covers the period between 1850 and at least 2005,
and it aims to evaluate the model performance against the present climate and

observed climate change. External forcings include observed greenhouse
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gases concentration, solar forcing, volcanic activity, ozone, and aerosols. The
LGM experiment is a climate simulation for 21,000 year ago (21ka), with
imposing conditions consistent with the Paleoclimate Modeling Intercomparison
Project phase 3 (PMIP3) specifications (BRACONNOT et al. 2012). Excluding
global mean insolation, the LGM external forcings are significantly different from
the Historical ones: global ice was at its maximum, atmospheric dust was very
high, greenhouse gas concentrations were low, and sea level was at its
minimum (~ 120m lower). The RCP8.5 simulation (RIAHI et al. 2011) provides
estimates of future anthropogenic climate change for future scenario of
increasing radiative forcing until ~8.5 W m-2 near ~2100. The LGM and RCP8.5

CMIP5/PMIP3 experiments are used as nearly opposite scenarios.

As models differ in type, configuration, parameterization and resolution,
projections for some regions differ significantly among them (KNUTTI;
SEDLACEK, 2013). In order to diminish those differences, the model data were
converted to the same spatial resolution, and the multi-model ensemble mean
was calculated. The surface air temperature and precipitation, both single
model and multi-model ensemble mean, are evaluated and analyzed in
comparison with the Historical experiment. The LGM experiment was used for
the -4°C scenario and the 30-year average monthly mean for temperature and
precipitation were calculated. The RCP8.5 experiment is used for the +4°C
scenario. The + 4°C period for each model is determined separately, where the
+4°C period is defined as the time when the global mean temperature reaches
+4°C compared to the Historical run (1850-2005) (as in VAUTARD et al., 2014).
This method was adopted to reduce uncertainty originating from the different
climate sensitivity of a model and analyze +4°C warmer global climate in terms
of temperature and precipitation distribution, independently of the period of the

century when it could occur.

2.2.2 Past and future biomes distribution

The outputs of the climate simulations described in the previous section were
used to force the Center for Weather Forecasting and Climate Studies Potential
Vegetation Model version 2 (CPTEC-PVM2; LAPOLA et al., 2009) and produce
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equilibrium vegetation projections. This model can reproduce the main South
American biomes like tropical forests over Amazonia and the Atlantic coastal
region, savannas over central Brazil (‘cerrado’), dry shrublands (‘caatinga’) over
northeastern Brazil and the Chaco region, grasslands over the Pampas, and
semi-desert vegetation over Patagonia (OLSON et al., 2001). Model resolution
in this study is 1° lat x 1° lon. To perform the potential vegetation simulations for
the -4°C and +4°C scenarios as well as sensitivity experiments for each
scenario, the climatology from CMIP5 models described in the previous section
have been used. To filter out the effect of the systematic errors from the
different models (MUELLER; SENEVIRATNE, 2014), the CPTEC-PVM2 model
was initialized with the 1961-1990 observed climatology (WILLMOTT,;
MATSUURA, 2001) and then were added the anomalies (i.e., experiment minus
present) for each scenario, following the anomaly coupling procedure
(KUTZBACH et al., 1998). Both single model and multi-model ensemble mean
climatologies are considered, but as the multi-model ensemble means of
present-day climate agrees better with observations than any single model
(TEBALDI; KNUTTI, 2007), and in order to decrease the range of climate
models uncertainty, final analyses of biome projections were based on runs with
the multi-model ensemble mean anomalies input. Regarding the concentration
of CO,, the -4°C and the +4°C scenarios used 180 ppm and 900 ppm,
respectively (KAGEYAMA et al., 2017) (Table 2.2).

To perform the potential vegetation simulations for Present scenario the
CPTEC-PVM2 model was initialized and calibrated with the 1961-1990
observed monthly climatology Willmott and Matsuura, 2001(WM), that is:
(precWM+tempWM) with CO,=350ppm. To perform the potential vegetation
simulations for the -4°C and +4°C scenarios the CPTEC-PVM2 model was
initialized with the observed monthly climatology plus the monthly fields of multi-
model ensemble mean anomalies (MME) for each scenario: (precWM + MME-
4)+(tempWM + MME-4) with CO, = 180ppm for the LGM or (prec WM +
MME+4)+(tempWM + MME+4) with CO, = 900ppm for the future.
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Table 2.2 - Inputs used for the Center for Weather Forecasting and Climate Studies
Potential Vegetation Model version 2 (CPTEC-PVM2) experiments.

Experiment | CO, (ppm) Precipitation Temperature
Present 350 Willmott and Matsuura, Willmott and Matsuura,
2001; (WM) 2001; (WM)
-4°C 180 WM + MME anomalies WM + MME anomalies
(LGM) from scenario - 4 °C from scenatrio - 4 °C
+4°C 900 WM + MME anomalies WM + MME anomalies
(Future) from scenario + 4 °C from scenario + 4 °C

Note: For the Present experiment the model was forced with surface temperature and
precipitation from the Willmott and Matsuura (2001)(WM) data set. For the - 4 °C
scenario (representing the Last Glacial Maximum (LGM)) and the +4 °C scenario
(representing +4 °C Future) with added anomalies from the multi-model ensemble
mean (MME).

In the case of sensitivity experiments, only one parameter has been changed.
For example, in performing sensitivity simulations for the LGM precipitation the
setup was (precWM + MME-4) + (tempWM) with CO,=350ppm; or, in
performing sensitivity simulations for the LGM CO, the setup was (precWM+
tempWM) with CO, = 180ppm.

To determine the influence of each climate parameter on biome distribution,
sensitivity experiments for both -4°C and +4°C scenarios were run, considering
the anomalies of CO,, precipitation and temperature separately. How biome
projections and sensitivity experiments were performed in each case is depicted
in the Table 2.3.
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Table 2.3 - Description of sensitivity experiments performed with the Center for Weather
Forecasting and Climate Studies Potential Vegetation Model version 2 (CPTEC-
PVM2).

Sensitivity CO, |CO, | CO, |PREC | TEMP | PREC | TEMP | PREC TEMP
180 350 900 from from WM WM WM WM
ppm | ppm | ppm WM WM +MME | +MME | +MME +MME

(-4°C) | (-4°C) | (+4°C) (+4°C)

experiment

-4°C (LGM)
CO,

-4°C (LGM)
PREC

-4°C (LGM)
TEMP

Present

+4°C
(Future)
CO,

+4°C
(Future)
PREC

+4°C
(Future)
TEMP

2.2.3 Compilation of proxy data from paleoclimate archives

For this study the compilation of 107 published hydroclimate records from
tropical South America made by Zhang et al. (2016) was updated. All their
records that cover the LGM were considered and new ones, published since
then, that showed vegetation, hydroclimate and environmental reconstructions
were added. Compilation of 149 published vegetation and hydroclimate records
(MAKSIC et al., 2021) with their respective references can be found in Table
A.1l or at https://doi.org/10.1594/PANGAEA.927527. Original chronologies of all

paleorecords were used. To evaluate the dating quality of the compiled records,

| applied a chronological reliability index. The Chronological reliability index
(CRI) is based on age model properties and sampling resolution of each record,
where higher CRI values indicate more reliable paleorecords (PRADO et al.,
2013; ZHANG et al., 2016). CRI is a semiquantitative approach that simply
involves the computation of an arithmetic mean, where the same weight is given
to the calibration, sampling resolution and the sample age model. This index,

established by Prado et al. 2013, simply involves the computation of an
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https://doi.org/10.1594/PANGAEA.927527

arithmetic mean, where the same weight is given to calibration (C), sampling
resolution of each record (R) and dating (D):

CRI =(C + R + D)/3 2.1)

where C equals 1 if ages are calibrated, or O if they are not calibrated; D
(dating) is the number of age control points within LGM(19-23ka), divided by 10;
R (resolution) refers to the mean number of total samples per entire core length

ratio, as given:
R ={ 0.1 for ratio between 0.01 and 0.1

0.2 for ratio between 0.11 and 0.2

11.0 for ratio between 10.01and 11.00}.

The temporal proximity of the LGM to two Heinrich Stadials (namely Heinrich
Stadial 2 and Heinrich Stadial 1) make the CRI particularly necessary, since
Heinrich Stadials are thought to have substantially altered the distribution of
Brazilian biomes (e.g., WANG et al., 2004; BOUIMETARHAN et al., 2018;
PINAYA et al., 2019).

In order to compare the results from the compilation with model simulations,
categories for precipitation and vegetation (biome) changes based on the
original interpretations of the authors have been defined. In the case of
precipitation, anomalies are expressed as the difference between LGM and
present time, and the categories are “drier”, “wetter” and “unclear”. Also for
vegetation anomalies are expressed as the difference between LGM and
present time, and the categories are “change”, “no change” and “unclear”.
Although this approach has been used in other studies, this simplification can
result in an agreement between the proxy record and the model scenario even
in case when they show opposite signals, so description of change and change

evidence is specified in the compilation.
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2.3 Results

2.3.1 Validation of the climate simulations for the -4°C scenario using

paleoclimate proxies

To validate multi-models ensemble mean for the -4°C scenario, it is compared
with  the  proxy compilation (see Proxy = Compilation  Table
https://doi.org/10.1594/PANGAEA.927527). Figure 2.1 shows multi-models

ensembles mean and single model anomalies of annual precipitation
(mm/month) calculated for the -4°C in comparison with the Historical multi-
model ensemble. As can be seen from the Figure 2.1 fully coupled models still
show a large spread on the anomalies. The calculated multi-model ensemble
mean (Figure 2.1a) diminishes those differences. However, even the calculated
multi-model ensemble mean precipitation anomaly shows some discrepancy in
paleo precipitation reconstructions. Higher precipitation simulated along the
Andes is consistent with lake and ice core records. The simulated anomaly over
equatorial South America corroborates the findings from 39 records between
10°N and 10°S that suggest a drier LGM. Over the SAMS region, simulated
precipitation increase is in agreement with 4 high-resolution speleothem-based
records. However, 10 other reconstructions, mostly estimations from biological
proxies between 10°S and 20°S, appear to contradict the increased activity of
the SAMS. Still, the comparison with 20 paleorecords south of 20°S shows high
consistency and indicates a reduction in precipitation (for full details about

proxies see Proxy Compilation).
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Figure 2.1 - Difference between scenario -4°C and Historical multi-models ensembles
mean of annual precipitation (mm/month) calculated from models: (b-i)
CCSM4, CNRM-CM5, FGOALS-g2, GISS-E2-R, IPSL-CM5A-LR, MIROC-
ESM, MPI-ESM-P, MRI-CGCMS3; Shaded areas correspond to drier
(wetter) conditions; Proxies (MAKSIC et al., 2021) are marked with the red
(blue) dots representing drier (wetter) conditions, grey color of dots
represent neutral conditions; Dots size represent chronological reliability
index ( CRI<1e, 1<CRI<3 0O, CRI>3@).
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2.3.2 Climate simulations

From the Figure 2.2 it is apparent that model-to-model differences in the forced
response are present in +4°C scenario as well. It can be seen that projections
for some regions differ significantly. In order to diminish those differences and
decrease the range of climate models uncertainty, analyses and further biome
simulations are based on the calculated multi-model ensemble mean (Figure
2.3).
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Figure 2.2 - Annual precipitation (mm/month) and temperature (°C) differences
between the RCP 8.5(+4°C) and Historical scenarios from models (a-f)

CCSM4, CNRM-CMS5, IPSL-CM5A-LR,MIROC-ESM, MPI-ESM-P, MRI-
CGCM3.
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Figure 2.3 shows the annual mean precipitation and temperature anomaly fields
from the multi-model ensemble calculated for the -4°C and the +4°C scenarios
in comparison with the Historical multi-model ensemble mean. A comparison
reveals that for the -4°C scenario there is a negative precipitation anomaly over
the tropical region (0°-10°S) (Figure 2.3a). The highest precipitation reduction of
more than 14 mm/month has been projected for the northwestern sector of
Amazonia. Multi-model ensemble mean anomaly also suggests increased
precipitation, higher than 10 mm/month, over the southeastern portion of the
South American Monsoon System region (50°W-40°W, 10°S-28°S) (Figure
2.3a). For the +4°C scenario a precipitation decrease of ~14 mm/month is
projected for the eastern equatorial Brazil (i.e., the region around the Marajo
island). Central Brazil shows a weak positive anomaly of 2 to 4 mm/month,
while precipitation increase (~20 mm/month) is the highest over southern Brazil,
below 20°S (Figure 2.3b). Temperature projections for both scenarios are more
uniform, with more than 70% of agreement among models over the entire Brazil
(Figure 2.3c, d). Temperature anomalies show generally higher values inland

than in the coastal regions, with regional variations of approximately 2°C.
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Figure 2.3 - Annual mean precipitation (mm/month) (a-b) and temperature (°C) (c-d)
fields from the multi-model ensemble mean differences calculated
between the -4°C scenario (a, ¢) and the +4°C scenario (b, d) in
comparison with Historical simulations. Stippling represents areas where
at least 70% of the models agree with the sign of the difference.
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2.3.3 Simulated biome changes for -4°C and +4°C scenarios

Figure 2.4 shows CPTEC-PVM2 vegetation equilibrium solutions based on
long-term mean monthly climate variables for the -4°C scenario, Present (1961—

23



1990) climate, and the +4°C scenario. The simulation of the -4°C scenario
indicates a distinct difference in southern Brazil (60°W—-40°W, 20°S-35°S) in
comparison with the Present simulation (Figure 2.4a, b) suggesting grassland
expansion. In northeastern Brazil, Open shrubland/Caatinga is rearranged and
its central part is transformed in semi-desert (Figure 2.4a). While western
Amazonia persisted as a tropical forest with no substantial changes, eastern
Amazonia was transformed into tropical seasonal forest. Tropical seasonal
forests with savanna patches are also simulated in northern Amazonia (65°W-—
55°W, 5°N-0°). The simulation of the +4°C scenario shows an expansion of
Savanna/Cerrado, replacing most of the open shrubland/caatinga simulated
from the Present conditions (Figure 2.4b, c). The eastern part of the tropical
evergreen forest of Amazonia is replaced with patches of savanna that reach
55°W, while the +4°C scenario conditions favor tropical evergreen forest

expansion over southern Brazil.

Figure 2.4 - Distribution of Brazilian biomes projected by the Center for Weather
Forecasting and Climate Studies Potential Vegetation Model version 2
(CPTEC-PVM2) for a) the -4°C scenario (representing the Last Glacial
Maximum), b) Present (1961-1990) climate, and c) the +4°C scenario
(representing RCP8.5 experiment period when the 30-year average
global mean temperature reaches +4°C compared to the Historical run).
The color scale displays different biomes.
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2.3.4 Validation of the biome simulations for the -4°C scenario using

paleovegetation proxies

Most regions where the CPTEC-PVM2 model projected biome changes for the -
4°C scenario are in high agreement with paleovegetation proxies (Figure 2.4).
From 149 proxy data present in the compilation, where 77 deal with changes in
vegetation, 49 vegetation proxies matching the changes suggested by the
model. However, while paleorecords from southern and eastern Amazonia are
in accordance with the model output, four paleorecords from the core of the
Amazon forest contradict model projections (for full details see Proxy
Compilation).
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Figure 2.5 - Differences between biome projection for the -4°C (representing the Last
Glacial Maximum) scenario and Present. Grey fields represent areas
where the Center for Weather Forecasting and Climate Studies Potential
Vegetation Model version 2 (CPTEC-PVM2) projection for the -4°C
scenario and for the Present differ from each other. The approximate
location of compiled vegetation proxy sites is presented by circles.
Red(black) circles indicate vegetation change (no change), brown circles
indicate unclear signals. The size of the circles are defined by the
Chronological Reliability Index (CRI), indicating the reliability of the
paleorecord (the higher the CRI value, the more reliable the paleorecord).
For full details about proxies see
https://doi.org/10.1594/PANGAEA.927527.
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2.3.5 Sensitivity experiments

Sensitivity experiments were performed to evaluate the specific influence of
precipitation, temperature and CO, over vegetation. Figure 2.6 shows that CO,
and/or precipitation reduction of the -4°C scenario are able to induce ample
changes in a large part of Amazonia and northeastern Brazil. The CO;
reduction turns the Tropical evergreen forest into a less productive Tropical

seasonal forest and enlarges the occurrence of Open shrubland/Caatinga
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vegetation (Figure 2.6a). Changes in precipitation from the -4°C scenario drive
Savanna/Cerrado expansion and produce great reduction of Tropical evergreen
forest in the eastern and southern Amazonia (Figure 2.6b). Past temperature
decrease in the -4°C scenario, in turn, mostly decreased the occurrence of
Open shrubland/Caatinga, with a positive effect in the occurrence of Tropical
evergreen forest (Figure 2.6c).

In the case of the future +4°C scenario, Tropical evergreen forests substantially
expand its occurrence with elevated CO,. Future precipitation anomalies induce
Tropical evergreen forest reduction in Tropical evergreen forests to the north of
the equator and the occurrence of semi-desert vegetation in northeastern Brazil.
Future temperature increase of 4°C causes Tropical evergreen forest to be
completely replaced by less productive biomes, while large extensions of
Savanna/Cerrado turns into Open shrubland/Caatinga, and the occurrence of

semi-desert vegetation over northeastern Brazil is increased.
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Figure 2.6 - Sensitivity simulations for biome distribution projected by the Center for

Weather Forecasting and Climate Studies Potential Vegetation Model
version 2 (CPTEC-PVM2) for a) the -4°C scenario (representing the Last
Glacial Maximum) and b) the +4°C scenario (representing RCP8.5
experiment period when the average global mean temperature reaches
+4°C compared to the Historical run). Anomalies of the CO,, precipitation
and temperature were considered separately for the -4°C scenario (upper
panels) and +4°C conditions (lower panels). The color scale displays
different biomes. Details about sensitivity experiments are given in the
Table 2.3.
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2.4 Discussion

2.4.1 Biome simulations: from the -4°C scenario to the Present

Prior to discussing the biome simulations, it is worth noting that although

CMIP5/PMIP3 models improved the representation of physical processes and
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resolution if compared to earlier intercomparison phases, some climatic
processes are still simulated with high uncertainties (e.g., precipitation, clouds,
aerosols, air—sea interactions), and some regional and seasonal climatology
biases persist (KUMAR et al., 2014; WANG et al., 2014; ADAM et al., 2017).
Models have clearly succeeded in reproducing the main features of past
periods, but not all models resolve the topography and regional-scale features
of the South American climate realistically. As simulated climatologies are used
as the input for vegetation simulations, their validation for past conditions is of

extreme importan ce.

Models in general agree about the sign and magnitude of temperature change
for LGM, but due to the complexity in simulating precipitation and model
differences, substantially different precipitation patterns are projected for LGM.
Simulations of precipitation have shown even opposite signs, and great regional
variations in some regions (Figure 2.1). One way to overcome this issue is the
use of a multi-model ensemble mean instead of a single model output
(TEBALDI; KNUTTI, 2007). The LGM inconsistencies possibly came from
difference in the sensitivity of models to the extent, height, and topography of
the ice sheets and dust dynamics (ALDER; HOSTETLER, 2019). Studies also
show that better physical parameterizations and/or enhanced horizontal and
vertical resolutions can eliminate precipitation bias (HARLASS et al., 2016; LEE
et al., 2013; JUNQUAS et al., 2015). On the proxy side, the small humber of
well-dated, long and continuous records from South America (FLANTUA et al.,
2015; DEININGER et al.,, 2019) are additionaly complicated by subjective
vegetational and climatic interpretation (BUSH, 2002). The results from
biological and geochemical proxies in some regions open the debate if tropical
South America experienced wet or dry conditions during the LGM (i.e. -4°C
scenario) (PRENTICE et al. 2022).

Here the computed LGM temperature and precipitation anomalies are validated
with compilation of paleorecords covering the LGM within South America. For
the sake of making LGM a potential antianalog for future warming and
symmetric comparison, the referent cooling of LGM at -4°C was set. The

computed temperature reduction showed here (Figure 2.3) are consistent and
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within the range of several estimates for the LGM over South America (STUTE
et al, 1995; COLINVAUX et al., 2000; VAN DER HAMMEN; HOOGHIEMSTRA,
2000; WILLE et al., 2001; BUSH et al., 2004; URREGO et al., 2005; CHIESSI et
al., 2015). The newest research on global temperature (TIERNEY et al., 2020)

estimates LGM to pre-industrial warming to be 6.1°C.

The multi-model ensemble mean for the -4°C scenario shows a negative
precipitation anomaly over the equatorial region, with the highest precipitation
reduction projected for the northwestern part of the Amazon Basin. Validation
with proxies shows that computed climate coincides with glacial conditions
inferred from the paleorecords available in the region (Figure 2.1). High
precipitation along the Andes is consistent with cave, lake, marine and ice core
records (e.g., GROSJEAN, 1994; GOSSLING et al., 2008; NIEMANN;
BEHLING 2008; URREGO et al. 2010; CHENG et al.,, 2013; GOVIN et al.,
2014). Precipitation lower than present over tropical South America to the east
of the Andes and north of the Equator are in agreement with paleorecords (e.g.,
ABSY et al,, 1991; HAGGI et al., 2017; CRUZ et al., 2009; ROSSETTI et al.,
2012). The projected stronger SAMS is in agreement with high-resolution
speleothem- and marine-based records (e.g., CRUZ et al., 2006; CRUZ et al.,
2009; NOVELLO et al.,, 2018; HOU et al.,, 2020). However, precipitation
reconstructions from biological proxies from the southern border of the Amazon
and from southeastern Brazil appear to contradict the increased activity of the
SAMS (e.g., DE OLIVEIRA, 1992; SALGADO-LABOURIAU et al., 1997;
BEHLING, 2002; BURBRIDGE et al., 2004; MAYLE et al., 2000).

The reasons for discrepancies between the results of biological reconstructions
on the one side and multi-model ensemble mean and geological reconstructions
on the other side could lie in edaphic constraints (ROSSETTI et al., 2019). The
improved spatial resolution of climate models or the use of regional models, in
addition with better soil representation (QUESADA et al., 2010) would probably
clarify these discrepancies. Scheff et al., (2017), calls for caution when paleo
hydrologic conditions are inferred from plant-based proxies, as the low glacial
CO, and temperatures, and not water scarcity, as generally assumed, can drive

changes in vegetation. The low CO, acts on physiological effects of individual
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plants to changes in ecosystem functioning. The direct effect of low CO, on
plant physiological processes is favoring C4 plants, while C3 plants show an
average reduction in photosynthesis and biomass production (GERHART;
WARD, 2010; PRENTICE et al., 2011). There is also the possibility of a no-
analog climate for large portions of South America during the LGM (i.e.
extended dry season plus extreme runoff events) as well as no-analog plant
communities (LEDRU, 2002; BUSH et al., 2004). Still, a comparison between
climate proxies and multi-model ensemble mean precipitation shows high
consistency over southern Brazil (Figure 3.1a). Thus, we conclude that the
computed temperature and precipitation anomalies over Brazil are reliable as

inputs for the potential vegetation model.

Once the reliability of inputs for the potential vegetation model is confirmed, |
evaluate the relative biome distribution (Figure 2.5). Relative biome distribution
(%) for the -4°C scenario shows that Tropical evergreen forest decreased 10%
(Figure 2.7). This is the result of the transformation of Tropical seasonal forest
on the eastern portion of the Amazon basin, which is consistent with vegetation
reconstructions (ABSY et al., 1991; SIFEDDINE et al., 2001; BEHLING, 2002;
ANHUF et al., 2006; HAGGI et al., 2017) as well as transformation of Grassland
and Tropical seasonal forest in southern Brazil (e.g., BEHLING et al., 2004; GU
et al., 2018).

The performed sensitivity experiments suggest that with CO, reduction, from
350 ppm (Present scenario) to 180 ppm (LGM scenario), there is an almost
complete disappearance of Tropical evergreen forest biome (Figure 3.6a). In
the photosynthesis model used by CPTEC-PVM2 (FARQUHAR et al. 1980) the
response for changes in CO, concentration is linear, due to the term applied in
photosynthesis formulation which avoids an unrealistic steep decay of
photosynthesis rates at low CO, concentrations (LAPOLA et al., 2009).
Nevertheless, halving CO, in LGM induced a significant reduction of net primary
production and shifted Tropical evergreen forest biome to less productive

Tropical seasonal forest.
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Lower LGM temperature counteracts the effect of lower CO, and prevents a
more extensive forest replacement by savanna (Figure 2.6a, c). It is estimated
that about 32% of Amazonian rainfall originates from evapotranspiration within
the basin, two thirds of which originate as tree transpiration (STAAL et al.,
2018). Thus, under decreased CO, and water vapor in the atmosphere,
vegetation water use efficiency is lower (BEERLING; WOODWARD, 1993),
implying a higher stomatal conductance and an increase in transpiration. That
effect could be balanced with temperature decrease and improved soil moisture
(reduced evaporation) (SCHEFF et al., 2017) and consequently reduced
prevalence of fire, which is an important element for savanna establishment,
promoting the presence of Tropical evergreen forest (STAVER et al., 2011). On
the other hand, for savanna’s C4 grasses, the Cerrado biome, which evolved
under low CO; conditions and tolerates droughts and fire, LGM conditions
created an opportunity for advancement into forested areas. Therefore,
alteration in the eastern Amazon could be mainly the result of insufficient soil
moisture due to LGM precipitation reduction. The model does not consider soil
types and variations in soil fertility, which may play an important role in
explaining species composition, and forest productivity across the Amazon
Basin (QUESADA et al., 2012), besides climatic east-west gradient presented

here.

Hence, the results suggest that the western and central Amazon forest was
largely maintained during the LGM mainly due to negative temperature
anomalies, while a decrease in past precipitation was responsible for biome
changes in the eastern portion of the Amazon. The simulations reaffirm that
changes in the monsoon intensity cannot be used as the main driver for
vegetational changes/stability across the Amazon biome (GERHART; WARD,
2010; PRENTICE et al, 2011; SCHEFF et al., 2017) and that lower
temperatures in combination with substantially lower CO, are most probably the
main controlling factors over changes in plant communities here (MAYLE et al.,
2000). Thus, according to the simulations, the synergistic effect of temperature,
precipitation and CO; increase since LGM positively affected the Amazon

forest. Synergy of rising temperature and CO, also induced advancement of
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forests over grassland in southern Brazil, represented in the simulations with
complete disappearance of the Grassland biome. This change has been seen in
pollen records and isotopic soil profiles from the southern Brazilian highlands,
which reveal an expansion of Araucaria forest at the expense of grassland
vegetation in the Late Holocene (LEDRU et al.,1996; LEDRU et al., 2009;
BEHLING et al., 2004; GU et al., 2017). It is important to highlight that the LGM
Grassland biome seen in records is reproduced by the model only when all
forcings are taken into account, as none of them separately is sufficient for
producing adequate conditions necessary for it (Figure 2.3a; Figure 2.6a-c). The
omission of these LGM vegetation changes in the experimental design for LGM
climate simulations could induce underestimation of important climate-

vegetation feedback.

Over northeastern Brazil, with warming, Open shrubland/Caatinga is rearranged
and its central part modeled as semi-desert for the -4°C scenatrio is transformed
into Open shrubland/Caatinga (Figure 2.3a). This is in agreement with marine
sediment records that suggest vegetation changes during the LGM (BEHLING
et al., 2000). Bouimetarhan et al. (2018), infer the presence of Open
shrubland/Caatinga vegetation in periods of expansion of tropical rainforest and
tree ferns during the Younger Dryas, indicating the coexistence of a variety of
vegetation types in northeastern Brazil and challenging the idea that Caatinga is
the result of long-term climatic stability (WERNECK et al., 2011). Previously, De
Oliveira et al. (1999) found abundant cold and humid-adapted montane
rainforest taxa during the Pleistocene/Holocene transition in northeastern Brazil.
Montane rainforests expanded and reached Ilower levels during LGM,
afterwards decreasing gradually until Caatinga was established at 4.2 ka BP.
Today, with semi-arid climate, rainforest enclaves with different
phylogeographic histories are isolated on scattered ancient peaks where the
higher elevation increases humidity (SILVEIRA et al.,, 2019). The difficulty in
finding permanent lakes, bogs or stable locations for soil profiles made
vegetational and climate evolution history within the Caatinga domain very
limited. It is important to remember that local climate, topography and soil

conditions are likely to influence vegetation structure (e.g. changes in biomass
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or canopy cover) and dynamics (e.g. mortality and productivity) within the
biomes. It is also worth noting that here only the LGM time slice is evaluated,
and that millennial fluctuations, before and after this period, could have a larger
impact on biomes, as no two time slices had identical biome patterns (PINAYA
et al., 2019; ALLEN et al., 2020).

To summarize, in the context of 4°C climate warming since the LGM to the
present times, the relative distribution of Savanna/Cerrado and Tropical
seasonal forest decreased, Tropical evergreen forest and Open
shrubland/Caatinga increased, while grassland biome virtually disappeared.
Presented results indicate that Amazon forest and Caatinga showed resilience
to temperature increase of 4°C since LGM. Whether their resilience will
continue with another step in forcing of the same magnitude or they will be

significantly disturbed in the future requires further analysis.

2.4.2 Biome simulations: from the present to a future +4°C scenario

Future conditions show an expansion of Savanna/Cerrado, with projected
coverage 10% higher than the present, and a decrease of both Tropical
evergreen forest and Tropical seasonal forest (Figure 2.4c; Figure 2.7). The
results suggest that an even greater savanna advancement into forests is
prevented by the “CO,-fertilization” effect (LENTON et al., 2000) (Figure 2.6d-f).
This is in agreement with an observed increase in carbon sink in the tropics.
From the observed greening trends in the Amazon Basin, 70% is attributed to
the 46 ppm increase in CO; during the period between 1982 and 2009 (ZHU et
al., 2016). The results show the full potential of the “CO,-fertilization” effect.
However, long-term permanence and uniformity of this effect can be modulated
by age (KORNER et al., 2005), mycorrhizal association (TERRER et al., 2016)
and nutrient limitations (TERRER et al., 2019), as well as stress responses
above the optimal temperature.

Although Savanna/Cerrado expanded in future simulation (i.e., +4°C scenario),
the sensitivity experiments show that with additional 4°C even Savanna/Cerrado
is pushed to a critical threshold (Figure 2.6f) and future precipitation changes

will be critical in determining the fate of this biome (Figure 2.6e). The ecotonal
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regions of Amazonia projected to change in the future, had experienced shifts
throughout LGM (Figure 2.4a, b), showing that forest—savanna transitions are

dynamic and particularly sensitive to change.

Figure 2.7 - Relative biome distribution projected by the Center for Weather
Forecasting and Climate Studies Potential Vegetation Model version 2
(CPTEC-PVM2) for -4°C, Present and +4°C scenarios.
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The model also suggests that the relative distribution of Caatinga will be ~50%
lower. However, several issues have to be considered before interpreting this
trend. First, with CO, = 900 ppm in the simulation, the modeled fertilization
effect is strong enough to overweight temperature and precipitation impact and
shift Open shrubland/Caatinga vegetation towards the more productive
Savanna/Cerrado biome (Figure 2.6d-f). Previous experiments by Lapola et al.
(2009) showed that halving the effect of CO,, fertilization yields small changes in
tropical forests, but considerable changes and higher permanence of shrubland
in the Caatinga region. Moreover, Zhu et al. (2016) using three long-term
satellite leaf area index records and ten global ecosystem models showed that

for northeastern Brazil the key driver in vegetation change is climate and not
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elevated CO,. Second, high precipitation uncertainties for northeastern Brazil
should also be taken into account (Figure 2.1). The sensitivity experiments
indicate that with joined precipitation reduction and temperature increase,
Caatinga vegetation, which is naturally highly adapted to water deficits
(DOMBROSKI et al., 2011; LIMA; RODAL, 2010), could be replaced by semi-
desert biome in its central domain (Figure 2.6e, f). Nevertheless, knowing that
models do not agree about the sign of precipitation anomaly (MARENGO et al.,
2020) (Figure 2.1, Figure 2.2), and with the possibility that the effect of CO,
fertilization does not fully happen, the simulated Caatinga replacement by
savanna in the future (+4°C scenario) must be treated with caution (Figure 2.4b,
c). In case of temperature increase and taking into account changes in
frequency and intensity of droughts as well as aridization in northeastern Brazil
(MARENGO et al., 2016), it is more likely that the Caatinga central domain will
shift in the opposite direction and be replaced with semi-desert vegetation. In
both cases (savannization or desertification), the Caatinga biome will

experience an overall loss of biodiversity (SILVA et al., 2019).

Although the direct impact of warming on vegetation patterns is not easy to
determine, as none of the evaluated driving factors (i.e. temperature,
precipitation and CO,) can be considered in isolation, the results indicate that
two completely different biomes, when Tropical evergreen forests and Caatinga
increased, both resilient to warming since the LGM, will be transformed in the
future. In contrast to the warming of 4°C since the LGM, when Tropical
evergreen forests and Caatinga increased, with additional warming those two
biomes will be pushed to their thresholds. This is consistent with Ciemer et al,
2019, who claim higher resilience to climatic disturbances in regions exposed to
a higher rainfall variability during their long-term past. Presented results suggest
that only changes in the monsoon intensity cannot be used as the main driver
for biomes changes in the past (Figure 2.4a, b; Figure 2.6a-c), but it is also
found that with additional 4°C warming, changes and direction of biomes shifts
in the eastern Amazon forest and Caatinga, will mostly depend on future

precipitation changes. At the same time, the precipitation decrease will induce

36



decrease in biomass production and with that provoke additional local warming,
preventing regeneration and adaptation (PERUGINI et al., 2017).

Precipitation changes in the last 30 years already increased the abundance of
drought-tolerant genera and increased mortality of wet-affiliated trees in the
areas where the drying trend was stronger across the Amazon forest
(ESQUIVEL-MUELBERT et al., 2019), which indicates that this biome change is
already underway. This relatively slow process of compositional change could
continue in the future, and if it happens over larger spatial or temporal scales,
there is potential for adaptation to changing conditions. However, under future
global change, large changes in abiotic drivers in a short time-frame bring
guestion whether ecosystems will have enough time to adapt to new warming
conditions (ETTERSON; SHAW, 2001; HOFFMANN; SGRO, 2011; LAPOLA et
al., 2023). On the other hand, even if compositional change happens that will
lead to lower diversity, changes in evapotranspiration and forest resilience will
likely decrease (AGUIRRE-GUTIERREZ et al., 2020). With interaction between
droughts and fires, especially in the drier portions of the Amazon, forests could
abruptly shift to new states (BRANDO et al., 2014).

Human land-use and land-use change will also alter the projected vegetation
patterns over Brazil, through desertification and deforestation, and weaken the
hydrological cycle even more (LEITE-FILHO et al., 2019; GATTI et al., 2021).
Woody encroachment observed in recent years occurring within Cerrado and in
transitional savanna zones, mostly caused by fire suppression, is a serious
threat to Cerrado biodiversity (ROSAN et al., 2019).

Finally, the herein projected expansion of Tropical evergreen forest in southern
Brazil (Figure 2.4b-c), that could possibly counteract forest loss due to
Savanna/Cerrado expansion in the eastern Amazon, is already prevented by
land use with high rates of areas converted into pastures and croplands in this
region (LAPOLA et al.,, 2014, SONG et al.,, 2018). In this study land use
changes were not modeled, but there is a need to consider this additional driver
as regional human-driven pressures can lead to a cascade of tipping points in

combination to the scrutinized driving factors (LAPOLA et al., 2023).
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2.5 Conclusions

Because neither available paleorecords nor state-of-the-art models alone are
conclusive, especially under extremely heterogeneous and complex
environmental conditions, it is crucial to employ while both reconstructing and

projecting past and future Brazilian biomes.

Before exploring the extent of Brazilian biome changes in the past (-4°C
scenario, standing for the LGM) and in the future (+4°C scenario, standing for
the end of the twenty-first century), | computed precipitation anomalies over
Brazil and validated them with an updated compilation of 149 published
reconstructions. Computed LGM anomalies showed decreased precipitation
over equatorial (0°-10°S) Brazil. Over the SAMS region precipitation increased.
In comparison with the compilation of published reconstructions, it was
concluded that the computed climate anomalies over Brazil are reliable and
valid as inputs for the potential vegetation model for the -4°C scenario.

These results are consistent with proxy reconstructions and suggest expansion
of grassland in the southern Brazilian highlands and Amazon rainforest
persistence through colder and drier conditions during the LGM. The results
from the vegetation model reveal that the western and central Amazon forest
were largely maintained during the LGM mainly due to negative temperature
anomalies, while a decrease in past precipitation was responsible for Tropical
evergreen forest to be substituted by Tropical seasonal forest and
Savanna/Cerrado in its eastern portion. Results reaffirmed that changes in
monsoon intensity cannot be used as the main driver for vegetational
changes/stability across the Amazon biome, and that lower temperatures in
combination with substantially lower CO, are important controlling factors during
the LGM. In contrast, for the future +4°C scenario, biome shifts will mostly
depend on future precipitation changes. Under future warming, the simulations
show an expansion of Savanna/Cerrado, with projected coverage 10% higher
than Present. Further, future warming will trigger a reduction of Amazon forest,

Tropical seasonal forest and Caatinga (savannization or desertification). Results
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suggest that the +4°C scenario will most probably impacts local biodiversity and

regional climate.

39



3 INFLUENCE OF THE ATLANTIC MULTIDECADAL OSCILLATION ON
SOUTH AMERICAN ATMOSPHERE DYNAMICS AND PRECIPITATION

3.1 Introduction

The Atlantic Multidecadal Oscillation (AMO) is a pattern of variability in the
North Atlantic sea surface temperature (SST) with alternations between warm
and cold conditions in most of the basin, that was first identified during the
1980s (FOLLAND et al, 1984). Majority of studies suggested the AMO to be
induced by the Atlantic meridional overturning circulation (AMOC). Strong
AMOC increased northward flowing of warm and salty surface water and leads
to the warm AMO, which in turn changes the ocean surface density and surface
winds, affecting the efficiency of deep-water formation and thus weakening
meridional heat transport (BJERKNES, 1964; TANDON et al., 2015;
DELWORTH et al., 2017; ZHANG et al., 2019). However, this role of the AMOC
has been quite inconsistent among the models (YAN et al., 2019; KIM et al.,
2021) and the AMO pattern is produced even in a model that does not include
ocean circulation (CLEMENT et al.,2015).

Number of other studies challenge this conventional view of internally generated
AMO, showing the link between AMO variability and combined solar activity and
aerosols forcings (OTTERA et al., 2010; BOOTH et al., 2012; KNUDSEN et al.,
2014; MURPHY et al., 2017). The most recent statistical analysis of
instrumental records (WANG, X. et al, 2017; QIN et al., 2020) found the
signatures of both internal and external forcings, thus, reconciling previous two
hypotheses and suggesting that AMO index is not primarily driven by external

forcings but simultaneously modulated by both internal and external forcings.

There are a variety of methods for constructing the AMO index (ENFIELD et al.,
2001; TRENBERTH; SHEA, 2006; GUAN; NIGAM, 2009; KNIGHT, 2009; TING
et al., 2009; YAN et al., 2019). Although these indices consider different aspects
of the basin- or sub-basin scale variability they all capture large-scale
multidecadal SST anomalies: (i) an anomalously warm North Atlantic
characterizes the warm AMO phase; and (ii) an anomalously cold North Atlantic

characterizes the cold AMO phase. The warm and cold phases swing with a
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period of 60-90 years (SCHLESINGER; RAMANKUTTY, 1994; KNIGHT et al.,
2006).

Regardless of the origins of the AMO, it is coherently linked to climate variations
over many parts of the globe. It affects the Atlantic hurricane activity (ZHANG;
DELWORTH, 2006), North American and European summer climate (SUTTON;
HODSON, 2005), African Sahel rainfall (ZHANG; DELWORTH, 2006; WANG et
al., 2012), Asian monsoon (LU et al., 2006; WANG et al., 2009; MIAO; JIANG,
2021), and summer rainfall over India  (KRISHNAMURTHY;
KRISHNAMURTHY, 2016). Over South America, important linkages with the
AMO have been described for precipitation variability over northeastern Brazil
(KNIGHT et al.,, 2006; KAYANO et al., 2016), surface air temperature of
southern South America (KAYANO; SETZER, 2018) and, the dynamics of low-
level jets (JONES; CARVALHO, 2018; CERON et al., 2020). More specifically,
Jones and Carvalho (2018) analyzed the influence of the AMO on decadal-to-
multidecadal variability of the South American low-level jet (SALLJ). They found
a consistent pattern in which SALLJ days during cold AMO phases are
associated with negative precipitation anomalies over northern Amazon and the
Atlantic ITCZ. The results indicate a stronger influence of the cold AMO during
austral winter (May-September) than during austral summer (December-
February), while in the exit region of the SALLJ over southern Brazil, Uruguay

and northern Argentina, precipitation increases.

Despite recent achievements, the mechanism by which the AMO influences
regional precipitation over South America is not well understood. This is mostly
due to the fact that observational data only contain two full cycles of the AMO.
The prevailing view in the literature explains wet (dry) conditions in the SAMS
domain by the southward (northward) shift of the Atlantic ITCZ and its influence
on the SAMS and the South Atlantic Convergence Zone (SACZ) intensity. Both
ITCZ and AMO are recognized to have strong imprints on the SAMS and the
SACZ (GARREAUD et al.,, 2009; GARCIA; KAYANO, 2010). Instrumental
records suggest that AMO phases are actually coupled with ITCZ north-south
migrations (LEVINE et al., 2018).
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An increasing number of records, summarized by Zhang et al. (2019), indicate
that the AMO variability extends several millennia back in time. Recently,
Lapointe et al. (2020) provided a reconstruction of the AMO for the past ~3
millennia, with unprecedented annual temporal resolution. By indirectly
recording past precipitation changes, paleoclimate archives provide insights into
the past behavior of the AMO. While there are records in which this
multidecadal climate variability is not a persistent feature before 1750 AD
(SAENGER et al., 2009), an increasing number of records, summarized by
Zhang et al. (2019), indicate that the AMO variability extends several millennia
back in time. Multiple paleoclimate records of the oxygen isotope composition
(6180) within South America indicate periodicities in concordance with the AMO
frequency of ~65 years and suggest the AMO signal to be imprinted in paleo
precipitation proxy records. Multiple proxies within South America indicate that
the AMO played a relevant role in modulating the South American Monsoon not
only during LM (KNUDSEN et al., 2011; APAESTEGUI et al., 2014; BERNAL et
al., 2016; NOVELLO et al., 2018) but also during the last deglaciation (CHIESSI
et al., 2009).

Although several attempts have been made to extend instrumental data using
terrestrial and marine proxies that indirectly record past behavior of the AMO
(GRAY et al., 2004; MANN et al., 2009; WANG et al., 2017) much uncertainty
still exists about the mechanism by which AMO influence both ITCZ and SAMS.
Thus, the relationship of local and regional climate and to what extent they are
directly influenced by AMO and how AMO phases impact precipitation isotopic
ratios must rely on isotope-enabled models. Notwithstanding the continuous
improvement of climate models over the past two decades (MEEHL et al., 2007,
TAYLOR et al., 2012; EYRING et al., 2016), fully coupled models still show a
large spread of the anomalies in regional precipitation associated to the AMO
(KNIGHT et al., 2009; MURPHY et al., 2017; RUIZ-BARRADAS et al, 2013).
They generaly lack in decadal to multidecadal variability (AULT et al., 2012), or
underestimate their magnitude and fail to produce spatial patterns that match
the observed signal (HAN et al., 2016).
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The objective of this research is to determine the atmospheric response to the
AMO and investigate the influence of the AMO on (sub)tropical South American
regional precipitation and atmospheric circulation. The methodological approach
taken in this study isolate the atmospheric response to the AMO using an Earth
System model. By employing simplified approach which excludes the full range
of feedbacks between different components of the climate system, as well as
avoids the introduction of biases related to the way the atmosphere is coupled
to land or ocean, that are present in fully coupled models (KOSTER et al., 2004;
MUELLER; SENEVIRATNE, 2014; MYSTAKIDIS et al., 2017; HAWCROFT et
al., 2017; HODSON et al, 2022).

3.2 Data and methods

3.2.1 Study area

This research is focused on South America, where the main driver of the
difference in precipitation between winter dry and summer wet season is South
America Monsoon System (SAMS) (VERA et al., 2006; GARREAUD et al.,
2009). Two main precipitation features of SAMS are the ITCZ, an equatorial
cloud band resulting from the low-level convergence of mass and moisture, and
the SACZ, a northwest—southeast-oriented cloud band that connects the
southern Amazon region with the western portion of the subtropical South
Atlantic (HOREL et al., 1989; MARENGO et al., 2012).

3.2.2 iCESM model setup

Experiments for this study were carried with a water isotope-enabled version of
the Community Earth System Model version 1.2 (iCESM1.2). The iICESM1.2
has active atmosphere, land, ocean, river transport, and sea ice component
models linked through a coupler, and also simulates global variations in water
isotopic ratios in the atmosphere, land, ocean, and sea ice. The ability of this
model to simulate present and past 8180p patterns has been documented
previously (OTTO-BLIESNER et al. 2016; ZHU et al., 2017; HE et al., 2021).
The atmospheric component of ICESM1.2, the isotope-enabled Community
Atmosphere Model version 5 (iCAM5.3) (NUSBAUMER et al., 2017), is based
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on the original, non-isotope enabled CAM5 (NEALE et al., 2010). It is coupled
with the interactive Community Land Model version 4 (CLM4; OLESON et al.,
2010) while sea surface temperature (SST) and sea ice concentrations (SICs)
were prescribed. The model was configured to use a computational grid of 1.9°

latitude x 2.5° longitude and 30 vertical levels from the surface to ~3.5 hPa.

3.2.3 Experiments
For this study, three experiments were conducted.

The list of experiments performed with iICESM1.2, as well as the initialization
procedure and the datasets for sea-ice concentrations and SST, can be found
in Table 3.1. All experiments were initialized from pre-industrial conditions,
where the values for greenhouse gasses, aerosols, ozone, and solar irradiance

were fixed at the year 1850.

Table 3.1 - Description of the experiments performed with the water isotope-enabled
version of the Community Earth System Model version 1 (iCESM1.2).

Sea-surface temperatures (SST)

and sea-ice concentrations (SIC) Simulation

Experiment |Initialization

CONTROL indig;ial HadISST dataset rggriggff%b;er
conditions

CAMO indFl)Jrset_riaI Cold SST anomaly superimposed Three ensemble

conditions on the HadISST dataset members / 50 yr

. Pre—' Warm SST anomaly superimposed Three ensemble

WAMO clgr?gif;[cr)lr?é on the HadISST dataset members / 50 yr

The control experiment (CONTROL) is with prescribed monthly-varying sea-
surface temperatures and sea-ice concentrations (SST/SIC) from the Hadley
Centre Global Sea Ice and Sea Surface Temperature (HadlSST) dataset
(RAYNER et al.,, 2003), while the values for greenhouse gases, aerosols,
ozone, and solar irradiance were fixed at the year 1850 (pre-industrial level).
The CONTROL simulation was integrated for 30 years and the first 10 years
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were discarded as model spin-up. In further two experiments the annual cycle of
the SST anomalies, representative of the cold (warm) SST anomaly, is

superimposed on the prescribed climatology SST/SIC used in the control run.

The idealized cold and warm SST patterns were computed over time periods
with opposite AMO index following Trenberth and Shea (2006) methodology.
Both experiments are run as an ensemble of three 50-year long simulations
generated with the same model but different initial conditions produced by slight
variations in initial atmospheric conditions (Table 3.1). In order to be on the safe
side of soil spin-up, for experiments spin-up period was extended on 20 years
(YANG et al., 1995). The AMO index of Trenberth and Shea (2006) was
adopted because it isolates the Atlantic variability from global warming and

tropical influences.

The superimposed SST anomalies come from a composite analysis of the
HadSST2 dataset (RAYNER et al., 2006), after linear detrending to remove the
long-term influence. The cold AMO phase comprises the period between 1850
and 1928 and between 1964 and 1995, while the warm AMO phase includes
the period between 1928 and 1964 and between 1995 and 2012. Thus, the two
experiments, cold AMO (CAMO) and warm AMO (WAMO), only differ by the
prescribed SST (Figure 3.1).
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Figure 3.1 - Computed annual sea surface temperature (SST) difference between the
warm Atlantic Multidecadal Oscillation (WAMO) and the cold Atlantic
Multidecadal Oscillation (CAMO) phases (°C). Phases are defined based
on AMO index (Trenberth and Shea, 2006) using the HadISST dataset for
the period 1870-2015.
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3.2.4 Climate variables and methods used in analyses

The climate variables used to identify the main differences in CAMO and
WAMO simulations include: precipitation, meridional and zonal winds, and
vertical velocity. Thus, the effects of AMO-related SST over South American
climate were evaluated through the differences between CAMO and WAMO
experiments for precipitation (seasonal and annual mean), atmospheric
circulation at 850 hPa (seasonal mean) and 200 hPa (austral summer mean),

200 hPa divergence (annual), and zonal and meridional vertical velocity profiles.

Additionally, the upper-level divergence simulated by CAMO and WAMO
experiments were compared with those obtained from composite analyses for
both  AMO phases using data derived from the National Oceanic and
Atmospheric  Administration / Cooperative Institute for Research in
Environmental Sciences / U.S. Department of Energy (NOAA/CIRES/DOE) third
version of the 20th Century Reanalysis data (20CRv3) (SLIVINSKI et al., 2019).
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This comparison is important to detect aspects of the AMO-driven upper-level

convective changes captured in presented simulations.

This study also aimed to analyze the influence of the SSTs in both AMO phases
on the atmospheric circulation cells. In this study, the meridional mean of
vertical pressure velocity between 0° and 15°S represents the Walker cell, while
the zonal mean of vertical pressure velocity between 80°W and 30°W
represents the Hadley cell. The Hadley cell intensity changes between CAMO
and WAMO experiments were calculated as the mean maximum value of the
zonal-mean meridional stream function between 900 and 200 hPa (NGUYEN et
al., 2013). Finally changes in ITCZ position are analyzed through a zonal mean

precipitation diagram.
3.3 Results

3.3.1 Changes in precipitation

The spatial distributions of changes in precipitation between CAMO and WAMO
are shown in Figure 3.2. The annual mean shows increased precipitation during
the cold AMO phase, mainly in the Amazon and northeastern Brazil (Figure
3.2e). In contrast, the model simulates precipitation reduction in most northern
regions of South America. Figure 3.2 also shows that the atmospheric response
to the prescribed SST anomalies is seasonally dependent. During austral
summer (December to February-DJF), the precipitation over most of South
America is increased in the CAMO experiment, with significant differences in
the western Amazon (0°-10°S, 55°-75°W), northeastern Brazil (1°-18°S, 35°—
47°W) and the Andes (Figure 3.2a). In austral autumn (March to May-MAM),
wetter conditions remain over the northeastern Amazon basin and in the
northernmost portion of northeastern Brazil, while over most of South America
precipitation decreased (Figure 3.2b). On the other hand, during the winter
season (June to August-JJA) the model suggests significantly wetter conditions
over most of northern and central-southern South America in CAMO and drier
conditions in a small eastern sector of northeastern Brazil (Figure 3.2c). Wetter
conditions over northeastern Brazil and almost the entire Andes and Amazonia,

and drier conditions over southeastern South America occur during austral
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spring (September to November-SON) (Figure 3.2d). Significant differences in
the amount of precipitation over the Atlantic Ocean can also be observed. There
are significant differences in the amount of precipitation over the equatorial
Atlantic Ocean for all seasons, with the largest increase occurring to the south
of the equator close to northeastern Brazil, and the largest reduction to the
north of the equator over the western and central Atlantic Ocean (Figure 3.2).
These anomalies are likely associated with changes in the Atlantic ITCZ and
further analyses on the ITCZ position and intensity are made and shown later in

this section.

Figure 3.2 - Seasonal precipitation differences between the cold Atlantic Multidecadal
Oscillation (CAMO) and the warm Atlantic Multidecadal Oscillation
(WAMO) experiments (mm/day) in (a) December-February (DJF), (b)
March-May (MAM), (c) June-August (JJA), and (d) September-November
(SON) and (e) annual mean. Red (blue) shaded areas correspond to drier
(wetter) conditions; grid points with statistically significant difference
according to Student’s t test with confidence level of 95% are marked with
dots.
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To understand the dynamical mechanisms that caused the changes in
precipitation, the austral summer upper-level and lower-troposphere circulation
(Figure 3.3 and Figure 3.4) was analyzed. The position of the upper-level

anticyclonic circulation, known as the Bolivian High, is the same for both CAMO
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and WAMO experiments, but the wind circulation is slightly intensified in WAMO
(Figure 3.3b,c) in comparison with CAMO (Figure 3.3a,c) experiment, which
enhanced the westerlies (200 hPa) over the North Atlantic Ocean, between the
equator and 20N. Additionally, differences between CAMO and WAMO (Figure
3.3c) show that the subtropical jet stream is intensified in WAMO experiment, in
relation to CAMO.

Figure 3.3 - Streamlines and wind intensity (m/s) at 200 hPa for December—February
(DJF) for the cold Atlantic Multidecadal Oscillation (CAMO) (a) and the
warm Atlantic Multidecadal Oscillation (WAMO) (b) experiments, as well
as for the differences between CAMO and WAMO (c). In (c), only
statistically significant differences calculated using Student’s t test with a
confidence level of 95% are shown.
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Comparing the 850 hPa wind field anomalies between both AMO phases
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(Figure 3.4), an increased easterly flow reaching 10° S is noted for CAMO. A
stronger low-level easterly flow, over most of the Amazon, brings more moisture
to the mainland and correlates with the increase in precipitation over the
Amazon and coastal northeastern Brazil. These anomalies are present in all
months, but are stronger in JJA and SON (Figure 3.4c,d). There are also slightly
stronger northerly low-level winds in the Chaco low region in SON (Figure 3.4d).
The differences in the SALLJ are only significant in JJA and SON, and show a
weakening in CAMO, reducing the moisture flow from the Amazon to

southeastern South America.
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Figure 3.4 - Seasonal wind vectors and intensity at 850 hPa (m/s) for the differences
between the cold Atlantic Multidecadal Oscillation (CAMO) and the warm
Atlantic Multidecadal Oscillation (WAMO) phases in (a) December—
February (DJF), (b) March—-May (MAM), (c) June—August (JJA), and (d)
September—November (SON). Only statistically significant differences

calculated using Student’s t test with confidence level of 95% are shown.

(a) DJF: 850hPa wind (m/s) (b) MAM: 850hPa wind (m/s) (c) JJA: 850hPa wind (m/s) (d) SON: 850hPa wind (m/s)
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As ascending vertical motion at upper levels (200 hPa) is associated with
important elements of the SAMS such as SACZ, the Bolivian High circulation
and northeastern Brazil (LENTERS; COOK, 1997), the 200 hPa divergence
fields for CAMO and WAMO are compared and their differences with the
20CRv3 reanalysis data (Figure 3.5) are analised. The cold AMO phase is
characterized by lower divergence over the Amazon and the equatorial North
Atlantic and higher divergence over northeastern Brazil, in relation to the warm
AMO phase (Figure 3.5a—c). Although the model has some deficiencies in
representing the intensity of the upper-level convergence change between AMO
phases in the Amazon, the simulated annual mean is in good agreement with
reanalysis profiles, and the model reproduces the main features of the divergent
circulation over South America, associated with both the ITCZ and the SACZ
convection. The differences between CAMO and WAMO show a dipole of
lower/higher divergence over the tropical Atlantic, which is in agreement with
the 20CRv3 data, and reflects the large SSTs anomalies over the region (Figure
3.2).
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Figure 3.5 - Divergence at 200 hPa for the cold Atlantic Multidecadal Oscillation
(CAMO) and the warm Atlantic Multidecadal Oscillation (WAMO) phases,
as well as the differences between both phases from reanalysis (a-c)
20CRv3 and (d-f) iCESM model. Stippling areas represent statistically
significant (Student’s t test at 95%) composites (a, b) and differences (c, f).
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3.3.2 ITCZ and Atmospheric Circulation Cells

To identify changes in the Atlantic ITCZ, the annual cycle of precipitation over
the Atlantic (15° N-15° S) averaged over 40° W-0° for CAMO and WAMO
(Figure 3.6a, c) was analyzed, and the differences between these experiments
averaged over the whole longitudinal band (Figure 3.6b) and over 30° W, where
the anomaly was the highest (Figure 3.6d). Although clear shifts in the mean
position of the precipitation band (Figure 3.6a, c) cannot be observed, distinct
positive precipitation anomalies (CAMO-WAMO) are simulated from February to
July between the equator and 10° S (highlighted by the blue rectangle on Figure
3.6b, d). It is worth noting the negative anomalies north and south of the
positive anomaly field. It is also found that precipitation weakens (intensifies) in
the ITCZ core region during the CAMO (WAMO) after July (highlighted by the
pink ellipse in Figure 3.6a, c), and their difference (highlighted by the pink
rectangle in Figure 3.6b, d).

51



Figure 3.6 - Annual cycle of precipitation for the cold Atlantic Multidecadal Oscillation
(CAMO) (a) and the warm Atlantic Multidecadal Oscillation (WAMO) (c)
experiments averaged over 40° W-0°, and their differences averaged over
the whole longitudinal band (b) of the Atlantic Intertropical Convergence
Zone (ITCZ) section (e) (15° N-15° S; 40° W-0°) and only at 30° W (d),
where the precipitation anomaly was the highest.
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The zonal mean meridional streamfunction for both CAMO and WAMO
experiments (Figure 3.7) show negative and positive cells north and south of
the equator, respectively, which represents the Northern and Southern
Hemisphere (NH and SH) Hadley cells. In the intersection of these cells lies the
ITCZ (black line near the equator), which is located a few degrees north of the
equator in both experiments. So, CAMO and WAMO experiments did not show
substantial differences in the mean position of the Hadley cells and the ITCZ.
However, the Hadley cell was stronger (weaker) in the NH (SH) for the CAMO

experiment in relation to the WAMO experiment (Table 3.2).
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Figure 3.7
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Table 3.2 - Mean intensity of the Northern Hemisphere (NH) and the Southern
Hemisphere (HS) Hadley cells calculated in terms of vertical-mean
(900-200 hPa) and zonal-mean meridional stream function y (109 kg/s)
for CAMO and WAMO experiments, and the differences between them.
CAMO WAMO CAMO - WAMO
(10° kgls) (10° kgls) (10° kgls)
NH 66.83 65.49 1.34
SH -75.25 -78.23 2.98

For the vertical profile that represents the Hadley and Walker cells, it is
noteworthy that both CAMO and WAMO experiments had the same spatial
structure as that of the CONTROL run (Figure A.1 and Figure A.2).

The ascending branch of the section of the Atlantic Hadley cell, which is

situated between the 5° N and 15° S and favors convective activity over this

region (Figure 3.8) was analised. The difference (CAMO-WAMO) in vertical

velocity at the pressure coordinates shows a dipole of negative/positive values

south/north of the equator. This dipole is present in all seasons, with the highest

positive anomalies being centered at 4° N in MAM, indicating a stronger inter-

hemispheric atmospheric circulation. In Figure 3.8, positive anomalies can also

be observed north of the equator, which are more pronounced in MAM.
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Figure 3.8 - Difference between CAMO and WAMO of vertical pressure velocity
(omega; hPa/s) representing the regional Hadley circulation: the latitude-
height Section 15° N-15° S, zonally averaged over 80° W-30° W, for (a)
December-February (DJF), (b) March-May (MAM), (c) June-August (JJA),
and (d) September-November (SON). Stippled areas represent statistically

significant (Student’s t test at 95%) differences.
< (a) DJF: Vertical velocity (hPa{s_) CAMO - WAMO (b) MAM: Vertical velqc@ty_(hPa/_s) CAMO - WAMO
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Simultaneously, changes in Walker circulation in which the ascending branch
that is situated right over Amazonia, between the longitudes 80°W-40°W, and
the descending motion occurs over longitudes 40°W-20°W, (Figure A.2) were
found. During the cold AMO phase ascending motion is intensified (Figure 3.9a,
b). In DJF and MAM seasons, this negative anomaly has distinct positive
anomalies east and west of it, suggesting also change in the ascending branch
position. In SON the opposite is observed (i.e., significant weakening of the
ascending branch).
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Figure 3.9 — Difference between CAMO and WAMO of vertical pressure velocity
(omega; hPa/s) meridionally averaged over 0°-15°S, representing the
regional Walker circulation for (a) December-February (DJF), (b) March-
May (MAM), (c) June-August (JJA), and (d) September—November (SON).
Stippled areas represent statistically significant (Student’s t test at 95%)
differences.

(a) DJF: Vertical velocity (hPa/s) CAMO - WAMO (b) MAM: Vertical velocity (hPa/s) CAMO - WAMO
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3.4 Discussion

This section explores the mechanisms by which the AMO influences regional
precipitation patterns over South America. The idealized simulations show the
AMO as an important driver of changes in precipitation over tropical South
America. Mean annual precipitation anomalies indicate significant reduction
over the northern equatorial Atlantic and in most regions of northern South

America, as well as significant increase in the Amazon and northeastern Brazil
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during the cold AMO phase (Figure 3.2). Although mean annual precipitation
differences are generally consistent with the findings of previous studies which
suggest that cold AMO force the ITCZ to shift meridionally (KNIGHT et al.,
2006; YOON; ZENG, 2010; KAYANO et al.,, 2016), the spatial patterns of

precipitation vary seasonally.

Amazonian precipitation changes in the simulations are in agreement with those
shown by Yoon and Zeng (2010). The authors observed that warming (cooling)
of the North Atlantic induced dry (wet) conditions over the Amazon basin.
Presented results also corroborate their observation that the North Atlantic
influence becomes significant over the southern edge of the Amazon basin
during the dry season (JJA and SON). These precipitation changes are related
to the weakening of SALLJ in JJA and SON, thus reducing the moisture flow
from the Amazon to southeastern South America in the cold AMO phase. This
differs from the findings presented in Jones and Carvalho (2018). More detailed
analysis is necessary to determine the influence of AMO on SALLJ changes.
On the other hand, results suggest the association between AMO and the
Choco low-level jet (CJ) and Caribbean low-level jet (CLLJ) intensity. The
results provide further support for the Cerdn et al. (2020) hypothesis that in the
cold (warm) AMO phase CJ is weakened (intensified) and CLLJ is intensified
(weakened) (Figure 3.4d).

For northeastern Brazil, previous studies (KNIGHT et al., 2006; KAYANO et al.,
2016) found an increased (decreased) precipitation induced by cold (warm)
AMO in wet season (MAM) due to ITCZ shifting to a more southerly (northerly)
position. In contrast, the model simulation showed an increase in precipitation
over northernmost northeastern Brazil and over the adjacent tropical South
Atlantic during the CAMO (WAMO) phase, but no clear wet (dry) signal over
northeastern Brazil (Figure 3.2e).

Results indicate that precipitation anomalies over South America during AMO
phases are mainly related to changes in the Hadley cell and subordinately to
changes in the Walker cell (Figures 3.7-3.9). The global Hadley circulation was
strengthened in the NH and weakened in the SH in a cold AMO phase (Table
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3.2). This corroborates with previous studies that showed extratropical climate
change as an important factor in modulation of Hadley and Walker circulation
(FRIERSON et al., 2012; KANG et al.,, 2020). In addition, the findings are
consistent with Liu et al. (2020) who identified the multidecadal variability in the
hemispheric Hadley circulation strength, where the intensification in one
hemisphere happens together with the weakening in the other, resulting in an
interhemispheric seesaw in Hadley circulation strength as a response to AMO

signal.

Here is also tested the hypothesis that the AMO phases force the ITCZ to shift
meridionally, impacting precipitation over South America as suggested by
previous studies (KNIGHT et al., 2006, TING et al.,, 2011). Recently, it was
suggested that the ITCZ expansion/contraction may also drive tropical
precipitation changes, potentially explaining diverging records (YAN et al., 2015;
WODZICKI; RAPP, 2016; UTIDA et al., 2019; ASMERON et al., 2020; CHIESSI
et al., 2021). To get further insight, focus is put on the Atlantic ITCZ position and
strength. For the Atlantic ITCZ position, the results do not show a robust
meridional shift of ITCZ. The zonal mean precipitation for both AMO phases did
not present significant differences in the position of the maximum precipitation
(Figure 3.6). On the other hand, the simulations show significant differences in
the Atlantic ITCZ strength, which are evidenced by the positive (negative)
precipitation anomalies (CAMO minus WAMO) to the south (north) of the
equator. Moreover, the equator-symmetric changes present in precipitation
fields have a remarkable agreement with the changes shown in Knight et al.
(2006).

Atlantic ITCZ strength changes are associated with the Atlantic Hadley cell
anomalies (Figure 3.8), with persistent negative vertical velocity anomalies in
the low and middle tropospheric levels between 15°N and 5°S in all seasons
during the cold AMO phases. Simultaneously, strengthening and eastward
shifting of the Walker cell is observed, with the difference being the most
pronounced in DJF and MAM.
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The analyses also suggest that the ITCZ response to the AMO is regionally and
seasonally dependent. Thus, these responses could be masked in analyses
focusing on zonal and annual mean ITCZ shifts, as shown in Mamalakis et al.
(2021). Precipitation anomalies (Figure 3.6b, d) suggest that the core region of
ITCZ strengthens (weakens) from February to July, while from July to
November the core region weakens (strengthens) during the cold (warm) AMO.
This precipitation reduction over the ITCZ in the winter season during cold AMO
accords with Jones and Carvalho, (2018). Likewise, Zhou et al. (2020) showed
that decadal SST variability drives changes in Pacific ITCZ width, highlighting
distinct ITCZ changes at seasonal and annual mean timescales.

It is interesting to note that the Atlantic ITCZ core region is seasonally
dependent such that it is located in the NH most months of the year except
during austral autumn when it is in the SH (CHIANG et al., 2002). Although the
Atlantic ITCZ has a seasonal asymmetry, the AMO has a nearly symmetric
effect in modulating the Atlantic ITCZ-related precipitation. This study has
identified that during the cold AMO phase the ascending branch of the Walker

circulation placed over western Amazonia is intensified and shifted eastward.

A recent reconstruction of surface seawater stable oxygen isotopes from the
western tropical South Atlantic impacted by the ITCZ, a parameter that is
related to changes in sea surface salinity, indicates a freshening trend from the
1940s to the 1970s (but mainly comprised between the 1960s and the 1970s).
The freshening trend was attributed by the authors to a change in the ITCZ
(PEREIRA et al., 2022). This change would be synchronous with the transition
from the warm to the cold AMO, agreeing with the simulations (Figure 3.2e).
However, instead of a southward migration of the ITCZ (PEREIRA et al., 2022),
results presented here suggest that the observed decline in sea surface salinity
in the western tropical South Atlantic was produced by a strengthening of the
ITCZ during the cold AMO phase from February to July (Figure 3.6).

Presented results are also in line with Roldan-Gémez et al. (2022) who showed
that ITCZ shifts in the Atlantic during the last millennium were only

subordinately impacted by internal variability, but mainly driven by external
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forcing. As the results of our study suggest, ITCZ expansion/contraction or
changes in its strength are sufficient to produce observed AMO related signals
even in the absence of marked changes in the ITCZ position. This implies that
ITCZ shifts driven by external forcings (like the large number of strong volcanic
eruptions during the Little Ice Age; TEJEDOR et al., 2021) and AMO induced
ITCZ expansion/contraction contribute jointly to precipitation changes over
South America during the last millennium (APAESTEGUI et al., 2014;
NOVELLO et al., 2018).

3.5 Conclusions

This chapter shows analysis of the dynamical processes involved in South
American precipitation changes in response to AMO phases. Unlike most earlier
studies that suggest a displacement of the ITCZ, the results do not show robust
changes in its zonal mean position between the different AMO phases. The
results suggest that during the cold AMO phase, the NH Hadley circulation was
stronger, while the SH Hadley circulation was weaker, in agreement with an
interhemispheric seesaw in Hadley circulation strength. It is also found that the
section of the Atlantic Hadley cell is marked by a stronger upward air
component south of the equator during the cold AMO phase, which is consistent
with distinct positive precipitation anomalies simulated from February to July
south of the equator under the Atlantic ITCZ. Thus, the simulated precipitation
anomalies can be interpreted as changes in the Atlantic ITCZ core strength,
where in the cold (warm) AMO phase the core region of the ITCZ strengthens
(weakens) from February to July, while from July to November the core region

weakens (strengthens).

Presented results stress the importance of acknowledging the dynamics of
season- and regional-dependent ITCZ responses as they are sufficient to
produce observed AMO related signals even in the absence of marked changes
in the ITCZ position. In addition, the results provide a better understanding of
the physical basis of the AMO-related changes in South American precipitation.
This understanding will serve as a base for the exploration of simulated water

isotopes, with the aim to investigate the isotopic fingerprint of AMO and
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precipitation variability found in paleoclimate reconstructions over South

America.
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4 ISOTOPIC FINGERPRINT OF THE ATLANTIC MULTIDECADAL
OSCILLATION OVER SOUTH AMERICA AND ITS RELATION TO THE
LITTLE ICE AGE

The previous section has shown the influence of the Atlantic Multidecadal
Oscillation on South American atmosphere dynamics and precipitation. The
following part describes in greater detail the effects of the AMO on simulated

oxygen isotopic composition of precipitation over South America.

4.1 Introduction

The Atlantic Multidecadal Oscillation (AMO) is a mode of observed variability in
North Atlantic sea surface temperatures (SST) that consists of an alternation
between warm and cold SST anomalies (FOLLAND et al., 1984; KUSHNIR,
1994; SCHLESINGER; RAMANKUTTY, 1994). The AMO has a global-scale
impact on climate that is well summarized in Zhang et al. (2019). Studies that
analyzed the AMO impacts over South America found linkages with surface air
temperature (KAYANO; SETZER, 2018), low-level jets (JONES; CARVALHO,
2018; CERON et al., 2020), precipitation over northeastern Brazil (KNIGHT et
al., 2006; KAYANO et al., 2016) and southeastern South America (SEAGER et
al., 2010). For northeastern Brazil, previous studies (KNIGHT et al., 2006;
KAYANO et al., 2016) found increased (decreased) precipitation induced by
cold (warm) AMO during the wet season, i.e., March-May (MAM). Instrumental
records suggest that AMO phases are coupled with the Intertropical

Convergence Zone (ITCZ) position (Levine et al., 2018).

Modeling studies also recognize changes in the ITCZ position as an important
mechanism by which the AMO influences precipitation (KNIGHT et al., 2006,
TING et al.,, 2011, LEVINE et al., 2018). Contrary to expectations, results from
previous section (see also MAKSIC et al.,, 2022) show that AMO-related
precipitation anomalies over northeastern South America are mainly related to
changes in the Atlantic ITCZ core strength, instead of changes in its position. In
the cold (warm) AMO phase, the core ITCZ region strengthens (weakens) from
February to July, while from July to November the core region weakens

(strengthens). Results also suggest an interhemispheric seesaw in the section
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of the Atlantic Hadley cell, where a stronger upward atmospheric motion south
of the equator marks the cold AMO phase. This is consistent with Liu et al.
(2020) who suggested that the multidecadal variability in the hemispheric
Hadley circulation strength is a response to the AMO, where the intensification
in one hemisphere occurs synchronously with the weakening in the other.
Nevertheless, uncertainties still exist about the mechanisms by which the AMO
influences regional precipitation over South America, mostly because
instrumental data contain, in the best case, two full cycles of the AMO (~130

years).

Several attempts have been made to extend instrumental data using terrestrial
and marine proxies that indirectly record the past behavior of the AMO (GRAY
et al., 2004; MANN et al., 2009; WANG, J. et al., 2017; LAPOINTE et al., 2020).
An increasing number of records, summarized by Zhang et al. (2019), indicate
that the AMO variability extends several millennia back in time. Recently,
Lapointe et al. (2020) provided a reconstruction of the AMO with unprecedented
annual resolution. According to this reconstruction, the Little Ice Age (LIA,
~1450-1850; Intergovernmental Panel on Climate Change (IPCC), 2013) is the
longest period with a persistent cold anomaly in the North Atlantic over the past
~3 millennia. Recent evidence also suggests that the AMO played a keyrole in
transition between the Medieval Climate Anomaly (MCA, ~950-1250; IPCC,
2013) and LIA. During the MCA, in the early 1400s, warm Atlantic water
intrusion into the Nordic Seas provoked destabilisation of subpolar North
Atlantic and weakening of the poleward oceanic heat transport followed by
intensive cooling of North Atlantic (ARELLANO-NAVA et al., 2022; LAPOINTE;
BRADLEY, 2021).

Multiple paleoclimate records of the stable oxygen isotope composition (5'0)
from South America (KNUDSEN et al., 2011; CHIESSI et al., 2009;
APAESTEGUI et al., 2014; BERNAL et al., 2016; FLANTUA et al., 2015;
NOVELLO et al., 2018) show typical AMO periodicities (~65 years) and suggest
the AMO affected South American hydroclimate in the past. According to
records from tropical Andes and and south central Brazil, the MCA is

characterized as a warm period with weakened South American monsoon
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system (NOVELLO et al., 2018; LUNING et al., 2019). Isotopic records also
suggest enhanced monsoon during the LIA (CAMPOS et al., 2019; ORRISON
et al., 2022). On the other hand, speleothems (NOVELLO et al., 2012;
NOVELLO et al., 2018) from northeastern Brazil indicate no changes in
precipitation amounts during the MCA, but drier LIA period. Utida et al. (2019),
however, suggest humid conditions along the coastal area of northeastern
Brazil during LIA. At the same time, records from eastern Amazon region
indicate variations in the overall aridity over past millenium, with pronounced
humid phase in early and to drier conditions in late MCA and LIA (AZEVEDO et
al., 2019). Although the number of available paleoprecipitation records from
South America significantly increased during the last decade the relevance of
the AMO in the precipitation anomalies over South America during LIA and
MCA remains unclear. Therefore, the investigation of how the AMO affects
precipitation and how that reflected on isotopic ratios requires the use of

isotope-enabled climate models.

In this context, the main objective of this study was to simulate and evaluate the
influence of the AMO on atmospheric dynamics, precipitation, and consequently
880 of precipitation over South America. For this purpose, the water isotope-
enabled version of the Community Earth System Model version 1.2 (iCESM1.2)
has been forced with cold and warm AMO-phase SST fields. In the following
pages, it will also be discussed whether the AMO and related seasonally-
dependent responses may potentially have been major drivers of LIA signal
found in paleoclimate records (UTIDA et al.,, 2019; CAMPOS et al., 2019;
ORRISON et al., 2022). In addition, %0 simulations were compared with a

compilation of 6180p published reconstructions within South America.

4.2 Material and methods

In the chapter that follows, for the purpose of clarity and completeness of the
analysis methodology already employed in the previous chapter will be briefly
presented, with additional explanation regarding stable oxygen isotope and

paleoclimate records.
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4.2.1 iCESM model setup

Experiments for this study were carried with a water isotope-enabled version of
the Community Earth System Model version 1.2 (iCESM1.2). The iICESM1.2
has active atmosphere, land, ocean, river transport, and sea ice component
models linked through a coupler, and also simulates global variations in water
isotopic ratios in the atmosphere, land, ocean, and sea ice. The ability of this
model to simulate present and past 6180p patterns has been documented
previously (OTTO-BLIESNER et al. 2016; ZHU et al., 2017; HE et al., 2021).
The atmospheric component of ICESM1.2, the isotope-enabled Community
Atmosphere Model version 5 (iCAM5.3) (NUSBAUMER et al., 2017), is based
on the original, non-isotope enabled CAM5 (NEALE et al., 2010). The
atmospheric component of ICESM1.2, the isotope-enabled Community
Atmosphere Model version 5 (iCAM5) (NUSBAUMER et al., 2017), is coupled
with the interactive Community Land Model version 4 (CLM4; OLESON et al.,
2010) while sea surface temperature (SST) and sea ice concentrations (SICs)
were prescribed. The model was configured to use a computational grid of 1.9°

latitude x 2.5° longitude and 30 vertical levels from the surface to ~3.5 hPa.

This part of theses assesses the influence of the AMO on 20 of precipitation
(818Op) by analyzing simulations from isotope-enabled version of the
Community Earth System Model version 1.2 (iCESM1.2) (BRADY et al., 2019).
Isotope-enabled models integrate the mass-dependent kinetic fractionation with
atmospheric circulation and oceanic evaporation, evaporation and transpiration
from land, and the deposition of vapor onto ice. Isotope enabled models
integrate the mass-dependent kinetic fractionation with atmospheric circulation
and oceanic evaporation, evaporation and transpiration from land and the
deposition of vapor onto ice. Model used in this study is designed so that
isotope-specific processes respond directly to simulated physical processes,
rather than tuning to match isotopic observations (BRADY et al, 2019).
Description of the performed experiments can be found in Table 3.1. Illustration
of the ability of the ICESM1.2 to accurately portray the modern seasonality of

8'°0, can be found in Figure A.3.
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4.2.2 Main variables and methods used in the analyses

The effects of AMO-related SST over South American climate were evaluated
through the differences between CAMO and WAMO experiments, for both
precipitation and 6180p. As in previos section, the analyses have been applied
to the ensemble average. Here we investigated the austral summer (December,
January and February, DJF) and autumn season (March, April and May, MAM).
We also analyze summer and autumn seasons jointly (December, January,
February, March, April, and May, DJFMAM) facilitating simultaneous
observation of two major precipitation features, the ITCZ and the South Atlantic
Convergence Zone (SACZ) that forms during the mature phase of South
American Monsoon System (SAMS) (GARREAUD et al., 2009; SORENSSON,;
MENENDEZ, 2011).

To understand the dynamical mechanisms that caused the changes in
precipitation and 8180p we analyzed the upper- and lower-tropospheric

circulation.

As the AMO has a strong impact on global atmospheric circulation, changes in
Hadley and Walker circulation by comparing vertical velocity (omega; hPa/s) at
different pressure levels in the troposphere (NGUYEN et al., 2013) were
investigated. Hadley cells consists of the ascending branch (represented by
upward motion, hence negative vertical velocity) situated in the tropics and
associated with enhanced precipitation. At upper-tropospheric levels air is
flowing poleward and finally descends in the subtropics (positive vertical
velocity), suppressing precipitation. In this study, a latitude-height section 30°N-
30°S of vertical velocity, averaged over 80°W-30°W, is analyzed to represent
the regional Hadley circulation. The response of the regional Walker circulation
over South America, where ascending branch is situated over the western
Amazon region and descending motion occurs east of 40°W from December to
March, was analyzed observing the longitude-height section 80°W-30°W,
averaged over 0-15°S.

The simulated 6180p responses in each AMO phase have been analysed in this

section. The &0, denotes the ratio of H2180 to H2160 in precipitation
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(DANSGAARD, 1964). The relative abundances of stable isotopologues of
water (i.e., 1°0/*®0) changes due to fractionation that accompany condensation
and evaporation processes. Due to slight differences in chemical and physical
properties heavier *20 isotopes enter or remain in the liquid or solid phases,
while lighter '°O isotopes enter or remain in the vapor phase. The isotopic
composition of precipitation is expressed as the per mil (%0) deviation of the
heavy-to-light isotope ratio (R) from the Vienna Standard Mean Ocean Water
standard (VSMOW) (KENDALL; CALDWELL, 1998). The 80, is calculated

following equation:

018
5'%0, :<0160+”’ — 1) * 1000%o, (4.1)

o016 Standard

The statistical significance of these differences was assessed using Student’s t-
tests at a 95% confidence level to evaluate whether the means of two different

groups were distinct, meaning that the change was significant, or not.

4.2.3 Compilation of proxy data from paleoclimate archives

According to Lapointe et al. (2020) the coldest AMO anomalies occurred during
the LIA (Figure A.4). The LIA is also the longest period with a persistent cold
anomaly in the North Atlantic over the past ~3 millennia. To test whether the
AMO potentially may have been major driver of the LIA signal found in
paleoclimate records, here are compared signals found in paleoclimate records
with the simulated spatial footprint during the AMO cold and warm phase,
respectively. We defined signals in the LIA and the MCA following the original
interpretations of the authors in three categories: “drier” (meaning that the LIA
was drier than the MCA), “wetter” (meaning that the LIA was wetter than the
MCA) and “neutral” (meaning that the record shows no clear trend in humidity
between the LIA and the MCA). We compiled 29 published records of
hydroclimate and environmental reconstructions that cover both LIA and MCA
(Table A.2).
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4.3 Results

4.3.1 Changes in precipitation and §'°0,

The precipitation has a strong seasonal variability over South America and in
order to assess the impact of the AMO on two dominant precipitation features,
the ITCZ and the SACZ, and consequently 8'°0,, we analyzed simulated
austral summer (DJF), austral autumn (MAM), and both seasons together
(DJFMAM) (Figure 4.1). The DJFMAM season shows continental-scale
hydroclimate variability thus enables capturing the signal of the AMO during the
peak of the monsoon season (DJF) as well as the period when ITCZ is reaching

its southernmost position (MAM).

During austral summer (DJF), precipitation is significantly reduced over the
Atlantic Ocean north of the equator, and in the northern portion of South
America (10°N-0°, 75°W-60°W) in the CAMO experiment (Figure 4.1a). In
contrast, precipitation over most of South America is increased in the CAMO
experiment and the highest increase during DJF is simulated over the western
Amazon (7°N-10°S, 70°-60°W), the northeastern Brazil (0°-25°S, 55°W-25°W)
and the Andes.

During austral autumn (MAM), wetter conditions remain over the northeastern
Amazon and in northern northeastern Brazil, while over most of South America
precipitation decreased. The highest decreases are simulated over
southeastern South America (25°S-40°S, 65°W-50°W), northeastern Brazil and
the Andes.
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Figure 4.1 - Precipitaton and stable oxygen isotope composition (5'°0,) (%o)
differences between the cold Atlantic Multidecadal Oscillation (CAMO)
and the warm Atlantic Multidecadal Oscillation (WAMO) experiments for
austral summer (DJF), autumn (MAM) and for December, January,
February, March, April, and May (DJFMAM). For precipitation red (blue)
shaded areas correspond to drier (wetter) conditions. For in 6180,, (%o) red
(blue) shaded areas correspond to an increase (decrease). Anomalies
that are statistically significant at the 95% confidence level based on a
Student’'s t test are marked with stippling. Panels a and b modified from
Maksic et al. (2022).
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The DJFMAM mean shows increased precipitation during the cold AMO phase,
mainly over the western Amazon region, northern northeastern Brazil and the
Andes, while a significant precipitation reduction is present in the northernmost
South America. There are also significant inter-hemispheric differences in the
amount of precipitation over the Atlantic Ocean, with the largest increase
occurring to the south of the equator close to northeastern Brazil and in the
South Atlantic, while the largest reduction is observed to the north of the

equator (Figure 4.1c).

The spatial distribution of §'®0, (%.) change between CAMO and WAMO is
shown in Figure 4.1d-f. During the cold AMO phase §'®0, pattern shows an

enriched (positive) signal over the Atlantic Ocean north of the equator and over
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the entire Amazon region, reaching 15°S in DJF and 20°S in MAM. The highest
enrichment in CAMO is simulated over the northwestern coast and the western
Amazon (0°-10°S, 80°W-65°W) in MAM. The §'®0, values are significantly
depleted (negative) in CAMO over the equatorial Atlantic Ocean to the south of
the equator, northeastern Brazil and southern South America (20°S-30°S,
55°W-35°W) in MAM. The southeastern region (10°S-20°S, 60°W-35°W) is

marked by shifting from negative to positive signal from DJF to MAM.

The DJFMAM mean (Figure 4.1c) shows that values remain significantly
negative over northeastern Brazil and southern South America (2°S-30°S,
55°W-35°W) and positive over Amazon region and northernmost South

America.

The spatial distribution of 618Op (%0) change between CAMO and WAMO is
shown in Figure 4.1d-f. During the cold AMO phase 6180p pattern shows an
enriched (positive) signal over the Atlantic Ocean north of the equator and over
the entire Amazon region, reaching 15°S in DJF and 20°S in MAM. The highest
enrichment in CAMO is simulated over the northwestern coast and the western
Amazon (0°-10°S, 80°W-65°W) in MAM. The 80, values are significantly
depleted (negative) in CAMO over the equatorial Atlantic Ocean to the south of
the equator, northeastern Brazil and southern South America (20°S-30°S,
55°W-35°W) in MAM. The southeastern region (10°S-20°S, 60°W-35°W) is
marked by shifting from negative to positive signal from DJF to MAM.

The DJFMAM mean (Figure 4.1c) shows that values remain significantly
negative over northeastern Brazil and southern South America (2°S-30°S,

55°W-35°W) and positive over Amazon region and northernmost South

America.

4.3.2 Changes in large-scale circulation

To understand the dynamical mechanisms that caused the changes in
precipitation and 6180p, we analyzed the extended austral summer (DJFMAM)

upper- and lower-tropospheric circulation (Figure 4.2 and Figure 4.3).
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Figure 4.2 - The cold Atlantic Multidecadal Oscillation (CAMO) and the warm Atlantic
Multidecadal Oscillation (WAMO) seasonal wind vectors and intensity at
200 hPa (m/s) (a,b) and their differences (c) during the extended summer
season (December-May; DJFMAM). Only statistically significant
differences calculated based on a Student’s t test with confidence level of
95% are shown.

(b) DUFMAM: 200hPa wind (m/s) (c) DJFMAM: 200hPa wind (m/s)
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The position of the upper-level anticyclonic circulation, known as the Bolivian
High, is the same for both CAMO and WAMO experiments, but the wind
circulation is slightly intensified in WAMO (Figure 4.2a, b) in comparison with
CAMO (Figure 4.2a, c). On the other hand, the westerlies (200 hPa) over the
North Atlantic Ocean, between the equator and 20°N, are enhanced in CAMO.
This inter-hemispheric contrast is reflected in the gradient of precipitation
between northern South America and the Amazon region (Figure 4.1c).
Differences between CAMO and WAMO (Figure 4.2c) show that the subtropical
jet stream is intensified in the WAMO experiment, in relation to the CAMO
experiment, which is related to the intensified Bolivian High. This subtropical jet

stream intensification is the highest over the South Atlantic Ocean.

Comparing the 850 hPa wind field anomalies between both AMO phases
(Figure 4.3), an increased easterly flow reaching 5°S is noted for CAMO. For
DJFMAM the Caribbean low-level jet is weakened.
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Figure 4.3 - Wind vectors and intensity at 850 hPa (m/s) for (a) the cold Multidecadal
Oscillation (CAMO) and (b) the warm Atlantic Multidecadal Oscillation
(WAMO), as well as for the differences between both phases (CAMO-
WAMO) (c) for December-May (DJFMAM). Only statistically significant
differences calculated by a Student’s t test with confidence level of 95% are
shown.
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4.3.3 Changes in atmospheric circulation cells

Figure 4.4 reveals the difference (CAMO-WAMO) of the vertical profiles that

represent the Hadley and Walker cells.

The Atlantic Hadley cell favors convective activity over the region situated
between the 5°N and 15°S. The difference (CAMO-WAMO) of the vertical
profile (Figure 4.4a) shows high positive anomalies centered between the
equator and 15°N, indicating a stronger inter-hemispheric atmospheric
circulation. The difference also shows a dipole of negative/positive values
south/north of the equator in DJFMAM.

Figure 4.4b shows differences in the vertical profile of the Walker circulation.
Anomalies show that during the cold AMO phase the ascent of warm and moist
air is intensified, contributing to deep convective cloud formation. We also
observe positive anomalies in the upper-troposphere east and west of
intensification (negative anomaly) field, suggesting potential change in the

ascending branch position.
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Figure 4.4 - Difference between the cold Multidecadal Oscillation (CAMO) and the
warm Atlantic Multidecadal Oscillation (WAMO) of vertical pressure velocity
(omega; hPa/s) for December-May (DJFMAM). (a) Latitude-height section
30°N - 30°S, averaged over 80°W-30°W, representing the regional Hadley
circulation. (b) Longitude-height section 80°W-30°W, averaged over O-
15°S, representing the regional Walker circulation. Anomalies statistically
significant at the 95 % confidence level by Student’s t test are marked with
dots.
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4.3.4 Paleoclimate reconstructions

Finally, we compare the LIA-MCA $'®0 anomalies from speleothems with
simulated CAMO-WAMO §'°0, anomalies. We are comparing signals from LIA
and MCA, based on the relative difference between LIA and MCA periods,
following the original interpretations of the authors. Although we combine as
many different paleo records in the compilation as possible (Table A.2), Figure
4.5 only shows the approximate location of speleothem records (presented by
circles), that provide high-resolution and precisely dated 380 time series from

the ITCZ and and monsoon regions in South America.
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Figure 4.5 - Differences between the cold Multidecadal Oscillation (CAMO) and the

warm Atlantic Multidecadal Oscillation (WAMO) experiments for §'°0,. Red
(blue) shaded areas correspond to simulated increase (decrease) in 6180p
(%0). Anomalies that are statistically significant at the 95 % confidence level
based on a Student’s t test are stippled. Paleoclimate record locations:
circles, speleothems; triangle, ocean sediment. The anomalies between the
Little Ice Age (LIA) and the Medieval Climate Anomaly (MCA), where red
(blue) indicate an enriched(depleted) signal in §'°0,, and grey circles
indicate unclear signals (LIA-MCA) in paleoclimate record. For full details
about proxies see Table A.2.

Reference Site name Lat Lon Meters above sea level Proxy
1 Asmerom et al., 2020 Yok Balum (YOKG), Belize 16.20° N 89.06° W 366 513C Speleothem
2 Haug et al., 2001 Cariaco, Venezuela 10.71°N | 65.17 ° W QOcean Sediment Titanium Conc.
3 Wang et al., 2017 Paraiso (PAR01,PAR03), Brazil 4.07 °S 55.45°W 60 5180 / 513C Speleothem
4 Apaéstegui et al., 2014 Palestina (PALO3,PAL04), Peru 5.92°S 77.35 °W 870 5180 / 513C Speleothem
5 Reuter et al., 2009 Cascayunga Cave, Peru 6.05°S 77.13° W 930 5180 speleothem
6 Utida et al.. 2019 RN caves (Trapia, Furna Nova) 5.14°S 37.62°W 70 5180 speleothem composite
7 Bird et al., 2011 Pumacocha lake, Peru 10.70°S 76.06 °"W 4300 5180w
8 Kanner et al., 2011 Huagapo cave, Peru 11.27°S 75.79°W 3550 5180 speleothem
9 | Della Libera et al., 2022 Cuica cave (PIM4 and PIMS5), Brazil 11.40°S | 60.38°W 310 d180 and d13C speleothems
10 Azevedo et al., 2019 Mata Virgem Cave (MV3), Brazil 11.37°S 47.29°W 365 5180 and 513C Speleothem
11 Novello et al., 2012 Diva de Maura and Torinha cave, Brazil 12.22°S 41.34° W 480 Speleothem 5180
12 Novello et al., 2018 Sao Bernardo and Sao Mateus caves, Brazil 13.81°S 46.35°W 631 Speleothem 6180
13| Thompson et al., 1986 Quelccaya, Peru 13.93°S 70.83° W 5670 5180ic
14 Novello et al., 2016 Pau d'Alho (ALHOB), Brazil 15.12°S 56.48°W 600 5180 stalagmite
15 Wortham et al., 2017 Tamboril Cave, Brazil 16.0°S 47.0°W 700 5180, 513C, 87Sr/86Sr speleothem
16 | Apaéstegui et al., 2018 Umajalanta, Bolivia 18.12°S 65.77°W 2650 5180 Speleothem
17 Vuille et al., 2012 Cristal Cave (CR1), Brazil 24.58°S 48.58°W 130 5180 Speleothem
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Simulated §'®0, anomalies over northeastern Brazil are in agreement with

speleothem records from Rio Grande do Norte cave sites (UTIDA et al., 2022,
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in revision), as well as with lake sediments from Boqueirdo Lake (UTIDA et al.,
2019) located at about 5°S. Significant 6180p enrichment is simulated for the

cold AMO over northern South America, equatorial and western Amazon region




and the Andes. However, records from the southwestern Amazon region
(DELLA LIBERA et al., 2022) suggest wetter conditions during the LIA and drier
conditions during the MCA. This is in agreement with simulated precipitation
(Figure 4.1) but not with simulated 5'°0,. Likewise, the simulated §*°0, signal
differs from speleothem records from the Andes that suggest wetter conditions
during the LIA (BIRD et al., 2011; KANNER et al., 2013; APAESTEGUI et al.,
2014).

Simulated anomalies are not statistically significant in eastern Brazil, between
10 and 25°S, and this is also the region with a relative neutral signal between
LIA and MCA (NOVELLO et al., 2012; NOVELLO et al., 2018; WORTHAM et
al., 2017; AZEVEDO et al., 2019). On the other hand, statistically significant
negative isotopic anomalies are observed in simulated oxygen isotope ratios
over the southern part of tropical South America, which suggest an
enhancement of the SASM during cold AMO. This result is in agreement with
the signal recorded by speleothems from Cristal cave (VUILLE et al., 2012) and
partly in agreement with Umajalanta—Chiflonkhakha cave system
(APAESTEGUI et al., 2018) where records suggest change from wet to dry
phase during MCA.

4.4 Discussion

Due to the complexity of the water cycle, SlSOp values in precipitation vary
temporally and spatially, being influenced by several environmental factors
(e.g., surface air temperature, amount of precipitation, orography, atmospheric
humidity, distance from the ocean) (DANSGAARD, 1964). Over mid- and high
latitude regions, fractionation processes and &0, variations are primarily
governed by the temperature, while those at low latitudes are primarily
governed by precipitation (DANSGAARD, 1964; ROZANSKI et al., 1992). In
tropical regions, most precipitation arises from deep convection, with vertical
motions dominating over horizontal transport, and, via Rayleigh distillation, the
high condensation and precipitation results in water vapor with depleted
(negative) 8180p (BOWEN, 2008; VUILLE et al.,, 2003; VUILLE et al., 2012,
CAMPOS et al.,, 2019; ORRISON et al., 2022). In areas with less strong
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convergence, the 8180p depends on a complex interplay between the amount
effect, the continental effect (LACHNIET, 2009), moisture source and trajectory
path (CRUZ et al., 2005; STURM et al., 2007), ocean-atmosphere interactions
(BRADLEY et al.,, 2003; VUILLE; WERNER, 2005), and moisture recycling
(AMPUERO et al., 2020). Given that 618Op integrates information from all parts
of the water cycle, proxy records of past hydroclimate preserve signal of large-
scale climate dynamics related to changes in distant geographic area, such as
North Atlantic SST (BACKER et al, 2009; WINTER et al, 2011,
FENSTERERET al., 2012). Studies over the past two decades have provided
important information on how AMO influences both ITCZ and SAMS, but very
little was found in the literature on the isotopic fingerprint of AMO over South
America. Statistical analyses show the dominant mode of variability
characterized by frequencies of ~60-80 years in several speleothem records
(APAESTEGUI et al., 2014), but the importance of AMO in the precipitation
anomalies during LIA and MCA is still unknown. Recent work by Midhun et al.
(2020) finds a globally-distributed, large spatial AMO footprint, but the signal is
weak, possibly due to the difficulties of coupled models to appropriately
simulate decadal to multidecadal variability (AULT et al., 2012; KRAVTSOV et
al., 2018). Fully coupled models also underestimate the magnitude of decadal
variability and fail to produce spatial patterns that match the observed signals
(HAN et al., 2016).

The present study was designed to determine the effect of AMO on 8180p. The
results show stronger low level easterly flow in CAMO (Figure 4.1c; Figure 4.3c)
that brings more moisture to the mainland and correlates with the increase in
precipitation over the western Amazon (7°N-10°S, 70°-60°W) and coastal
northeastern Brazil (Figure 4.1c). While the increase in precipitation during
CAMO corresponds with 8180p simulated depletion over northeastern Brazil,
significant increase in precipitation in western Amazon during CAMO, which is
consistent with observations (YOON; ZENG, 2010), does not seem to
correspond to simulated enriched (positive) 8*°0, (Figure 4.1f). This finding was
unexpected and suggests that even when the change in total precipitation

amount is significant over the western Amazon this may not be reflected in
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8180p depletion. Given that the total precipitation amount changed substantially,
the simulation results indicate that different physical processes are
compensating 8180p depletion. This inconsistency may be due to changes in
large-scale circulation (Figure 4.3c) where the 8180p enrichment signal, related
to precipitation reduction throughout the Atlantic Ocean north of the equator,
propagates further inland reaching 20°S and diminishes the amount effect. This
finding was also reported by Bowen (2008) who observed that isotope
seasonality over relatively large regions may be strongly controlled by the
strength of convergence over ITCZ. Another potential reason for enriched §'°0,
values could be a reductions in overall evaporation in CAMO observed over the

Amazon region and region under the SAMS influence (Figure A.5).

In comparison with reconstructions (Figure 4.5) we conclude that, contrary to
expectations, the simulated 8180p signal differ from speleothem records from
the Andes that show wetter conditions during the LIA and 6180,0 depletion (BIRD
et al., 2011; KANNER et al., 2013; APAESTEGUI et al., 2014). More future
analyses are needed to pinpoint the cause of this discrepancy and understand
why significant total precipitation amount change over the western Amazon and
Andes are not reflected in 6180p depletion. It is important to bear in mind that
the possible bias in these responses is in part due to the limited number of

ensemble members to provide robust assessments of the forced response.

On the other hand, simulated 6180p agree with speleothemes under the SAMS
influence (Figure 4.1a, d), which show strengthening or southward displacement
of the SACZ that occurred during the LIA (CAMPOS et al., 2019; ORRISON et
al., 2022).

Depletion of §'°0, over northeastern Brazil is simulated in both DJF and MAM
seasons, although simulated precipitation anomaly is positive in MAM only in its
northernmost regions and over the adjacent tropical South Atlantic (Figure
4.1a,b). The precipitation increase over the equatorial Atlantic Ocean and
northeastern Brazil can be dynamically understood as being associated with
changes in the Atlantic ITCZ and the intensified easterly flow. The scientific

literature has linked AMO phases and energetically driven meridional shift of
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ITCZ with precipitation changes over South America (KNIGHT et al., 2006;
TING et al.,, 2011; LEVINE et al., 2018). The same mechanism has been
associated with drought conditions signal in the Cariaco Basin, located close to
the northern limit of the ITCZ, and widespread aridity in the most northern
regions of South America and during the LIA (HAUG et al., 2001; PETERSON;
HAUG, 2006). Indeed, the LIA was the longest period with persistent cold
anomalies in the North Atlantic (LAPOINTE et al., 2020). This could support the
hypothesis of the ITCZ shifting southwards during the LIA (HAUG et al., 2001;
BIRD et al., 2011; ZHANG et al., 2019). Displaced ITCZ could explain dry (wet)
signals recorded in the Cariaco Basin and simultaneously wet (dry) signals over
northeastern Brazil during LIA (UTIDA et al., 2019). However, paleoclimate
records from Central America have recently challenged the hypothesis
(POLISSAR et al., 2006; OBRIST-FARNER et al., 2023; MEDINA et al., 2023;
ASMEROM et al., 2020), showing significant spatial variability in hydroclimate
during the LIA (STEINMAN et al., 2022).

Surprisingly, the results of this study do not show substantial differences in the
mean position of the Hadley cells and the ITCZ, but changes in intensity. The
AMO in experiments presented here has a nearly symmetric effect in
modulating the Atlantic ITCZ-related precipitation. Interesting finding is that the
eguator-symmetric changes present in the simulated precipitation fields are in
remarkable agreement with the changes shown in Knight et al. (2006). It is
important to bear in mind the importance of acknowledging the dynamics of
season- and regional-dependent ITCZ responses as they are sufficient to
produce observed AMO related signals even in the absence of marked changes
in the ITCZ position. Therefore, we interpret the simulated changes in
precipitation between different AMO phases as changes in the Atlantic ITCZ
core strength. This is in agreement with Steinman et al. (2022) which shows
multi century-long southerly shift in the ITCZ accompanied by a decrease in
ITCZ strength.

Comparison of model-derived signal for region under the Atlantic ITCZ influence
is also consistent with proxy reconstructions (AZEVEDO et al., 2019; DELLA
LIBERA et al., 2022; UTIDA et al., 2022, submited) (Figure 4.5). Dipole pattern
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of both precipitation and 8180p simulated for coastal northeastern Brazil
between northern portion and southern portion of northeastern Brazil resembles
one found in records (NOVELO et al., 2012; NOVELO et al., 2018; AZEVEDO
et al., 2021; UTIDA et al., 2022, submited). The results of this study are also in
line with studies that suggested the ITCZ expansion/contraction as potential
modulator of tropical precipitation changes (YAN et al., 2015; WODZICKI;
RAPP, 2016; DENNISTON et al.,, 2016; CHIESSI et al., 2021). They also
complement study that suggests external forcings as main drivers of the Atlantic
ITCZ shifts during the last millennium (ROLDAN-GOMEZ et al., 2022). This
implies that AMO-induced ITCZ seasonal strength changes and ITCZ shifts
driven by strong volcanic eruptions during the LIA (STEVENSON et al., 2019;
TEJEDOR et al., 2021) contribute jointly to changes in precipitation over South

America during the last millennium.

Since the study was limited on one model it should be acknowledged that
systematic biases could have influenced results. In addition, the AMO may not
in fact be the only and primary control of precipitation SlSOp within South
America over the last millennium, and that interactions among the three oceans
can play an important role in initiating interactions and modulating climate over
South America (WANG et al., 2019; HE et al., 2021). It is important to keep in
mind that the proxy data reflect differences between LIA and MCA, while the
experiments optimally represent only cold and warm phase from 1850-2012.
Also, this study is limited to ocean—atmosphere interaction and the climate
system is the result of many more complicated feedbacks and interactions.
Thus, considerably more work will need to be done to determine which part of

the signal found in proxies can be explained by the AMO.

Notwithstanding these limitations, this study support evidence from Utida et al.
(2019) who found that regional precipitation along the coastal area of South
America was not solely governed by north-south displacements of the ITCZ due
to changes in NH climate, but also by the contraction and expansion of the
tropical rainbelt. In addition, this mechanism potentialy explain zonal dipole
between coastal area of northeastern Brazil and eastern Amazon region during
the LIA (AZEVEDO et al., 2019; AZEVEDO et al., 2021). An implication of this
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finding is the possibility that change in the ITCZ core strength, provoked by
persistent cold AMO (LAPOINTE et al., 2020), contributed to dry conditions over
northernmost South America and also increased precipitation along the coastal

area of northeastern Brazil during LIA.

This study also explored the potential influence of the AMO on terrestrial
ecosystem responses biome distribution. For this purpose the potential
vegetation simulations with the CPTEC-PVM2, following methodology explained
in the Section 2.2 (Table 2.2), were performed. To perform the potential
vegetation simulations the CPTEC-PVM2 model was initialized with the
observed monthly climatology plus the simulated monthly fields of CAMO and
WAMO experiments. For both experiments, CO, was set on 280ppm. Contrary
to expectations, this study did not find a significant difference between projected
biome changes for the CAMO and WAMO experiments (Figure A.6). A possible
explanation for this might be that responses to this large-scale change may be
on structural complexity, community composition or phenological changes (NYE
et al, 2014; VILELA et al., 2017) and not on biome level.

45 Conclusions

The findings of this study point out that Atlantic ITCZ strength is sensitive to the
Atlantic Multidecadal Oscillation. Hence, teleconnection between the North
Atlantic SST and ITCZ strength in simulations presented here drive seasonal
variability of precipitation isotope ratios over tropics and subtropics. Model-
derived AMO signal for region under the Atlantic ITCZ influence is consistent
with proxy reconstructions and ITCZ strength change potentialy explain zonal
dipole between northern portion and southern portion of northeastern Brazil, as
well as northern portion of northeastern Brazil and eastern Amazon region
during the LIA. An implication of this finding is the possibility that change in the
ITCZ core strength, provoked by persistent cold AMO, contributed to dry
conditions over northernmost South America and also increased precipitation
along the coastal area of northeastern Brazil during LIA. These results also
suggest that records reflecting annual means should be treated with caution as

they potentialy record signal of seasonal variability and not ITCZ shift.
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Hydroclimatic spatiotemporal patterns in other regions of South America,
however, remain puzzling and cannot be explained by AMO, as model-derived
AMO signal and signal in records are not consistent. The reasons for these
discrepancies between the reconstructions on the one side and the model on
the other side could lie in model systematic biases, limited interaction and
feedback in experiments and additional uncontrolled factors. The AMO however
may not be the only and primary control of precipitation within South America

during LM, and that in different regions other factors were more dominant.
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5 GENERAL CONCLUSIONS

This study tends to provide a past-present-future perspective of climate

changes and terrestrial ecosystem responses in South America.

In the first part the vegetation response to a temperature increase since the
Last Glacial Maximum to the pre-industrial period was analyzed using both
simulations and records-based reconstructions. For the sake of making LGM a
potential antianalog for future warming and symmetric comparison, the referent
cooling of LGM at -4°C was set. Computed LGM anomalies showed decreased
precipitation over equatorial (0°-10°S) Brazil and increased precipitation over
regions under the SAMS influence. The compilation of published
reconstructions shows that the computed multi-model ensemble mean
precipitation and temperature fields are reliable over Brazil. The validation of
past conditions is an important step that increased confidence in data that are
used as the input for further vegetation simulations.

The investigation of LGM vegetation has shown that simulations are consistent
with proxy reconstructions which suggests expansion of grassland in the
southern Brazilian highlands (BEHLING et al., 2004; GU et al., 2018). One of
the most significant findings to emerge from this study is that the model
reproduces the LGM Grassland biome seen in records only considering all
forcings, as none of them separately is sufficient for producing adequate
conditions necessary for it. Model also suggests the Amazon rainforest
persistence through colder and drier conditions during the LGM. This study has
identified that the western and central Amazon forest were largely maintained
during the LGM mainly due to negative temperature anomalies, while a
decrease in past precipitation was responsible for Tropical evergreen forest to
be substituted by Tropical seasonal forest and Savanna/Cerrado in its eastern
portion. The results of this research support the idea that changes in monsoon
intensity cannot be the main driver for vegetational changes/stability across the
Amazon biome, as generally assumed. Thus, lower temperatures in

combination with substantially lower CO, are also important controlling factors
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during the LGM (GERHART; WARD, 2010; PRENTICE et al., 2011; SCHEFF et
al., 2017).

A quantitative approach of classifying vegetation proxy data as reflecting
“change”, “no change” and “unclear” could be the source of uncertainties that
opens space for discussion and creates potentially fruitful area for further
investigation. Although this approach has been used in other studies, this
simplification can result in an agreement between the proxy record and the
model scenario even in cases when they show opposite signals. A further study
could assess the description of change and change evidence specified in the
compilation created here and compare them with LGM climate produced by the
regional climate models with more detailed topography and the consideration of
paleo lake level fluctuations. More information by the regional climate models
could bridge the gap between the coarse resolution of current global climate
models and the regional-to-local scales, where the impacts of climate change
are of primary interest. Also, climate affects land cover and land cover in turn
affects climate, therefore further sensitivity tests with prescribed vegetation for
LGM generated in this experiment could reveal the importance of more realistic
vegetation boundary conditions for a more accurate representation of climate

variability under LGM conditions.

Notwithstanding this limitation, this part of the thesis certainly contributes to our
understanding of the main drivers behind LGM vegetation changes in the
largest biomes of South America, and establishes the relationship between
forcings (CO,, precipitation and temperature) and reconstructed vegetation

responses.

The results and insights from the LGM are then compared with projected
vegetation response in conditions of potential future warming. The major finding
is that, in contrast to LGM, biome shifts for the future +4°C scenario will mostly
depend on future precipitation changes. Under future warming, simulations
show an expansion of Savanna/Cerrado, with projected coverage 10% higher
than Present. Further, future warming will trigger a reduction of Amazon forest,

Tropical seasonal forest and Caatinga savannization or desertification. Results
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reaffirmed that the +4°C scenario will most probably affect local biodiversity and
regional climate. Knowing that the regional human-driven pressures are up to
hundreds to thousands of times faster than they are for natural climatic and
geological phenomena (ALBERT et al., 2023) and can lead to a cascade of
tipping points in combination to the scrutinized driving factors there is, therefore,

a definite need for consideration of land use changes in further research.

Recent observations show the Atlantic Ocean overturning circulation recently is
weakening (AMOC) (CAESAR et al., 2018). Intensified (weakened) AMOC
causes stronger (weaker) northward transport of oceanic heat and induces the
warm (cold) anomalies in the North Atlantic (WANG; ZHANG, 2013).
Observations also indicate emerging North Atlantic cooling in spite of warming
in tropical Atlantic (FRAJKA-WILLIAMS et al., 2017). Simultaneously, evidence
suggests that since 1979 the warming in the Arctic has been much faster than
in the rest of the world (RANTANEN et al., 2022). The results of this study show
that warming is nearly four times faster then the entire globe and that climate
models highly underestimate it. With ongoing ice melting in the northern high
latitudes, projected AMOC slowing under anthropogenic warming and surface
temperature cooling in the Northern Hemisphere (DITLEVSEN; DITLEVSEN,
2023; LIU et al., 2020), it is likely that North Atlantic cooling will persist in future
(FRAJKA-WILLIAMS et al., 2017). If these predictions were to occur in the
future, the LIA as period with long cold AMO signal may potentially serve as an

analogue for climatic conditions in the coming decades.

The experimental work presented in the second and third part of this thesis
explores the AMO and hypothesis that the AMO is potentially a major driver of
precipitation signals from the MCA and LIA seen in paleorecords. The influence
of the AMO on "0, has been evaluated performing idealized experiments with
the ICESM1.2 model.

Unlike earlier studies that suggest a displacement of the ITCZ, presented
results do not show robust changes in its zonal mean position between the
different AMO phases. The results suggest that the simulated precipitation

anomalies can be interpreted as changes in the Atlantic ITCZ core strength,
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where in the cold (warm) AMO phase the core region of the ITCZ strengthens
(weakens) from February to July, while from July to November the core region
weakens (strengthens). Notwithstanding that, interpretations here are based on
experiments done with the use of only one model they indicate that season-
dependent ITCZ responses are sufficient to produce observed AMO related
signals even in the absence of marked changes in the ITCZ position. These
results also suggest that records reflecting annual means should be treated with
caution as they potentially record signals of seasonal variability and not ITCZ
shift.

These simulations were primarily made with the aim to investigate the isotopic
fingerprint of AMO and explain precipitation variability found in LM paleoclimate
reconstructions over South America. This study is one of the first investigations
about how the existence of a dipole mode in the SST over the North Atlantic
reflects into 8180p and tries to contribute to new insights into precipitation
variability found in paleoclimate reconstructions. Model-derived AMO signal for
regions under the Atlantic ITCZ influence is consistent with proxy
reconstructions and ITCZ strength change potentially explain zonal dipole
between coastal northern portion and southern portion of northeastern Brazil, as
well as, northern portion of northeastern Brazil and eastern Amazon region
during the LIA. eastern Amazon region during the LIA. An implication of this
finding is the possibility that change in the ITCZ core strength, provoked by
persistent cold AMO, contributed to dry conditions over northern South America
and also increased precipitation along the coastal area of northeastern Brazil
during LIA.

Hydroclimatic spatiotemporal patterns in other regions of South America,
however, remain puzzling and cannot be explained only by AMO signal, as
signals between the reconstructions on the one side and the model-derived
signal on the other side are not consistent. The reasons for these discrepancies
could lie in model systematic biases, limited interaction and feedback in
experiments, as well as additional uncontrolled factors. It must also be
acknowledged that the change of SST in other basins may also affect the South

American precipitation from interannual to interdecadal time scales (KAYANO;
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ANDREOLI, 2007; KAYANO et al., 2021). Recent studies show that the signals
from the two different ocean basins can interact (KUCHARSKI et al., 2016) and
that impact on local climate variability depends on the phase relationship of
the Pacific decadal oscillation (PDO) and AMO (KAYANO et al., 2019; HONG et
al., 2021; CERON et al., 2021). In addition, in years with cold AMO and cold
PDO the South American precipitation anomaly patterns are strongly modulated
by the El Niflo-Southern Oscillation (KAYANO et al., 2022). Thus, the AMO may
not be the only and primary control of precipitation within South America during
LM and in different regions other factors could be more dominant, or result of
combined effect of dominant patterns.

Given that the AMO is as a combination of both internal variability and response
to external forcing, the AMO's interaction with the effects of anthropogenic
climate change is certain. However, However, the extent of the AMO's impact in
a warming world and its role in exacerbating or mitigating the effects of climate

change on terrestrial ecosystem discussed in section two remains uncertain.

The present study makes several noteworthy contributions to our understanding
of the main drivers behind LGM vegetation changes in the largest biomes of
South America and establishes the relationship between forcings and
reconstructed vegetation responses. A natural progression of this work is to
analyze past climate and vegetation using regional models, providing more
details, especially in regions with highly variable topography. It also indicates
the potential for improving understanding millennial and decadal signals in
records-based reconstructions, by discussing the mechanisms that take place

at monthly timescales.
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APPENDIX A

Table A.1 - Compilation of proxy data from paleoclimate archives of South America. In the case of precipitation, anomalies are expressed
aas the difference between LGM and present time, and the categories are "drier", "wetter" and "unclear (NA)". Also for
vegetation anomalies are expressed as the difference between LGM and present time, and the categories are "change (y)",
"no change (n)" and "unclear (NA)".

Site Latitude Longitude Reference Proxy type CRI LGM-Today LGM Ensemble | Simulated
precipitation biome mean LGM LGM
(study) change climate biome
(study) change

1 Bush & Colinvaux 1990; Drier Drier
El Valle 08°36'55" N 80°07'31" W Piperno et al., 1991 Palynology and diatom 0,03 n n

5 Faquene 2, valle Van Geel & Van der Drier Drier
de Ubaté 05°30' N 73°46'12" W Hammen 1973 Pollen diagram 0,03 y y

3 Van der Hammen & Drier Drier
Faquene 3 05°27'N 73°46' W Hooghiemstra 2003 Pollen diagrams 0,70 y y

4 Vélez et al., 2003; Vélez Palynology and diatom (plus water Drier
Faquene 7 05°27'N 73°46' W et al., 2006 chemistry, magnetic) 0,73 Drier NA y

. P onn Pollen diagrams (plus morainic .
5 | La Laguna, Bogota 04°55' N 74°20' W Helmens et al., 1996 complexes) 073 NA NA Drier y
Glacial geomorphology, tephra-soil
6 Ruiz-Tolima stratigraphy in basins, the area has Drier
massif, Cordillera active volcanoes that produced
Central 04°51'N 75°22' W Thouret et al., 1996 wideand mineralogy, palynology 0,03 Drier NA y
. Behling and . .

U Laguna el El Pinal 04°08' N 70°23' W Hooghiemstra, 1999 Pollen diagram 0,83 Drier NA Drier n

8 Rio Branco- Drier
Rupununi Savanna 03°12' N 59°53' W Teeuw & Rhodes 2004 Particle size, paleodunes dose 0,37 NA NA n
9 Piagua, Popayan 02°30'N 76°30' W Wille et al. 2001 Palynology, 5*°C in organic material 0,07 NA NA Drier n
10 | Timbio, Popayan 02°24'N 76°36' W Wille et al., 2000 Pollen diagram 0,40 Drier y Drier n

1 Virua National Rossetti et al., 2012; Paleomorphology, 5"°C, C/IN, TOC Drier Drier
Park 01°24'35" N 60°59'16" W Zani et al., 2012 (organic) 1,03 NA y

TOC, total organic nitrogen (TN), 3™°C,

12 Hill of six lakes 0°17'10" N 66°40'36" W Cordeiro et al., 2011 5"N, charcoal, Chlorophy II, black Drier Drier

carbon, elemental analyses 1,00 n n
continue
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Table A.1 - Continuation.

Site Latitude Longitude Reference Proxy type CRI LGM-Today LGM Ensemble | Simulated
precipitation biome mean LGM LGM
(study) change climate biome
(study) change
. . o o g Pollen diagram, charcoal, chemical .
& Hill of six lakes 00°16"N 66741'W Bush et al., 2004a cation, loss-on-ignition (LOI) 1,40 NA n Drier n
14 Hill of six lakes 00°16' N 66°41' W Colinvaux et al., 1996 Lithology and pollen spectra 0,77 Drier n Drier n
15 | Hill of six lakes 00°16'N 66°41° W Bush et al., 2004a Pollen diagram, charcoal, LOI 0,70 Drier n Drier n
16 Pichincha 00°10'S 78°35'W Heine and Heine 1996 | Glacier advance under humid condition | 0,00 NA NA Wetter y
17 Temedaui, Rio Carneiro Filho et al.,
Negro 00°23'S 64°33' W 2002 Paleodunes dose 1,03 Drier NA Dry n
Geomorphologic mapping, field
18 Tiquié, upper Latrubesse & Franzinelli | surveys, *C dating of wood detritus NA
Negro River Basin | 00°23'18" S 64°18'25" W 2005 and charcoal 0,00 NA Dry n
19 Maicurd 00°30'S 54°15'W Colinvaux et al., 2001 Pollen diagrams, lithology 0,03 NA NA Dry y
20 Pantano de Van der Hammen and
Monica 00°42'S 72°04' W Hooghiemstra, 2000 Pollen diagram, lithology 0,03 Drier y Dry n
River bank sections, radiocarbon dates
21 Van der Hemmen et al., | and palynological analyses of organic
Caqueta River 02°07'18" S 70°42'33" W 1992 layers 0,00 Drier NA Dry n
29 Pollen/spores, charcoal, magnetic
Laguna Chorreras 02°45'S 79°10' W Hansen et al., 2003 susceptibility 0,40 NA NA Wet y
oo onp Ledru et a., 2006; Palynology, mineralogogy and
= Lagoa do Cacd 02°58'S 43°25°'W Sifeddine et al., 2003 geochemistry 0,50 Drier y Drier n
ocar onp Jacob et al., 2004; Lithology, organic petrography, C/N,
e Lagoa do Cagéd 02°58'S 43°25'W Jacob et al., 2007 5"Cug and 5N, 3D 0,83 Drier NA Drier n
25 Santiago cave 03°01'S 78°08' W Mosblech et al., 2012 580 acite OF Stalagmite 3,00 NA NA Wetter y
26 Niemann & Behling
El Tiro Pass 03°50'26" S 79°08'43" W 2008 Pollen, spores and charcoal analysis 0,83 Wetter y Wetter y
Itaituba fossil oA e . Sedimentology of fossil bed, 5™°C in
2 quarry 04°1502" S 56°00'50" W Rossetti et al., 2004 bone collagen, X-ray analysis of clay 0,33 Drier NA Drier n
o8 Brunschén & Behling Pollen diagram, non-destructive
Cerro Toledo 04°22'29" S 79°06'42" W 2009 magnetic susceptibility 0,83 Wetter n Wetter y
Rio Grande do
29 Norte [Rainha,
Furna Nova and
Abissal caves] 05°36'S 37°44' W Cruz et al., 2009 5"®0caice Of Stalagmite 4,33 Drier NA Drier y
continue
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Table A.1 - Continuation.

Site Latitude Longitude Reference Proxy type CRI LGM-Today LGM Ensemble | Simulated
precipitation biome mean LGM LGM
(study) change climate biome
(study) change
30 Cueva del
Diamante Cave 05°44'S 77°30' W Cheng et al., 2013 5"®0caicie Of Stalagmite 4,00 Wetter NA Wetter n
31 El Condor Cave 05°56' S 77°18' W Cheng et al., 2013 5"®0caicie Of Stalagmite 5,67 Wetter NA Wetter n
32 | serrados Carajas 06°20'S 50°25' W Absy et al., 1991 Pollen diagram 0,03 Drier NA Drier y
Pantano da
33 | Mauritia, Serra Sul Hermanowski et al., Pollen, fern spore, micro-charcoal,
dos Carajas 06°21'06" S 50°23'37" W 2012 sediment and mineral analyses 0,40 Drier y Drier y
. . . i Lithology, mineralogy, 5~C of organic
34 | Serra dos Carajas 06°35' S 49°30' W Sifeddine et al., 2001 matter (6¥3Cmg) 0,70 Drier NA Drier n
Laguna La oo ompr Pollen diagram, charcoal, magnetic
&2 Compuerta, Peru 07730 S 78736'W Weng et al., 2006 susceptibility, and bulk density 0,37 NA NA Wet n
36 Pollen diaqrams, sedimentary facies,
Humaita 07°55'26" S 63°04'59" W Cohen et al,, 2014 5"*Corg and C/Nmoiar 0,40 Drier NA Drier n
Porto Velho to
g7 | Humaita (BR319), 63°57' W TOC, 5™C of soil organic matter NA
8 locations in
details in the ref. 08°21'S Freitas et al., 2001 0,37 n Drier n
Katira Creek, o o Van der Hammen and . 13
& Rondonia 09°S 63°W Absy, 1994; Palynology, sedimentology, 5°C 0,33 Drier y Drier n
18 R
39 | Huascaran, Peru | 09°06'41"S | 77°36'53'W | Thompson et al., 1995 &"Oxce and water chemistry 0,43 NA NA Neutral y
40 Lago Saci 09°07'S 56°16'10" W Cordeiro et al., 2014 Sedimentology, charcoal, 5"°Cyq 0,83 Drier NA Neutral n
a1 U-Th dating of speleothem/travertine
Toca da Boa Vista | 10°09'45" S 40°51'35" W Wang et al., 2004 formation 0,33 NA NA Wetter y
42 Canhoba/Cel. Jodo | 10°05'06" S- | 37°01'14" W- 5"C of Notiomastodon platensis
Sa 10°17'27" S 37°59'20" W Dantas et al., 2013 (enamel) 0,67 NA NA Wetter n
ASTER imagery, aerial photographs,
43 Cordillera C and '°Be dating of quaternary
Huayhuash 10°18'S 76°54' W Hall et al., 2009 glacial landscape 0,67 NA NA Wetter y
a4 Salgadinho, Salitre
valley 10°21' S 40°46'40" W Wang et al., 2004 U-Th dating of travertine formation 1,67 NA NA Wetter y
45 61800a|cite, 613Ccalciley magnetic
Junin 11°S 76°10' W Seltzer G., 2000 susceptibility 0,70 Drier NA Wetter y
continue
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Table A.1 - Continuation.

Site Latitude Longitude Reference Proxy type CRI LGM-Today LGM Ensemble | Simulated
precipitation biome mean LGM LGM
(study) change climate biome
(study) change
Laguna Junin, 02 AE" o(VRIAE"
9 Peru 11°0345" S 76°06'35" W Hansen et al., 1984 Pollen diagram 0,70 NA y Wetter
47 Pacupahuain 11°14'24" S | 75°49'12" W Kanner et al., 2012 3C, 5"®0caicie 23,33 Wetter NA Wetter y
Geomorphologic mapping,
48 sedimentary and dating [i.e.
Valente & Latrubesse. | TL,0OSL,*C] of fluvial sediments and
Bananal Basin 13°0'20.61" S | 50°39'33"W 2012. organic debris 1,00 Drier n Wetter n
Pollen & fossil diatoms, LOI,
49 Pacucha 13°36'26" S 73°29'42" W benthic/salt-tolerant diatoms and NA
Hillyer et al., 2009 CaCOs 0,70 NA Wetter n
) oo oo Mayle et al., 2000; .
50 | Laguna Bella Vista 13°37'S 61733'W Burbridge et al., 2004 Pollen spectra and charcoal, LOI 0,40 Drier y Neutral n
. . . Optically stimulated luminescence
et Pisco valley 13°%42'S 75742 W Steffen et al., 2009 (OSL) dating of quaternary deposit 1,00 Wetter NA Wetter
52 Lago Consuelo 13°57'S 68°59' W Bush et al., 2004b Pollen diagram 1,03 NA n Wetter
53 Mayle et al., 2000; Drier
Laguna Chaplin 14°28'S 61°04' W Burbridge et al., 2004 Pollen spectra and charcoal, LOI 0,73 y Dry y
Vereda de Aguas Salgado-Labouriau et : :
>4 Emendadas 15°34'S 47°35'W al., 1998 Pollen diagram 0,03 Drier y Wetter n
55 16°03'27" S Magnetic susceptibility, lithology, TOC,
Titicaca 69°05'14" W Fritz et al., 2007 %CaCO; 5°Croc, diatom 0,73 Wetter NA Neutral y
Baker et al., 2001a; Pollen diagram and charcoal,
56 Lago Grande, Paduano et al., 2003; magnetic susceptibility, CaCOs,
Titicaca 16°08'0.24" S | 69°09'12"W Tapia et al., 2003 5"Croc 1,10 Wetter y Neutral y
P onpy - Argollo & Mourguiart. . .
57 Huindmimarca 16°20' S 68°57'45" W 2000 Geomorphological and pollen diagram 0,70 Drier NA Neutral y
Huara Loma Morphostratigraphic mapping,
58 | Valley, Cordillera Mineralogy and geochemistry, and
de Cochabamba 17°12'S 66°17' W May et al., 2011 “CJOSL dating of glacial landforms 2,33 NA NA Drier n
59 Wara Wara, Valle 17°17' S- 66°07" W- Zech et al., 2007; Kull et | ™Be dating of morine deposits & mass NA
Huara Loma 17°13'S 66°16' W al., 2008 balance and climate modeling 1,00 NA Drier n
60 Salgado-Labouriau et Pollen diagram, spore and
Vereda, Crominia 17°15'S 49°25'W al., 1997 geochemical analyses 0,07 Wetter y Wetter n
continue
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Site Latitude Longitude Reference Proxy type CRI LGM-Today LGM Ensemble | Simulated
precipitation biome mean LGM LGM
(study) change climate biome
(study) change
61 Laguna Khomer Physical and chemical analysis, pollen NA
Kocha Upper 17°16'31" S 65°43'57" W Williams et al., 2011 and spore analysis 0,40 NA Wetter n
Stratigraphic assessment,
62 Alto llo, Pampa 17°41'31" S- | 71°15'55" W- sedimentologic, pedologic
Inalambrica 17°42'13" S 71°15'34" W Londofio et al., 2012 observations, optical OSL dating 1,00 NA NA Wetter y
63 Pollen diagram, 5™°C of soil organic Drier
Laguna La Gaiba 17°45'S 57°35'W Whitney et al., 2011 matter, LOI, magnetic susceptibility 1,07 y Wetter y
64 Siberia 17°50' S 64°43'08" W Mourgw&;réggd Ledru, Pollen diagram, TOC, Quartz 070 Drier y Drier y
65 Sajama 18°06' S 68°53' W Thompson et al., 1998 50, water chemistry 0,47 Wetter NA Wetter
™C dating of buried and surficial soil
66 stratigraphic units that formed between
18°00'28" S- | 67°02'31" W- deep-lake cycles, ake hydrologic
Salar de Uyuni 18°18'55" S 67°34'05" W Placzek et al., 2006 budget models 0,33 NA NA Wetter y
67 Rio Seco, Gran Geomorphologic mapping, field
Chaco 18°41'47" S 63°12'56" W | Latrubesse et al., 2012 surveys, OSL dating 0,67 NA NA Drier y
Cabezas-Rio Stratigraphical, grain size and
68 Grande,Bolivian geochemical analyses [Pedogenic
Chaco 18°48'05" S 63°18'02" W May et al., 2008 iron], **C dating of Terrestrial shell 0,70 Drier y Drier y
69 Lagoa Campestre,
Salitre de Minas 19° S 46°46' W Ledru et al., 1996 Pollen diagram and spores 0,50 NA NA Wetter n
70 Outuquis megafan, Geomorphologic mapping, field
Gran Chaco 19°00'16" S 58°31'09"W | Latrubesse et al., 2012 surveys, OSL dating 0,67 Drier NA Wetter y
Pocoyu (Poop6- Sylvestre et al., 1999;
71 Coipasa-Uyuni 19°18' S- 68°00" W- Argollo & Mourguiart | *C dating of Mollusc shells, Characea,
basin) 19°19'12" S 67°31' W 2000 Aragonite, Calcareous crust 0,33 NA NA Wetter y
Quebrada Ages of Columnar microbialite,
72 | Negrojahuila, Salar laminated stromatolithes, 5'°0 of
de Uyuni 19°34'12" S 67°32'31" W Blard et al., 2011 carbonates 0,33 Wetter NA Wetter y
73 Minas Gerais 19°37'37" S 43°53'24" W Auler et al., 2006 '“C on bone of fossil remains 1,33 Wetter NA Wetter n
Pocoyu (Poop6- Sylvestre et al., 1999;
74 Coipasa-Uyuni Argollo & Mourguiart
basin) 19°43'12" S 67°31' W 2000 *C dating of Mollusc shells, Characea 0,33 NA NA Wetter y
continue
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Site Latitude Longitude Reference Proxy type CRI LGM-Today LGM Ensemble | Simulated
precipitation biome mean LGM LGM
(study) change climate biome
(study) change
¥C dating of glacial landforms on an
75 19°45'S 67°39' W Clayton & Clapperton | andesitic volcano, modeling of the ELA
Cerro Azanaques 1997, depression 0,00 NA NA Wetter y
Cosmogenic °H. dating of glacial
76 | Chalchala valley, landforms on an andesitic volcano,
Cerro Tunupa 19°51'36" S 67°36'36" W Blard et al., 2009 modeling of the ELA depression 0,33 NA NA Wetter y
*C or U-Th dating of buried and
77 surficial soil stratigraphic units that
19°40'50" S- | 67°09'04" W- formed between deep-lake cycles,
Salar de Uyuni 20°09'03" S 67°48'34" W Placzek et al., 2006 Lake hydrologic budget models 1,00 Wetter NA Wetter y
¥C or U-Th dating of buried and
78 surficial soil stratigraphic units that
19°38'57" S- | 68°05'47" W- formed between deep-lake cycles,
Salar de Uyuni 20°05'42" S 68°1327" W Placzek et al., 2006 Lake hydrologic budget models 0,33 Wetter NA Wetter y
29 y-ray diffraction, diatom, 5O of
Salar de Uyuni 20°14'58" S 67°30'02" W Baker et al., 2001b lacustrine carbonates 0,70 Wetter NA Wetter y
™C dating of buried and surficial soil
80 stratigraphic units that formed between
20°50'43" S- | 68°00'30" W- deep-lake cycles, lake hydrologic
Salar de Uyuni 21°02'21" S 68°15'09" W Placzek et al., 2006 budget models 0,33 Wetter NA Wetter y
81 Pampa del
Tamarugal 21°25'48"S | 69°11'24" W Gayo et al., 2012 5"Cuq, fossil assemblage 0,33 NA NA Wetter y
82 Pampa del
Tamarugal 21°25'48" S 69°15'W Gayo et al., 2012 5"Cor, fossil assemblage 0,33 NA NA Wetter y
Rio Tamandua o ot
e valley 21726'S 47°36'W Turcq et al., 1997 Lithology 1,33 NA NA Wetter y
Tres Lagunas,
84 Laguna Grande Chronology of moraine deposits, grain-
Valley; Sierra de 22°12' S- 65°07" W- Zech et al., 2009a; Kull size, TOC of sediment core nearby
Santa Victoria 22°15'S 65°08' W et al, 2003 Laguna Ill and mass-balance model 0,67 Wetter NA Wetter y
5"°C of plant Macrofossils,
85 displacement of Andean steppe/Puna
Rio Salado Basin 22°20'S 68°34' W Latorre et al., 2006 shrubs species 0,67 NA NA Wetter n
86 Pollen diagram, spores, algae,
Laguna Miscanti 22°45'S 67°45' W Grosjean et al., 2001 geochemical composition 0,70 Drier NA Wetter n
87 | Morro de Itapeva 22°47'S 45°32' W Behling 1997 Pollen diagram and charcoal 0,43 Drier y Wetter y
continue
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Site Latitude Longitude Reference Proxy type CRI LGM-Today LGM Ensemble | Simulated
precipitation biome mean LGM LGM
(study) change climate biome
(study) change
5"°0 & 5D (LWML) from modern water
88 and aquifers under desiccated lake
Salar de Atacama 23°30'S 68°30' W Bobst et al., 2001 beds, salt core SQM#2005 0,33 Wetter NA Wetter n
Water chemistry, the climate/water
89 budget model, 5**C, 50, diatom
Laguna Lejia 23°30'S 67°42' W Grosjean 1994 assemblages 0,33 Wetter NA Wetter y
90 | salar de Atacama 23°30'S 68°30' W Betancourt et al., 2000 Plant macrofossils, lithology 0,67 Drier y Wetter
Vegas de Tilocalar,
91 | Salar de Atacama Fecal-pellet 5*°C, plant-cuticle contents
basins 23°47'S 68°09' W Latorre et al., 2002 of 14C dated plant macrofossils 0,67 Drier y Wetter n
A : oo - Pollen diagram, Shannon-Wiener .
92 Colbnia, Brazil 23°52'S 46°42'20" W Ledru et al., 2009 9 Indexes 0,50 Drier y Wetter n
93 Curucutu, . . _
Itanhaém 23°59'S 46°44'45" W Pessenda et al., 2009 Pollen diagram, 5°C 0,83 Drier n Wetter n
04 5™C of soil organic matter, TOC, Drier
Bairro Lajeado 24°18'18" S 48°21'54" W Saia et al., 2008 charcoal fragments 0,37 y Wetter
95 Santana Cave 24°31'51"S | 48°43'36" W Cruz et al., 2006 50 1,67 Drier NA Wetter y
96 Quebrada del Pollen assemblages from 17 fossil
Chaco 25°24'44" S 69°13' W Maldonado et al., 2005 rodent middens 0,67 Wetter NA Wetter n
97 Quebrada del Pollen assemblages from 14 fossil
Chaco 25°26'11" S 69°27'04" W | Maldonado et al., 2005 rodent middens 1,00 Wetter NA Wetter n
08 Behling and Negelle,
Volta Velha 26°04'S 48°38' W 2001 Pollen diagram 0,03 Drier y Wetter y
99 Botuvera cave 27°1324" S | 49°09'20" W Cruz et al., 2005 5'"°0, 5"°C and growth rate 3,67 Wetter NA Wetter
Elements, Corg, N,HI,Ol, 5"Corq, N-
100 alkanes andcompound-specific 5°C
Obera, Misiones 27°23'35" S 55°31'652" W Zech et al., 2009b analysesof biomarkers 0,73 Drier n Drier
101 | serradaBoa Vista | 27°42'S 49°09' W Behling et al., 1995 Pollen diagram 0,10 NA y Wetter y
102 | cambaradoSul | 29°03'09"S | 50°06'04"W | Behling et al., 2004 Pollen diagram and charcoal 0,63 Drier Drier
103 Rincéc_) das Jeske-Pieruschka et al., _ _ _
Cabritas 29°28'35" S 50°34'22" W 2012 Pollen diagram and charcoal 0,43 Drier y Drier y
continued
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Table A.1 - Continuation.

Site Latitude Longitude Reference Proxy type CRI LGM-Today LGM Ensemble | Simulated
precipitation biome mean LGM LGM
(study) change climate biome
(study) change
104 Lagoa da Hermanowski et al.,
Cachoeira 6°21'18" S 50°23'35" W 2015 Pollen diagram and charcoal 0,67 Drier y Drier y
105 _ 27°53'48.46" Jeske-Pieruschka et al., ‘ _
Serra do Tabuleiro S 48°52'5.33" W 2013 Pollen diagram and charcoal 0,83 Drier y Wetter y
106 Behling‘et al., 1998; ‘ )
Botucatl 22°48'S 48°23" W Behling, 2002 Pollen diagram and charcoal 0,00 Drier y Wetter y
107 De OIi\_/eira, 1992; _
Lago dos Olhos 19°38' S 43°54" W Behling, 2002 Pollen diagram 0,40 Wetter y Wetter n
108 Behling and Lichte,
Catas Altas 20°05'S 43°22' W 1997 Pollen diagram 0,37 Drier y Wetter n
109 Southeaste_rn ‘ ‘ _ y
Brazil margin 19°38'5" S 38°43'0" W Behling et al. 2002 Pollen diagram 0,03 Drier y Wetter
110 Southeastem . . _
Brazil margin 21°37'0" S 39°58'7" W Behling et al. 2002 Pollen diagram 0,70 Drier y Wetter y
111 theﬁg%& Brazil 3°40'S 37°43' W Behling et al. 2000 Pollen diagram 0.70 Drier n Drier
112 Amazon fan 5°12.7'N 47°1.8' W Haberle & Maslin, 1999 Pollen, stable isotopes forams 0,03 Drier y Drier n
113 Pollen, grain size, TOC, 813C, 815N,
Lago do Saci 9°7'0" S 56°16'0" W Fontes et al., 2017 black carbon 1,47 Drier y Drier n
114 area of the isotopic composition (8D and 613C) of
Amazon plume 6°39.38'N 52°04.99'W Haggi et al., 2017 plant-waxes 1,10 Drier n Drier n
115 Paraiso Cave 4°4'S 55°27' W Wang et al., 2017 6180, 613C 5,40 Drier n Drier n
116 | off southern Brazil 27.18°S 46.45°W Gu etal., 2017 Pollen and dinocysts 1,03 Drier y Neutral y
117 | off southern Brazil 32.50°S 50.24°W Gu et al., 2018 Pollen and dinocysts 0,70 Drier y Neutral y
118 Paixao Cave NE - _
Brazil 12°37'S 41°01'W Strikis et al., 2018 5180 3,00 Drier NA Wetter y
119 Lapa sem Fim_ N _
Cave CE Brazil 16°09'S 44°36'W Strikis et al., 2018 5180 4,00 Drier NA Wetter n
Jaragua Cave,
120 Bonito, Mato
Grosso do Sul 21°05'S 56°35'W Novello et al., 2017 5180 9,17 Wetter NA Wetter y
121 Hill of six lakes 00°16"N 66°41' W D'Apolito et al., 2013 Pollen analysis 0,40 Drier y Drier n
continue
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Table A.1 - Continuation.

Site Latitude Longitude Reference Proxy type CRI LGM-Today LGM Ensemble | Simulated
precipitation biome mean LGM LGM
(study) change climate biome
(study) change
off northeastern o , o ’
— Brazil 1754.50'S 41735.50'W Mulitza et al., 2017 8D and 613C of plant-waxes, Pa/Th 0,93 Drier y Drier y
Maranhao Basin o o
— (Piaui) S 41.5°W Stute et al., 1995 Noble gas record 0,03 NA NA Drier
124 | Lago Consuelo 13°57.1'S 68°59.45'W Urrego et al., 2010 Pollen, LOI 1,07 Wetter n Drier
125 Southwestern
Amazonia 7°42'43"S 63°05'32"W Rossetti et al., 2017 013C, C/N, 14C, sedimentology 1,03 Wetter n Drier n
126 Southwestern
Amazonia 8°06'02"S 63°45'31"W Rossetti et al., 2017 813C, C/N, 14C, sedimentology 1,37 Wetter n Drier n
Serra Sul,
127 Southeastern
Amazonia 6°24'35"S 50°19'05"W Reis et al., 2017 Pollen, 513C, 515N 1,07 Drier n Drier y
128 Lake Titicaca
(Huifiaimarca) 17.5°S 70° W Gosling et al., 2008 Pollen 0,70 Wetter y Wetter y
129 | Lake Fuquene 5°28' N 73°45' W Groot et al., 2011 Pollen 0,97 NA Drier
130 Pitalito Basin 1°87'N 76°03' W Bakker, 1990 Pollen 0,37 Drier y Drier y
131 El Abra, Sabana Schreve-Brinkman, E.J.,
de Bogota 5°02' N 73°95' W 1978 Pollen 0,40 NA y Drier y
132 Agua Blanca 5°00' N 74°10' W Helmens & Kuhry, 1986 Pollen 0,03 NA y Drier y
133 | PanamaBasin | 1°12.1440'N | 83°44.2200'W | Gonzélez et al., 2006 Pollen 0,40 NA NA Wetter
Martinez et al., 2003;
134 Panama Basin Heusser & Shackleton,
3°37'S 83°58' W 1994 Pollen 1,07 NA y Wetter y
Ciénaga EIl Morro,
135 | Belmira (Antioquia) 75°40'50,74” Veldsquez Montoya,
Colombia 6°42'07,88” N w 2013 Pollen 0,47 NA NA Wetter y
136 Laguna Ciega (; Van der Hammen et al.,
1) 6.5°N 72.3°W 1980 Pollen diagrams, ice/snow 0,37 Drier n Wetter
137 El Cristal 3°51'38.5" S | 79°03'40.1"W | Villota & Behling, 2013 Pollen 0,43 NA n Wetter y
138 off northeastern
Brazil 4°15'S 36°21' W Dupont et al., 2010 Pollen and geochemical analyses 0,83 Drier n Drier y
139 Amazon fan 5°12.7'N 47°1.8' W Piperno, 1997 Phytoliths and microscopic charcoal 0,37 Drier y Wetter y
continue
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Table A.1 - Conclusion.

Site Latitude Longitude Reference Proxy type CRI LGM-Today LGM Ensemble | Simulated
precipitation biome mean LGM LGM
(study) change climate biome
(study) change
140 Barrocadas Bauermann, 2003, .
30°02'41.5"S | 50°36'51.9"W | Bauermann et al., 2009 Pollen 0,03 Drier y Wetter y
141 Sé&o Francisco de
Assis 29°35'12"S 55°13'02"W Behling et al., 2005 Pollen and charcoal 0,73 Drier y Wetter y
142 Vereda Carrasco
da Raposa 44°11'W 17°40’'S Gomes et al, 2017 Pollen and stable isotopes (C and N) 1,10 Drier y Wetter n
143 Lagoa Feia 15.34° S 47.18° W Cassino et al, 2020 Pollen and charcoal 1,03 NA Wetter n
144 | serra de Botucatu | 23°00'43"S 48°22'40"W Bissa et al, 2015 Pollen 1,03 Wetter y Wetter n
145 Total Organic Carbon, 813C, XRF
Jaragua cave 21°05'S 56°35'W Novello et al., 2019 analysis, 87Sr/86Sr 1,03 NA y Wetter y
Aguas
146 Emendadas,
Brasilia 15°34'S 47°35'W Barberi et al, 2000 Pollen 0,70 Drier y Wetter n
147 Laguna La Gaiba 17°45'S 57°58' W Fornace et al, 2016 Stable isotope analysis of leaf waxes 0,73 Drier y Wetter y
148 Pollen and stable isotope analyses (&
Santa Elisa Farm | 22°51'22.08"S | 47°05'35.50"W Aviles et al, 2019 13C and 6 15N) 0,70 Drier y Wetter y
Lagoa do
149 | Chapadao Lake of
Serra Negra 18 °S 46 W De Oliveira et al, 2020 Pollen 0,40 Drier NA Wetter n
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Figure A.1 - Vertical pressure velocity (omega; units: hPa/s) representing regional
Hadley circulation: the latitude-height section 15N-15°S, zonally
averaged over 80°W-30°W, for (a) December—February (DJF), (b)
March-May (MAM), (c) June—August (JJA), and (d) September—
November (SON).

(a) DJF: Vertical velocity (hPa/s) Control (b) MAM: Vertical velocity (hPa/s) Control
200 = e

108 58 o 5N 10N

Control

108 58 o 5N 10N

Figure A.2 - Vertical pressure velocity (omega; units: hPa/s) representing regional
Walker circulation: the longitude-height section 80°W-30°W,
meridionally averaged over 0°-15°S, for (a) December—February (DJF),

(b) March—May (MAM), (c) June—August (JJA), and (d) September—
November (SON).
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Figure A.3 - DJF-JJA 80 of precipitation illustrates the ability of the isotope-enabled
version of the Community Earth System Model version 1 (iCESM1.2) to
accurately portray the modern seasonality of precipitation.
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Figure A.4 - Annual AMV changes over the past 2,900 y with a 30-y loess first-order
low-pass filter (red). The gray horizontal line is the estimated average SST
over the past 2,900 y (22.19°C). CWP denotes Current Warm Period.
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Figure A.5 - Simulated evaporation differences between the cold Atlantic Multidecadal
Oscillation (CAMO) and the warm Atlantic Multidecadal Oscillation
(WAMO) experiments (mm/day) for December, January, February, March,
April, and May (DJFMAM).

EVAPORATION
CAMO - WAMO

Figure A.6 - Distribution of Brazilian biomes projected by the Center for Weather
Forecasting and Climate Studies Potential Vegetation Model version 2
(CPTEC-PVM2) for the the cold Atlantic Multidecadal Oscillation
(CAMO) and the warm Atlantic Multidecadal Oscillation (WAMO)
experiments. The color scale displays different biomes.
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Table A.2 - Compilation of hydroclimate records with their respective references.

grey color dots represent neutral conditions.

The red (blue) dots represent drier (wetter) conditions;

Article Site name Region Lat Lon m.a.s.l. Proxy MCA LIA
1 Wogau et al., 2022 Alchichica lake Northern Serdan 19.24° N 97.24° W Lake sediment @® ~930 and 1500 = 1500 - 1900 (dry
Oriental Basin cores interval centered at
1405, 1600 and
1870)
2 Obrist-Farner et al., lake Izabal Central America, 15.24° N 89.16° W ~1.5m Lake sediment = from 1100-1400 )
2022 Caribbean Sea cores
3 Obrist-Farner et al., lake Petén ltza Central America, 16.56° N 89.55° W ~110 m Lake sediment @ 800 -1400, increase | @
2022 Caribbean Sea cores in evaporation at Lake
Petén Itza that peaked
at ~1320 CE
4 Asmerom et al., Yok Balum Central America, 16.20° N 89.06° W 366 613C Speleothem ) =
2020 (YOKG), Belize Caribbean Sea
5 Haug et al., 2001 Cariaco, Central America, 10.71° N 65.17 ° W Ocean Sediment A A
Venezuela Caribbean Sea Titanium Conc.
6 Winter et al., 2017 Perdida Cave Puerto Rico, 8.0°N 67.0°W 350-400 5180 speleothem proxy starts at 12th = The most
Caribbean Sea century with steady isotopically enriched
decrease to mid 15th | intervals are centered
century, then increase | in the late 16th
till 17th and later century
decrease early-18th
7 Shanahan et al., LakeBosumtwi, West Africa 6.30°N 1.25 °W Carbonate 5180 =
2009 W. Africa
8 Sachs et al., 2009 Washington Central Pacific 4.43° N 160.25° W TLE 8D, salinity = )
Island Ocean
9 Nelson and Sachs, Bainbridge Galapagos lakes 1°s 90°wW salinity and ) =
2016 Crater; El Junco 02HWater
Lake; Isabela
lakes.
10 Wang et al., 2017 Paraiso Eastern Amazon 4.07 °S 55.45°W 60 5180 /0613C =@ PAR3 ® PAR1
(PARO1,PAR03) Speleothem
11 Utida et al., 2019 Boqueirdo Lake Northeast Brazil 5.14°S 35.32°W hydrogen isotope () =

composition of the
n-C28 alkanoic acid

(6Dwax)
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Table A.2 - Continuation.

Article Site name Region Lat Lon m.a.s.l. Proxy MCA LIA
12 Utida et al., 2022 RN caves Northeast Brazil 5.56°S 37.62°W 70 0180 speleothem @ although relativiey =
(Trapia, Furna composite wet it is drier then LIA
Nova)
13 Apaéstegui et al., Palestina, Peru | Eastern side of the 5.92°S 77.35 °W 870 6180/ 0613C o =
2014 (PALO3,PALO4) Andes Speleothem
14 Reuter et al., 2009 Cascayunga T.Andes 6.05° S 77.13° W 930 0180 speleothem No data =
Cave, Peru
15 | Polissar et al., 2006 Blanca, Venezuelan Andes 8.33°S 71.78°W 1620 Lake Sediment () £
Venezuela Multi-proxy PC
16 Bird et al., 2011 Pumacocha T.Andes 10.70°S 76.06 °W 4300 0180Iw the intensity | @ =
lake, Peru of monsoon
precipitation
upstream
17 Della Libera et al., Cuica cave SW Amazon 11.40°S 60.38°W 310 d180 and d13C ) =
2022 (PIM4 and region speleothems /
PIM5) degree of rainout /
upstream plant
transpiration and
moisture recycling
via forest changes
upstream
18 | Kanneretal., 2013 Huagapo cave T.Andes 11.27°S 75.79°W 3550 8180 speleothem () =
19 | Azevedo et al., 2019 Mata Virgem Cerrado region 11.37°S 47.29°W 365 5180 and 513C =@ 925-1150 C.E. o
Cave, Brazil Speleothem and This humid period is
(MV3) and lacustrine followed by drier
Arapuja Lake record/pollen grain conditions during the
analyses 1150-1350 C.E.
20 Novello et al., 2012 Diva de Maura Bahia, 12.22°S 41.34° W 480 Speleothem 5180 o= )
and Torinha northeastern South
cave America
21 | Novello et al., 2018 S&o Bernardo Central Brazil 13.81°S 46.35°W 631 Speleothem 6180 )
and Séo
Mateus caves,
Brazil
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Table A.2 - Conclusion.

Article Site name Region Lat Lon m.a.s.l. Proxy MCA LIA
22 Thompson et al., Quelccaya, T.Andes 13.93°S 70.83° W 5670 0180ic o = @ The 1500-1720
1986 Peru interval was the
wettest in the 1000-
year record, whereas
the 1720-1860
interval was very dry
23 | Novello et al., 2016 Pau d’Alho Central-West 15.12°S 56.48°W 600 06180 stalagmite / ) =
(ALHOE®6) Brazil, Mato strength of monsoon
Grosso State precipitation
24 Wortham et al., Tamboril Cave Central Brazil 16°S 47°W 700 6180, 513C,
2017 87Sr/86Sr
speleothem
25 Apaéstegui et al., Umajalanta— Eastern Bolivian 18.12°S 65.77°W 2650 0180 Speleothem/ | =@ =
2018 Chiflonkhakha Andes rainfall intensity
cave upstream during the
system/Boto austral summer
SAMS season
26 Kock et al., 2019a Cerro Tuzgle Southern Central 24.09°S 66.24°W 4800 6180cell ) =
peatland, Andes/Argentina
Argentina
27 Vuille et al., 2012 Crystal cave Southeastern 24.58°S 48.58°W 130 Speleothem calcite | @ =
Brazil 8180
28 Kock et al., 2019b Lagunillas Southern Central 27.12°S 69.17°W 3770-4075 6180cell o =
peatland, Chile Andes/Argentina
29 | Perezetal., 2016 Core GeoB Uruguayan coast 34.44°S 53.33°S river discharge ) =
13813-4
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