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Abstract. Decadal and multidecadal variability of the Intertropical Convergence Zone (ITCZ) in space-time is analyzed us-
ing CMIP5 and CMIP6 simulations and paleohydrological records from the Last Millennium. The persistence patterns of the
CMIP6 ensemble models were investigated by employing Low-Frequency Component Analysis (LFCA) to isolate the mecha-
nisms that modulate the multidecadal-scale behavior of the ITCZ. The results suggest that the North-South displacement of the
ITCZ is related to the oceanic region with the highest Sea Surface Temperature (SST) in the tropical South Atlantic basin. The
zonal mode variability is primarily associated with the equatorial region (between 5°S and 5°N) and the northwest coast of
Africa. These observations are consistent with the paleoclimatic records of the region, which indicate a northward displacement
of the ITCZ during the Medieval Climate Anomaly (MCA, 900 — 1150 AD) and a southward displacement during the Little
Ice Age (LIA, 1500 — 1850 AD). According to our results, The 21-year periodicity associated with the solar cycle influences
the pattern of tropical rainfall, favoring the displacement and contraction of the ITCZ towards the equator while intensifying
the SAMS. On the other hand, the 80-year periodicities associated with the positive phase of the AMO can lead to a weakening
in the intensity of the SAMS. On the other hand, the 80-year periodicities associated with the positive phase of the AMO
can weaken the intensity of the SAMS. These changes in the position of the ITCZ are influenced by internal forcings such
as El Nifio Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and Atlantic Multidecadal Oscillation (AMO),
which exhibit spatial patterns of latitudinal displacement between the northern and southern regions. These internal modes of
variability can interact and influence the position and intensity of the ITCZ. The results suggest the existence of low-frequency
variability that modifies the distribution of precipitation and has consequences for the intensity and frequency of drought/flood
events in Northeastern Brazil (NEB), indicating that these events are associated with the coupling between the oceans and the

atmosphere.
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1 Introduction

The Intertropical Convergence Zone (ITCZ) is the most important meteorological system in the tropical region, and its Atlantic
sector influences the precipitation and temperature patterns in the North and Northeast regions of Brazil. The ITCZ is a narrow
band located near the equator where trade winds from the north and south converge, creating cumulus clouds and generating
maximum precipitation in these regions (Waliser and Gautier, 1993; Philander et al., 1996). The position, intensity, and dy-
namics of the ITCZ are the result of the coupling between the ocean-atmosphere and the ocean-land processes (Marshall et al.,
2014). Indeed, the ITCZ has a significant influence on tropical precipitation over the Atlantic sector, impacting the climate of
Northeastern Brazil (NEB). Understanding the ITCZ on different temporal scales is crucial due to its implications for various
sectors of society and ecosystems. In the current climate, the annual mean position of the Atlantic sector of the ITCZ is located
around 5°N, with significant interannual variability (Tomaziello et al., 2016).

Observations suggest that the interannual variability of the Atlantic ITCZ position is influenced by the Sea Surface Tem-
perature (SST) for the tropical Atlantic and the tropical Pacific Ocean (Nobre and Shukla, 1996; Giannini et al., 2001; Chiang
et al., 2002; Tedeschi et al., 2013). Indeed, several studies have attempted to understand the response of the meridional position
of the ITCZ to past changes and the potential changes it may undergo in the future (Chiang and Bitz, 2005; Broccoli et al.,
2006; Boos and Korty, 2016; Byrne et al., 2018). These studies utilize climate models and paleoclimate data to investigate the
mechanisms and factors influencing the meridional displacement of the ITCZ under different climate conditions. By examining
past climate variations and considering future climate projections, scientists aim to improve our understanding of the complex
dynamics driving the position of the ITCZ and its potential implications for regional and global climate patterns. However,
the North-South displacement of the ITCZ exhibits interannual variability, as shown by Uvo (1989). Their results showed that
the ITCZ exhibits a southward displacement during the rainy season over the NEB, specifically over the northern part of this
region. It has also been observed that in dry years, the ITCZ starts shifting northward in late February or early March, while
in rainy years, the shift occurs in late April or early May (Uvo, 1989). For example, Marshall et al. (2014) studied the role of
the ocean in determining the average position of the ITCZ. The authors found that the average position north of the equator
is a result of heat transport northward by ocean circulation. Broccoli et al. (2006) used coupled models to study the response
of the ITCZ to a cooling forcing in the Northern Hemisphere. They found that cooling in the North Atlantic was responsible
for changing the structure of the northern branch of the Hadley cell, expanding and intensifying it, and causing a southward
displacement of the ITCZ. Other authors demonstrated that its position is highly anti-correlated with the strength of the zonal
mean energy flux across the equator (Kang et al., 2008; Donohoe et al., 2013; D’ Agostino et al., 2020).

Sea surface temperature (SST) is one of the main drivers of the interannual to multidecadal variability of the ITCZ in key
areas such as the Amazon and West Africa (Mitchell and Wallace, 1992; Zebiak, 1993; Okumura and Xie, 2004; Yin et al.,
2013). At an interannual scale, the phenomenon known as El Nifio-Southern Oscillation (ENSO), which is a coupled ocean-
atmosphere system originating in the tropical Pacific Ocean, influences the intensity and meridional position of the ITCZ
during the austral summer (Berry and Reeder, 2014). Decadal and multidecadal climate variability has been associated with
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precipitation in the South American region (Grimm and Saboia, 2015). Several studies suggest that changes in the Atlantic
Meridional Overturning Circulation (AMOC) and the Atlantic Multidecadal Variability (AMV) have a significant impact on
the position of the ITCZ (Knight et al., 2006; Buckley and Marshall, 2016; Green and Marshall, 2017; Zhang et al., 2019). One
important mode of climate variability is the Atlantic Multidecadal Oscillation (AMO), which is a mode of SST variability that
occurs in the Atlantic Ocean and has a period of oscillation between 50 and 70 years (Kerr, 2000; Enfield et al., 2001). Further-
more, AMO is a mechanism of ocean-atmosphere interaction associated with low-frequency fluctuations in the thermohaline
circulation (Kerr, 2000; Knight et al., 2005). Across the tropical Atlantic, during the positive phase of the AMO, changes in
the zonal wind are observed as a response to the thermal gradient between the South and North Atlantic, which leads to a
more pronounced northward displacement of the ITCZ during summer. This anomalous displacement of the ITCZ decreases
precipitation over the Northeast region of Brazil (Knight et al., 2006). However, the role of the AMO in the variability of the
displacement of the ITCZ remains unclear. On the other hand, Green et al. (2017) found correlations between decadal and
multidecadal variability in the North Pacific in mid-latitude regions, as well as a displacement of the ITCZ. These connections
between the Pacific and Atlantic basins emerge as a mode of multidecadal-scale variability, highlighting the importance of
low-frequency variability at the interannual scale (Martin-Rey et al., 2014, 2015; Wang et al., 2017).

The use of paleorecords as indirect indicators of tropical hydrological changes provides valuable information about the
behavior of the ITCZ, especially in recent periods before climate warming. During the Medieval Climate Anomaly (MCA,
900 — 1150 AD), there were recorded periods of very intense summers with the occurrence of severe droughts in various
regions of the Northern Hemisphere (Kleppe et al., 2011; Vuille et al., 2012). The arid regions of the mid-latitudes in the
Northern Hemisphere became more humid during the Little Ice Age (LIA, 1500 — 1850 AD). According to the decrease in
the detrital input from local rivers to the Cariaco Basin, the mean latitudinal position of the ITCZ shifted southward during
LIA (Haug et al., 2001; Peterson and Haug, 2006). Peterson and Haug (2006) suggest that the displacement experienced by
the ITCZ could be a response to force originating from the high latitudes of the Atlantic Ocean. Other high-quality records
reaffirm the persistent southward displacement of the ITCZ during LIA (Vuille et al., 2012; Lechleitner et al., 2017). However,
recent paleoclimate studies suggest the expansion and contraction of the ITCZ during the last millennium (Utida et al., 2019;
Asmerom et al., 2020). However, it is challenging to assess the oscillatory nature of precipitation and the ITCZ due to the
scarcity of paleorecords and the complex relationship between the position, width, and intensity of the ITCZ (Byrne et al.,
2018).

The understanding of the mechanisms that regulate the position of the ITCZ is still limited. Climate models provide dy-
namic/thermodynamic variables that can enhance the understanding of these processes and fill an important knowledge gap.
According to Ortega et al. (2021), biases in the representation of the ITCZ during the summer and spring seasons are reduced in
the Coupled Model Intercomparison Project phase 6 (CMIP6) compared to the Coupled Model Intercomparison Project phase 5
(CMIP5). However, the bias of the double ITCZ over the Atlantic is only slightly reduced, and there still remains a large spread
among the models in CMIP6 (Tian and Dong, 2020). Several studies support the improvement of CMIP6 models compared to
CMIP5 models. CMIP6 models outperformed CMIPS models in terms of accurate SST estimates and improved simulation of
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exhibited significant improvements in the position of the ITCZ in the Atlantic compared with CMIP5 models, although most
CMIP6 models tend to overestimate the interannual variability of the ITCZ position (Richter and Tokinaga, 2020). Taking into
account these uncertainties observed in the displacement and intensity of the ITCZ, we employed a probabilistic approach
proposed by Mamalakis and Foufoula-Georgiou (2018).

Thus, we provide a comprehensive and quantitative assessment of which aspects of the variability of the tropical Atlantic
ITCZ are adequately represented by current models. In relation to the study of multidecadal variability, we employed a low-
frequency component analysis (LFCA) applied to the averaged monthly data from the MRI-ESM2-0 (Yukimoto et al., 2019)
and MIROC-ES2L (Hajima et al., 2019) models of CMIP6. The LFCA method was applied to characterize and understand
low-frequency modes of SST variability in the Atlantic and Pacific oceans (Wills et al., 2018, 2019). Based on LFCA, it was
determined which mechanisms are responsible for the decadal to multidecadal variability of the ITCZ, particularly over the
tropical Atlantic Ocean region. The main objective of this study was to examine the decadal to multidecadal variability of the
ITCZ, particularly over the tropical Atlantic Ocean region, using output from climate simulations covering the last millennium
(850 — 1850 AD). Specifically, the causes of trends as well as the variability in position and intensity of the ITCZ on a
multidecadal scale were examined through the analysis of outputs from the CMIP6 simulations. These results will be further
verified through coherence with estimates derived from paleoclimatic proxies over South America (Vuille et al., 2012; Utida
et al., 2019).

The organization of this manuscript is as follows. After this brief introduction, a description of the study area and data is
presented, followed by the methods used. Next, the results of the uncertainties in the simulations by the CMIP5 and CMIP6
models, in terms of the position of the ITCZ we used a probabilistic method, and of the multidecadal variability in space and
time are presented below for the simulations of the CMIP6 Models during MCA and LIA in the NEB. This article ends with a

discussion followed by conclusions.

2 Study area and data description
2.1 Study area

The variability of SST in the Tropical Atlantic (TA) plays a significant role in influencing the precipitation regime, which has
important implications for the populations of Africa and South America (Seager et al., 2010). In the NEB region, the SST of the
TA and tropical Pacific oceans are considered the primary physical variables that contribute to climate variability conditions
(Philander, 1989). In the Equatorial Atlantic (EA), the gradients of SST towards the southern latitudes have a significant
influence on the total precipitation in the NEB region. These SST gradients play a crucial role in modulating the latitudinal
positioning of the ITCZ, which is a key driver of rainfall patterns. Changes in the SST gradients in the EA can result in shifts in
the position of the ITCZ, thereby impacting the distribution and intensity of precipitation in NEB (Hastenrath and Greischar,
1993; Hastenrath, 1984; Nobre and Shukla, 1996; Marengo, 2004; Chang et al., 2006; Marengo et al., 2017; Deser et al., 2010).

In response to the warming of SST in the Atlantic and the variability in the intensity of the trade winds, the ITCZ presents

a latitudinal displacement throughout the year (Waliser and Gautier, 1993; Waliser and Jiang, 2015). The changes in SST and



trade winds can influence the atmospheric circulation patterns, leading to a movement of the ITCZ and consequently impacting
the distribution of rainfall in different regions. Between February and March, the ITCZ is typically located between the equator
and around 5°N in response to specific atmospheric and oceanic conditions. During this period, the South Atlantic experiences
higher SST, which contributes to the northward displacement of the ITCZ. Additionally, the northeast trade winds intensify
during the austral summer, further influencing the latitudinal positioning of the ITCZ. These factors combined result in the
ITCZ being situated in the specified latitude range during this time of the year. Between July and August, the ITCZ tends to be
located approximately between 5°N and 8°N in the western part of the TA. This positioning is influenced by several factors.

First, the North Atlantic experiences higher SST during this period, contributing to the northward displacement of the ITCZ.
2.2 Description of the dataset

The model evaluation was based on historical simulations of CMIP5 and CMIP6 models, as shown in Table 1. The main
objective was to quantitatively assess the estimation of the variability of the ITCZ in the tropical Atlantic. The first analysis
compared the average annual rainfall cycles simulated by the CMIP5 and CMIP6 models with the observed pattern of the
Global Precipitation Climatology Project (GPCP). In the second analysis, the modes of variability in the position of the ITCZ

will be validated by comparing the smoothed series of records from the Cariaco Basin with the data from Lake Boqueirao.
2.2.1 Model Data

The Last Millennium (LM) experiments, designed to contribute to the Coupled Model Intercomparison Project Phase 6
(CMIP6) as described by Eyring et al. (2016), have been incorporated into the Paleoclimate Modelling Intercomparison Project
Phase 4 (PMIP4). These simulations encompass the period from 850 to 1850. The models data can be downloaded from the
following URL.: https://esgf-node.lInl.gov/search/cmip6. We utilized the LM outputs from two models: MIROC-ES2L (Hajima
et al., 2019) and MRI-ESM2-0 (Yukimoto et al., 2019). These models were chosen specifically because they were the only ones
that provided data for all five climatic variables considered for the last millennium period (850 — 1850 AD). For our study, we
specifically chose the first and second realizations of the MIROC-ES2L and MRI-ESM2-0 models (designated as rlilp1f2
and rlilplfl, respectively). These selections were made due to the unavailability of the first realization in these models. The
monthly scalar variables used in our analysis include precipitation (PR), sea surface temperature (SST), zonal and meridional
wind components (u and v), and the Lagrangian tendency of air pressure (w).

To investigate the potential association with Atlantic Multidecadal Oscillation (AMO) variability, the AMO index is calcu-
lated based on the detrended time series of sea surface temperatures in the North Atlantic region (Enfield et al., 2001). The
AMO index represents the variability of sea surface temperatures in the North Atlantic region (0°-80°N) and can provide

insights into long-term climate variations.
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Table 1. List of outputs from the CMIP5 and CMIP6 models used in this study.

N° INSTITUTION CMIPS Atmospheric grid CMIP6 Atmospheric grid
(lat.xlon.) (lat.xlon.)
1 Meteorological Research Institute (MRI) MRI-ESM1 1.1°x 1.1° MRI-ESM2-0%* 1.1°% 1.1°
2 Atmosphere and Ocean Research Institute (AORI) MIROC-ESM 2.89% 2.8° MIROC-ES2L* 2.7°% 2.8°
3 National Aeronautics and Space Administration (NASA) GISS-E2-H 2.0°x 2.5° GISS-E2-1-G 2.0°x 2.5°
4 Met Office Hadley Centre HadCM3 3.7°% 2.5° HadGEM3-GC31-LL 1.25°x 1.87°
5  Institut Pierre-Simon Laplace (IPSL) IPSL-CM5A-LR 1.9°% 3.8° IPSL-CM6A-LR 1.3°% 2.5°
6  Max Planck Institute for Meteorology (MPI-M) MPI-ESM-P 1.9°x 1.9° MPI-ESM1-2-LR 1.87°x 1.87°
7  Beijing Climate Center (BCC) and China Meteorological Administration (CMA) BCC-CSM-1-1-m 2.8°x 2.8° BCC-CSM2-MR 1.1°x 1.1°
8  Atmosphere and Ocean Research Institute (AORI) MIROCS 1.4°%x 14° MIROC6 1.4°x 1.4°
9  Australian Community Climate and Earth System Simulator (ACCESS) ACCESS1-0 1.3°x 1.9° ACCESS-CM2 1.2°x 1.8°

Note: the resolution of the historical ensemble is 2.5° x 2.5°. While CMIP6 averages for the last millennium have a resolution of 1.1° x 1.1°. Model vegetation distribution *natural and **prescribed.

2.2.2 Observed Data

To investigate the seasonal behavior of the ITCZ, we used the Global Precipitation Climatology Project (GPCP) dataset with a
spatial resolution of 2.5°x2.5° (latitude and longitude) (Adler et al., 2003). Additionally, we obtained monthly data of Outgoing
Longwave Radiation (OLR) from the National Oceanic and Atmospheric Administration (NOAA). The OLR data also have a
spatial resolution of 2.5°x2.5° (latitude and longitude) and cover the period from 1981 to 2005. The analysis is based on the
inverse relationship between OLR and rainfall. As noted by Liebmann and Smith (1996), higher OLR values are associated

with a lower chance of rainfall, whereas lower OLR values are associated with a higher chance of rainfall.
2.2.3 Proxy data

In our study, we conducted a comparison between the simulations and multiproxy-reconstructed paleoclimatic records from
South America. We specifically utilized proxy precipitation data that has been previously published by Vuille et al. (2012) and
Utida et al. (2019). These proxy records provide valuable insights into past precipitation patterns in the region and serve as
important references for validating our model simulations. The seasonal climate in coastal regions of the tropical Atlantic, such
as the NEB and the Cariaco basin (located at coordinates 10.7°N, 65.16°W), is primarily influenced by the movement of the
ITCZ. Studies by Utida et al. (2019) and Campos et al. (2019) have highlighted the significant role of the ITCZ displacement in
shaping the seasonal climate patterns in these areas. The Boqueirdo lake is situated near the eastern coastline of the NEB region
(located at coordinates 5.23°S, 35.53°W). It plays a crucial role in the water supply as approximately 50% of the precipitation
in this area occurs during the months of March, April, and May (MAM) when ITCZ is located further south (Utida et al.,
2019). During the austral winter months of June, July, and August (JJA), notable climate features are observed in the Tropical
South Atlantic (TSA). The TSA experiences significant cooling during this period, which is accompanied by the strengthening
of southeast trade winds that traverse the Equator. Additionally, the ITCZ undergoes a northward displacement. These changes

in the climate patterns during JJA have been documented in the study by Utida et al. (2019).



The hydrogen isotope composition of the n-C28 alkanoic acid (0D) extracted from Bogqueirdo lake (Boqc0901 core), as
studied by Viana et al. (2014), provides valuable information about past climate conditions. Variations in the D values can
be used as a proxy for changes in precipitation associated with the ITCZ. Lower dD values indicate increased ITCZ-related
precipitation, while higher 4D values reflect reduced precipitation. By analyzing the dD record, Viana et al. (2014) were able
to reconstruct past changes in ITCZ activity and its influence on regional precipitation. The Cariaco Basin sediment record, as
studied by Haug et al. (2001), provides insights into past changes in rainfall and the position of the ITCZ. The study found that
a decrease in titanium (Ti) concentration in the Cariaco Basin sediment indicates reduced rainfall and increased aridity in the

region. On the other hand, Ti peaks in the sediment record suggest that the ITCZ has shifted to a more northern position.

3 Methods
3.1 Low-frequency component analysis (LFCA)

The LFCA is a method used to identify patterns with a maximum ratio of low-frequency to total variance in a dataset. It
achieves this by transforming the leading Empirical Orthogonal Functions (EOFs) of the data and applying a low-pass filter.
The resulting patterns, known as Low-Frequency Patterns (LFPs), and their corresponding components, called Low-Frequency
Components (LFCs), represent the low-frequency variability in the data. The LFCA method, as described by Wills et al. (2018),
enables the disentanglement of low-frequency signals from higher-frequency noise in a dataset. By isolating the low-frequency
patterns, we can gain insights into the underlying dynamics and variability of the studied system on longer timescales. The
LFCA technique can be valuable for understanding and analyzing climatic, as it helps identify and separate low-frequency
variability patterns that may be associated with significant climate modes or long-term trends.

To analyze the variability of the ITCZ associated with the LIA and the MCA, the LFCA was applied to SST and precipitation
anomalies in the region between 30°S and 30°N. Additionally, the SST in the tropical Atlantic region was included in the
analysis. The LFCA method was used to identify patterns with the highest ratio of low-frequency to total variance in the long-
term simulations of SST and precipitation anomalies for the last millennium. Specifically, the monthly data of the ensemble,
averaging the models MRI-ESM2-0 and MIROC-ES2L. By applying LFCA to the SST and precipitation anomalies, we aimed
to uncover the low-frequency variability patterns associated with the ITCZ during the LIA and MCA periods. This analysis

provides insights into how the ITCZ position and precipitation patterns varied during these climatic epochs.
3.2 Hodrick-Prescott smoothing (HP)

The Hodrick-Prescott (HP) is a linear filter that requires the prior specification of a parameter. In joint analysis, this parameter
should be the same for filtering all series. A higher parameter value leads to a smoother resulting series, while a lower value
allows for more variability (Hodrick and Prescott, 1997). The HP filter is commonly used to separate a time series into its trend
and cyclical components. By applying the filter, the long-term trend can be isolated from the short-term fluctuations, enabling

the analysis of underlying patterns and variations in the data.



The value 14400 is commonly used when applying the HP filter to monthly time series (Maravall and Del Rio, 2001).
This value is chosen to effectively filter out components in the time series with periods of fewer than 10 years and interdecadal
cycles (Vasquez et al., 2018). By setting the parameter of the HP filter to 14400, the resulting filtered series will have a smoother
trend and remove shorter-term fluctuations, allowing for a clearer analysis of long-term patterns and variations in the data. This
specific value has been found to be suitable for capturing medium to long-term trends and suppressing high-frequency noise
in monthly time series analyses. The HP filter was applied to both the paleoclimatic records and the LFCs precipitation from
the CMIP6 models. The purpose of applying the HP filter was to uncover any potential trends, phase synchrony, and temporal

variability in the precipitation data and paleoclimatic records.
3.3 Probabilistic tracking of the ITCZ

We utilized the approach proposed by Mamalakis and Foufoula-Georgiou (2018) to estimate the probability density function
(PDF) for rainfall. This method allowed for a comprehensive analysis of the seasonal variations in the ITCZ and offered the
flexibility of using multiple variables to define the ITCZ, enhancing its physical robustness. By estimating the PDF for rainfall,
we gained insights into the statistical distribution of rainfall values and their variations across different seasons and periods.
Moreover, the PDF analysis method is computationally efficient and adaptable, making it well-suited for analyzing multi-model
ensembles in climate change assessment studies. In our study, we applied the PDF analysis to investigate the climatology of
the ITCZ, with a specific focus on its seasonal and annual average position along the longitudinal axis. Our primary objective
was to assess the ability of the CMIP5 and CMIP6 models (as listed in Table 1) to replicate the inter-annual and intra-seasonal

variability of precipitation associated with the ITCZ
3.4 Red-noise model and statistical significance

The univariate spectra were bias-corrected using 1000 Monte Carlo simulations. This was achieved using the publicly available
REDFIT software (Schulz and Stattegger, 1997), which generates first-order autoregressive (AR1) time series with sampling
times and characteristic timescales matching those of the actual climate data. The REDFIT software can be found at the
following file location: /pub/sfb313/mschulz/redfit35.zip. We employed this methodology to analyze the LFC components of
precipitation in the CMIP6 models and their potential association with AMO variability and its phases. The spectra were color-
coded based on the age of the time window’s midpoint and highlighted frequencies where the spectral power exceeded the

red-noise false-alarm levels (confidence levels) of 95%.

4 Results and discussion
4.1 Latitudinal Position of the ITCZ

In order to evaluate and identify the uncertainty of the position of the ITCZ in the Tropical Atlantic in the outputs of the CMIP
models (Table 1), we will analyze the seasonal (DJF, MAM, JJA, and SON) and interannual position during the period of 1981-
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Figure 1. The probability density function (PDF) represents the distribution of the ITCZ location on seasonal scales. To calculate the PDF,

we utilize the joint statistics of observed window-mean precipitation and outgoing longwave radiation (OLR).

2005. The probabilistic method proposed by Mamalakis and Foufoula-Georgiou (2018) was used to obtain the spatial mean of
the probability distribution of the ITCZ position over the Tropical Atlantic. This method utilizes two meteorological variables:
precipitation (PR) and outgoing longwave radiation (OLR). These results were compared with the estimated position of the
ITCZ during the last millennium (850—1849) using the ensemble outputs of the MRI and MIROC. For the period of 1981-
2005, during the austral summer and autumn seasons (DJF and MAM), our results indicate that the CMIP models estimate
the position of the ITCZ with a pronounced southward displacement. Figure 1 shows a seasonal bias in the position of the
ITCZ compared to the observed data, with a larger discrepancy observed during the DJF and MAM seasons. For all seasons,
the results from GPCP indicate a predominantly northern position of the ITCZ (Figure 1c). This finding contrasts with recent
studies that highlight the limitations of CMIP models in simulating the position and intensity of the ITCZ (Richter and Xie,
2008; Richter et al., 2012; Zermefio-Diaz and Zhang, 2013; Shonk et al., 2019; Mamalakis et al., 2021). These model biases
may be associated with the parameterization of atmospheric and oceanic processes (Zhang et al., 2019; Song and Zhang, 2020).
Mamalakis et al. (2021) found that CMIP models underestimate the interannual variability of the ITCZ position in the tropical

Atlantic, suggesting difficulties in capturing the dynamic processes that influence the ITCZ position in this region.
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Figure 2. The probability density function (PDF) represents the distribution of the ITCZ location on an annual scale.

Regarding annual variability, the results show that the highest probability for the location of the ITCZ is between 0° and
10°N for both CMIP models and the observed data (Figure 2). Mamalakis and Foufoula-Georgiou (2018) observed that the
ITCZ position in the Atlantic remains predominantly in the Northern Hemisphere throughout most of the year. They also
noted that CMIP models tend to underestimate the relationship between the ITCZ position and SST in the tropical Atlantic,
suggesting that these models may overestimate the influence of SST on the modulation of the ITCZ position. The authors further
emphasize the possibility of a future southward shift of the ITCZ, which would be associated with the models’ overestimation
of SST in the equatorial basin region.

In Figure 2, it can be observed that the CMIP models display a second band of probability, which is located between 0° and
10°S. Several studies have noted that the presence of the double ITCZ is reduced when modifications are made to the parame-
terization scheme of convection (Song and Zhang, 2009; Chikira and Sugiyama, 2010; Oueslati and Bellon, 2013, 2015; Song
and Zhang, 2018). Conversely, Lu et al. (2021) demonstrated that the bias can be mitigated by modifying the parameterization
scheme of boundary layer turbulence and shallow convection. The issue of the double ITCZ in models has also been studied
by Hwang and Frierson (2013), who highlighted that it stems from an energy balance bias between the two hemispheres. They
observed that excess energy absorbed in the southern hemisphere is transported to the northern hemisphere through the upper
branch of the anomalous Hadley cell over the equator, while the lower branch transports water vapor southward, leading to
a southward displacement of the ITCZ and the formation of the double ITCZ. Additionally, Adam et al. (2016) suggests that
CMIPS5 models exhibit a positive bias in atmospheric energy transport, which can contribute to a shift in the formation of the
double ITCZ. This bias may be associated with errors in the representation of physical processes and atmospheric interactions
in the models, resulting in an inadequate simulation of the ITCZ and its variability patterns. Overall, the models tend to exhibit
a bias over the tropical Atlantic, overestimating the probability of the ITCZ migrating southward (Figure 1). Tian and Dong
(2020) observed that annual mean precipitation simulations in CMIP3, CMIP5, and CMIP6 models exhibit similar systematic
errors, indicating that the bias of the double ITCZ remains a persistent problem across all generations of climate models. They
highlighted a slight reduction in the double ITCZ bias over the Pacific and Atlantic oceans from CMIP5 to CMIP6.

Figure 3 illustrates the normalized difference in the PDF between the MCA and LIA periods for both CMIP5 and CMIP6.

The figure shows a meridional gradient, indicating an increased probability towards the south in both cases. This suggests that
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Figure 3. The normalized difference in the probability density function (PDF) between the Medieval Climate Anomaly (MCA) and Little
Ice Age (LIA) for (a) CMIPS (MRI-ESM1 and MIROCS) and (b) CMIP6 (MRI-ESM2-0 and MIROC-ES2L).

while CMIP models can capture the displacement of the ITCZ, they tend to underestimate the meridional variability, especially
towards the north. During the MCA, there is no clear position of the ITCZ over the Northern Hemisphere, resulting in little
difference between the MCA and LIA in terms of the ITCZ position. Additionally, the limited variability in the displacement
of the ITCZ during the MCA may be attributed to its representation, as mostly uniform PDF values are observed, indicating
the presence of a possibly very homogeneous cloud band. This limited representation may hinder the capture of the meridional
variability of the ITCZ. Although both CMIP models do not exhibit the expected behavior of the ITCZ during the MCA, it
is observed that CMIP6 shows PDF values with a greater tendency north of the equator compared to CMIP5. The CMIP6
exhibits a more defined PDF gradient and is able to identify the part of the South Atlantic Convergence Zone (SACZ). These
findings indicate a notable improvement in the results of the CMIP6 model, which is consistent with the findings of Richter
and Tokinaga (2020).

Regarding the variability of the ITCZ displacement during the MCA and LIA, both models indicate that the ITCZ position
was further south during the LIA compared to the MCA. However, the CMIP6 model shows a higher probability of accurately
representing the intensity and displacement of the ITCZ compared to CMIP5 (Figure 3). Oxygen isotope data (obtained from
NEB), supports the characterization of the MCA as a dry period (Novello et al., 2012), influenced by the intensity of the
South American Monsoon System (SAMS) and internal forcing. However, paleolimnological data suggests a wet period in the
northern region of the NEB during the MCA. This is evidenced by the increase in water level in the Boqueirdo lake (Viana et al.,
2014) and the northward displacement of the ITCZ, with wet conditions recorded in the Cariaco Basin (Haug et al., 2003). On
the other hand, the LIA was characterized by a southward migration of the ITCZ (Vuille et al., 2012), which corresponded to
drought conditions in the Cariaco Basin (Haug et al., 2003).

The CMIPS5 and CMIP6 models exhibit a similar spatial distribution of the PDF for MCA and LIA. In both cases, the
prevailing position of the ITCZ is observed to be south of the equator. These findings differ from various studies based on

paleohydrological records, which indicate that during the MCA, the dominant position of the ITCZ is north of the equator
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(Kleppe et al., 2011; Vuille et al., 2012). This discrepancy highlights one of the main shortcomings of the CMIP5 and CMIP6

models in accurately representing the ITCZ.
4.2 The Interdecadal Component of the ITCZ latitudinal location

To investigate the multidecadal variability of the ITCZ in the southern tropical Atlantic, we conducted a Low-Frequency Com-
ponent Analysis (LFCA) using the CMIP6 models MRI-ESM2-0 and MIROC-ES2L. This analysis allowed us to isolate the
long-term precipitation variability and identify two modes of ITCZ displacement. The first mode corresponds to a southward
displacement, represented by precipitation LFC components 1 and 3, while the second mode indicates a northward displace-
ment, represented by LFC components 2 and 4. Figure 4 presents the Cariaco Basin and Boqueirdo Lake data, which, due to
their strategic locations, provide insights into the latitudinal variations of the ITCZ with an antiphase relationship.

In Figure 4a, a predominant presence of positive precipitation values can be observed in the LFC components (2 and 4)
during the MCA. These results are consistent with the records from the Cariaco Basin, where a higher concentration of titanium
during the MCA has been observed. This indicates that the ITCZ is shifted northward, leading to humid conditions. On the other
hand, during the LIA, a higher presence of negative values is observed in the LFC components (2 and 4), contrasting with the
decrease in titanium concentration. These records indicate dry conditions during that period (Haug et al., 2003). Furthermore,
this observed condition is associated with the southward migration of the ITCZ (Haug et al., 2001; Bird et al., 2011; Vuille
et al., 2012; Novello et al., 2012). In summary, the modes of variability represented by components 2 and 4, simulated by the
CMIP6 models, reflect the variability of the ITCZ position.

Regarding Figure 4b, a predominant presence of positive precipitation values can be observed in the LFC components (1
and 3) during the MCA, which differs from the data from Lake Boqueirdo (D). Positive 6D values indicate dry periods in the
NEB region, associated with the northward displacement of the ITCZ (Novello et al., 2012). However, components 1 and 3 do
not consistently indicate dry conditions as they do not predominantly record negative values.

On the other hand, during the LIA, the LFC components (1 and 3) exhibit fluctuations between negative and positive values.
Negative values of D data indicate wet periods in the northern region of the NEB, as supported by the increased water level
of Lake Boqueirdo (Viana et al., 2014). This is associated with the southward position of the ITCZ. However, this variability
in components 1 and 3 could be related to what was observed by Novello et al. (2012), who suggest that the intensification of

the Northeast High was responsible for the drought in the southern NEB during an intense phase of the SAMS.
4.3 Wavelet coherence analysis

To better understand the dynamic link between climate and dominant modes of variability, we applied wavelet coherence
analysis to the low-frequency component anomalies of precipitation over the last millennium (Figure 5). This analysis reveals
the interdecadal and multidecadal variability, as well as the periods that could be associated with AMO.

In Figure 5, a strong signal coherence is observed between the LFC and the AMO signal, displaying periodicities ranging
from 2 to 8 years with a coherence coefficient of 0.9. It is important to note that this periodicity appears intermittently over

the analyzed period. This interannual variability is thought to be linked to the oscillations between the warm and cold phases

12



0.24 0.8

(a) — LFC2
0.22 A - 0.6
—— LFC4 wet
0.20 A 0.4
0.18 1 - 0.2

U g

Smoothed Ti Cariaco Basin (%)

0.12 A - —-0.4
0.10 MCA LIA L 06 dry
0.08 T T T T T T T T T -0.8
0.8
g - 0.6
) dry
© L 0.4
o
zg F 0.2
[
>
g 00 |TCZ
2 L 0.2
®
£ 041 - —-0.4
8
E MCA LIA 06 Wet
-0.8

T T T T T T T T T
850 949 1049 1149 1249 1349 1449 1549 1649 1749 1849

Figure 4. HP filter applied to time series (mm /year) with A = 14400 of paleoclimatic proxies and precipitation anomalies of low-frequency
components (LFC) throughout the last millennium in the CMIP6 ensemble (average of MRI-ESM2-0 and MIROC-ES2L) based on low-
frequency component analysis with 30 retained EOFs and a 10-year low-pass cutoff. (a) Ti Cariaco basin ((blue line)) (Haug et al., 2001),
LFC2 and LFC4 (grey lines). (b) {Dwax Boqueirdo Lake (blue line) (Viana et al., 2014), LFC1 and LFC3 (grey lines).

of the AMO, which subsequently influence the occurrence of El Nifio and La Nifia events. These variations in oceanic and
atmospheric conditions can influence the precipitation patterns over the NEB region, leading to periods of wetter or drier
conditions.

Additionally, Figure 5 also reveals a notable 24-year periodicity between 949 and 1049, where the LFC1 signals and the
AMO exhibit an antiphase relationship of 180°. On the 64-year scale (1399 to 1549), the variables have a phase angle of 90°,
which means that the maximum precipitation components occur 16 years after the maximum of the AMO. In Figure 5b, a
periodicity of 64 years is observed between the years 949 and 1249, where the variables of LFC2 and the AMO have a phase
angle of 45°, with maximum precipitation occurring 8 years after the maximum of the AMO. For the 80-year period, both
signals are in phase (180°), indicating that they vary coincidentally, reaching their maximum or minimum values at the same
time.

For the LFC3 component and the AMO (Figure 5c), a periodicity of 24 years is observed between the years 1249 and 1349,
where the maximum of the AMO occurs 6 years after the maximum of precipitation. For the 64-year period between the years

950 and 1049, the signals exhibit two phases. In the first phase, with an angle of 135°, the maximum precipitation occurs 24
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Figure 5. (a) The wavelet coherence of AMO indices during the last millennium in the ensemble (averaging the models MRI-ESM2-0 and
MIROC-ES2L) is shown for the following components: (a) LFC1, (b) LFC2, (c) LFC3, and (d) LFC4, representing low-frequency patterns
of precipitation. The wavelet power spectra are represented by thick black contours, enclosing areas of 5% significance against a red-noise
background. The cone of influence is represented by light shading. In the global power spectra, the thick black lines represent the global

wavelet power estimates, and the thin dashed black lines represent the 95% confidence bounds against the red-noise background spectra.

years after the maximum of the AMO, while in the second phase, with an angle of 90°, the maximum precipitation occurs 16
years after the maximum of the AMO. For the periodicity of 128 years between the years 1549 and 1650, the variables are
related with an angle of 90°, with the maximum precipitation occurring 32 years after the maximum of the AMO.

For LFC4 (Figure 5d), the multidecadal variability of 12 years is present during the period of 1049 to 1060 and 1265 and
1460. The multidecadal periodicities of 21 and 128 years, during the periods 1249 to 1270, indicate that the signals are out
of phase. For the 80-year period from 1450 to 1550, the LFC4 signal and the AMO are in antiphase (180°), meaning that the
maximum precipitation coincides with the minimum of the AMO.

The significant periodicities observed during the last millennium in Figure 5 (e and f) are in the range of 2 to 8§ years and 2 to
4 years, respectively. These periodicities are associated with internal variability in the changes of the ITCZ position and may be
influenced by ENSO events. However, there are differing views on the variability of ENSO during the last millennium. Some

studies suggest a lower frequency of El Nifio during the MCA, while others argue for a higher frequency of El Nifio during
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the LIA, possibly related to increased volcanic activity during that period Jones and Mann (2004); Mann and Emanuel (2006);
McGregor and Timmermann (2011); Predybaylo et al. (2017); Henke et al. (2017). The average power spectrum (Figure Se)
illustrates the signals from the LFC precipitation components (1 and 3) and their relationship with the meridional displacement
of the ITCZ towards the south (Figures 6 and 8). The presence of multidecadal periodicities between the LFC3 signal and the
AMO can be observed, particularly during the transition period between the MCA and the LIA. These periodicities are believed
to be influenced by volcanic forcing, which played a significant role in explaining the low solar radiation activity during the
LIA (Miller et al., 2012).

Indeed, the southward displacement of the ITCZ during the LIA is considered a response to the relative cooling of the
Northern Hemisphere driven by volcanic forcing. Volcanic eruptions release large amounts of aerosols and gases into the
atmosphere, which can lead to a cooling effect by scattering and absorbing sunlight (Mann et al., 2021). This cooling effect
is particularly pronounced in the Northern Hemisphere, where most volcanic activity occurs. The reduced solar radiation
reaching the Earth’s surface results in a cooling of the Northern Hemisphere, altering the temperature gradients and atmospheric
circulation patterns. As a result, the ITCZ shifts southward, reflecting the changes in the distribution of solar energy and
temperature gradients across latitudes. This southward displacement of the ITCZ during the LIA is a manifestation of the
complex interactions between volcanic forcing, hemispheric temperature anomalies, and atmospheric circulation patterns.

Sun et al. (2022) discovered a significant impact of volcanic activity during the LIA on El Nifio variability. They found that
periods of intense volcanic activity in the Northern Hemisphere were associated with an increased frequency of El Nifio events.
This relationship suggests that volcanic activity can play a role in short-term climate variability, contrasting with its long-term
influence on multidecadal variability. Additionally, notable cycles in the Pacific Decadal Oscillation (PDO) were observed
during the MCA and LIA. Both periods exhibited an intrinsic cycle of 20-40 years in the PDO. During the MCA, a cycle
of approximately 70 years, known as the Gleissberg cycle, was identified, which is associated with solar activity variability.
On the other hand, during the LIA, a more pronounced forced cycle of 50-70 years was observed, which has been linked to
oceanic circulation variability, such as the AMO. Levine et al. (2018) further investigated the relationship between the AMO
and the variability of the ITCZ. They found that during positive phases of the AMO, the ITCZ shifted towards the warmer
hemisphere, resulting in increased precipitation over the North Atlantic. This indicates that AMO phases are associated with
ITCZ variability through surface variability and energy transport between hemispheres. The study also highlighted that during
positive AMO phases, the interannual variability of the tropical Atlantic ITCZ is greater.

The average power spectrum depicted in Figure 5f illustrates the signals of the LFC precipitation components (2 and 4)
and their association with the northward displacement of the ITCZ as shown in Figures 7 and 9. This variability is believed
to be linked to the positive phase of the AMO. When the North Atlantic experiences warmer conditions, it triggers a change
in the interhemispheric gradient, resulting in the northward shift of the ITCZ (Knight et al., 2006; Timmermann et al., 2007).
According to Levine et al. (2018), the significant periodicity of 80 years observed in Figure 5 is attributed to the 50-80 year
variability found in the AMO. This variability is linked to a precipitation band that stretches along the ITCZ from the tropical
Indian Ocean and western Pacific to the tropical Atlantic. The presence of this precipitation band is associated with a coherent

zonal structure in atmospheric variability in mid and high latitudes (Lin et al., 2019). Indeed, external forcing, including
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radiative forcing from volcanic eruptions, can play a significant role in influencing variables such as the AMO and its associated
multidecadal oscillatory signals. Mann et al. (2021) observed similar multidecadal oscillatory signals to the AMO in last
millennium simulations, specifically in the 50-70 year band, and they determined that these signals were exclusively driven by
radiative forcing resulting from volcanic eruptions. These findings are important because they suggest that AMO phases can
significantly affect the position and variability of the ITCZ in the tropical Atlantic, which in turn can have implications for
precipitation and temperature in regions near the equator.

The interannual variability of the AMO and the ITCZ plays a crucial role in understanding natural climate variability and
its potential future changes. The results demonstrate that during the last millennium, changes in the position of the ITCZ
have comparable significance to external forcing factors. The influence of internal forcing on the ITCZ changes in the tropical
Atlantic is characterized by modes of variability such as ENSO, PDO, and AMO, which exhibit spatial patterns showing
latitudinal displacement between northern and southern regions. The ENSO phenomenon, for example, can induce changes in
the atmospheric circulation patterns and sea surface temperatures, which in turn can impact the position of the ITCZ. Similarly,
the PDO and AMO modes can influence large-scale atmospheric and oceanic conditions, affecting the latitudinal displacement
of the ITCZ. These findings highlight the importance of comprehending the dynamics and interactions between the AMO and
the ITCZ. By understanding the behavior of these internal modes of variability, we can gain insights into regional climate

variability and make more accurate projections for future climate conditions.
4.4 The Interdecadal Component of the ITCZ latitudinal location

Figure 6a presents the first mode (LFP1) of SST variability. It shows an increase in the meridional gradient of the Atlantic
associated with the weakening of winds, which reduced the surface latent heat flux, leading to increased SST. It also shows
a southward displacement of the ITCZ, with its center of action located approximately at 5°S and between longitudes 20°W
and 0°W (Figure 6b). In addition, the SACZ extends its influence into the Atlantic Ocean, adjacent to the Southeast region of
Brazil. This is associated with a periodicity in the range of 2 to 8 years, resulting from the internal variability of ITCZ changes,
which are linked to La Nifia events and intensified precipitation in the NEB. These findings are consistent with other studies
(Grimm, 2003, 2004; Grimm and Tedeschi, 2009). Negative values of Omega are observed in front of the NEB (Figure 6¢),
which are associated with upward motions and favor the occurrence of precipitation in the NEB and its vicinity. The winds
at 850 hPa on the southern side of the Atlantic predominantly blow westward, leading to the accumulation of warmer waters
along the African coast (Figure 6a). This implies a reduction in the upwelling process along these coasts.

In Figure 7c, the 850 hPa winds exhibit a similar pattern to Figure 6¢c, but with the addition of eastward winds in the west-
ernmost part of the South Atlantic. This leads to a more pronounced upwelling process compared to Figure 6a. Furthermore,
Figure 7a shows a positive core of SST north of 20°N, and the ITCZ extends further meridionally compared to its climato-
logical value. These conditions contribute to the humid conditions observed in the regions where the proxies were extracted,
namely Boqueirdo and Cariaco.

The eastern region of the Amazon exhibits wetter conditions, while a precipitation deficit is observed in the southern Amazon

(Figure 7b). This suggests that the precipitation patterns of the SAMS feature wetter conditions in its northeastern part and drier
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Figure 6. The first component of low-frequency patterns (LFP1) represents (a) the sea surface temperature anomalies (°C), (b) precipitation
anomalies (mm/month), and (c) 500 hPa omega vertical motion and wind at 850 hPa throughout the last millennium. These analyses were
conducted in the ensemble by averaging the models MRI-ESM2-0 and MIROC-ES2L. The low-frequency component analysis involved
retaining 30 EOF and applying a 10-year low-pass cutoff. The location of the paleoclimate proxies are (1) Boqueirdo Lake (Viana et al.,

2014) and (2) Cariaco Basin (Haug et al., 2001).
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Figure 7. Same as figure 6 but for the second component of Low-frequency patterns (LFP2).

conditions in its southern and southwestern extremes. This pattern of precipitation distribution is associated with the positive
phase of AMO, which has a periodicity of 80 years. According to Levine et al. (2018), the latitudinal changes of the ITCZ and
the strength of the AMOC could be related through the surface variability of the SST, exhibiting similar characteristics of AMO
variability. The authors suggest that during the positive phase of the AMO, the ITCZ shifts towards the warmer hemisphere,
resulting in increased precipitation in the North Atlantic. If the warming is more pronounced in the Northern Hemisphere, the
ITCZ tends to move further north. An existing relationship between the ITCZ and the atmospheric energy balance can account
for the variability of the ITCZ on timescales ranging from years to geological scales (Schneider et al., 2014; McGee et al.,
2014; Schneider, 2017). Some studies show that the positive phase of the AMO can lead to a weakening of the SAMS intensity
on multidecadal timescales, due to a northward shift of the ITCZ (Strikis et al., 2011; Bird et al., 2011; Novello et al., 2012).
Moreover, this displacement of the ITCZ results in a decrease in precipitation over the Northeast region of Brazil (Knight et al.,

2006).
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Figure 8. Same as figure 6 but for the third component of Low-frequency patterns (LFP3).

In Figure 8, it can be observed that the trade winds weaken (divergence) and the southeast winds strengthen (convergence),
and there is a reduction in upwelling off the northwest coast of Africa and an increased temperature gradient in the North
Atlantic. These changes are all associated with the southward displacement of the ITCZ. We can also observe the presence of a
double ITCZ band due to the energy balance bias between the two hemispheres. The northward displacement of precipitation
in the NEB intensifies the oceanic SACZ. These precipitation patterns are associated with two significant periodicities of 24
years related to the PDO and 64 years related to the AMO. These two modes of oceanic variability are related to the intensity
of the oceanic SACZ (Novello et al., 2012; Apaéstegui et al., 2014; Vuille et al., 2012; Carvalho and Cavalcanti, 2016).
The multidecadal variability is related to the southward displacement of the ITCZ controlled by the inter-hemispheric heat
transport (Marshall et al., 2014; McGee et al., 2014, 2018; Schneider, 2017; Bischoff and Schneider, 2014), which is modified
by variations in the oceanic heat transport exerted by the AMOC. Additionally, the 24-year periodicity establishes a connection
between the variability of the AMOC, the AMV, and the ITCZ. This AMV contrast is observed in the ITCZ shift following a
change in the PDO (Moreno-Chamarro et al., 2019).

Figure 9c shows a wind behavior very similar to that observed in Figure 8c. While descending vertical motions are observed
in the vicinity of the equator, with a more intense band located at 6°S. The strongest downward vertical motion leads to
precipitation deficiency on the southern side of the Atlantic (Figure 9c). Weaker trade winds result in an SST increase in much
of the northern and southern Atlantic (Figure 9a). The ITCZ band shows a position closer to its climatology (Figure 9b), but
this ITCZ position increases moisture convergence from the ocean towards the continent, generating wetter conditions in the
Amazon basin, intensifying the SAMS, and creating dry conditions in the NEB. These precipitation patterns are associated
with two significant periodicities: a 21-year period related to solar activity and an 80-year period linked to the positive phase
of the AMO. Another factor that intensifies the SAMS is a response to radiative forcing caused by volcanic eruptions (Strikis
etal., 2015).

In LFP1, Figures 10a and 10b show that during the LIA, the central-east region of Brazil experiences wetter conditions
compared to the MCA. This wetter condition is associated with a strengthening of the SAMS, where the South Atlantic region

is relatively warmer compared to the North Atlantic (Figures 11a and 11b). Conversely, For this component, during the MCA,
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Figure 9. Same as figure 6 but for the fourth component of Low-frequency patterns (LFP4).

the Northeast Brazil (NEB) region is wetter, suggesting a strengthening of the ITCZ during that period. Additionally, it can be
observed that the SACZ band extends to the Atlantic Ocean region adjacent to southeastern Brazil (Figures 10a and b). This
precipitation distribution pattern was observed by Viana et al. (2014), who suggest that during the MCA, the Boqueirdo lake
was wet due to the southward displacement of the ITCZ during the negative phase of the AMO. In contrast, during the LIA,
dry periods occurred due to the intensification of the Northeast High during an intense period of the SAMS.

In LFP 2 (Figure 10c), wet conditions are observed in the Cariaco Basin and dry conditions in the Boqueirdo lake during
the MCA, despite lower SST. This differs from the expected conditions for the MCA in the northern hemisphere (Figure 11c).
This pattern was observed by Novello et al. (2012), who described arid conditions in the southern part of the NEB, attributed
to the northward displacement of the ITCZ and the weakening of the SACZ. During the LIA, higher humidity is observed
in Boqueirdo with higher SST in the tropical South Atlantic (Figure 11d), and southward migration of the ITCZ is recorded
(Figure 10d). This pattern was also shown by Haug et al. (2001); Peterson and Haug (2006); Vuille et al. (2012); Lechleitner
et al. (2017). In LFP 3, during the MCA, precipitation is distributed along the South American Atlantic coast, and both the
Cariaco Basin and the Boqueirdo lake exhibit wet conditions (Figures 10e and f). Additionally, SST is warmer throughout
the tropical South Atlantic (Figures 11e and f). On the other hand, during the LIA, the easternmost part of the NEB is wetter
(Figure 10f), and precipitation is observed along the Amazonian coast. The SST variation between the northern and southern
Atlantic is smaller, but it remains warmer in the south (Figures 11e and f). In LFP 4, an increase in precipitation is observed in
the northernmost part of the NEB during the LIA period compared to the MCA (Figures 10h and g). However, in both periods,
the tropical North Atlantic exhibits higher SST conditions (Figures 11g and h). The Cariaco area shows wet conditions during
the LIA, which contradicts the observations made by paleoclimatic proxies (Haug et al., 2001).

The precipitation distribution patterns (LFP3 and LFP4) are sensitive to changes in SST variations in the tropical regions
of the Atlantic. SST anomalies significantly impact the position and intensity of the ITCZ and can modulate the seasonal
distribution of precipitation over the equatorial Atlantic, from the northern part of the NEB to the central Amazonia (Moura and
Shukla, 1981; Uvo, 1989; Servain, 1991; Hastenrath and Greischar, 1993; Molion, 1993; Nobre and Shukla, 1996; Marengo,
2004; Marengo et al., 2017; Enfield and Mayer, 1997).
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Figure 10. Low-frequency patterns (LFPs) precipitation anomalies mm/month through the MCA (850 — 1200) and LIA (1500 — 1850) in
the ensemble (Averaging the models MRI-ESM2-0 and MIROC-ES2L) over the latitudes 30°S to 30°N, based on low-frequency component
analysis with 30 EOFs retained and a 10-year low-pass cutoff. The location of the paleoclimate proxies: (1) Boqueirdo Lake (Viana et al.,

2014); (2) Cariaco Basin (Haug et al., 2001).

The meridional variations of the ITCZ play a significant role in explaining the drought conditions in the southern part of
NEB during the MCA and the opposite conditions observed in the LIA. However, it is important to note that during the LIA,
these conditions in the southern and northern parts of the NEB could not be solely attributed to the migration of the ITCZ.
Other factors and mechanisms may have contributed to the observed changes in precipitation patterns during that period.

According to the findings of Novello et al. (2012), the intensification of the NEB High, a high-pressure system, was proposed
as a factor contributing to the drought conditions in the southern part of the NEB during an intense phase of the SAMS. The
NEB High, characterized by sinking air and atmospheric stability, inhibits the formation of convective systems and reduces

precipitation. The intensified NEB High during the intense phase of the SAMS could have suppressed rainfall in the southern
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Figure 11. Low-frequency patterns (LFPs) sea surface temperature anomalies (°C) through the MCA (850 — 1200) and LIA (1500 — 1850)
in the ensemble (Averaging the CMIP6 models MRI-ESM2-0 and MIROC-ES2L) over the latitudes 30°S to 30°N, based on low-frequency
component analysis with 30 EOFs retained and a 10 years low-pass cutoff. The location of the paleoclimate proxies: (1) Boqueirdo Lake

(Viana et al., 2014); (2) Cariaco Basin (Haug et al., 2001).

NEB region, exacerbating the drought conditions. Recent studies on climatology have provided evidence of a relationship
between the southward shift of the SACZ and the westward shift of the Bolivian High, which subsequently displaces the NEB
High over the southern NEB during the summer season. This displacement of the NEB High contributes to drought conditions
in the southern NEB region (Chaves and Cavalcanti, 2001; Sulca and Rocha, 2021).

Our findings support a potential connection between paleohydrology in the NEB region and climate variations associated
with fluctuations in the AMO. Moreover, we have identified that these AMO changes have the potential to influence the average
position of the ITCZ. The observed meridional variations in the ITCZ provide an explanation for the occurrence of drought

conditions in both the southern and northern parts of the NEB region. This displacement of the ITCZ would have weakened
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the SAMS, as the reduced moisture supply promoted by it would have also reduced convection in the Amazon basin. During
the MCA, precipitation is primarily distributed along the South American Atlantic coast. However, during the LIA, there
is an observed increase in precipitation over the NEB region, as well as along the Amazon coast. These patterns indicate
a strengthening of the ITCZ and the presence of a SACZ band that extends into the adjacent Atlantic Ocean, southeast of
Brazil. The observation is that during the LIA, central Brazil experienced wetter conditions compared to the MCA. This wetter
climate can be attributed to two factors: the strengthening of the monsoon and a warmer South Atlantic relative to the North
Atlantic. Furthermore, the significant periodicities in the range of 2 to 8 years are associated with the internal variability of
the ITCZ position changes. These periodicities are believed to be influenced by ENSO events. During the MCA, there was
a lower frequency of El Nifio events, whereas, during the LIA, there was a higher frequency of El Nifio occurrences. This
El Nifio variability was associated with the meridional displacement of the ITCZ towards the south, which exhibited multi-
decadal periodicities. These periodicities were found to be related to volcanic activity during that time period. The results
reveal a clear pattern of variability that is linked to the phases of the AMO. Specifically, during the positive phase, there is
a noticeable northward displacement of the ITCZ. In contrast, during the negative phase of the AMO, the ITCZ exhibits a

southward displacement. This suggests a strong relationship between the AMO and the meridional position of the ITCZ.

5 Conclusions

Our results indicate that both the CMIPS and CMIP6 models frequently simulate a southward migration of the ITCZ that is
more pronounced than what is observed. The ITCZ structure in the models is strongly influenced by the seasonal cycle of
precipitation, the increase in rainfall was observed to be a factor in the growth of the southern bias. The southward shift of the
ITCZ in the models was observed in previous studies (Richter and Xie, 2008; Richter et al., 2014; Zermefio-Diaz and Zhang,
2013; Mamalakis et al., 2021), which causes an overestimation of the accumulated precipitation in Northeastern Brazil (NEB).

The CMIP6 and CMIP5 models tend to reproduce a double-ITCZ in the Atlantic Ocean (Figure 2). This finding contrasts
with recent studies (Samanta et al., 2019; Tian and Dong, 2020; Mamalakis et al., 2021). Taking into account the reported
biases, the models were able to simulate the seasonal variation of the ITCZ and reproduce the dominant modes of variability
in the position in the tropical Atlantic.

On interannual to decadal timescales, the coupling between the atmosphere and the ocean plays a crucial role. Our findings
indicate that the north-south displacement of the ITCZ is strongly related to the oceanic region exhibiting the highest SST within
the South Atlantic tropical basin. The variability of the zonal mode is mainly associated with the equatorial region, extending
between 5°S and 5°N, as well as the northwest coast of Africa. These observations also contrast with paleoclimatic records of
the region, indicating a northward displacement of the ITCZ during the MCA and a southward displacement during the LIA.
During the LIA, the southward displacement of the ITCZ is a response to the relative cooling of the Northern Hemisphere due
to volcanic forcing. This highlights the complex interaction between solar forcing and atmospheric dynamics in shaping the
behavior of the ITCZ during the LIA.
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The 21-year periodicity associated with the solar cycle influences the pattern of tropical rainfall, favoring the displacement
and contraction of the ITCZ towards the equator while intensifying the SAMS. On the other hand, the 80-year periodicities
associated with the positive phase of the AMO can weaken the intensity of the SAMS. Additionally, periodicities in the range
of 2 to 8 years modulate the internal variability of changes in the ITCZ, especially during La Nifia events, resulting in an
intensification of precipitation in the NEB. Furthermore, the 24-year periodicity related to the PDO and the 64-year periodicity
associated with the negative phase of the AMO contribute to the southward displacement of the ITCZ, which in turn increases
the intensity of the SACZ.

According to our results, the changes in the position of the ITCZ during the last millennium are influenced by internal
forcings such as ENSO, PDO, and AMO, which exhibit spatial patterns of latitudinal displacement between the northern
and southern regions. These internal modes of variability can interact and influence the position and intensity of the ITCZ,
thereby affecting regional climate variability. According to these observations, during the positive phase of the AMO, we have
observed a northward meridional displacement of the ITCZ. On the other hand, during the negative phase of the AMO, a
southward displacement.

The results indicate that there is low-frequency variability that affects the distribution of precipitation and has consequences
on the intensity/frequency of droughts and floods events in the NEB. These findings suggest that these events are related to
the coupling between the ocean and atmosphere. Furthermore, the results of this study have the potential to improve climate
models and forecasts by providing a better understanding of the variability of the ITCZ and its impact on extreme precipitation

events in northeastern Brazil.
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