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Abstract: The Atlantic Multidecadal Oscillation (AMO) is coherently linked to climate variations
over many parts of the globe. Despite recent achievements, the mechanism by which the AMO
influences regional precipitation over South America is not well understood. In this study, we isolate
the atmospheric response to the AMO using a water isotope-enabled version of the Community Earth
System Model version 1.2 (iCESM1.2) and determine its influence on (sub)tropical South American
regional precipitation and atmospheric circulation. The results 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). Our results stress the importance of acknowledging
the dynamics of season- and regional-dependent ITCZ responses, as they are sufficient to produce
observed AMO-related signals even in the absence of marked changes in the ITCZ position.

Keywords: AMO; ITCZ; iCESM1.2 model South America; isotope-enabled

1. Introduction

The Atlantic Multidecadal Oscillation (AMO) is a pattern of variability in the North
Atlantic sea surface temperature (SST), with alternations between warm and cold conditions
in most of the basin, that was first identified during the 1980s [1]. There are a variety of
methods for constructing the AMO index [2-6]. Although these indices consider different
aspects of basin or sub-basin-scale variability, they all capture large-scale multidecadal SST
anomalies: (i) an anomalously warm North Atlantic characterizes the warm AMO phase;
and (ii) an anomalously cold North Atlantic characterizes the cold AMO phase. The warm
and cold phases swing with a period of 60-90 years [7,8].

Regardless of the origins of the AMO, it is coherently linked to climate variations
over many parts of the globe. It affects the Atlantic hurricane activity [9], North American
and European summer climate [10], African Sahel rainfall [9,11], Asian monsoon [12-14],
and summer rainfall over India [15]. Over South America, important linkages with the
AMO have been described for precipitation variability over northeastern Brazil [8,16],
surface air temperature of southern South America [17], and the dynamics of low-level
jets [18,19]. More specifically, Jones and Carvalho [18] analyzed the influence of the AMO
on decadal to multidecadal variability in the South American low-level jet (SALL]). They
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found a consistent pattern in which SALL] days during cold AMO phases were associated
with negative precipitation anomalies over northern Amazon and the Atlantic Intertropical
Convergence Zone (ITCZ). The results indicate a stronger influence of the cold AMO during
austral winter (May-September) than during austral summer (December—February), while
in the exit region of the SALL] over southern Brazil, Uruguay and northern Argentina,
precipitation increases. Despite recent achievements, the mechanism by which the AMO
influences regional precipitation over South America is not well understood. This is mostly
due to the fact that observational data only contain two full cycles of the AMO.

By indirectly recording past precipitation changes, paleoclimate archives provide
insights into the past behavior of the AMO. While there are records in which this multi-
decadal climate variability is not a persistent feature before 1750 AD [20], an increasing
number of records, summarized by Zhang et al. [21] indicate that the AMO variability
extends several millennia back in time. Multiple archives from South America indicate
that the AMO played a relevant role in modulating the South American Monsoon Sys-
tem (SAMS) during the last deglaciation [22] over the Holocene [23], and over the past
2000 years [24,25]. The prevailing view in the literature explains wet (dry) conditions in the
SAMS domain by the southward (northward) shift of the Atlantic ITCZ and its influence
on the SAMS and the South Atlantic Convergence Zone (SACZ) intensity. Both ITCZ and
AMO are recognized to have strong imprints on the SAMS and the SACZ [26,27]. Due to
shortness of the instrumental data and the scarcity of pre-instrumental proxy data recon-
structions, insights must necessarily rely on analyses of climate models. However, despite
the continuous improvement of climate models over the past two decades [28-30] coupled
models still show a large spread on the anomalies in regional precipitation associated with
the AMO [5,31-33].

In this study, we isolate the atmospheric response to the AMO using an Earth System
model, and determine the influence of the AMO on (sub)tropical South American regional
precipitation and atmospheric circulation. This simplified approach excludes the full range
of feedbacks between different components of the climate system, as well as avoiding the
introduction of biases related to the way the atmosphere is coupled to land or ocean, that
are present in fully coupled models [34-38].

2. Materials and Methods
2.1. iCESM Model Setup

We carried out experiments 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. For a detailed description of the model, validation and sensitivity analyses
see [39,40]. In this study, we ran the atmospheric component of iCESM1.2, the isotope-
enabled Community Atmosphere Model version 5 (iCAMS5.3) [41], which is based on the
original, non-isotope-enabled CAMS [42], with prescribed SST and sea ice concentrations
(SICs) coupled exclusively with an interactive land component, version 4 CLM4; [43]. The
model was configured to use a computational grid of 1.9° latitude x 2.5° longitude and
30 vertical levels from the surface to ~3.5 hPa.

2.2. Experiments

The list of experiments performed with iCESM1.2, as well as the initialization pro-
cedure and the datasets for sea-ice concentrations and SST, can be found in Table 1. All
experiments were initialized from pre-industrial conditions, where the values for green-
house gasses, aerosols, ozone, and solar irradiance were fixed at the year 1850. Sea-ice
concentrations (SIC) were taken from the Hadley Centre Global Sea Ice and Sea Surface
Temperature (HadISST) dataset [44].

The CONTROL experiment is a 30-year-long simulation (with spin-up of 10 years)
forced by climatological monthly mean SSTs from the HadISST.
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Table 1. Description of the experiments performed with the water isotope-enabled version of the
Community Earth System Model version 1 (iCESM1.2).

Sea-Surface Temperatures (SST)

Experiment Initialization and Sea-Ice Concentrations (SIC) Simulation
Pre-industrial HadISST dataset One ensemble
CONTROL conditions (Rayner et al., 2003) member/30 yr
. . Cold SST anomaly superimposed
CAMO Pl;i;:ﬁgi:;al on the HadISST dataset g;iz?:?;%bli
(Rayner et al., 2003) Y
. . Warm SST anomaly superimposed
WAMO P‘;Z;I(‘i‘fgzt;;al on the HadISST dataset ;Fg;iz?:/eg(‘)blf
(Rayner et al., 2003) Y

The cold and warm AMO (CAMO and WAMO, respectively) experiments are an
ensemble of three 50-year-long simulations (with 20 years of spin-up) produced by slight
variations in initial atmospheric conditions. To isolate the atmospheric response to the
AMO, we forced the model with the superimposed AMO-related anomalies onto the
climatological monthly mean SSTs from the HadISST. The superimposed SST anomalies
came from a composite analysis of the linearly detrended (1850-2012) HadSST2 dataset [44])
for each AMO phase. Following Trenberth and Shea (2006), the cold AMO phase included
the 1850-1928 and 1964-1995 periods, and the warm AMO phase included the 1928-1964
and 1995-2012 periods. The use of the Trenberth and Shea (2006) AMO index isolates the
Atlantic variability from global warming and tropical influences.

All results presented in the next sections refer to the ensemble mean and represent
changes strictly forced by SST changes, as the two experiments only differ with respect to
the prescribed SST/SIC in the North Atlantic region (Figure 1).

Observed Atlantic Multidecadal Oscillation SST pattern (°C)

°C

-0.7 -0.5 -0.4 -0.2 0.0 0.2 0.3 05 0.7

Figure 1. Computed annual sea surface temperature (SST) difference between the warm and cold
Atlantic Multidecadal Oscillation (AMO) phases (°C). Phases are defined based on AMO index
(Trenberth and Shea, 2006) using the HadISST dataset for the period 1870-2015.
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2.3. Climate Variables and Methods Used in Analyses

The climate variables used to identify the main differences in CAMO and WAMO
simulations include: precipitation, meridional and zonal winds, and vertical velocity. Thus,
the effects of AMO-related SST over South American climate were evaluated through
the differences between CAMO and WAMO experiments for precipitation (seasonal and
annual mean), atmospheric circulation at 850 hPa (seasonal mean) and 200 hPa (austral
summer mean), 200 hPa divergence (annual), and zonal and meridional vertical velocity
profiles. 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. Student’s ¢ test is a hypothesis
test for evaluating whether the means of two different groups (i.e., the CAMO and WAMO
experiments versus the CONTROL experiment) are distinct, meaning that the change is
significant, or not. In our case, the t value was calculated as follows:

o Mg — Mc
NG
7k T ac

where Mg and M are the mean values, Sg and S¢ are the standard deviations, and nE and
nC are the number of samples. The subscripts E refer to the CAMO (WAMO) experiment
and C refers to the CONTROL experiment. This ¢ value is compared with the ¢ value of the
reference, which is dependent on the number of samples and level of confidence. The level
of confidence means that our conclusion about the test, that is, whether the two groups are
distinct or not, has a certainty of 95%.

Additionally, the upper-level divergence simulated by the CAMO and WAMO ex-
periments were compared with those obtained from composite analyses for both AMO
phases using data derived from the National Oceanic and Atmospheric Administra-
tion/Cooperative Institute for Research in Environmental Sciences/USA Department of En-
ergy (NOAA /CIRES/DOE) third version of the 20th Century Reanalysis data (20CRv3) [45].
This comparison is important for detecting aspects of the AMO-driven upper-level convec-
tive changes captured in our simulations.

We also aimed to analyze the influence of the SSTs in both AMO phases on the
atmospheric circulation cells. In our study, the meridional mean of vertical pressure velocity
between 0° and 15° S represents the Walker cell, while the zonal mean of vertical pressure
velocity between 80° W and 30° W represents the Hadley cell. The Hadley cell intensity
changes between CAMO and WAMO experiments were calculated as the mean maximum
value of the zonal-mean meridional stream function between 900 and 200 hPa [46].

Finally, as precipitation of South America is strongly influenced by changes in the ITCZ,
and knowing that instrumental records suggest that AMO phases are actually coupled with
ITCZ north-south migrations [47], we analyzed changes in ITCZ position through a zonal
mean precipitation diagram.

3. Results
3.1. Changes in Precipitation

The spatial distributions of changes in precipitation between CAMO and WAMO are
shown in Figure 2. The annual mean shows increased precipitation during the cold AMO
phase, mainly in the Amazon and northeastern Brazil (Figure 2e). In contrast, the model
simulates precipitation reduction in most northern regions of South America. Figure 2
also shows that the atmospheric response to the prescribed SST anomalies is seasonally
dependent. During austral summer (December to February—DJF), the precipitation over
most of South America is increased in the CAMO experiment, with significant differences in
the western Amazon (0°-10° S, 55°-75° W), northeastern Brazil (1°-18° S, 35°-47° W) and
the Andes (Figure 2a). In austral autumn (March to May—MAM), wetter conditions remain
over the northeastern Amazon basin and in the northernmost portion of northeastern Brazil,
while over most of South America, precipitation decreased (Figure 2b). On the other hand,
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during the winter season (June to August—JJA) the model suggests significantly wetter
conditions over most of northern and central-southern South America in CAMO and drier
conditions in a small eastern sector of northeastern Brazil (Figure 2c). Wetter conditions over
northeastern Brazil and almost the entire Andes and Amazonia, and drier conditions over
southeastern South America occur during austral spring (September to November—SON)
(Figure 2d). We also observe significant differences in the amount of precipitation over the
Atlantic Ocean. There are significant differences in the amount of precipitation over the
equatorial Atlantic Ocean for all seasons, with the largest increase occurring to the south
of the equator close to northeastern Brazil, and the largest reduction to the north of the
equator over the western and central Atlantic Ocean (Figure 2). Our simulated anomalies
are comparable to reanalysis precipitation patterns (Figure S1), especially in most northern
regions of South America and the tropical Atlantic (DJF, MAM). These anomalies are likely
associated with changes in the Atlantic ITCZ, and further analyses on the ITCZ position
and intensity are performed and presented later in this section. The simulated JJA and SON
means are also in good agreement with reanalysis profiles, where the model reproduces
the increase in precipitation in central South America.

CAMO - WAMO  (b) MAM: precipitation (mm/day) CAMO - WAMO
e ] = 7 - - " . . J . .

(e) Annual: precipitation (mm/day) CAMO - WAMO

15N

FJ : .

T 1 T T T

0w BOW

(c) JJA: precipitation (mm/day)

30w 0 sow sowW 30w o

CAMO - WAMO  (d) SON: precipitation (mm/day) CAMO - WAMO 158

308

458

0.25 1 2 -2 -1 -0.25 o 0.25 1 2

Figure 2. Seasonal precipitation differences between the cold Atlantic Multidecadal Os-
cillation (CAMO) and the warm Atlantic Multidecadal Oscillation (WAMO) experiments
(mm/day) in (a) December—February (DJF), (b) March-May (MAM), (c¢) June-August (JJA), and
(d) September-November (SON) and (e) annual mean. Red (blue) shaded areas correspond to drier
(wetter) conditions; grid points with statistically significant difference according to Student’s ¢ test
with confidence level of 95% are marked with dots.

To understand the dynamical mechanisms that caused the changes in precipita-
tion, we analyzed the austral summer upper-level and lower-troposphere circulation
(Figures 3 and 4). The position of the upper-level anticyclonic circulation, known as the Bo-
livian High, is the same for both CAMO and WAMO experiments, but the wind circulation
is slightly intensified in WAMO (Figure 3b,c) in comparison with CAMO (Figure 3a,c) exper-
iment, which enhanced the westerlies (200 hPa) over the North Atlantic Ocean, between the
equator and 20N. Additionally, differences between CAMO and WAMO (Figure 3c) show
that the subtropical jet stream is intensified in WAMO experiment, in relation to CAMO.
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(a) DJF: 200hPa wind (m/s)

(b) DJF: 200hPa wind (m/s) (c) DJF: 200hPa wind (m/s)
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Figure 3. Streamlines and wind intensity (m/s) at 200 hPa for December—February (DJF) for the
cold Atlantic Multidecadal Oscillation (CAMO) (a) and the warm Atlantic Multidecadal Oscillation
(WAMO) (b) experiments, as well as for the differences between CAMO and WAMO (c). In (c), only
statistically significant differences calculated using Student’s f test with a confidence level of 95%
are shown.

(b) MAM: 850hPa wind (m/s)
CAMO - WAMO

(c) JJA: 850hPa wind (m/s)
CAMO - WAMO

(d) SON: 850hPa wind (m/s)
CGAMO - WAMO.

4

BOW

60W

40W 80w 60W 40w 80W B0W 40W B8OW 60W 40W

Figure 4. Seasonal wind vectors and intensity at 850 hPa (m/s) for the differences between the
cold Atlantic Multidecadal Oscillation (CAMO) and the warm Atlantic Multidecadal Oscillation
(WAMO) phases in (a) December—February (DJF), (b) March-May (MAM), (c) June-August (JJA), and
(d) September-November (SON). Only statistically significant differences calculated using Student’s
t test with confidence level of 95% are shown.

Comparing the 850 hPa wind field anomalies between both AMO phases (Figure 4),
an increased easterly flow reaching 10° S is noted for CAMO. A stronger low-level easterly
flow, over most of the Amazon, brings more moisture to the mainland and correlates
with the increase in precipitation over the Amazon and coastal northeastern Brazil. These
anomalies are present in all months, but are stronger in JJA and SON (Figure 4c,d). There are
also slightly stronger northerly low-level winds in the Chaco low region in SON (Figure 4d).
The differences in the SALLJ are only significant in JJA and SON, and show a weakening in
CAMO, reducing the moisture flow from the Amazon to southeastern South America.

As ascending vertical motion at upper levels (200 hPa) is associated with important
elements of the SAMS such as SACZ, the Bolivian High circulation and northeastern Brazil,
we compared the 200 hPa divergence fields for CAMO and WAMO and their differences
with the 20CRv3 reanalysis data (Figure 5). The cold AMO phase is characterized by lower
divergence over the Amazon and the equatorial North Atlantic and higher divergence over
northeastern Brazil, in relation to the warm AMO phase (Figure 5a—c). Although the model
has some deficiencies in representing the intensity of the upper-level convergence change
between AMO phases in the Amazon, the simulated annual mean is in good agreement
with reanalysis profiles, and the model reproduces the main features of the divergent
circulation over South America, associated with both the ITCZ and the SACZ convection.
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The differences between CAMO and WAMO show a dipole of lower/higher divergence
over the tropical Atlantic, which is in agreement with the 20CRv3 data, and reflects the
large SSTs anomalies over the region (Figure 1).

(a) Divergence at 200 hPa (10°s ') 20CR (b) Divergence at 200 hPa (10°s ) 20CR (c) Divergence at 200 hPa (10°s ) 20CR
CAMO WAMO, CAMO - WAMO.
=== [S=7 ==s= ST e e
- S 6 15N &
A . s -
B oy - e N e
o - L N °7 AT T
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AAAAAAAAAA s - o e
....... . 5 155
....... ) ot N0 L. R )
MUY T | N B A T e T
- RE. 4 R A O TN
...... ) s
. . &
e e T - - 1 458  — o
o Sow Bsow 30w o sow BowW 30w
(d) Divergence at 200 hPa (10°s ') iCESM  (e) Divergence at 200 hPa (10°s ') ICESM (f) Divergence at 200 hPa (10°%s ')
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Figure 5. Divergence at 200 hPa for the cold Atlantic Multidecadal Oscillation (CAMO) and the
warm Atlantic Multidecadal Oscillation (WAMO) phases, as well as the differences between both
phases from reanalysis (a—c) 20CRv3 and (d—f) iCESM model. Stippling areas represent statistically
significant (Student’s ¢ test at 95%) composites (a,b) and differences (c,f).

3.2. ITCZ and Atmospheric Circulation Cells

To identify changes in the Atlantic ITCZ, we analyzed the annual cycle of precipi-
tation over the Atlantic (15° N-15° S) averaged over 40° W-0° for CAMO and WAMO
(Figure 6a,c), and the differences between these experiments averaged over the whole lon-
gitudinal band (Figure 6b) and over 30° W, where the anomaly was the highest (Figure 6d).
Although we cannot observe clear shifts in the mean position of the precipitation band
(Figure 6a,c), distinct positive precipitation anomalies (CAMO-WAMO) are simulated from
February to July between the equator and 10° S (highlighted by the blue rectangle on
Figure 6b,d). It is worth noting the negative anomalies north and south of the positive
anomaly field. We also found that precipitation weakens (intensifies) in the ITCZ core
region during the CAMO (WAMO) after July (highlighted by the pink ellipse in Figure 6a,c),
and their difference (highlighted by the pink rectangle in Figure 6b,d).

The zonal mean meridional stream function for both the CAMO and WAMO experi-
ments (Figure 7) show negative and positive cells north and south of the equator, respec-
tively, which represents the Northern and Southern Hemisphere (NH and SH) Hadley cells.
In the intersection of these cells lies the ITCZ (black line near the equator), which is located
a few degrees north of the equator in both experiments. Therefore, CAMO and WAMO
experiments did not show substantial differences in the mean position of the Hadley cells
and the ITCZ. However, the Hadley cell was stronger (weaker) in the NH (SH) for the
CAMO experiment in relation to the WAMO experiment (Table 2).

Table 2. Mean intensity of the Northern Hemisphere (NH) and the Southern Hemisphere (HS) Hadley
cells calculated in terms of vertical-mean (900-200 hPa) and zonal-mean meridional stream function
VP (10 kg/s) for CAMO and WAMO experiments, and the differences between them.

CAMO WAMO CAMO-WAMO
(10° kg/s) (10° kg/s) (10° kg/s)
NH 66.83 65.49 1.34

SH —75.25 —78.23 298
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Figure 6. Annual cycle of precipitation for the cold Atlantic Multidecadal Oscillation (CAMO) (a) and the
warm Atlantic Multidecadal Oscillation (WAMO) (c) experiments averaged over 40° W-0°, and their
differences averaged over the whole longitudinal band (b) of the Atlantic Intertropical Convergence
Zone (ITCZ) section (e) (15° N-15° S; 40° W-0°) and only at 30° W (d), where the precipitation
anomaly was the highest.
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Figure 7. Climatological Hadley cell defined as the zonal mean stream function { (10° kg/s) for
(a) CAMO, (b) WAMO and the differences between them (c). Red and blue contours (solid and
dashed lines) denote clockwise and anti-clockwise mass stream functions. Black lines represent the
zero-contour stream function. Stippled areas in (c) represent statistically significant (Student’s ¢ test
at 95%) differences.

For the vertical profile that represents the Hadley and Walker cells, it is noteworthy
that both CAMO and WAMO experiments had the same spatial structure as that of the
CONTROL run (Figure S2 and Figure S3 in the Supplementary Materials).

We also looked at the ascending branch of the section of the Atlantic Hadley cell that
is situated between the 5° N and 15° S and favors convective activity over this region
(Figure 8). The difference (CAMO-WAMO) in vertical velocity at the pressure coordinates
shows a dipole of negative/positive values south/north of the equator. This dipole is
present in all seasons, with the highest positive anomalies being centered at 4° N in MAM,
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(a) DJF: Vertical velocity (hPa/s) CAMO - WAMO (b) MAM: Vertical velocity (hPa/s) CAMO - WAMO

indicating a stronger inter-hemispheric atmospheric circulation. In Figure 8, positive
anomalies can also be observed north of the equator, which are more pronounced in MAM.

B £
- | i

.

MO

Figure 8. Difference between CAMO and WAMO of vertical pressure velocity (omega; hPa/s) repre-
senting the regional Hadley circulation: the latitude-height Section 15° N-15° S, zonally averaged
over 80° W-30° W, for (a) December—February (DJF), (b) March-May (MAM), (c) June-August (JJA),
and (d) September-November (SON). Stippled areas represent statistically significant (Student’s ¢ test
at 95%) differences.

Simultaneously, we find changes in Walker circulation in which the ascending branch
is situated right over Amazonia, between the longitudes 80° W-40° W, and the descending
motion occurs over longitudes 40° W-20° W (Figure S2 and Figure S3 in the Supplementary
Materials). During the cold AMO phase, the ascending motion intensifies (Figure 9a,b). In
the DJF and MAM seasons, this negative anomaly has distinct positive anomalies east and
west of it, also suggesting a change in the ascending branch position. In SON, the opposite
is observed (i.e., significant weakening of the ascending branch).
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Figure 9. Difference between CAMO and WAMO of vertical pressure velocity (omega; hPa/s) meridion-
ally averaged over 0°-15°S, representing the regional Walker circulation for (a) December—February
(DJF), (b) March-May (MAM)), (c) June-August (JJA), and (d) September-November (SON). Stippled
areas represent statistically significant (Student’s f test at 95%) differences.

4. Discussion

In this section, we explore the mechanisms by which the AMO influences regional
precipitation patterns over South America. Our idealized simulations show the AMO
as an important driver of changes in precipitation over tropical South America. Mean
annual precipitation anomalies undergo a significant reduction over the northern equatorial
Atlantic and in most regions of northern South America, as well as a significant increase
in the Amazon and northeastern Brazil during the cold AMO phase (Figure 2). Although
mean annual precipitation differences are generally consistent with the findings of previous
studies [8,16,48] we show that the spatial patterns of precipitation vary seasonally.

Amazonian precipitation changes in our simulations are in agreement with those
shown by Yoon and Zeng [48] The authors observed that warming (cooling) of the North
Atlantic induced dry (wet) conditions over the Amazon basin. Our results also corroborate
their observation that the North Atlantic influence becomes significant over the southern
edge of the Amazon basin during the dry season (JJA and SON). These precipitation
changes are related to the weakening of SALL]J in JJA and SON, thus reducing the moisture
flow from the Amazon to southeastern South America in the cold AMO phase. This
differs from the findings presented in Jones and Carvalho [18] (2018). More detailed
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analysis is necessary to determine the influence of AMO on SALL]J changes. On the other
hand, the results suggest an association between AMO and the Choco low-level jet (CJ)
and Caribbean low-level jet (CLLJ) intensity. Our results provide further support for the
hypothesis of Loaiza Cerdn et al. (2020) [19] that in the cold (warm) AMO phase, CJ is
weakened (intensified) and CLL] is intensified (weakened) (Figure 4d).

For northeastern Brazil, previous studies [8,16] found an increased (decreased) pre-
cipitation induced by cold (warm) AMO in the wet season (MAM). In contrast, our model
simulation showed an increase in precipitation over northernmost northeastern Brazil
and over the adjacent tropical South Atlantic during the CAMO (WAMO) phase, but no
clear wet (dry) signal over northeastern Brazil (Figure 2e). There are several possible
explanations for these contradictory results: (1) the differences in experimental design and
inexistence of feedback between different components which are present in the climate
system and in fully coupled models; (2) the complexity of the climate system where the
SST variation is not the only or the most important forcing; (3) additional multidecadal
influences from SSTs outside the Atlantic [49] or combined impacts of other teleconnection
patterns [50,51].

Our results indicate that precipitation anomalies over South America during AMO
phases are mainly related to changes in the Hadley cell and subordinately to changes in
the Walker cell (Figures 7-9). We find in particular that the global Hadley circulation was
strengthened in the NH and weakened in the SH in a cold AMO phase (Table 2). This
corroborates previous studies that showed extratropical climate change as an important
factor in modulation of Hadley and Walker circulation [52,53]. In addition, our findings are
consistent with those of Liu et al. (2020) [54], who identified the multidecadal variability in
the strength of the hemispheric Hadley circulation, where intensification in one hemisphere
happens together with weakening in the other, resulting in an interhemispheric seesaw in
Hadley circulation strength as a response to AMO signal.

We also tested the hypothesis that the AMO phases force the ITCZ to shift meridionally,
impacting precipitation over South America, as suggested by previous studies [8,55].
Recently, it was suggested that the ITCZ expansion/contraction may also drive tropical
precipitation changes, potentially explaining diverging records [56—60]. To gain further
insights, we focus on the position and strength of the Atlantic ITCZ. For the Atlantic
ITCZ position, our results do not show a robust meridional shift of ITCZ. The zonal
mean precipitation for both AMO phases did not present significant differences in the
position of the maximum precipitation (Figure 6). On the other hand, our simulations
show significant differences in the Atlantic ITCZ strength, which are evidenced by the
positive (negative) precipitation anomalies (CAMO minus WAMO) to the south (north) of
the equator. Moreover, the equator-symmetric changes present in precipitation fields are in
remarkable agreement with the changes shown in Knight et al. [8].

Atlantic ITCZ strength changes are associated with the Atlantic Hadley cell anomalies
(Figure 8), with persistent negative vertical velocity anomalies in the low and middle
tropospheric levels between 15° N and 5° S in all seasons during the cold AMO phases.
Simultaneously, we find strengthening and eastward shifting of the Walker cell, with the
difference being the most pronounced in DJF and MAM.

Our analyses also suggest that the ITCZ response to the AMO is regionally and
seasonally dependent. Thus, these responses could be masked in analyses focusing on
zonal and annual mean ITCZ shifts, as shown in Mamalakis et al. [61]. Precipitation
anomalies (Figure 6b,d) suggest that the core region of ITCZ strengthens (weakens) from
February to July, while from July to November the core region weakens (strengthens)
during the cold (warm) AMO. This reduction in precipitation over the ITCZ in the winter
season during cold AMO is in accordance with the report of Jones and Carvalho [18].
Likewise, Zhou et al. [62] showed that decadal SST variability drives changes in Pacific
ITCZ width, highlighting distinct ITCZ changes at seasonal and annual mean timescales.

A recent reconstruction of surface seawater stable oxygen isotopes from the western
tropical South Atlantic impacted by the ITCZ, a parameter that is related to changes in
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sea surface salinity, indicates a freshening trend from the 1940s to the 1970s (but mainly
comprised between the 1960s and the 1970s). The freshening trend was attributed by the
authors to a change in the ITCZ [63]. This change would be synchronous with the transition
from the warm to the cold AMO (Figure 1), agreeing with our simulations (Figure 2e).
However, instead of a southward migration of the ITCZ [63]), we suggest that the observed
decline in sea surface salinity in the western tropical South Atlantic was produced by a
strengthening of the ITCZ during the cold AMO phase from February to July (Figure 6).

Our results are also in line with those of Roldan-Gomez et al. [64], who showed that
ITCZ shifts in the Atlantic during the last millennium were only subordinately impacted
by internal variability, and were mainly driven by external forcing. As the results of our
study suggest, ITCZ expansion/contraction or changes in its strength are sufficient to
produce observed AMO related signals even in the absence of marked changes in the
ITCZ position. This implies that ITCZ shifts driven by external forcings (like the large
number of strong volcanic eruptions during the Little Ice Age [65] and AMO-induced ITCZ
expansion/contraction contribute jointly to changes in precipitation over South America
during the last millennium [24,25].

5. Conclusions

We analyzed the dynamical processes involved in South American precipitation
changes in response to AMO phases. Unlike most earlier studies that suggest a dis-
placement of the ITCZ, our results do not show robust changes in its zonal mean position
between the different AMO phases. Our results suggest that during the cold AMO phase,
the NH Hadley circulation was stronger, while the SH Hadley circulation was weaker,
which is in agreement with an interhemispheric seesaw in Hadley circulation strength. We
also find that the section of the Atlantic Hadley cell is marked by a stronger upward air
component south of the equator during the cold AMO phase, which is consistent with
distinct positive precipitation anomalies simulated from February to July south of the
equator under the Atlantic ITCZ. We interpret the simulated precipitation anomalies as
changes in the Atlantic ITCZ core strength, where in the cold (warm) AMO phase the
core region of the ITCZ strengthens (weakens) from February to July, while from July to
November, the core region weakens (strengthens). It is interesting to note that the Atlantic
ITCZ core region is seasonally dependent, such that it is located in the NH most months of
the year, except during austral autumn, when it is in the SH [66]. Although the Atlantic
ITCZ has a seasonal asymmetry, the AMO has a nearly symmetric effect in modulating
the Atlantic ITCZ-related precipitation. We also find that during the cold AMO phase the
ascending branch of the Walker circulation placed over western Amazonia is intensified
and shifted eastward.

Our results stress the importance of acknowledging the dynamics of season- and
regional-dependent ITCZ responses as they are sufficient to produce observed AMO-
related signals even in the absence of marked changes in the ITCZ position. In addition, our
results provide a better understanding of the physical basis of the AMO-related changes in
South American precipitation. This understanding will serve as a base for the exploration
of simulated water isotopes, with the aim to investigate the isotopic fingerprint of AMO
and precipitation variability found in paleoclimate reconstructions over South America.

Supplementary Materials: The following supporting information can be downloaded at: https:
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