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ABSTRACT: South American climate is influenced by both Atlantic multidecadal variability (AMV) and Pacific multi-

decadal variability (PMV). But how they jointly affect SouthAmerican precipitation and surface air temperature is not well

understood. Here we analyze composite anomalies to quantify their combined impacts using observations and reanalysis

data. During an AMV warm (cold) phase, PMV-induced JJA precipitation anomalies are more positive (negative) over

08–108S and southeastern South America, but more negative (positive) over the northern Amazon and central Brazil.

PMV-induced precipitation anomalies in DJF are more positive (negative) over northeast Brazil and southeastern South

America during the warm (cold) AMV phase, but more negative (positive) over the central Amazon basin and central-

eastern Brazil. PMV’s impact on AMV-induced precipitation anomalies shows similar dipole patterns. The precipitation

changes result from perturbations of the local Hadley and Walker circulations. In JJA, PMV- and AMV-induced tem-

perature anomalies aremore positive (negative) over the entirety of SouthAmerica when the other basin is in a warm (cold)

phase, but in DJF, temperature anomalies are more positive (negative) only over the central Andes and central-eastern

Brazil and more negative (positive) over southeastern South America and Patagonia. Over central Brazil in JJA and

southern Bolivia and northern Argentina in DJF, the temperature and precipitation anomalies are negatively correlated.

Our results show that the influence of Pacific and Atlantic multidecadal variability needs to be considered jointly, as

significant departures from the mean AMV or PMV fingerprint can occur during a cold or warm phase of the other

basin’s mode.

KEYWORDS: Atmosphere; Ocean; Atlantic Ocean; Pacific Ocean; South America; Hadley circulation; Walker circulation;

Precipitation; Climate variability; Multidecadal variability

1. Introduction

The climate of South America varies from intraseasonal and

seasonal to interannual, decadal, and multidecadal time scales.

On seasonal time scales, the intertropical convergence zone

(ITCZ) migrates southward over both the Pacific and Atlantic

during the austral summer [December–January–February (DJF)],

resulting in rainfall over coastal Ecuador and a few months later,

in March–May, also over Northeastern Brazil. Over the South

American continent, atmospheric convective activity extends

from the southern half of the Amazon basin to northern

Argentina and over the subtropical South Atlantic, associated

with the buildup of the South American summer monsoon

(SASM) and the South Atlantic convergence zone (SACZ),

respectively (Garreaud et al. 2009). The SASM starts to de-

velop by the end of October and reaches its demise by April of

the following year. Diabatic heating over the Amazon basin

associated with local precipitation is conducive for the for-

mation of the Bolivian high (Lenters and Cook 1997), which

facilitates easterly moisture transport from the Amazon basin

to the Central Andes and northern Altiplano (Garreaud et al.

2003). The SACZ on the other hand, exists all year-round, but

is more strongly developed during austral summer. It is char-

acterized by an elongated band of convective cloudiness and

precipitation that extends from the Amazon basin to the sub-

tropical South Atlantic in a northwest–southeast direction, fed

by moisture transported by low-level winds from the Amazon

basin to southeastern Brazil (Carvalho et al. 2004), and formed

by Rossby wave train propagation (Liebmann et al. 1999).

During the austral winter [June–July–August (JJA)], the

Atlantic ITCZ migrates northward and the convective activity

withdraws to northern South America (north of ;58S), which
brings abundant precipitation to northernmost South America

north of the equator.

While this seasonal cycle and its hydroclimatic impacts over

South America are generally well established, much less is

known about how internal variability, especially on decadal or

multidecadal time scales, modifies this seasonality and thereby

perturbs the temperature and precipitation signal over South

America. Internal variability results from ocean–atmosphere in-

teractions over the Pacific and Atlantic oceans, such as the in-

fluence of El Niño–Southern Oscillation (ENSO) (Cai et al.

2020).Abetter understanding of internal variability and its role in

modifying the seasonal cycle over South America is also helpful

for projecting future changes in climate, because internal vari-

ability is superimposed on any global warming trend and thereby

slows or accelerates this trend. While ENSO’s role in driving

interannual climate variability over South America is reasonably

well understood (Sulca et al. 2018; Cai et al. 2020), much less is

known about how modes of decadal and multidecadal variability

affect this region. This lack of understanding is to a large extent

driven by the rather short records of observations from both

South America and the two neighboring ocean basins (Garreaud

et al. 2009), which hampers analysis of multidecadal variability.

The Pacific multidecadal variability (PMV; Liu 2012), also

known as the interdecadal Pacific oscillation (Power et al. 1999)Corresponding author: Mathias Vuille, mvuille@albany.edu
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or Pacific decadal oscillation for its North Pacific component

(Zhang et al. 1997), is a multidecadal (50–70 yr) mode of

variability in Pacific sea surface temperatures (SST) with

spatial patterns broadly similar to ENSO but with subtle

differences (e.g., larger SST anomalies off the equatorial

Pacific than ENSO, Zhang et al. 1997; Dong et al. 2018).

Hereafter the interdecadal Pacific oscillation and Pacific de-

cadal oscillation will be referred to as the PMV throughout the

paper. The PMV of the last 100 years or so has been attributed

primarily to internal variability, although external forcing did

modulate the decadal SST variations in the Pacific, especially

since the early 1990s (Hua et al. 2018). Through interactions

with the atmosphere, the PMV affects precipitation, temper-

ature, and other fields (Dong and Dai 2017) over other ocean

basins (Dong et al. 2016) and many land areas in Australia,

India, North America, southern and West Africa, and South

America (Power et al. 1999; Krishnan and Sugi 2003; Deser

et al. 2004; Hartmann andWendler 2005; Garreaud et al. 2009;

Dai 2013; Dong and Dai 2015). The PMV’s impacts on South

American precipitation and temperature have been reported

to be similar to ENSO’s impacts, albeit with a much weaker

amplitude (Garreaud and Battisti 1999; Garreaud et al. 2009;

Flantua et al. 2016). Some studies (e.g., Garreaud et al. 2009;

Dai 2013; Dong and Dai 2015, 2017; Flantua et al. 2016) have

shown negative correlations with the PMV indices for pre-

cipitation over most of northern South America north of

108S (except over the northern Amazon basin and coast of

Ecuador), and positive correlations over central-eastern Brazil,

eastern Bolivia, northern Argentina, and southeastern South

America. Villamayor et al. (2018) showed consistent PMV

precipitation patterns over northern South America in simu-

lations of the Coupled Model Intercomparison Project Phase 5

(CMIP5). Observations also show that the PMV indices are

positively correlated with temperature over the Andes, with

large temperature anomalies over the central Andes. While

Garreaud et al. (2009) and Flantua et al. (2016) reported pos-

itive correlations between the PMV indices and annual surface

air temperature over northernmost and northeastern South

America, Dong and Dai (2015) showed negative correlations

over this region. The PMV SST pattern influences South

American rainfall through stationary Rossby wave trains that

propagate from the South Pacific Ocean to SouthAmerica, i.e.,

the Pacific–South American (PSA) pattern (Karoly 1989; Mo

and Paegle 2001). The PMV’s phase transition from cold to

warm in 1970s might have led to a shift in South American

climate, affecting temperature and precipitation (Jacques-

Coper and Garreaud 2015, Kayano et al. 2009), shortening

of the SASM season (Arias et al. 2015), lengthening of the

dry season in the southern Amazon (Agudelo et al. 2019),

a southward shift of the SACZ (Zilli et al. 2019), increasing

South American low-level jet (SALLJ) occurrences to the east

of the northern Andes (Jones 2019), and increasing the vari-

ability and frequency of central Brazilian summer precipitation

(Prado et al. 2021). During the recent global warming hiatus

from 1999 to 2014, the cold phase of the PMV did not only slow

down the global warming rate with significant cooling along the

Pacific coast of South America (Vuille et al. 2015) and other

parts of the world (Dai et al. 2015), but also strengthened the

Pacific Walker circulation (England et al. 2014) and hence in-

creased the frequency of extreme floods in the Amazon basin

(Barichivich et al. 2018).

The Atlantic multidecadal variability (AMV; Liu 2012;

Sutton et al. 2018; Zhang et al. 2019) in Atlantic SSTs, also

known as the Atlantic multidecadal oscillation (Folland et al.

1984; Schlesinger and Ramankutty 1994), has significant im-

pacts on multidecadal climate variations over North America

(Ruprich-Robert et al. 2018) and Eurasia (Sutton and Dong

2012; O’Reilly et al. 2017; Luo et al. 2017), as well as Sahelian

and South American rainfall (Knight et al. 2006; Hua et al.

2019), Atlantic hurricane activity (Zhang and Delworth 2006),

Arctic sea ice extent (Day et al. 2012; Miles et al. 2014), and

global mean temperature (Chylek et al. 2014; Dai et al. 2015).

Hereafter we will refer to the Atlantic multidecadal oscillation

as the AMV throughout this paper. While the AMV is thought

to be an internally generated quasi-oscillation related to the

Atlantic meridional overturning circulation (Zhang et al. 2019)

and North Atlantic Oscillation (Sutton et al. 2018), its recent

cycles have been partly attributed to in-phase external forcing

from decadal variations in volcanic and anthropogenic aerosols

(Qin et al. 2020a), which may also have caused AMV-like SST

variations in the Pacific and other oceans (Qin et al. 2020b).

Knight et al. (2006) and Flantua et al. (2016) showed that the

AMV index is positively correlated with precipitation over the

western and northernAmazon basin, and negatively correlated

with precipitation over northeastern South America, Brazil

between 108S and 08, and the coasts of Colombia and Ecuador.

Villamayor et al. (2018) showed similar rainfall patterns over

northern South America in the CMIP5 models. Flantua et al.

(2016) also showed that the AMV index positively correlates

with temperature over most of tropical and subtropical South

America. During the AMV warm phase, the tropical North

Atlantic and Caribbean Sea feature warmer than normal SST,

which displaces the Atlantic ITCZ northward and weakens the

SASM (Bird et al. 2011; Vuille et al. 2012; Rojas et al. 2016).

This change in atmospheric circulation reduces precipita-

tion over the southern Amazon basin and northeast Brazil,

while it enhances rainfall over the northwestern Amazon

basin (Hastenrath and Heller 1977; Nobre and Shukla 1996;

Flantua et al. 2016; Hua et al. 2019). Several studies (Malhi

et al. 2008; Marengo et al. 2008; Zeng et al. 2008) also showed

that the warming of the tropical North Atlantic and hence the

intensification of the tropical Atlantic meridional SST gradient

can enhance the duration and intensity of the dry season in

the Amazon basin, which is considered to have contributed to

the 2005 Amazon drought. Surface temperature over tropical

South America is also above normal when the AMV is in its

warm phase, especially over the southern central Amazon

basin (Flantua et al. 2016).

Our understanding of how the PMV and AMV affect South

American climate is hampered not only by the limited length of

observational records (Garreaud et al. 2009), but also by the

fact that these modes are not independent from each other, as

they can occur simultaneously (Huang et al. 2019) or interact

with each other (Cai et al. 2019) and thus can jointly exert in-

fluences over SouthAmerica. Therefore, a thorough analysis of

their impacts on South American climate cannot be achieved

7960 JOURNAL OF CL IMATE VOLUME 34

Brought to you by SUNY ALBANY LIBR SB23 | Unauthenticated | Downloaded 09/10/21 07:18 PM UTC



by only considering each mode in isolation (which was the case

in most previous studies), but also needs to take into account

how theymaymutually reinforce or dampen the influence from

one another and how such interactions affect the climate over

South America. There are some recent studies which have

investigated how interannual and multidecadal variability

of the Atlantic modulates the impacts of ENSO on South

American precipitation (Kayano et al. 2011, 2013; Kayano and

Capistrano 2014; Figliuolo et al. 2020). For example, Kayano

et al. (2011) showed that precipitation anomalies over north-

eastern and southeastern South America associated with

El Niño (La Niña) will change when the El Niño (La Niña)
event is preceded by a cold (warm)-phase Atlantic equatorial

mode. Kayano and Capistrano (2014) and Figliuolo et al. (2020)

showed that rainfall over northeast Brazil and the Amazon

basin associated with the eastern Pacific El Niño depends on

the phase of theAMV. Kayano et al. (2019, 2020) also showed

that the El Niño and La Niña’s effects on South American

precipitation depend on the PMV and AMV phase combi-

nations. Furthermore, Chen et al. (2011) showed that El Niño
and the warm phase of the AMV combined to cause high

levels of fire activity in the southeastern and southwestern

Amazon basin in 2005 and 2010, while La Niña and the cold

phase of the AMV jointly led to fewer wildfires over these

regions in 2001 and 2009.

While these studies have allowed us to make some progress

related to joint influences from the Atlantic and the Pacific

on South American climate, they did not consider how the

PMV modulates the influence from the AMV (or vice versa)

on South American precipitation on multidecadal time scales.

Furthermore, no studies have assessed how the mutual

modulations of the two ocean basins influence South American

surface air temperature.

Here, we attempt to quantify the joint impacts from the

PMV and AMV on South American climate by analyzing the

anomaly composites of precipitation, near-surface air tem-

perature (Tas), and atmospheric circulation under different

combinations of theAMV and PMV phases using observations

and reanalysis data. Because most of South America experi-

ences a strong precipitation seasonality, and precipitation

anomalies may influence Tas, we analyze both precipitation

and Tas anomalies separately for austral summer (DJF) and

winter (JJA).

The next section describes the datasets used, including

SST, precipitation, Tas, and reanalysis data, as well as the

methods used to calculate the PMV and AMV indices and

to perform the composite analysis. Sections 3 and 4 present

the results for South American precipitation and tempera-

ture, respectively. Section 5 summarizes the main results

and ends with a discussion of the main conclusions from

this study.

2. Data and methods

a. Datasets

In this study, we used datasets of SST, Tas, precipitation, and

atmospheric reanalysis. The details of the datasets are sum-

marized in Table 1. Specifically, we used monthly SST data

from 1920 to 2019 obtained from five datasets, including the

Hadley Centre Sea Ice and Sea Surface Temperature version

1.1 (HadISST) (Rayner et al. 2003), the Hadley Centre SST

TABLE 1. The names, sources, periods, time steps, and resolutions for the datasets used in this study. See table footnotes for links to the

datasets for each source.

Name Source Period Time step Resolution

HadISST Met Office Hadley Centera 1920–2019 Monthly 18 3 18
HadSST3 Met Office Hadley Center 1920–2019 Monthly 58 3 58
ERSSTv5 National Oceanic and Atmospheric Administration (NOAA)b 1920–2019 Monthly 28 3 28
Kaplan International Research Institute for Climate and Society (IRI)c 1920–2019 Monthly 58 3 58
COBE Japan Meteorological Agency (JMA)d 1920–2019 Monthly 18 3 18
CRU TS Climatic Research Unit (CRU)e 1920–2017 Monthly 0.58 3 0.58
UDelaware University of Delawaref 1920–2017 Monthly 0.58 3 0.58
GISTEMP NASA Goddard Institute for Space Studies (GISS)g 1920–2017 Monthly 28 3 28
GPCC Global Precipitation Climatology Centre (GPCC)h 1920–2016 Monthly 0.58 3 0.58
20CRv3 NOAA/Earth SystemResearch Laboratory (ESRL), Cooperative

Institute for Research in Environmental Sciences (CIRES)i
1920–2015 Monthly 18 3 18

ERA5 Copernicus Climate Change Service (C3S) Climate Data

Store (CDS)j
1950–2019 Monthly 0.258 3 0.258

a https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html.
b https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v5.
c http://iridl.ldeo.columbia.edu/SOURCES/.KAPLAN/.EXTENDED/.v2/.ssta/.
d http://ds.data.jma.go.jp/tcc/tcc/products/elnino/cobesst/cobe-sst.html.
e https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.04/.
f http://climate.geog.udel.edu/;climate/html_pages/download.html#T2011.
g https://data.giss.nasa.gov/gistemp/.
h https://www.dwd.de/EN/ourservices/gpcc/gpcc.html.
i https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html.
j https://doi.org/10.24381/cds.6860a573.
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dataset (HadSST3) (Kennedy et al. 2011a,b), the extended

reconstructed sea surface temperature, version 5 (ERSSTv5)

(Huang et al. 2017), the Kaplan Extended SST v2 (Kaplan)

(Kaplan et al. 1998), and the Centennial In situ Observation-

Based Estimates (COBE) (Ishii et al. 2005). These SST prod-

ucts were derived from marine observations of SSTs with

varying techniques and efforts to homogenize the records.

To investigate the temperature response over South America

to joint PMV/AMV variability, we used three Tas monthly

datasets, including the Climatic Research Unit Time Series

version 4.04 (CRU TS) 2-m temperature (Harris et al. 2020),

the University of Delaware V5.01 (UDelaware) terrestrial

temperature (Matsuura and Willmott 2018a), and NASA’s

Goddard Institute Surface Temperature version 4 (GISTEMP)

temperature anomalies (Lenssen et al. 2019; GISTEMP

Team 2020).

The influence of PMV/AMV variability on South American

precipitation was analyzed by means of three different prod-

ucts, including the Global Precipitation Climatology Centre

version 2018 (GPCC) precipitation (Schneider et al. 2018), the

CRU TS precipitation (Harris et al. 2020), and the UDelaware

terrestrial precipitation (Matsuura and Willmott 2018b).

These land Tas and precipitation products were derived from

weather station observations, which are sparse over the

Amazon basin, southern Brazil, and the central and south-

ernmost Andes Mountains; thus, results over these regions

may be less reliable. On the other hand, there are more sta-

tions and longer records available along the coastlines (Garreaud

et al. 2009).

Finally, we used monthly atmospheric reanalysis data for

upper-air fields from the twentieth century Reanalysis V3

(20CRv3, Slivinski et al. 2019) and the fifth-generation European

Centre forMedium-RangeWeather Forecasts reanalysis (ERA5;

Hersbach et al. 2019; Bell et al. 2020).

b. Pacific multidecadal index

We defined a PMV index as the 11-yr moving averaged tri-

pole index (TPI), which was proposed by Henley et al. (2015).

The TPI is defined as follows:

TPI5 SSTA
2
2

SSTA
1
1 SSTA

3

2
, (1)

where the SSTAi (i 5 1, 2, 3) are the (annual and seasonal)

linearly detrended SST anomalies (relative to the 1920–2015

mean) averaged over each of the three TPI regions: i 5 1 for

the northwestern Pacific (258–458N, 1408E–1458W), i 5 2 for

the equatorial central to eastern Pacific (108S–108N, 1708E–908W),

and i 5 3 for the southwestern Pacific (508–158S, 1508E–1608W).

We used the 11-yr moving average of the TPI to isolate the

decadal-to-longer time scale variability of the PMV from the

variability of higher frequency. The 11-yr moving average was

applied to the time series with mirrored end points. The PMV

indices calculated from the HadSST3, ERSSTv5, Kaplan, and

COBE datasets are consistent with one another (Fig. 1a), and

they are also consistent with Henley et al. (2015) and Hua et al.

(2018). While the linear detrending removes most of the an-

thropogenic warming signal, decadal variations in external

forcingmay still contribute noticeably to the TPI or its smoothed

version (i.e., the PMV index), mainly since the early 1990s

(Hua et al. 2018).

c. Atlantic multidecadal index

By definition, an oscillation represents deviations relative

to a stable mean or a long-term trend. Therefore, we followed

Enfield et al. (2001) to define an AMV index from 1920 to 2019

as the 11-yr moving average of the (annual and seasonal) lin-

early detrended SST anomalies (relative to the 1920–2015

mean) averaged over the North Atlantic (08–608N, 08–808W)

with mirrored data near the last end point. The AMV indices

calculated using the HadSST3, ERSSTv5, Kaplan, and COBE

products are all consistent with one another (Fig. 1b), and in

agreement with Ting et al. (2009) and Ruprich-Robert et al.

(2017). However, the AMV index may differ considerably if

the detrending is done over different time periods or if other

methods were used to remove the long-term changes (Qin et al.

2020a,b).

We also employ the Atlantic north–south SST gradient

(ANSG) to quantify the meridional SST gradient over the

tropical Atlantic following Hua et al. (2019). The ANSG is

defined as the 11-yr moving average of the (annual and sea-

sonal) linearly detrended SST difference between the tropical

North (158–758W and 58–308N) and South (408W–208E and

58–308S) Atlantic. A positive ANSG index implies an anoma-

lously warm tropical North Atlantic relative to the tropical

South Atlantic.

d. Composite analysis

To focus on multidecadal variations, before computing

composite anomalies, we converted all the seasonal data series

into anomalies relative to a reference period from 1920 to 2015

(over which both the AMV and PMV indices (Fig. 1) have a

near-zero mean), linearly detrended them, and smoothed them

using an 11-yr runningmean (withmirrored data near the last end

point). Unlike linear regression, our composite analysis does not

assume linearity among the effects from the AMV and PMV.

We employ composite analysis to investigate the 11-yr

smoothed temperature, precipitation and atmospheric circu-

lation anomalies associated with the different phase combi-

nations of the (11-yr smoothed) AMV and PMV. We first

group all years into three categories, based on the value of the

AMV index in that particular year. We use ‘‘P’’ and ‘‘A’’ to

represent the PMV and AMV, respectively, and ‘‘w,’’ ‘‘n,’’ and

‘‘c’’ to represent the warm, neutral, and cold phase of the PMV

and AMV, following Schubert et al. (2009). Years when the

AMV index. 0.5s (s 5 standard deviation) are grouped into

the warm AMV (Aw) ensemble; years when the AMV

index,20.5s are grouped into the cold AMV (Ac) ensemble,

and all other years fall into the neutral AMV (An) ensemble.

Similarly, years with warm, cold and neutral PMV phases (Pw,

Pc, and Pn, respectively) are clustered. Then, following Huang

et al. (2019), the years are grouped according to the nine pos-

sible AMV/PMV phase combinations resulting in nine differ-

ent clusters, shown in Fig. 1c, used to calculate the composites.

As an example, the ‘‘PwAc’’ composite stands for the average

of the subset of years with a simultaneous warm phase of the

PMV (Pw) and a cold phase of theAMV (Ac). This approach is
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similar in its design to the numerical experiments by Schubert

et al. (2009), where the atmospheric general circulation models

are forced with combinations of the AMV and PMV SST

patterns. The seasonal AMV and PMV indices used here

represent the mean indices averaged over four different SST

datasets. Similarly, the seasonal precipitation and Tas anom-

alies also indicate the averaged response across the different

datasets listed in Table 1.

FIG. 1. The times series of the annual (a) PMV indices and (b) AMV indices from 1920 to

2019 from the HadSST3, ERSSTv5, Kaplan, and COBE datasets. The black lines show the

means of the PMV and AMV indices based on the four datasets. Mirrored data points were

used near the last end point. (c) The scatterplot of the PMV and AMV indices, based on the

mean of the four datasets from 1920 to 2019. The dashed lines indicate60.5s thresholds of both

indices, used to group the years into different subsamples.
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The combined impact of the PMV and AMV, for example

the PwAw composite, contains the individual impacts from the

Pw and Aw. These are considered as the zeroth-order pro-

cesses. Because Pacific SST variability may influence Atlantic

SST and vice versa (Cai et al. 2019), the composite for the

PwAw case also contains the effect on South American climate

from the footprint of the warm Pacific on the Atlantic SST,

here referred to as Pw0Aw, and from Aw’s footprint on the

Pacific, referred to as PwAw0; these are considered as the first-

order processes. Similarly, the composite for the PcAw case

contains the effect from Pc’s impact on the Atlantic (Pc0Aw)

and from Aw’s impact on the Pacific (PcAw0). To identify the

PMV’s impact on South America under a warm AMV, we

calculate the difference of the composites between the PwAw

and PcAw cases, which is

PwAw2PcAw5 (Pw1Aw1Pw0Aw1PwAw0)

2 (Pc1Aw1Pc0Aw1PcAw0 )

5 (Pw2Pc)3 (11Aw0)1 (Pw0 2Pc0)3Aw,

(2)

where the first term on the right side represents the impact of

the PMV (Pw 2 Pc) modulated by the Aw phase, and the

second term on the right side represents the impact of the Aw

modulated by the PMV phase difference (Pw0 2 Pc0). To ob-

tain the joint impact from PMV and a warm AMV (referred to

as PMVAw), we will subtract (2) by the impacts of the PMV

(Pw 2 Pc) under neutral AMV:

PMVAw5 (PwAw2PcAw)2 (Pw2Pc)

5 (Pw2Pc)3Aw0 1 (Pw0 2Pc0)3Aw. (3)

This is done by comparing the (PwAw 2 PcAw) composite

difference with the (Pw 2 Pc) composite difference (i.e., the

PMV’s impact under neutral AMV). Similarly, we can obtain

the joint impacts for the other cases. For example, the joint

impact fromAMV and a warm PMV is quantified by comparing

the (PwAw 2 PwAc) composite difference (i.e., the AMV’s

impact under a warm PMV) with the (Aw 2 Ac) composite

difference (i.e., the AMV’s impact under neutral PMV).

e. Statistical hypothesis testing

The statistical significance of the composite anomalies and

correlation coefficients was assessed using a Monte Carlo

permutation test with 10 000 random permutations (Nichols

and Holmes 2002).

3. The individual and joint impacts of PMV andAMV on
South American precipitation

a. JJA precipitation

To understand how the Atlantic and Pacific modes interact

with one another and how they modulate each other’s impact

on South American climate, it is helpful to first briefly consider

each mode in isolation by ignoring the conditions in the other

basin. Table 2 shows that the indices of the other basin’s mode

are close to zero for our Pw, Pc, Aw and Ac individual cases

that include all the years with a warm or cold condition in the

corresponding basin, thus the influence from the other basin

for these individual cases is likely small. This is verified by the

similarity between our composite difference (i.e., Pw2 Pc and

Aw 2 Ac) and that using only the neutral years in the other

basin (i.e., PwAn 2 PcAn and PnAw 2 PnAc; not shown).

For the Pw 2 Pc case (i.e., the impact from the PMV

without a large influence from the AMV), large but noisy

anomalies of JJA rainfall are seen over northern (north of 08)
South America and the southern Andes, with large wet

anomalies around the Pacific coast between 288 and 408S and

around the Atlantic coast between 258 and 358S (Fig. 2a); JJA

precipitation is reduced over parts of the northern Amazon

basin, though noisy, while slightly enhanced JJA precipitation

extends from the southern Amazon basin to central and

southern Brazil (Fig. 2a). These results generally agree with

those presented in Garreaud et al. (2009), Dai (2013), Dong

and Dai (2015), and Flantua et al. (2016).

To understand the joint impacts of the AMV and PMV on

South American climate, we next look at the difference be-

tween one ocean forcing and two ocean forcing combinations.

The differences between Figs. 2b and 2a and between Figs. 2c

and 2a are indications of the joint impacts of the AMV and

PMV on South American precipitation. In particular, when

the AMV is in its cold phase, the precipitation response to the

PMV is more negative over 08–108S and more positive over the

northern Amazon basin (Fig. 2c) than the precipitation re-

sponse to the PMVwhen the AMV’s phase is ignored (Fig. 2a),

while the precipitation response is weaker when the AMV is in

its warm phase (Fig. 2b). This dipole pattern is seen in GPCC,

UDelaware, and CRU TS datasets (Fig. 3). The dampened

TABLE 2. The years and mean PMV and AMV indices (the means of the PMV and AMV indices based on the HadSST3, ERSSTv5,

Kaplan, and COBE datasets) for the composite cases considered in this study. The standard deviation is 0.1608C for the AMV index and

0.2068C for the PMV index.

Case name Years Mean PMV Mean AMV

Pw 1925–40, 1979–97, 2018, 2019 0.236 20.021

Pc 1920, 1921, 1946–60, 1966, 1969–76, 2003–13, 2015, 2016 20.209 0.023

Aw 1929–50, 1953, 1956, 2000–19 20.026 0.155

Ac 1920–23, 1966–94 0.076 20.194

PwAw 1929–40, 2018, 2019 0.202 0.164

PwAc 1979–94 0.286 20.181

PcAw 1946–50, 1953, 1956, 2003–13, 2015, 2016 20.203 0.148

PcAc 1920, 1921, 1966, 1969–76 20.192 20.225
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(strengthened) precipitation anomalies seen in Fig. 2b (Fig. 2c)

between 08and 108S when compared to the Pw 2 Pc case

(Fig. 2a) are associated with weaker (stronger) descending

motion at these latitudes in the local Hadley circulation,

shown in Fig. 4b (Fig. 4c). The weaker (stronger) descending

motions are, in turn, related to the reduced (enhanced)

ANSG shown in the PwAw 2 PcAw (PwAc 2 PcAc) SST

composites (Figs. 5b,c) relative to the Pw 2 Pc composite

(Fig. 5a). The weaker SST gradient is related to a reduced

northward shift of the Atlantic ITCZ and hence anomalous

ascending motion over 08–108S, while the stronger ANSG is

associated with the opposite mechanism. A warm PMV tends

to induce descending motion over the tropical Atlantic, and

an Ac background can invigorate this perturbed Walker cir-

culation, while an Aw tends to weaken this teleconnection

(Meehl et al. 2021). Furthermore, in the zonal wind profiles,

FIG. 2. The composite difference of (detrended and 11-yr moving averaged) JJA precipitation anomalies from 1920 to 2016 (relative to

the 1920–2015 mean) between the (a) Pw and Pc, (b) PwAw and PcAw, (c) PwAc and PcAc, (d) Aw and Ac, (e) PwAw and PwAc, and

(f) PcAw and PcAc. The precipitation anomalies represent the mean response averaged across the CRU TS, GPCC, and UDelaware

datasets. The color shading shows the precipitation anomalies (mm month21). Stippling indicates regions where the precipitation dif-

ference is above the 99% confidence level. The rectangular boxes indicate the regions used to calculate the area-averaged precipitation

anomalies in Fig. 3.

1 OCTOBER 2021 HE ET AL . 7965

Brought to you by SUNY ALBANY LIBR SB23 | Unauthenticated | Downloaded 09/10/21 07:18 PM UTC



the local Walker circulation also shows anomalous ascending

motion over northeastern Brazil (around 408W) and the

eastern equatorial Atlantic (east of 358W) in the PwAw 2
PcAw case (Fig. 6b), while strong anomalous subsidence

dominates over these regions in the PwAc 2 PcAc case

(Fig. 6c). This is consistent with the more positive precipita-

tion differences over northeastern Brazil in Fig. 2b than

in Fig. 2c.

Next, we will focus on the results over subtropical South

America. The precipitation response to the PMV during a cold

AMV phase (PwAc 2 PcAc) is more positive over central

Brazil, but more negative over southeastern South America

(Fig. 2c) than the Pw 2 Pc case with neutral AMV (Fig. 2a),

while the opposite is true when the AMV is in its warm phase

(Fig. 2b). These changes appear to be part of a dipole pattern

between the SACZ and rainfall over the subtropical plains in

southeastern South America (Vera et al. 2006). The rainfall

over the River Plate basin is associated with the intensity of the

SALLJ. Negative outgoing longwave radiation (OLR) anom-

alies, which indicate enhanced convection, more cloud cover

and hence more precipitation, extend from southeastern Brazil

to the subtropical South Atlantic in the PwAc 2 PcAc com-

posite (Fig. 5c), while these are less negative in the PwAw 2
PcAw composite (Fig. 5b). The negative OLR anomalies

shown in Fig. 5c are associated with a strengthening of the

SACZ, which promotes rainfall over central Brazil but sup-

presses rainfall over southeastern SouthAmerica (Fig. 2c). The

more positive OLR anomalies over central Brazil for the

PwAw 2 PcAw composite (Fig. 5b) than the Pw 2 Pc com-

posite (Fig. 5a) are consistent with the reduced rainfall over

this region (Figs. 2a,b). The changes of the SACZ are related to

the changes in the PSA pattern (not shown).

We next discuss how the PMV modulates the influence of

the AMV on South American rainfall in JJA. The JJA pre-

cipitation composite for the Aw 2 Ac case shows generally

negative values over much of South America south of the

equator, except over northern Peru and the southern Andes, as

well as positive values over parts of northern South America

(Fig. 2d). The results are consistent with the results of Knight

et al. (2006) and Flantua et al. (2016). When the PMV is in its

FIG. 3. Precipitation anomalies averaged over southern equatorial South America (08–108S,
358–808W) and the northern Amazon basin (08–108N, 558–708W) from the CRU TS, GPCC,

UDelaware, and their means. The two regions are shown as black boxes in Fig. 2.
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FIG. 4. The composite difference of anomalous (detrended and 11-yr moving averaged) JJA local Hadley circulation averaged over the

758–358W sector from 1920 to 2015 (relative to the 1920–2015 mean) from the 20CRv3 between the (a) Pw and Pc, (b) PwAw and PcAw,

(c) PwAc and PcAc, (d) Aw and Ac, (e) PwAw and PwAc, and (f) PcAw and PcAc. A scaling factor of 2200 was applied to the vertical

pressure velocity (Pa s21) for visualization. The shading shows the magnitude of vertical velocity multiplied by 2200 (in Pa s21, positive

upward). Wind vectors are only shown where either meridional or vertical wind difference is above the 99% confidence level. The

contours show the climatology of the vertical velocity with an interval of 2600 Pa s21.
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warm phase, the precipitation response to the AMV is less

negative south of the equator, but drier over the northern

Amazon basin than the Aw 2 Ac case with neutral PMV

(Figs. 2d,e), while it is the opposite during the PMV cold phase

(Fig. 2f). This dipole pattern is robust across the GPCC,

UDelaware, and CRU TS datasets (Fig. 3). In the southern

equatorial region (08–108S), the positive AMV impacts in the

western part (Peru) are enhanced and the negative differences

in the central-eastern part of the zone (Brazil) are reduced

(Fig. 2e) when the PMV is in its warm phase, while the PcAw2
PcAc difference (i.e., the joint impacts when the PMV is in its

cold phase) shows the opposite response (Fig. 2f). The less

(more) negative rainfall anomalies in the PwAw 2 PwAc

(PcAw2 PcAc) case are consistent with the weaker (stronger)

descending motion over 08–108S seen in the local Hadley cir-

culation (Figs. 4e,f) in response to a reduced (enhanced)

ANSG. The SST composite for the PwAw 2 PwAc case

(Fig. 5e) exhibits a weaker ANSG than the Aw–Ac composite

(Fig. 5d), while the ANSG in the PcAw 2 PcAc composite

(Fig. 5f) is enhanced. The warm phase of the PMV tends to

warm the tropical Atlantic (Meehl et al. 2021), therefore the

tropical South Atlantic SST difference is more positive in the

PwAw 2 PwAc composite than in the PcAw 2 PcAc com-

posite (Figs. 5e,f). Moreover, the local Walker circulation also

exhibits an adjustment in response to PMV’s phase: during the

warm PMV phase, the subsidence over tropical South America

is weaker over northeastern Brazil (around 408W) and the

western equatorial Atlantic (east of 358W) compared with the

Aw2Ac composite (Figs. 6d,e), while the descendingmotion

is stronger during a cold PMV phase (Fig. 6f). In addition,

when the PMV is in its warm phase, the AMV impact on

rainfall over southeastern South America is more positive

and the impact over central-eastern Brazil is more negative

(Fig. 2e) than under neutral PMV conditions (Fig. 2d). In

contrast, when the PMV is in its cold phase, the AMV impact

on these regions is the opposite (Fig. 2f). These changes also

appear to be part of the dipole pattern between the SACZ

and southeastern South American rainfall. Indeed, there are

large positive OLR anomalies extending from central Brazil

to the subtropical South Atlantic in the PwAw 2 PwAc

composite (Fig. 5e), while OLR anomalies over this region

are less pronounced in the PcAw 2 PcAc composite (Fig. 5f)

than the Aw 2 Ac composite (Fig. 5d), which is consistent

with the observed changes in rainfall (Figs. 2d,f).

b. DJF precipitation

Here we analyze the precipitation response for the DJF

season, which represents the main wet season over much of

FIG. 5. The composite difference of (detrended and 11-yr moving averaged) JJA SST anomalies from 1920 to 2019 (relative to the 1920–

2015 mean) from the HadISST, and the (detrended and 11-yr moving averaged) OLR anomalies from 1920 to 2015 (relative to the 1920–

2015 mean) from the 20CR V3 between the (a) Pw and Pc, (b) PwAw and PcAw, (c) PwAc and PcAc, (d) Aw and Ac, (e) PwAw and

PwAc, and (f) PcAwand PcAc. The color shading shows the SST anomalies (8C), and the contours show theOLRanomalies (Wm22). The

contour interval for OLR is 1Wm22; the zero contour for OLR is omitted. Stippling indicates the regions where the SST difference is

above the 99% confidence level.
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FIG. 6. The composite difference of anomalous (detrended and 11-yr moving averaged) JJA local Walker circulation averaged over the

108S–08 sector from 1920 to 2015 (relative to the 1920–2015 mean) from the 20CRv3 between the (a) Pw and Pc, (b) PwAw and PcAw,

(c) PwAc and PcAc, (d) Aw and Ac, (e) PwAw and PwAc, and (f) PcAw and PcAc. A scaling factor of 2200 was applied to the vertical

pressure velocity (Pa s21) for visualization. The shading shows the magnitude of vertical velocity multiplied by 2200 (in Pa s21, positive

upward). Wind vectors are only shown where either meridional or vertical wind difference is above the 99% confidence level. The

contours show the climatology of the vertical velocity with interval of 2600 Pa s21.
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tropical South America south of the equator, in conjunction

with the mature phase of the SASM. TheDJF rainfall response

to the warm phase of the PMV is negative over northern South

America north of the equator and over the Amazon basin, and

positive over eastern and southern Brazil, eastern Bolivia, and

northern Argentina (Fig. 7a). These results are generally con-

sistent with those of Garreaud et al. (2009), Dai (2013), Dong

and Dai (2015), Flantua et al. (2016), and Villamayor et al.

(2018), except that our PMV index is positively correlated with

precipitation over northeast Brazil, while their PMV indices

show negative correlations over this region. The difference may

be due to our focus onDJF precipitation here, while these other

studies analyzed annual precipitation, thereby including the

main wet season, which in this region is March–May.

We next examine the PwAw 2 PcAw and PwAc 2 PcAc

composites, which represent the PMV-related precipitation

patterns during the warm and cold phases of the AMV, re-

spectively. The comparison of these patterns with the Pw2 Pc

FIG. 7. The composite difference of (detrended and 11-yr moving averaged) DJF precipitation anomalies from 1920 to 2015 (relative to

the 1920–2015 mean) between the (a) Pw and Pc, (b) PwAw and PcAw, (c) PwAc and PcAc, (d) Aw and Ac, (e) PwAw and PwAc, and

(f) PcAw and PcAc. The precipitation anomalies represent the mean response averaged across the CRU TS, GPCC, and UDelaware

datasets. The color shading shows the precipitation anomalies (mm month21). Stippling indicates the regions where the precipitation

difference is above the 99% confidence level. The rectangular boxes indicate the regions used to calculate the area-averaged precipitation

anomalies in Fig. 8.
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composite reveals how the AMV modulates the PMV impact

on South American precipitation in DJF. Figure 7b shows that

the AMV in its warm phase enhances the PMV influence on

DJF precipitation, with anomalous drying over the central

Amazon basin and central-eastern Brazil and wetting over

northeast Brazil and southeastern South America. In contrast,

during the cold phase of the AMV, the PMV influence over

the central Amazon basin and central-eastern Brazil is more

positive, while the differences over northeastern Brazil and

southeastern South America are more negative (Fig. 7c). The

rainfall changes observed over the Amazon basin and central-

eastern Brazil are robust across the GPCC, UDelaware,

and CRU TS datasets (Fig. 8). The more negative (positive)

PMV-relatedDJF rainfall anomalies over central-eastern Brazil

during the warm (cold) AMV phase are associated with the

reduced (enhanced) PMV-related anomalous ascending mo-

tion over eastern (608–358W) South America between 108 and
208S in the local Hadley circulation (Figs. 9a–c). The local

Walker circulation also shows stronger (weaker) subsidence

around 508W (608W) during a warm (cold) AMV (Figs. 10b,c)

than under neutral AMV conditions (Fig. 10a), which con-

tributes to more negative (positive) precipitation anomalies

over the eastern (central) Amazon basin (Figs. 7b,c). The

anomalous local Hadley and Walker circulations are similar in

the ERA5 data (not shown). Furthermore, the spatial pattern

of the precipitation anomalies in Figs. 7b and 7c, which extends

FIG. 8. Precipitation anomalies averaged over the southern Amazon basin (08–108S, 558–708W) and central-

eastern Brazil (108–208S, 458–608W) from the CRU TS, GPCC, UDelaware, and their means. The two regions are

shown as black boxes in Fig. 7.
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FIG. 9. The composite difference of anomalous (detrended and 11-yr moving averaged) DJF local Hadley circulation averaged over the

608–358W sector from 1920 to 2014 (relative to the 1920–2014 mean) from the 20CRv3 between the (a) Pw and Pc, (b) PwAw and PcAw,

(c) PwAc and PcAc, (d) Aw and Ac, (e) PwAw and PwAc, and (f) PcAw and PcAc. A scaling factor of 2200 was applied to the vertical

pressure velocity (Pa s21) for visualization. The shading shows the magnitude of vertical velocity multiplied by 2200 (in Pa s21, positive

upward). Wind vectors are only shown where either meridional or vertical wind difference is above the 99% confidence level. The

contours show the climatology of the vertical velocity with interval of 2600 Pa s21.
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FIG. 10. The composite difference of anomalous (detrended and 11-yr moving averaged) DJF local Walker circulation averaged over

the 108S–08 sector from 1920 to 2014 (relative to the 1920–2014mean) from the 20CRv3 between the (a) Pw and Pc, (b) PwAw and PcAw,

(c) PwAc and PcAc, (d) Aw and Ac, (e) PwAw and PwAc, and (f) PcAw and PcAc. A scaling factor of 2200 was applied to the vertical

pressure velocity (Pa s21) for visualization. The shading shows the magnitude of vertical velocity multiplied by 2200 (in Pa s21, positive

upward). Wind vectors are only shown where either meridional or vertical wind difference is above the 99% confidence level. The

contours show the climatology of the vertical velocity with interval of 2600 Pa s21.

1 OCTOBER 2021 HE ET AL . 7973

Brought to you by SUNY ALBANY LIBR SB23 | Unauthenticated | Downloaded 09/10/21 07:18 PM UTC



from the Amazon basin toward central-eastern Brazil in both

cases, is reminiscent of the weakening and intensification of the

SACZ. Indeed, strong negative OLR anomalies dominate in

the PwAc 2 PcAc case (Fig. 11c) over the SACZ region, with

the anomalies extending from the southern Amazon basin to

the subtropical South Atlantic, consistent with the more posi-

tive rainfall anomalies over this region in the PwAc 2 PcAc

composite (Fig. 7c). On the other hand, the OLR anomalies

indicate a weakened and southward displaced SACZ in the

PwAw 2 PcAw composite (Fig. 11b), resulting in drier con-

ditions over central-eastern Brazil, but wetter conditions

further south, between 258 and 358S (Fig. 7b). These SACZ

changes are associated with changes in the PSA pattern

(not shown).

Figure 7d shows that the AMV’s impact on DJF rainfall is

approximately the opposite of the PMV’s impact (Fig. 7a) over

many regions, such as the Amazon basin, northeastern Brazil,

southern Brazil, and northern Argentina. This pattern is gen-

erally consistent with the results of Knight et al. (2006), Flantua

et al. (2016), and Villamayor et al. (2018) for tropical South

America, except that our result shows positive values over

the central Amazon basin, while theirs show negative values

over this region. The difference may result from our focus on

the DJF season, while the other studies analyzed data from

March–April–May, annual data, and from December to May,

respectively. The roughly opposite anomaly patterns of DJF

rainfall induced by the PMV and AMV likely result from tel-

econnections between the Pacific and Atlantic Ocean, such as

La Niña-like SST patterns in the Pacific induced by a warm

tropical North Atlantic (Li et al. 2016; Ruprich-Robert et al.

2017; Cai et al. 2019). Indeed, the Aw (Ac) phase tends to

coincide with the Pc (Pw) phase (Fig. 1c and Table 2).

Differences between Figs. 7e and 7f reveal that the AMV

influence on DJF rainfall over South America is strongly

conditioned on the concurrent PMV phase. When the PMV

is in its warm phase the AMV-related rainfall anomalies

stretching from the Amazon basin to central-eastern Brazil

are more negative, and the anomalies over northeastern and

southeastern South America are more positive (Figs. 7d,e). In

contrast, when the PMV is in its cold phase, the opposite pre-

cipitation changes occur over these regions, except the eastern

Amazon basin (Figs. 7d,f), largely amplifying the AMV im-

pacts shown in Fig. 7d. The more negative rainfall anomalies

over central-eastern Brazil in the PwAw 2 PwAc composite

and the more positive anomalies in the PcAw 2 PcAc com-

posite can be attributed to, respectively, the stronger and

weaker descending motion over eastern (608–358W) South

America between 108 and 208S in the local Hadley circulation

FIG. 11. The composite difference of (detrended and 11-yr moving averaged) DJF SST anomalies from 1920 to 2019 (relative to the

1920–2015 mean) from the HadISST, and the (detrended and 11-yr moving averaged) OLR anomalies from 1920 to 2014 (relative to

the1920–2014 mean) from the 20CRV3 between the (a) Pw and Pc, (b) PwAw and PcAw, (c) PwAc and PcAc, (d) Aw and Ac, (e) PwAw

and PwAc, and (f) PcAw and PcAc. The color shading shows the SST anomalies (8C), and the contours show theOLR anomalies (Wm22).

The contour interval for OLR is 1Wm22; the zero contour for OLR is omitted. Stippling indicates regions where the SST difference is

above the 99% confidence level.
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(Figs. 9d–f). This difference is also reflected in the stronger

positive OLR anomalies centered over central-eastern Brazil

in the PwAw 2 PwAc case (Fig. 11e) than the Aw 2 Ac case

(Fig. 11d), and especially when compared to the PcAw2 PcAc

case (Fig. 11f). The anomalous OLR dipole pattern over

eastern Brazil indicates a southward shift of the SACZ. The

more negative (positive) precipitation anomalies over the

Amazon basin under a warm (cold) PMV (Figs. 7e–f) can be

attributed to differences in the local Walker circulation.

Compared with the Aw 2 Ac case (Fig. 10d), convection

around 658W weakens in the PwAw 2 PwAc case (Fig. 10e)

but strengthens in the PcAw 2 PcAc case (Fig. 10f). The rel-

ative changes in the local Hadley and Walker circulation

anomalies based on the ERA5 dataset are similar (not shown).

4. The impacts on South American temperature

Finally, we also briefly examine the joint impacts of the

AMV and PMV on South American Tas for the JJA and DJF

seasons. Compared with a cold phase of the PMV, a warm

FIG. 12. The composite difference of (detrended and 11-yr moving averaged) JJA temperature anomalies from 1920 to 2017 (relative to

the 1920–2015 mean) between the (a) Pw and Pc, (b) PwAw and PcAw, (c) PwAc and PcAc, (d) Aw and Ac, (e) PwAw and PwAc, and

(f) PcAw and PcAc. The temperature anomalies represent the mean response averaged across the CRU TS, GISTEMP, and UDelaware

datasets. The color shading shows the temperature anomalies (8C). Stippling indicates the regions where the temperature difference is

above the 99% confidence level.

1 OCTOBER 2021 HE ET AL . 7975

Brought to you by SUNY ALBANY LIBR SB23 | Unauthenticated | Downloaded 09/10/21 07:18 PM UTC



PMV phase tends to reduce JJA Tas over the central Amazon

basin, with the cooling extending toward southeastern Brazil,

while positive Tas anomalies dominate along the Pacific coast,

the tropical and subtropical Andes, northeastern Brazil, and

northern and central Argentina (Fig. 12a). In contrast, a warm

AMV phase induces positive JJA Tas anomalies over most of

South America, with the largest warming covering most of

Brazil, Peru, and Paraguay (Fig. 12d). The Tas anomaly pat-

terns shown in Fig. 12a are broadly consistent with the PMV

and annual Tas correlation patterns shown by Dong and Dai

(2015, 2017). Garreaud et al. (2009) and Flantua et al. (2016)

showed that the unsmoothed PMV indices are positively cor-

related with annual Tas over northern South America, the

western coast of South America, and the Andes. Their results

are for themost part consistent with ours, except for the central

Amazon basin. Most likely the inconsistency occurs because

here we focus on decadal-scale variability stratified by season,

while the two prior studies focused on the interannual signals

averaged over a full year (thus their results are not represen-

tative of the PMV-induced variations). Flantua et al. (2016)

showed that the AMV index is positively correlated with an-

nual Tas over South America north of 108S, the northern

Andes, and Paraguay, which mostly agrees with our Fig. 12d.

We next focus on the joint impacts of the AMV and PMV on

South American temperature in JJA. Comparing Figs. 12b and

12c with Fig. 12a, we can see that their patterns are broadly

similar, but the PMV impacts over South America are more

positive under a warm AMV phase (Fig. 12b) and more

negative under a cold AMV phase (Fig. 12c) than when the

AMV phase is neutral (Fig. 12a). Similarly, a warm PMV

phase makes the Tas response to the AMV more positive

(Fig. 12e) and a negative PMV phase results in a more neg-

ative or less positive Tas response (Fig. 12f). Furthermore, it

is worth noting that there appear to be some regions where

the temperature response may be related to the precipitation

changes. For example, the enhanced negative temperature

anomalies over the SACZ region of central-eastern Brazil

between 108 and 208S in the PwAc 2 PcAc case (Figs. 12a,c)

correspond to the regions with more positive precipitation for

the same case (Figs. 2a,c). Indeed, the JJA precipitation and

temperature anomalies show significant negative correlations

over this region (Fig. 13a), suggesting that the surface cooling

may result from increased cloud cover and/or increased sur-

face evaporation due to increased soil moisture induced by

the increased rainfall (Barros et al. 2002; Trenberth and

Shea 2005).

FIG. 13. Correlation maps between (detrended and 11-yr moving averaged) temperature anomalies (relative to

the 1920–2015 mean) and precipitation anomalies (relative to the1920–2015 mean) during (a) JJA and (b) DJF

from 1920 to 2016. Temperature anomalies are based on the mean across all temperature datasets (CRU TS,

GISTEMP, and UDelaware) and precipitation anomalies are based on the mean across all rainfall datasets (CRU

TS, GPCC, and UDelaware). The color shading shows the correlation coefficient. Stippling indicates the regions

where the correlation coefficient is above the 99% confidence level.
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The PMV tends to increase (reduce) DJF Tas over western

(southeastern) South America, which differs from the PMV

impacts on JJA Tas (Figs. 12a and 14a). The AMV impacts on

DJF Tas (Fig. 14d) broadly resemble the AMV impacts on JJA

Tas (Fig. 12d) except over northern Argentina, eastern Brazil,

and southernmost South America. Figures 14a and 14b show

that during the warm AMV phase, the Tas anomalies associ-

ated with the PMV over South America north of 208S are more

positive. In turn, during the cold AMV phase the warming over

Bolivia is weakened, and the Tas increase associated with the

PMV across southern South America intensifies and expands

(Fig. 14c). Along the Atlantic coast of Brazil and in Patagonia,

the temperature anomalies associated with the PMV reverse

sign, depending on the phase of the AMV (Figs. 14b,c). PMV’s

phase also has noticeable effects onAMV’s impact onDJF Tas

over parts of South America. For example, when the PMV is in

its warm phase the AMV’s warming effect over South America

north of 208S is strengthened, but there is a stronger cooling

effect over the southern tip of South America (Fig. 14e),

whereas a cold PMV mainly enhances AMV’s cooling effect

over Bolivia and warming effect over southeastern and

southern South America (Fig. 14f). A negative correlation

FIG. 14. As in Fig. 12, but for (detrended and 11-yr moving averaged) DJF temperature anomalies from 1920 to 2016 (relative to the1920–

2015mean). The temperature anomalies represent themean response averaged across theCRUTS,GISTEMP, andUDelaware datasets.
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between temperature and precipitation occurs over south-

eastern and southernmost South America (Fig. 13b), which is

consistent with the colder and wetter conditions resulting

from both the PMV’s impacts under a warm AMV (Figs. 14b

and 7b) and the AMV’s impact under a warm PMV phase

(Figs. 14e and 7e), as well as the warmer and drier conditions

resulting from both the PMV’s impact under a cold AMV

(Figs. 14c and 7c) andAMV’s impact under a cold PMVphase

(Figs. 14f and 7f).

5. Summary and discussion

Observational and reanalysis data were analyzed to examine

the impacts of warm and cold phases of the PMV and AMV

and their various combinations on precipitation and Tas over

South America during DJF and JJA. Our focus was on doc-

umenting how PMV-induced anomaly patterns were modu-

lated by the phase of the AMV and how the AMV-induced

changes were modulated by the phase of the PMV, rather than

the physical processes through which the AMV and PMV in-

teract with each other and thus lead to different impacts over

South America under their different phase combinations.

Idealized numerical experiments with prescribed SST fields in

one ocean basin while allowing coupled interactions in the

other, may be better suited for such an investigation (Li et al.

2016; Ruprich-Robert et al. 2017; Meehl et al. 2021).

Nonetheless, our composite analyses suggest that the PMV-

and AMV-related precipitation anomaly patterns over South

America can be modulated by the concurring multidecadal

SST phase in the other basin through changes in the ANSG,

changes in the local Hadley and Walker circulation over

tropical South America, as well as changes in intensity and

location of the SACZ.

The temperature anomalies over South America resulting

from the joint impacts of the PMV and AMV are also docu-

mented. In JJA, the temperature over central Brazil is nega-

tively correlated with local precipitation; while in DJF, the

temperature and precipitation over southern Bolivia and

northern Argentina also share such a relationship. The cooling

effect of cloud cover and increased soil moisture, enhancing

surface evaporative cooling, which all increase with rainfall,

may be causing the anticorrelation seen between temperature

and precipitation.

Our composite results show that during JJA, the impact on

AMV- or PMV-induced precipitation anomalies by the mode

in the other basin shows similar dipole patterns that exhibit

opposite anomalies between the northern Amazon basin and

08–108S, and between central Brazil and southeastern South

America. Specifically, during a warm (cold) AMV phase the

PMV-induced precipitation anomalies are more positive

(negative) over the latitude band 08–108S but more negative

(positive) over the northern Amazon, and they are more

positive (negative) over southeastern South America but

negative (positive) over central Brazil. PMV’s impact on

AMV-induced precipitation anomalies shows similar dipole

patterns, despite the different precipitation anomaly patterns

induced by AMV and PMV when the other basin is in a

neutral phase. The first dipole pattern is related to the

changes in the ANSG and the meridional displacement of the

Atlantic ITCZ and the local Hadley circulation. The second

dipole is associated with the intensity of the SACZ. Moreover,

the PMV- and AMV-induced JJA temperature anomalies are

more positive (negative) over entire South America when the

other basin’s mode is in its warm (cold) phase.

During DJF, the PMV’s or AMV’s modulation of the in-

fluence from the other basin also shows two dipole patterns

that reveal opposite precipitation anomalies between the

central Amazon basin and northeast Brazil, and between

central-eastern Brazil and southeastern South America.

Specifically, during a warm (cold) AMV phase the PMV-

induced DJF precipitation anomalies are more negative

(positive) over the central Amazon basin and central-eastern

Brazil but more positive (negative) over northeast Brazil and

southeastern South America. PMV’s impact on AMV-induced

DJF precipitation anomalies show similar dipole patterns. The

changes of Amazonian rainfall are related to perturbations of

the local Walker circulation over South America. The second

dipole is associated with the meridional shift of the local Hadley

circulation and changes in SACZ intensity. Furthermore, the

PMV- andAMV-inducedDJF temperature anomalies are more

positive (negative) over the central Andes and central-eastern

Brazil but more negative (positive) over southeastern South

America andPatagonia when the other basinmode is in its warm

(cold) phase.

Our PMV- andAMV-related precipitation and temperature

composites are generally consistent with previous studies

(Knight et al. 2006; Garreaud et al. 2009; Dai 2013; Dong and

Dai 2015, 2017; Flantua et al. 2016; Villamayor et al. 2018).

Some differences in the results of precipitation and tempera-

ture anomalies between our analysis and earlier studies may

result from our focus on seasonal time scales while prior studies

used annual means, or because here we emphasized the low-

frequency component of AMV and PMV variability, while in

previous research the interannual variability was not explicitly

removed from these modes.

When considered in isolation, as was commonly done in

previous studies, the precipitation and temperature finger-

prints of the PMV and AMV over South America document a

mean anomaly response, but our analysis indicates that sig-

nificant departures from this fingerprint occur, depending on

the phase state of the other ocean basin.We also emphasize the

need to use low-frequency, smoothed indices of the PMV and

AMV to extract the multidecadal temperature and precipita-

tion fingerprints of these modes over South America. If the

high-frequency interannual component is not removed, the

composite fields will be dominated by the interannual signal

instead and the results may look quite different. In essence, our

results highlight the need to consider the influence of Pacific

and Atlantic multidecadal variability in a joint framework.
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