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A R T I C L E  I N F O

Editor Name: Prof. M Elliot

Keywords:
Atlantic Multidecadal Oscillation
Stable oxygen isotope
iCESM1.2
South America
Little Ice Age

A B S T R A C T

Linkages have been established between the Atlantic Multidecadal Oscillation (AMO) and surface air tempera-
ture variations, low-level jet streams, and precipitation trends in both northeastern Brazil and southeastern South 
America. Previous studies have discerned distinct wet-season (March–May) precipitation responses in north-
eastern Brazil, with cold (warm) AMO phases triggering increased (decreased) precipitation. Findings from 
various records indicate that the AMO’s variability extends for thousands of years. A recent reconstruction 
suggests a significant AMO role in the shift from the Medieval Climate Anomaly (MCA) to the Little Ice Age (LIA) 
and reveals the LIA as the longest period with a persistent cold anomaly in the North Atlantic over the past ~3 
millennia. Stable oxygen isotope records from South America show typical AMO periodicities (~65 years), 
however, despite increased paleo precipitation data, the AMO’s role in South American precipitation during the 
LIA and MCA remains unclear. In this study, the influence of AMO phases on atmospheric dynamics, precipi-
tation patterns, and stable oxygen isotope composition (δ18O) of precipitation over South America is assessed 
using the water isotope-enabled version of the Community Earth System Model version 1.2 (iCESM1.2). This 
research sheds light on the connection between AMO-induced precipitation anomalies and isotopic signals 
observed in paleoclimate records and emphasizes the significance of isotope-enabled climate models in unrav-
eling the mechanisms behind past variations. The analysis involves comparing δ18O simulations with published 
reconstructions from South America. By utilizing climate models that incorporate isotopes, we can delve deeper 
into understanding the impact of the AMO on precipitation patterns and isotopic ratios. Contrary to expectations, 
the simulated δ18Op signal differ from speleothem records over the western Amazon and Andes during the LIA. 
That is, the simulated significant total precipitation amounts change over the western Amazon and Andes are not 
reflected in δ18Op depletion.

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 and 
Kates, 1984; Kushnir, 1994; Schlesinger and Ramankutty, 1994). The 
alternations between warm and cold anomalies was first identified 
during the 1980s (Folland and Kates, 1984). Methods for constructing 

the AMO index (Enfield et al., 2001; Trenberth and Shea, 2006; Guan 
and Nigam, 2009; Knight, 2009; Ting et al., 2009; Yan et al., 2019) 
consider different aspects of the basin- or sub-basin scale variability, but 
all capture large-scale multidecadal SST anomalies. The swings between 
warm and cold phases are with a period of 60–90 years (Schlesinger and 
Ramankutty, 1994; Knight et al., 2006). The most recent statistical 
analysis of instrumental records (Wang et al., 2017; Qin et al., 2020) 
suggest that AMO is simultaneously modulated by both internal and 

* Corresponding author.
E-mail address: maxic.jelena@gmail.com (J. Maksic). 

Contents lists available at ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology

journal homepage: www.elsevier.com/locate/palaeo

https://doi.org/10.1016/j.palaeo.2024.112629
Received 27 October 2023; Received in revised form 6 October 2024; Accepted 24 November 2024  

Palaeogeography, Palaeoclimatology, Palaeoecology 659 (2025) 112629 

Available online 2 December 2024 
0031-0182/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:maxic.jelena@gmail.com
www.sciencedirect.com/science/journal/00310182
https://www.elsevier.com/locate/palaeo
https://doi.org/10.1016/j.palaeo.2024.112629
https://doi.org/10.1016/j.palaeo.2024.112629


external forcings.
The AMO has a global-scale impact on climate that is well summa-

rized in Zhang et al., 2019. It has an impact on the Atlantic hurricane 
activity (Zhang and Delworth, 2006), North American and European 
summer climate (Sutton and Hodson, 2005), African Sahel rainfall 
(Wang et al., 2012), Asian monsoon (Miao and Jiang, 2021), and sum-
mer rainfall over India (Krishnamurthy and Krishnamurthy, 2015).

Studies that analyzed the AMO impacts over South America found 
linkages with surface air temperature (Kayano and Setzer, 2018), low- 
level jets (Jones and Carvalho, 2018; Loaiza Cerón et al., 2020), pre-
cipitation 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 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 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 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. Ac-
cording to this reconstruction, the Little Ice Age (LIA, ~1450–1850 CE; 
Intergovernmental Panel on Climate Change (IPCC), 2013. Recent evi-
dence also suggests that the AMO played a key role in transition between 
the Medieval Climate Anomaly (MCA, ~950–1250 CE; IPCC, 2013) and 
LIA. During the MCA, in the early 1400s, warm Atlantic water intrusion 
into the Nordic Seas provoked destabilization 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 
and Bradley, 2021).

Multiple paleoclimate records of the stable oxygen isotope compo-
sition (δ18O) from South America (Knudsen et al., 2011; Chiessi et al., 
2009; Apaéstegui 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 south central Brazil, the 
MCA is characterized as a warm period with a weakened South Amer-
ican monsoon system (Novello et al., 2018; Lüning 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 millennium, with pronounced humid phase in early and to drier 
conditions in late MCA and LIA (Azevedo et al., 2019). Although the 
number of available paleo precipitation 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, precipi-
tation, and consequently δ18O 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 SSTs 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 paleo-
climate records (Utida et al., 2019; Campos et al., 2019; Orrison et al., 
2022). In addition, δ18O simulations were compared with a compilation 
of δ18Op published reconstructions within South America.

2. Material and methods

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., 2010).

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 iCESM1.2 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 δ18Op 
patterns has been documented previously (Otto-Bliesner et al., 2016; 
Zhu et al., 2017; He et al., 2021). Here we assess the influence of the 
AMO on δ18O of precipitation (™18Op) 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. 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., 2013) and coupled with the inter-
active Community Land Model version 4 (CLM4; Oleson et al., 2024). 
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). Instead of using a fully 
coupled climate model, in this study the model is forced with prescribed 
SSTs and configured to use a computational grid of 1.9◦ latitude × 2.5◦

longitude and 30 vertical levels from the surface to ~3.5 hPa. Descrip-
tion of the performed experiments can be found in Table 1.

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 
(HadISST) dataset (Rayner, 2003), while the values for greenhouse 
gasses, aerosols, ozone, and solar irradiance were fixed at the year 1850 
(pre-industrial level). The CONTROL simulation was integrated for 30 
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years and the first 10 years 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 condi-
tions (Table 1). In order to be on the safe side of soil spin-up, for ex-
periments the spin-up period was extended to 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 1929 and 1965 and be-
tween 1996 and 2012. Thus, the two experiments, cold AMO (CAMO) 
and warm AMO (WAMO), only differ by the prescribed SST.

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 experi-
ments, for both precipitation and δ18Op. 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 precipi-
tation 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; Sörensson and Menéndez, 2011).

To understand the dynamical mechanisms that caused the changes in 
precipitation and δ18Op 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 ve-
locity (omega; hPa/s) at different pressure levels in the troposphere 
(Nguyen et al., 2013) were investigated. Hadley cells consist of the 
ascending branch (represented by upward motion, hence negative ver-
tical 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), suppress-
ing 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 cir-
culation over South America, where the 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 δ18Op responses in each AMO phase have been 
analyzed in this section. The δ18Op denotes the ratio of H218O to H216O 
in precipitation (Dansgaard, 1964). The relative abundances of stable 
isotopologues of water (i.e., 16O/18O) changes due to fractionation that 
accompany condensation and evaporation processes. Due to slight dif-
ferences in chemical and physical properties heavier 18O isotopes enter 
or remain in the liquid or solid phases, while lighter 16O isotopes enter or 
remain in the vapor phase. The isotopic composition of precipitation is 
expressed as the per mil (‰) deviation of the heavy-to-light isotope ratio 
(R) from the Vienna Standard Mean Ocean Water standard (VSMOW) 
(Kendall and Caldwell, 1998). The δ18Op is calculated following eq. (1): 

δ18Op =

⎛

⎜
⎜
⎝

O18

O16 sample

O18

O16 Standard

− 1

⎞

⎟
⎟
⎠*1000‰, (1) 

Thus, simulated proportions of stable isotopologues (i.e., 16O/18O) in 
precipitation vary as a result of natural processes of evaporation and 
condensation, and because of the effects of temperature and altitude. 
Consequently, precipitation in each location has its own isotopic 
‘fingerprint’.

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.

2.3. Compilation of proxy data from paleoclimate archives

According to Lapointe et al. (2020) the coldest AMO anomalies 
occurred during the LIA (Supplementary material, Fig. S.2). 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 poten-
tially may have been a major driver of the LIA signal found in paleo-
climate 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 (Supple-
mentary material, Table 1).

3. Results

3.1. Changes in precipitation and δ18Op

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 δ18Op, 
we analyzed simulated austral summer (DJF), austral autumn (MAM), 
and both seasons together (DJFMAM) (Fig. 1). The DJFMAM season 
shows continental-scale hydroclimate variability thus enabling 
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 
(Fig. 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 

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

Experiment Initialization Sea-surface temperatures 
(SST) and sea-ice 
concentrations (SIC)

Simulation

CONTROL Pre-industrial 
conditions

HadISST dataset One ensemble 
member / 30 yr

CAMO Pre-industrial 
conditions

Cold SST anomaly 
superimposed on the 
HadISST dataset

Three ensemble 
members / 50 yr

WAMO Pre-industrial 
conditions

Warm SST anomaly 
superimposed on the 
HadISST dataset

Three ensemble 
members/50 yr
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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.

For dynamical processes involved in South American precipitation 
changes in response to AMO phases and the dynamics of season- and 
regional-dependent changes in precipitation see Maksic et al. (2022). 
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 (Fig. 1c).

The spatial distribution of δ18Op (‰) change between CAMO and 
WAMO is shown in Fig. 1d-f. During the cold AMO phase, δ18Op 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 δ18Op values are significantly depleted (negative) in CAMO 
over the equatorial Atlantic Ocean to the south of the equator, north-
eastern 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 (Fig. 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.

3.2. Changes in large-scale circulation

To understand the dynamical mechanisms that caused the changes in 
precipitation and δ18Op, we analyzed the extended austral summer 
(DJFMAM) upper- and lower-tropospheric circulation (Fig. 2 and Fig. 3).

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 (Fig. 2a, b) in 
comparison with CAMO (Fig. 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 (Fig. 1c). Differences between CAMO and WAMO 
(Fig. 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 (Fig. 3), an increased easterly flow reaching 5◦S is noted for 
CAMO. For DJFMAM the Caribbean low-level jet is weakened.

To understand how the ITCZ convection may have affected precipi-
tation and δ18O we also analyzed the the upper-level divergence (Fig. 4). 
Differences between 200 hPa divergence fields between AMO phases 
show an increase in divergence (blue areas) in the same regions where 
there is an increase in precipitation.

3.3. Changes in atmospheric circulation cells

Fig. 5 reveals the difference (CAMO-WAMO) of the vertical profiles 

Fig. 1. Precipitation and stable oxygen isotope composition (δ18Op) (‰) 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 δ18Op (‰) 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). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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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 (Fig. 5a) 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.

Fig. 5b shows differences in the vertical profile of the Walker 

Fig. 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.

Fig. 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.

Fig. 4. - Differences in divergence at 200 hPa between for the cold Atlantic Multidecadal Oscillation (CAMO) and the warm Atlantic Multidecadal Oscillation 
(WAMO) phases, for austral summer (DJF), autumn (MAM) and for December, January, February, March, April, and May (DJFMAM). Stippling areas represent 
statistically significant (Student’s t-test at 95 %) differences.
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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.

3.4. Paleoclimate reconstructions

Finally, we compare the LIA-MCA δ18O anomalies from speleothems 
with simulated CAMO-WAMO δ18Op anomalies. We are comparing sig-
nals 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 compila-
tion as possible (Table S.1), Fig. 6 only shows the approximate location 
of speleothem records (presented by circles), that provide high- 
resolution and precisely dated δ18O time series from the ITCZ and and 
monsoon regions in South America.

Simulated δ18Op anomalies over northeastern Brazil are in agree-
ment with speleothem records from Rio Grande do Norte cave sites 
(Utida et al., 2022, in revision), as well as with lake sediments from 
Boqueirão Lake (Utida et al., 2019) located at about 5◦S. Significant 
δ18Op enrichment is simulated for the cold AMO over northern South 
America, equatorial and western Amazon region and the Andes. How-
ever, 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 
(Fig. 1) but not with simulated δ18Op. Likewise, the simulated δ18Op 
signal differs from speleothem records from the Andes that suggest 
wetter conditions during the LIA (Bird et al., 2011; Kanner et al., 2013; 
Apaéstegui 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, statis-
tically 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 Umaja-
lanta–Chiflonkhakha cave system (Apaéstegui et al., 2018) where re-
cords suggest change from wet to dry phase during MCA.

4. Discussion

Due to the complexity of the water cycle, δ18Op values in precipita-
tion vary temporally and spatially, being influenced by several envi-
ronmental factors (e.g., surface air temperature, amount of 
precipitation, orography, atmospheric humidity, distance from the 
ocean) (Dansgaard, 1964). Over mid- and high latitude regions, frac-
tionation processes and δ18Op variations are primarily governed by the 
temperature, while those at low latitudes are primarily governed by 
precipitation (Dansgaard, 1964; Rozanski et al., 2013). In tropical re-
gions, most precipitation arises from deep convection, with vertical 
motions dominating over horizontal transport, and, via Rayleigh distil-
lation, the high condensation and precipitation results in water vapor 
with depleted (negative) δ18Op (Bowen, 2008; Vuille et al., 2003; Vuille 
et al., 2012; Campos et al., 2019; Orrison et al., 2022). In areas with less 
strong convergence, the δ18Op 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 and Werner, 2005), 
and moisture recycling (Ampuero et al., 2020). Given that δ18Op in-
tegrates 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 
(Winter et al., 2011; Fensterer et 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 (Apaéstegui 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. (2021) 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 
δ18Op. The results show stronger low level easterly flow in CAMO 
(Fig. 1c; Fig. 3c) that brings more moisture to the mainland and corre-
lates with the increase in precipitation over the western Amazon (7◦N- 
10◦S, 70◦-60◦W) and coastal northeastern Brazil (Fig. 1c). While the 

Fig. 5. - 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 0–15◦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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increase in precipitation during CAMO corresponds with δ18Op simu-
lated depletion over northeastern Brazil, significant increase in precip-
itation in western Amazon during CAMO, which is consistent with 
observations (Yoon and Zeng, 2009), does not seem to correspond to 
simulated enriched (positive) δ18Op (Fig. 1f). This finding was unex-
pected and suggests that even when the change in total precipitation 
amount is significant over the western Amazon this may not be reflected 
in δ18Op depletion. Given that the total precipitation amount changed 
substantially, the simulation results indicate that different physical 
processes are compensating for δ18Op depletion. This inconsistency may 
be due to changes in large-scale circulation (Fig. 3c) where the δ18Op 
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 δ18Op values could be a 
reduction in overall evaporation in CAMO observed over the Amazon 
region and region under the SAMS influence (Fig. S.3).

In comparison with reconstructions (Fig. 6) we conclude that, con-
trary to expectations, the simulated δ18Op signal differ from speleothem 
records from the Andes that show wetter conditions during the LIA and 
δ18Op depletion (Bird et al., 2011; Kanner et al., 2013; Apaéstegui et al., 
2014). More future analyses are needed to pinpoint the cause of this 
discrepancy and understand why significant total precipitation amounts 
change over the western Amazon and Andes are not reflected in δ18Op 

Fig. 6. - Differences between the cold Multidecadal Oscillation (CAMO) and the warm Atlantic Multidecadal Oscillation (WAMO) experiments for δ18Op. Red (blue) 
shaded areas correspond to simulated increase (decrease) in δ18Op (‰). 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 δ18Op, and gray circles indicate unclear signals (LIA-MCA) in paleoclimate record. 
For full details about proxies see Supplementary material. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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depletion. The reasons for these discrepancies between the re-
constructions on the one side and the model on the other side could lie in 
model systematic biases, limited interaction and feedback in experi-
ments 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. It is also important to bear in mind that the possible bias in 
these responses is in part due to the limited number of ensemble mem-
bers to provide robust assessments of the forced response.

On the other hand, simulated δ18Op agree with speleothems under 
the SAMS influence (Fig. 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 δ18Op 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 (Fig. 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 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 condi-
tions 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, 2001; Peterson and 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 hy-
pothesis 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; 
Utida et al., 2023). 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 dif-
ferences 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 pre-
cipitation. Interesting finding is that the equator-symmetric changes 
present in the simulated precipitation fields are in remarkable agree-
ment with the changes shown in Knight et al. (2006). The results dis-
cussed in our previous work (Maksic et al., 2022) suggest an 
interhemispheric seesaw in Hadley circulation strength and 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. We also 
find that the precipitation anomalies over (sub)tropical South America 
during AMO phases are mainly related to changes in the Atlantic 
Intertropical Convergence Zone (ITCZ) core strength, where in the cold 
(warm) AMO phase the core region strengthens (weakens) from 
February to July, while from July to November the core region weakens 
(strengthens). Therefore, we interpret the simulated changes in precip-
itation between different AMO phases as changes in the Atlantic ITCZ 
core strength. This differs from the findings presented in Steinman et al. 
(2022) which shows multi century-long southerly shift in the ITCZ 
accompanied by a decrease in ITCZ strength during the LIA. Thus, 
although we do not see marked changes in the ITCZ position, it is 
important to bear in mind the importance of acknowledging the dy-
namics 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.

Comparison of model-derived signals for regions under the Atlantic 
ITCZ influence is also consistent with proxy reconstructions (Azevedo 
et al., 2019; Della Libera et al., 2022; Utida et al., 2023) (Fig. 6). Dipole 

pattern of both precipitation and δ18Op simulated for coastal north-
eastern Brazil between northern portion and southern portion of 
northeastern Brazil resembles one found in records (Novello et al., 2012; 
Novello et al., 2018; Azevedo et al., 2021; Utida et al., 2022, submitted). 
The results of this study are also in line with studies that suggested the 
ITCZ expansion/contraction as potential modulator of tropical precipi-
tation changes (Yan et al., 2015; Wodzicki and 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 (Roldán-Gómez 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 
δ18Op within South America over the last millennium, and that in-
teractions among the three oceans can play an important role in initi-
ating interactions and modulating climate over South America (Wang, 
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 opti-
mally represent only the cold and warm phase from 1850 to 2012. Also, 
this study is limited to ocean–atmosphere interaction and the climate 
system is the result of many more complicated feedbacks and in-
teractions. 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 potentially explains the zonal dipole between the coastal 
area of northeastern Brazil and eastern Amazon region during the LIA 
(Azevedo et al., 2019; Azevedo et al., 2021). An implication of this 
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 pre-
cipitation along the coastal area of northeastern Brazil during LIA.

5. 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 pre-
sented here drive seasonal variability of precipitation isotope ratios over 
tropics and subtropics. 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 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 pre-
cipitation 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 potentially record signals of seasonal 
variability and not ITCZ shift.

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. 
Further research will be necessary to explore which part of the signal 
found in proxies can be explained by the AMO.
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