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Abstract The Community Earth System Model version 1 (CESM1) and version 2 (CESM2)'s abilities to

simulate the impacts of Atlantic multidecadal variability (AMV) and Pacific multidecadal variability (PMV) on

South American precipitation and temperature have not been assessed, and how the AMV and PMV modulate

each other's influences on South American climate is not well understood. Here we use observations, reanalyses,

and CESM1 and CESM2 simulations from 1920 to 2015 to study those problems. The models can reproduce the

observed precipitation and temperature responses to AMV well, but can only roughly reproduce such responses

to PMV. The precipitation response over the South Atlantic convergence zone (SACZ) is better simulated by

CESM2 compared to CESM1, which is associated with an improved horizontal moisture flux over this region.

However, the models cannot accurately simulate the observed differences between the influences of Pacific

interannual and multidecadal variability on South American precipitation and temperature. The impacts of

AMV and PMV on South American precipitation are modulated by the other mode via changes in horizontal

moisture flux over the SACZ and River Plate basin in summer, as well as changes in vertical motion over the

equatorial regions in winter. Similarly, the impacts of AMV and PMV on South American temperature are also

modulated by the other mode. Over water‐limited regions, such as northeastern Brazil and southern Argentina,

the precipitation and temperature responses are anti‐correlated, possibly via surface evaporation.

Plain Language Summary How the Community Earth System Model version 1 and version 2

simulate the influences of Atlantic and Pacific multidecadal sea surface temperature variations on South

American climate has not previously been examined, and how the Atlantic and Pacific multidecadal variability

(AMV and PMV)modulates the effects from the other basin on South American precipitation and temperature is

unclear. In this study, we analyze historical observations and model simulations during 1920–2015 to

investigate those problems. The general patterns of the precipitation and temperature responses to AMV are well

simulated by both versions of the model, but the patterns of the responses to PMV are only roughly reproduced

by the models. The precipitation response over the South American monsoon region is better represented in the

model's version 2 than in version 1. The Atlantic and Pacific variability modulates each other's impacts on South

American precipitation and temperature. The variations in the patterns of precipitation response are related to

changes in horizontal moisture transport over subtropical regions in summer and vertical motion over equatorial

regions in winter. The precipitation and temperature responses are anti‐correlated over relatively dry regions,

such as northeastern Brazil and southern Argentina, possibly through surface evaporation.

1. Introduction

Sea surface temperatures (SST) in the Atlantic and Pacific Oceans vary on interannual to multidecadal time

scales, with the El Niño‐Southern Oscillation (ENSO)‐related interannual variations being dominant in the Pacific

(Zhang et al., 1997) and the Atlantic multidecadal variability (AMV) being most pronounced in North Atlantic

SSTs (Zhang et al., 2019). In addition to ENSO, Pacific multidecadal variability (PMV) is also evident in Pacific

SSTs. The PMV is a decadal‐to‐multidecadal quasi‐oscillation with SST anomaly patterns similar to ENSO, but

with comparatively stronger (weaker) SST anomalies (SSTA) in the extratropical (tropical) Pacific (Dong

et al., 2018; Liu, 2012; Zhang et al., 1997). The temporal variations of PMV are usually described by the

Interdecadal Pacific Oscillation (IPO) index (Dong et al., 2018; Power et al., 1999), or the Pacific Decadal

Oscillation (PDO) index for its North Pacific component (Zhang et al., 1997). The IPO and PDO will both be

referred to as the PMV, and the IPO index will be used as the PMV index hereafter. The AMV is a multidecadal
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quasi‐oscillation in North Atlantic SST whose spatial pattern is characterized by horseshoe‐like warming (for its

warm phase) or cooling (for its cold phase) in the North Atlantic and weaker SSTA of the opposite sign in the

South Atlantic (Liu, 2012; Sutton et al., 2018; Zhang et al., 2019). It is also known as the Atlantic Multidecadal

Oscillation (AMO; Folland et al., 1984; Schlesinger & Ramankutty, 1994), although AMO may refer to the

internally generated component of the AMV in some studies, while the AMV includes both the internally

generated and externally‐forced multidecadal variations in North Atlantic SSTs (He et al., 2023; Qin et al., 2020).

Hereafter, we will refer to the North Atlantic total multidecadal variability as AMV.

The ENSO, PMV, and AMV significantly influence South American climate. El Niño events tend to decrease

precipitation over northern and northeastern South America and increase precipitation over southeastern South

America, western Ecuador, and central Chile; La Niña events have the opposite influences on South American

rainfall (e.g., Cai et al., 2020; Dai & Wigley, 2000; Grimm, 2003, 2011; Zhou & Lau, 2001). The warm‐phase

PMV, which is associated with a warmer eastern tropical Pacific and a cooler central North Pacific, reduces

(increases) annual precipitation over northern South America (southeastern South America and northern

Argentina) (Barreiro et al., 2014; Dai, 2013; Dong &Dai, 2015; Flantua et al., 2016; Garreaud et al., 2009; Grimm

& Saboia, 2015; Grimm et al., 2016). The PMV‐associated precipitation anomalies from December to May over

the northern half of South America in Coupled Model Intercomparison Project Phase 5 (CMIP5) model simu-

lations are consistent with the observed patterns (Villamayor et al., 2018). He et al. (2021) showed a similar PMV‐

related pattern for December–January–February (DJF) precipitation, but it is different for June–July–August

(JJA) precipitation. Over extratropical South America, the PMV‐related precipitation anomalies result from

the Pacific‐South American pattern (Karoly, 1989; Mo & Paegle, 2001), which represents atmospheric stationary

Rossby wave trains that propagate from the South Pacific Ocean toward eastern South America. The ENSO index

is positively correlated with annual surface air temperature (SAT) over most of tropical and subtropical South

America (Flantua et al., 2016; Garreaud et al., 2009), while the PMV index is negatively correlated with annual,

DJF, and JJA SAT over the central Amazon basin and northeastern South America and positively correlated with

SAT over western South America, including the central and northern Andes (Dong & Dai, 2015; He et al., 2021),

consistent with the influence of PDO on Andean temperature (Vuille et al., 2015).

The warm‐phase AMV is associated with negative anomalies in annual and seasonal precipitation over north-

eastern South America and Brazil between 10°S and 0°, and positive precipitation response over the northern

Amazon basin (Flantua et al., 2016;Knight et al., 2006). Villamayor et al. (2018) showed similar rainfall anomalies

associated with the AMV over the northern half of South America but for the wet season in CMIP5 models. He

et al. (2021) documented similar anomaly patterns for both DJF and JJA precipitation. The precipitation anomalies

over tropical South America result from anomalous atmospheric circulation associated with AMV‐related SST

anomalies in the tropical North Atlantic. During the AMV warm phase, the warmer tropical North Atlantic dis-

places the Atlantic Intertropical Convergence Zone (ITCZ) northward and weakens the South American summer

monsoon (Knight et al., 2006; Zhou&Lau, 2001), which reduces precipitation over the southeasternAmazon basin

and Northeast Brazil, but enhances rainfall over the northeastern Amazon during March–April–May (Flantua

et al., 2016; Grimm & Saboia, 2015; Grimm et al., 2016; Hastenrath & Heller, 1977; Hua et al., 2019; Maksic

et al., 2022; Nobre & Shukla, 1996). Furthermore, Flantua et al. (2016) and He et al. (2021) showed that SAT over

most of tropical South America tends to be warmer than normal during the AMV warm phase.

He et al. (2021) used observations and reanalyses to study the joint impacts of AMV and PMV on South American

precipitation and temperature, that is, how the impacts of AMV and PMV on South American precipitation and

temperature change with the phase of the other mode. In this study, we further investigate the physical processes

that underpin the joint impacts of AMV and PMV on South American precipitation and temperature. We also

evaluate Community Earth System Model version 1 (CESM1) and version 2 (CESM2)'s abilities to simulate the

influences of AMV and PMV on South American precipitation and temperature and improvements in model

performance from CESM1 to CESM2, which has not been done before. Section 2 introduces the data and methods

used in this study. Section 3 describes the results. A summary and the main conclusions are presented in Section 4.

2. Data and Methods

2.1. Datasets of Observations, Reanalyses, and Model Simulations

To study the CESM1 and CESM2's abilities to simulate the individual and joint impacts of AMV and PMV on

South American climate and investigate the associated processes, we analyzed monthly data of SST,
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precipitation, SAT, and atmospheric fields from model simulations, observations, and atmospheric reanalyses.

Table 1 summarizes the datasets used in this study.

Two ensembles of experiments using prescribed SST and ice forcing in CESM1 and CESM2, respectively, were

analyzed. First, we used the Community Atmosphere Model version 5.2 (CAM5; Neale et al., 2012) global

prescribed SST Atmospheric Model Intercomparison Project (AMIP) ensemble provided by the National Center

for Atmospheric Research (NCAR) (CVCWG, 2020a), which contains 10 ensemble runs forced with time‐

varying observed SST and sea ice over the global oceans from 1920 to 2015. The simulations were conducted

using CESM1.1 with CAM5 as its atmospheric component. The AMIP simulations were constrained by historical

SST and sea ice, thus excluding ocean‐atmosphere‐ice feedbacks in the climate system but leaving the atmosphere

and land coupled. The atmospheric radiative forcing is based on historical forcing over 1920–2005 and repre-

sentative concentration pathway 8.5 (RCP8.5; Moss et al., 2010) over 2006–2015. The Extended Reconstructed

Sea Surface Temperature version 4 (ERSSTv4; Huang et al., 2015) and Hadley Centre Sea Ice and Sea Surface

Temperature version 1 (HadISST1; Rayner et al., 2003) were used, respectively, to specify global SST and sea‐ice

concentration from 1920 to 2015 in the CAM5 runs.

Second, the 10‐member Community Atmosphere Model version 6 (CAM6; Danabasoglu et al., 2020) global

prescribed SST AMIP ensemble conducted by NCAR (CVCWG, 2020b) was also used. The simulations were run

based on CESM2.1.2, whose atmospheric component is CAM6. The historical forcing was applied to the model

from 1920 to 2014; the shared socio‐economic pathway 3–7.0 (SSP3; O'Neill et al., 2014, 2017) was used to drive

the model over 2015–2021. SST and sea ice in the model were set to the time‐varying global SST from the

Extended Reconstructed Sea Surface Temperature version 5 (ERSSTv5; Huang et al., 2017) and sea‐ice con-

centration from the HadISST1. Please note that the CAM6AMIP ensemble's historical forcing ends in 2014 while

the CAM5 AMIP ensemble's historical forcing ends in 2006.

Table 1

Monthly Datasets Used in This Study

Name and description Source (reference) Period Spatial resolution

20CRv3 https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html (Slivinski et al., 2019) 1920–2015 1° × 1°

Atmospheric reanalysis

CAM5 https://www.cesm.ucar.edu/working‐groups/climate/simulations/cam5‐prescribed‐

sst (CVCWG, 2020a)

1920–2015 0.9° × 1.25°

Atmospheric simulations (10 runs)

CAM6 https://www.cesm.ucar.edu/working‐groups/climate/simulations/cam6‐prescribed‐

sst (CVCWG, 2020b)

1920–2015 0.9° × 1.25°

Atmospheric simulations (10 runs)

CRU TS https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.07/ (Harris et al., 2020) 1920–2015 0.5° × 0.5°

P & SAT observations

ERA5 https://doi.org/10.24381/cds.6860a573 https://doi.org/10.24381/cds.f17050d7

(Hersbach et al., 2023a, 2023b)

1940–2019 0.25° × 0.25°

Atmospheric reanalysis

ERSSTv4 https://doi.org/10.7289/V5KD1VVF (Huang et al., 2015) 1920–2019 2° × 2°

SST observations

ERSSTv5 https://doi.org/10.7289/V5T72FNM (Huang et al., 2017) 1920–2019 2° × 2°

SST observations

GISTEMP https://data.giss.nasa.gov/gistemp/ (GISTEMP Team, 2024; Lenssen et al., 2019) 1920–2015 2° × 2°

SAT observations

GPCC https://doi.org/10.5676/DWD_GPCC/FD_M_V2022_050 (Schneider et al., 2022) 1920–2015 0.5° × 0.5°

P observations

GPCP https://doi.org/10.7289/V56971M6 (Adler et al., 2016) 1998–2015 2.5° × 2.5°

P observations

TRMM https://doi.org/10.5067/TRMM/TMPA/MONTH/7 (TRMM, 2011) 1998–2015 0.25° × 0.25°

P observations

Note. P is the abbreviation for precipitation.
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Observations of precipitation and temperature as well as atmospheric reanalyses were used to evaluate the models'

abilities. We used observed monthly precipitation from the Global Precipitation Climatology Centre (GPCC)

version 2022 (Schneider et al., 2022) and the Climatic Research Unit (CRU) Time Series (TS) version 4.07

(Harris et al., 2020), as well as monthly SAT from the CRU TS and the Goddard Institute for Space Studies

(GISS) Surface Temperature Analysis (GISTEMP) version 4 (Lenssen et al., 2019; GISTEMP Team, 2024).

Atmospheric fields from two reanalyses, the Twentieth Century Reanalysis version 3 (20CRv3; Slivinski

et al., 2019) and the European Centre for Medium‐Range Weather Forecasts (ECMWF) Reanalysis version 5

(ERA5; Hersbach et al., 2023a, 2023b), were also used. We also used monthly precipitation from the Global

Precipitation Climatology Project (GPCP) version 2.3 (Adler et al., 2016) and the Tropical Rainfall Measuring

Mission (TRMM) version 7 (TRMM, 2011), which are merged satellite‐gauge products, to compare them with

modeled precipitation over both continents and oceans.

2.2. Indices of Atlantic and Pacific SST Variability

The Atlantic and Pacific SST indices are similar to those used in He et al. (2021). We used the tripole index (TPI;

Henley et al., 2015) as the Pacific SST index:

TPI = SSTA2 −
SSTA1 + SSTA3

2
, (1)

where the SSTAi (i = 1, 2, 3) refers to the linearly detrended (annual or seasonal) SST anomalies (relative to the

1920–2015 mean) from the ERSSTv4 or ERSSTv5 averaged over each of the three TPI regions: i = 1 for the

western‐central North Pacific (25°N–45°N, 140°E−145°W), i = 2 for the central‐eastern equatorial Pacific

(10°S–10°N, 170°E−90°W), and i = 3 for the western‐central South Pacific (50°S–15°S, 150°E−160°W).

We defined the Atlantic SST index as the linearly detrended (annual or seasonal) SST anomalies (relative to the

1920–2015 mean) from the ERSSTv4 or ERSSTv5 averaged over the North Atlantic (0–60°N, 0–80°W)

following Enfield et al. (2001) and Trenberth and Shea (2006). This Atlantic SST index includes all nonlinear

variations, including both internally generated variations and externally‐forced changes (He et al., 2023; Qin

et al., 2020). The SST data from the ERSSTv4 and ERSSTv5 were used to compute the Pacific and Atlantic SST

indices over the period 1920–2019, since they were used to force the CAM5 and CAM6 prescribed SST AMIP

ensembles, respectively. We also used the Atlantic North–South SST gradient (ANSG) to measure the meridional

SST gradient over the tropical Atlantic, according to Hua et al. (2019). The ANSG was defined as the 11‐year

moving average of the linearly detrended (annual or seasonal) SSTA difference between the tropical North

(15°–75°W, 5°–25°N) and South (40°W–20°E, 5°S–25°S) Atlantic. While linearly detrending the data at each

grid point can eliminate most of the forced signal driven by external forcing, this method cannot remove decadal

variations in external forcing, such as aerosol forcing.

The time series of the Atlantic or Pacific SST index includes interannual variations that are relatively weak in the

North Atlantic but dominant in the Pacific. We applied the 11‐year moving average to the time series of the

Atlantic or Pacific SST index to obtain the time series that represents the multidecadal variability in the North

Atlantic (i.e., AMV) or Pacific (i.e., PMV). The Atlantic and Pacific SST indices (which are unsmoothed) as well

as the AMV and PMV indices (which are smoothed) from 1920 to 2019 are displayed in Figure 1. The Atlantic

SST index's amplitude is close to the AMV index's, but the Pacific SST index's amplitude is much larger than the

PMV index's (Figure 1). This suggests that the Atlantic SST variations are dominated by AMV while the Pacific

SST variations are dominated by ENSO. The Atlantic and Pacific SST indices include variability across all

timescales, while the AMV and PMV indices include mostly the decadal‐multidecadal variability.

2.3. Composite Analysis

We used composite analysis to reveal the temperature, precipitation, and atmospheric circulation anomalies

associated with different phase combinations of the unsmoothed or smoothed Atlantic and Pacific SST indices.

The SST indices based on ERSSTv4 (ERSSTv5) were used to calculate the composites of CAM5 AMIP (CAM6

AMIP, observations, and reanalysis) data. He et al. (2021) described the method in detail, so it is only briefly

summarized here. He et al. (2021) used this method to study the joint impacts of AMV and PMV on South

American precipitation and temperature in observations and the related anomalous atmospheric circulation in
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reanalysis data. Here we used this method to assess the CESM1 and CESM2's abilities to simulate the impacts of

AMV and PMV on South American climate and to evaluate CESM2's performance compared to observations and

CESM1.

First, we converted all the time series of (annual or seasonal) data into anomalies relative to the mean of the

analysis period, which is from 1920 to 2015, except for ERA5 which has a different time period (i.e., 1940–2019;

Table 1). The anomalies were linearly detrended in order to focus on the nonlinear variations. Then, the data used

to construct the composites associated with multidecadal variability were smoothed using an 11‐year moving

average. For SST, precipitation, and temperature observations, as well as CAM5 and CAM6 AMIP simulations,

the data over the period 1915–1919 (2011–2015) were used to calculate the 11‐year moving averaged data over

the period 1920–1925 (2005–2010). Second, we constructed the composites of the variables using the un-

smoothed or smoothed Pacific and Atlantic SST indices. We used “P” and “A” to represent the Pacific and

Atlantic, and “w”, “n”, and “c” as subscripts to represent the warm, neutral, and cold phases of the Pacific and

Atlantic SST variability, respectively. For example, Pw represents the warm phase of the Pacific SST variability,

and Ac represents the cold phase of the Atlantic SST variability. We grouped the years into the warm case when

the respective index is >0.5σ (σ is the standard deviation of the time series of the index) and the cold case when the

Figure 1. The time series of the annual Atlantic multidecadal variability and Pacific multidecadal variability indices during 1920–2014, as well as the annual Atlantic and

Pacific sea surface temperatures indices during 1920–2019 based on the (a) ERSSTv4 and (b) ERSSTv5.

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039675

HE ET AL. 5 of 26

 2
1
6
9
8
9
9
6
, 2

0
2
4
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u
p
u
b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
2
9
/2

0
2
3
JD

0
3
9
6
7
5
 b

y
 M

ath
ias V

u
ille - S

u
n
y
 U

n
iv

ersity
 A

t A
lb

an
y
 , W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

9
/0

6
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



index is <−0.5σ, and all other years fall into the neutral case. The use of 0.5σ allows reasonable sampling of the

different cases examined here. We then obtained the composites for the cases Pw, Pn, Pc, Aw, An, and Ac for each

variable. These composites were obtained based on the SST index in the Pacific or Atlantic only, regardless of the

phase of the SST variability in the other basin. Typically, the Pacific (Atlantic) SST index has a small mean value

(i.e., nearly neutral) when averaged across all years within the case Aw or Ac (Pw or Pc) (He et al., 2021; Tables 2

and 3). Third, considering the Pacific and Atlantic SST indices together, we grouped the years into the nine

possible phase combinations of Atlantic and Pacific SST variability: PnAn, PwAn, PcAn, PnAw, PnAc, PwAw,

PcAw, PwAc, and PcAc. For example, PwAn represents years when a warm‐phase Pacific mode coincided with a

neutral‐phase Atlantic mode. Tables 2 and 3 list the years included in the various composite cases for the

smoothed data and unsmoothed data, respectively. Fourth, we calculated the difference of the means of com-

posites to obtain the response of a variable to the Pacific or Atlantic SST anomalies during the neutral, warm, and

cold phases of the other mode. The composite differences Pw − Pc and Aw − Ac are similar to the composite

differences PwAn − PcAn and PnAw − PnAc, respectively, except that the latter cases include fewer years. In

other words, the average phase of the Atlantic (Pacific) mode in the case Pw or Pc (Aw or Ac) is nearly neutral,

making it possible to use the composite difference Pw − Pc (Aw − Ac) to represent the impacts of Pacific

(Atlantic) SST variability under the neutral conditions in the Atlantic (Pacific). We use the composite differences

Table 2

The Years and Means of AMV and PMV Indices for the Smoothed Cases During 1920–2010 Based on ERSSTv5

Case name Years (number of years) Mean of PMV index Mean of AMV index

Pw 1923, 1925–1940, 1979–1998 (37) 0.242 −0.030

Pc 1920, 1921, 1946–1960, 1966, 1969–1976, 2003–2010 (34) −0.217 −0.007

Aw 1930–1949, 1956, 2001–2010 (31) −0.010 0.164

Ac 1920–1925, 1965–1996 (38) 0.093 −0.177

PwAw 1930–1940 (11) 0.209 0.183

PwAc 1923, 1925, 1979–1996 (20) 0.275 −0.154

PcAw 1946–1949, 1956, 2003–2010 (13) −0.215 0.141

PcAc 1920, 1921, 1966, 1969–1976 (11) −0.182 −0.229

Note. The standard deviations of the AMV and PMV indices are 0.159°C and 0.215°C, respectively.

Table 3

The Years and Means of Atlantic and Pacific SST Indices for the Unsmoothed Cases During 1920–2019 Based on ERSSTv5

Case name Years (number of years) Mean of Pacific SST index Mean of Atlantic SST index

Pw 1926, 1930, 1931, 1936, 1940, 1941, 1953, 1957, 1958, 1965, 1966, 1969, 1972, 1977, 1980,

1982, 1983, 1986, 1987, 1991–1994, 1997, 2002, 2003, 2015 (27)

0.726 −0.041

Pc 1922, 1924, 1933, 1938, 1942, 1943, 1945, 1949, 1950, 1954–1956, 1962, 1964, 1967, 1970,

1971, 1973–1975, 1988, 1989, 1999–2001, 2007, 2008, 2010, 2011, 2013, 2018 (31)

−0.676 −0.005

Aw 1926, 1927, 1931–1933, 1936–1942, 1944, 1945, 1951–1953, 1955, 1958, 1960, 1998, 2003–

2008, 2010, 2012, 2013, 2016, 2017, 2019 (33)

0.025 0.241

Ac 1920, 1922–1925, 1947, 1964, 1965, 1967, 1968, 1970–1978, 1982, 1984–1986, 1991–1994,

1996 (28)

0.006 −0.272

PwAw 1926, 1931, 1936, 1940, 1941, 1953, 1958, 2003 (8) 0.728 0.239

PwAc 1965, 1972, 1977, 1982, 1986, 1991–1994 (9) 0.676 −0.317

PcAw 1933, 1938, 1942, 1945, 1955, 2007, 2008, 2010, 2013 (9) −0.600 0.239

PcAc 1922, 1924, 1964, 1967, 1970, 1971, 1973–1975 (9) −0.675 −0.266

Note. The standard deviations of the Atlantic and Pacific SST indices are 0.218°C and 0.592°C, respectively.
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Pw − Pc and Aw − Ac to represent, respectively, the impacts of Pacific and Atlantic SST variations during the

neutral phase of the other mode; we use the composite differences PwAw − PcAw and PwAw − PwAc to

represent, respectively, the Pacific and Atlantic impacts during the warm phase of the other mode; and we use the

composite differences PwAc − PcAc and PcAw − PcAc to represent, respectively, the Pacific and Atlantic

impacts during the cold phase of the other mode. This method is similar to the approach of Enfield et al. (2001),

who compared the correlations between ENSO and the rainfall over the continental United States during the warm

and cold periods of the AMV. The composites could also be used to study the combined effects of AMV and PMV

on South American climate. For example, the composite PcAw represents the combined impacts of cold‐phase

PMV and warm‐phase AMV. Such analyses have been conducted in prior studies by Grimm et al. (2016) and

Kayano et al. (2022), and we revisit this issue later in the next section (Figure 5). Please note that for the cases of

unsmoothed data, the Pacific influence is dominated by ENSO‐related interannual variations, while the Atlantic

influence originates mainly from the AMV, as the interannual variability of the average of North Atlantic SSTA is

relatively small. Tables 2 and 3 show that the magnitude of the (unsmoothed) Pacific SST index is two to three

times larger than the magnitude of the (unsmoothed) Atlantic SST index during their warm or cold phases, but the

magnitudes of the PMV and AMV indices are comparable. These magnitudes of SST variations are relevant for

the precipitation and temperature anomalies over South America discussed below.

2.4. Significance Tests

The statistical significance of the difference between the means of composites was assessed using a bootstrap

method (Efron, 1979; Zwiers, 1990) which estimates the distribution of the difference through random resampling

10,000 times. Specifically, suppose from a time series X we create two sub‐samples XA (e.g., for AMV warm

phase) with nA data points and XB (e.g., for AMV cold phase) with nB data points, whose sample means are μA and

μB. We randomly resample X (with replacement, i.e., one individual can be sampled more than once) to obtain two

bootstrap samples X1
A with nA data points and X

1
B with nB data points and calculate their means as μ1A and μ

1
B. We

repeat this process 10,000 times and obtain the bootstrap samples X1
A, X

2
A, …, X10000

A , X1
B, X

2
B, …, X10000

B , and their

means μ1A, μ
2
A, …, μ10000A , μ1B, μ

2
B, …, μ10000B . The differences between the means of bootstrap samples μ1A − μ

1
B,

μ2A − μ
2
B, …, μ10000A − μ10000B represent an empirical bootstrap distribution of the difference between sample means.

We determine whether the difference μA – μB is statistically significant (i.e., not by chance) by comparing it with

the 2.5th or 97.5th percentile of the empirical bootstrap distribution. That is, if μA – μB is above the 97.5th

percentile or below the 2.5th percentile of the distribution, which has a mean of almost zero, then the difference

μA – μB is statistically significant, that is, the μA and μB are significantly different at the 5% significance level (or

95% confidence level).

2.5. Moisture Flux Convergence

To investigate the contribution of variations in atmospheric circulation to precipitation variations, we analyzed

the vertically integrated horizontal moisture flux and its convergence. The horizontal moisture flux integrated

between 1,000 and 200 hPa is

F =
1

g
+

1000 hPa

200 hPa

vq dp (2)

and the horizontal moisture flux convergence integrated between 1,000 and 200 hPa is:

Conv = −
1

g
+

1000 hPa

200 hPa

∇(vq) dp. (3)

In the equations, the fields v (=u, v), q, and p are horizontal winds, specific humidity, and pressure, respectively.

The standard constant g is the gravitational acceleration at the surface of the Earth.
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3. Results

3.1. The Impacts of Pacific SST Variability on South American Precipitation

In this section, we compare the impacts of Pacific SST variability on South American precipitation during the

warm, neutral, and cold phases of North Atlantic SST variability from the CAM5 and CAM6 AMIP simulations

with those from the observations, and investigate the associated processes through an analysis of atmospheric

circulation anomalies. We also compare the results derived from the smoothed data associated with decadal

variations with those obtained from the unsmoothed data which reflect primarily the influence of ENSO. Please

note that the CAM5 and CAM6AMIP simulations were run using CESM1 and CESM2 respectively, therefore we

use the phrases CAM5 and CESM1 as well as CAM6 and CESM2 interchangeably.

The CESM1 and CESM2's performance on simulating the South American monsoon has been examined by

Meehl et al. (2020). They showed that the December–January–February–March precipitation in CESM2 is

stronger over 0°–10°S Brazil compared to CESM1. The accompanied 850‐hPa winds recurve to the southeast

more (i.e., the low‐level easterlies are weaker) over 0°–10°S in South America in CESM2 than in CESM1. As a

result, the simulated precipitation over the western and southern Amazon basin, Bolivian Andes, and South

Atlantic Convergence Zone (SACZ) agrees with observations better in CESM 2 than in CESM1, while the

opposite is true for the modeled precipitation over northeastern and southeastern South America, and the Peruvian

Andes. To help better understand the models' ability of simulating South American precipitation responses to

AMV and PMV, we plot the DJF and JJA South American precipitation climatology from the CAM5 and CAM6

AMIP simulations (Figures 2a, 2b, 2h, and 2i) and observations (GPCC and CRU TS; Figures 2c, 2d, 2j, and 2k);

we also show the two models' deficiencies (Figures 2e, 2f, 2l, and 2m) and the difference between the CAM6 and

CAM5 (Figures 2g and 2n).

Figures 3a–3l show the impacts of PMV on South American DJF precipitation during different AMV phases from

the CAM5 and CAM6 AMIP simulations, GPCC, and CRU TS. During the neutral AMV phase, the warm‐phase

PMV decreases DJF precipitation over most of northern South America, but increases it over eastern Brazil and

northern Argentina in both models and observations, although the CAM5 does not show a precipitation increase

over southeastern Brazil and the CAM6 shows weak responses over eastern Brazil and northern Argentina

(Figures 3a–3d). The observed patterns are noisier than those in He et al. (2021), because the latter uses pre-

cipitation values averaged across three observational datasets. Figures 3e–3h (Figures 3i–3l) represent the impacts

from the PMVmodulated by the AMVwarm (cold) phase plus the influences from the concurring Atlantic SSTA.

The effect from Atlantic SSTA would be canceled out to a large extent in the composite difference PwAw −

Figure 2. The DJF precipitation climatology over 1920–2015 from the (a) CAM5 and (b) CAM6 AMIP simulations, (c) GPCC, and (d) CRU TS. The difference in DJF

precipitation climatology over 1920–2015 between (e) CAM5 AMIP ensemble and the observations (i.e., the average of precipitation climatologies in GPCC and CRU

TS), (f) CAM6 AMIP ensemble and the observations, and (g) CAM6 and CAM5 AMIP ensembles. Panels (h–n) same as panels (a–g) but for JJA.
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PcAw or PwAc− PcAc if the influence of PMV on Atlantic SST is small. However, this is not the case, the AMV

index is larger in the composites PwAw and PwAc than in the composites PcAw and PcAc respectively (Table 2),

which may be because the warm‐phase PMV could warm tropical Atlantic and hence increase the AMV index

(Meehl et al., 2021). During the warm (cold) AMV phase, the PMV‐related DJF precipitation anomalies from the

central Amazon basin to central‐eastern Brazil are more negative (positive) than they are during the neutral AMV

phase, while they are more positive (negative) over southern Brazil and Uruguay, implying a weakening

(strengthening) of the SACZ (Figures 3g, 3h, 3k, and 3l). The increase (reduction) in PMV‐related precipitation

difference over the SACZ (southeastern South America) under a cold‐phase AMV background (Figures 3k and

3l) may be related to the low‐level anomalous cyclonic circulation over southeastern Brazil (not shown), because

such anomalous circulation is associated with the strengthened moisture flux from the Amazon basin toward the

Figure 3. Left three columns (a–l): The impacts of Pacific multidecadal variability on South American DJF precipitation during the (a–d) neutral, (e–h) warm, and (i–l)

cold Atlantic multidecadal variability phases based on smoothed and linearly detrended data during 1920–2010 from the (first row) CAM5 AMIP simulations, (second

row) CAM6 AMIP simulations, (third row) GPCC, and (fourth row) CRU TS. Right three columns (m–x): Same as the left three columns but based on unsmoothed and

linearly detrended data during 1920–2015, which reflect mainly the influence of ENSO. Stippling indicates regions where the precipitation difference is above the 95%

confidence level. The third and fourth rows include the spatial pattern correlation coefficients between the panel and the (upper) first‐row panel and (lower) second‐row

panel in the same column. The spatial pattern correlations that are above the 95% confidence level are indicated by bold text. The observational data were remapped to

the models' grids before calculating the spatial correlations.
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SACZ and the weakened moisture flux from the Amazon basin to the River Plate basin (Tedeschi et al., 2015).

The model results generally agree with the observations for the impacts of PMV during the AMV neutral and

warm phase (Pw − Pc and PwAw − PcAw), but fail to reproduce the observed wetting from the central Amazon

basin to southeastern Brazil when the AMV is in its cold phase (PwAc− PcAc) (Figures 3a, 3b, 3e, 3f, 3i, and 3j).

Overall, CAM6 performs slightly better than CAM5 when reproducing these cases.

The unsmoothed data, which reflect primarily the influence of ENSO (Figure 1), show similar but stronger

anomaly patterns compared to the smoothed data (i.e., decadal variations) (Figure 3). The models and obser-

vations show more pronounced and widespread dry anomalies over northern South America and wet anomalies

over southeastern South America for the unsmoothed anomalies compared to the smoothed anomalies (Figure 3).

These anomalies are due to the eastward shift of the descending branch of the Walker circulation toward eastern

equatorial South America and the western equatorial Atlantic (Espinoza et al., 2016; Grimm, 2003; Sasaki

et al., 2015; Zhou & Lau, 2001), as well as high‐pressure anomalies over eastern subtropical South America

related to the PSA pattern (Karoly, 1989; Mo & Paegle, 2001). The results from the models are broadly consistent

with those from the observations, except for the lack of enhanced rainfall over central‐eastern Brazil seen in

observations (CAM6 reproduces the correct sign of the rainfall response). CAM6 reproduces the weak positive

difference over southeastern Brazil but fails to simulate the positive values over northeastern Argentina. The

observations show that during the warm (cold) phase of Atlantic SST variability, the Pacific SST variability‐

related precipitation differences are more negative (positive) over the SACZ, and more (less) positive over

southeastern South America than during the neutral phase of Atlantic SST variability (Figures 3o, 3p, 3s, 3t, 3w,

and 3x), which resembles the impacts of eastern (central) Pacific El Niño events on South American DJF pre-

cipitation (Cai et al., 2020; Tedeschi et al., 2015). The modulation effects of Atlantic SST variability on pre-

cipitation over the SACZ and southeastern South America are likely through changing moisture flux convergence

over these regions. Specifically, compared to the neutral phase of Atlantic SST variability (Figures 4a–4d), the

Pacific SST variability‐related horizontal moisture flux convergence differences are more negative (positive) over

the SACZ during the warm (cold) phase of Atlantic SST variability, while the opposite is true for the moisture flux

convergence differences over the River Plate basin (Figures 4e–4h and 4i–4l). This implies reduced (increased)

moisture convergence over the SACZ and enhanced (weakened) moisture convergence over the subtropical plains

during the warm (cold) phase of Atlantic SST variability. The moisture convergence over the SACZ is associated

with low‐level winds and horizontal moisture flux from the Amazon basin, while the moisture convergence over

the River Plate basin is related to moisture transport from central South America (Figure 4). The models can

simulate the general patterns of low‐level winds and moisture flux changes, and CAM6 simulates such changes

over the SACZ much better than CAM5 (Figures 4a, 4b, 4e, 4f, 4i, and 4j; Figure 14 of Meehl et al., 2020), which

explains why the precipitation response over the SACZ in CAM6 is improved in comparison to CAM5. This

improvement might be related to an increase in the sensitivity of deep convection to lower tropospheric moisture,

an increase in the magnitude of 850‐hPa winds from the equatorial Andes and Amazon basin toward the

southeastern part of the continent (Meehl et al., 2020), and a better representation of the South Pacific

Convergence Zone (SPCZ) in CESM2 compared to CESM1. The SPCZ is a band of low‐level convergence,

cloudiness and precipitation extending from the Western Pacific Warm Pool at the maritime continent south‐

eastward to 30°S, 120°W (Brown et al., 2020), and closely connected with SACZ activity via Rossby‐wave

propagation from the South Pacific toward South America, thereby influencing the position and intensity of

the upper‐level trough that maintains the SACZ (Grimm & Silva Dias, 1995). Indeed, the long‐term means of

annual SST (Figure 8 of Meehl et al., 2020) and DJF precipitation (not shown) over the SPCZ are higher in

CESM2 than in CESM1, with the former being in better agreement with the observations.

Both the PMV and AMVwere in their warm phases from the late 1920s to the middle 1940s, and they were both in

their cold phases from the middle 1960s to the middle 1970s (Figure 1), which corresponds to the first mode of

South American summer precipitation in Grimm and Saboia (2015) and Grimm et al. (2016). The observations

show that the combined effects of the warm‐phase PMV and AMV (i.e., the composite difference between the

combinations of warm‐phase PMV with warm‐phase AMV and cold‐phase PMV with cold‐phase AMV) would

enhance precipitation over western Colombia and Ecuador, southern Chile, the central‐southern Amazon basin,

and the SACZ, and reduce precipitation over the rest of South America (Figures 5c and 5d). The CAM6 simu-

lations reproduce the precipitation responses over the SACZ and northeastern Brazil, while both CAM5 and

CAM6 fail to simulate the precipitation response over Argentina (Figures 5a and 5b). Moreover, a combination of

warm‐phase PMV and cold‐phase AMV occurred from the late 1970s to the late 1990s, and a combination of
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Figure 4. The impacts of Pacific sea surface temperatures (SST) variability on South American DJF horizontal moisture flux convergence integrated between 1,000 and

200 hPa (−1
g

+
1000 hPa

200 hPa

∇(vq) dp) during the (a–d) neutral, (e–h) warm, and (i–l) cold phases of the Atlantic SST variability based on unsmoothed and linearly detrended

data from the (first row) CAM5 AMIP simulations, (second row) CAM6 AMIP simulations, and (third row) 20CRv3 during 1920–2015, and from the (fourth row) ERA5

during 1940–2019. Positive (negative) values indicate convergence (divergence) of moisture flux associated with horizontal winds. Stippling indicates regions where the

vertically integrated horizontal moisture flux convergence difference is above the 95% confidence level. The pink vectors show the horizontal moisture flux integrated

between 1,000 and 200 hPa (1
g

+
1000 hPa

200 hPa

vq dp) in the unit of kg m−1 s−1 for each case. The dashed blue box in (a–d) indicates the climatological position of the SACZ.
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cold‐phase PMV and warm‐phase AMV occurred from the early 2000s to the middle 2010s (Figure 1), which

corresponds to the second mode of summer precipitation over South America in Grimm and Saboia (2015) and

Grimm et al. (2016). The combined effects of the warm‐phase (cold‐phase) PMV and cold‐phase (warm‐phase)

AMV over the period 1976–2015 would decrease (increase) northern South American summer precipitation, and

increase (reduce) precipitation over eastern and southeastern South America (Figures 5g and 5h). The models can

reproduce the precipitation response over northern and southeastern South America, but struggle to simulate the

precipitation response over the rest of South America (Figures 5e and 5f). Our results based on observations are

consistent with the results of Grimm and Saboia (2015), Grimm et al. (2016), and Kayano et al. (2022).

Next, we analyze how the AMV modulates the influence of PMV on South American precipitation during JJA,

which represents the wet season in South America north of the equator and southernmost South America, but is

the dry season with little precipitation over tropical and subtropical South America south of the equator. Overall,

CAM6 improves the representation of the JJA precipitation climatology when compared to CAM5 (Figure 2).

The effects of PMV on South American JJA precipitation (Figures 6a–6l) are weaker than those on DJF pre-

cipitation (Figures 3a–3l). The observed PMV‐related JJA precipitation anomalies are generally weak and poorly

simulated by the models (Figures 6a–6l). When the AMV is in its neutral phase, the warm‐phase PMV reduces

JJA precipitation over equatorial South America, and increases precipitation slightly over parts of northern South

Figure 5. The South American DJF precipitation responses to the combined effects of (a–d) the same phases of the Pacific multidecadal variability (PMV) and Atlantic

multidecadal variability (AMV) and (e–h) the opposite phases of the PMV and AMV based on smoothed and linearly detrended data during 1920–2010 from the (a, e)

CAM5 AMIP simulations, (b, f) CAM6 AMIP simulations, (c, g) GPCC, and (d, h) CRU TS. Stippling indicates regions where the precipitation difference is above the

95% confidence level. The spatial pattern correlation coefficients between the observations and the (upper) CAM5 simulations and (lower) CAM6 simulations are

displayed in c‐d and g‐h. The spatial pattern correlations that are above the 95% confidence level are indicated by bold text.
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America, southern Brazil, and central Chile (Figures 6a–6d). When the AMV is in its cold phase, the precipitation

differences become more negative over equatorial South America, southern Brazil, and southern‐central Chile,

and more positive over Venezuela compared to the neutral and warmAMV phases (Figures 6a–6d, 6e–6h, and 6i–

6l). The variations in equatorial South American precipitation response might correspond to changes in the

ANSG, since a positive (negative) ANSG anomaly tends to displace the Atlantic ITCZ northward (southward)

and induce anomalous subsidence (convection) over equatorial South America. We found that the values of

ANSG for the cases Pw − Pc, PwAw − PcAw, and PwAc − PcAc are −0.079°C, −0.083°C, and 0.138°C,

respectively. In the CAM5 simulations, the weakened (enhanced) PMV‐induced drying effect over equatorial

South America during the warm (cold) AMV phase is located farther north relative to the observations, while

CAM6 correctly reproduces this effect (Figures 6e–6h and 6i–6l).

The large‐scale changes seen in the observed unsmoothed JJA precipitation response to Pacific SST anomalies

during the different phases of Atlantic SST variability are stronger than the smoothed case, and they are correctly

simulated by the models (Figures 6m–6x). The Pacific SST variability‐related precipitation differences over

northern South America (around the equator in the models, and over 0°–10°N in the observations) are consistent

with the vertical velocity differences over this region (Figure 7), which are related to the tropical North Atlantic

Figure 6. Same as Figure 3 but for JJA precipitation.
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Figure 7.
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warming and thus a northward shift of the Atlantic ITCZ caused by the Pacific‐North American (PNA) pattern

(Horel & Wallace, 1981; Wallace & Gutzler, 1981) through the wind‐evaporation‐SST feedback (Amaya &

Foltz, 2014; Chiang et al., 2002). The anomalous subsidence during the warm phase of Pacific SST variability

over northern South America, regardless of the AMV phase, is consistent with earlier studies showing that El

Niño contributed to Amazonian droughts in 1983, 1998, and 2010 (Chen et al., 2011; Jiménez‐Muñoz et al., 2016;

Lewis et al., 2011; Marengo et al., 2011). The anomalous subsidence near the equator is weakened (enhanced)

during the warm (cold) AMV phase compared to the neutral AMV phase (Figures 7e–7h and 7i–7l). This indicates

weaker (stronger) anomalous descending motion over equatorial South America and hence wetter (drier) con-

ditions over this region when the AMV is in its warm (cold) phase than when the AMV phase is neutral.

3.2. The Impacts of Atlantic SST Variability on South American Precipitation

This section discusses how the impacts of Atlantic SST variability on South American precipitation change with

Pacific conditions and examines the corresponding atmospheric circulation anomalies. Moreover, we compare the

influences of Atlantic SST variability on South American precipitation during DJF and JJA in the CAM5 and

CAM6 AMIP simulations and observations, and compare the results based on smoothed and unsmoothed data.

Figures 8a–8l show the impacts of AMV on South American DJF precipitation during the neutral, warm, and cold

PMV phases using the smoothed data. The results from models show wetting over northern South America and

east of the central Andes and drying over the southwestern Amazon basin and eastern Brazil during the warm‐

phase AMV regardless of the PMV phase, which might relate to a northward shift of the Atlantic ITCZ

(Figures 8a, 8b, 8e, 8f, 8i, and 8j). The observations showmore spatial variations with increased precipitation over

the western‐central Amazon basin, western Colombia, and Guyana, and drying over northeastern Brazil during

the neutral phase of PMV (Figures 8c and 8d). The observations also show drying over northern Argentina during

the AMV warm phase (Figures 8c and 8d), which is not simulated by the models. The CAM5 is unable to

adequately reproduce much of the impacts of AMV on South American DJF precipitation, which are quite noisy,

as highlighted by the very low spatial correlations between the model and observations, regardless of the phase of

PMV. The precipitation response over the SACZ is better simulated by CAM6 than by CAM5. The model

deficiency of precipitation over northeastern Brazil might be related to the model deficiency of the Atlantic ITCZ

(not shown) and SST (Figure 8 of Meehl et al., 2020). In the observations, the effects of AMV (Figures 8c and 8d)

are roughly the opposite of the impacts of PMV (Figures 3c and 3d), which might be due to the warm‐phase

AMV‐induced La Niña‐like SSTA in the Pacific (Cai et al., 2019; Meehl et al., 2021). Figures 8e–8h (Figures

8i–8l) represent the impacts from AMV modulated by the PMV warm (cold) phase and the impacts from the

concurring Pacific SSTA. The effect from the concurring Pacific SSTAwould be mostly eliminated when the two

composites (i.e., PwAw and PwAc or PcAw and PcAc) are subtracted if the AMV has little effect on Pacific SST.

However, the PMV index for PwAw (PcAw) is smaller than that for PwAc (PcAc; Table 2). Such differences are

consistent with the influences of AMV on the Pacific SST (with Aw leading to Pc) through inter‐basin tele-

connections (Cai et al., 2019; Johnson et al., 2020; Meehl et al., 2021; Ruprich‐Robert et al., 2017, 2021; Zhang &

Delworth, 2007). In the observations, during the warm (cold) PMV phase, the DJF precipitation differences from

the central Amazon basin to southeastern Brazil (i.e., SACZ) are more negative (positive), and the precipitation

differences over southeastern South America and southern Chile are more positive (negative) than during the

neutral PMV phase (Figures 8g, 8h, 8k, and 8l). The more positive (negative) AMV‐related precipitation response

over the SACZ (southeastern South America) during the cold‐phase PMV (Figures 8k and 8l) might be related to

the low‐level anomalous cyclonic circulation over southeastern Brazil (not shown), because such anomalous

circulation could enhance ascending motion over the SACZ, and cause anomalous moisture transport conver-

gence (divergence) over the SACZ (River Plate basin) (Tedeschi et al., 2015). Neither CAM5 nor CAM6 correctly

reproduces the variations in precipitation response to the warm‐phase AMV during different phases of the PMV

over the SACZ and southeastern South America (Figures 8e, 8f, 8i, and 8j).

Figure 7. The impact of Pacific sea surface temperatures (SST) variability on JJA vertical velocity averaged over the 75°–35°W sector (color shading, positive values

indicate upward motion) and JJA local Hadley circulation averaged over the 75°–35°W sector (vectors, shown where either meridional or vertical wind difference is

above the 95% confidence level) during the (a–d) neutral, (e–h) warm, and (i–l) cold phases of the Atlantic SST variability based on unsmoothed and linearly detrended

data from the (first row) CAM5 AMIP simulations, (second row) CAM6 AMIP simulations, and (third row) 20CRv3 during 1920–2015, and from the (fourth row)

ERA5 during 1940–2019. A scaling factor of−200 was applied to the vertical pressure velocity (Pa/s) for visualization. The contours show the climatologies of vertical

velocity with an interval of −600 Pa/s. Solid contours indicate positive values, dashed contours indicate negative values, and the zero‐contour line is omitted.
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For the unsmoothed data, the impacts of Atlantic SST variability on South American DJF precipitation during

warm and cold phases of the Pacific SST variability are similar to the results for the smoothed data from both the

models and observations (Figure 8). This is expected as the time series of North Atlantic SSTA is dominated by

decadal‐multidecadal variations, rather than interannual variations, unlike the Pacific SSTs (Figure 1). The

models simulate the effect of Atlantic SST variability on precipitation over most of South America poorly, as in

the smoothed case. The models produce a response to the Atlantic SST variability that is zonally oriented between

10°S and 10°N, with increased precipitation north of the Amazon River and a decrease to the south (Figures 8m,

8n, 8q, 8r, 8u, and 8v). The phase of the Pacific SST variability does not significantly affect the precipitation

response to the Atlantic SSTA in the CAM5 simulations (Figures 8m, 8q and 8u). In the CAM6 simulations and

observations, the Atlantic SST variability‐induced horizontal moisture flux convergence anomalies are more

Figure 8. Left three columns (a–l): The impacts of Atlantic multidecadal variability on South American DJF precipitation during the (a–d) neutral, (e–h) warm, and (i–l)

cold Pacific multidecadal variability phases based on smoothed and linearly detrended data during 1920–2010 from the (first row) CAM5 AMIP simulations, (second

row) CAM6 AMIP simulations, (third row) GPCC, and (fourth row) CRU TS. Right three columns (m–x): Same as the left three columns but based on unsmoothed and

linearly detrended data during 1920–2015. Stippling indicates regions where the precipitation difference is above the 95% confidence level. The third and fourth rows

include the spatial pattern correlation coefficients between the panel and the (upper) first‐row panel and (lower) second‐row panel in the same column. The spatial

pattern correlations that are above the 95% confidence level are indicated by bold text. The observational data were remapped to the models' grids before calculating the

spatial correlations.
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positive over the SACZ during the cold phase of Pacific SST variability than during the neutral or warm phase of

Pacific SST variability (Figures 9b–9d, 9f–9h, and 9j–9l) which might lead to wetting over the SACZ

(Figures 8n–8p, 8r–8t, and 8v–8x). The moisture flux convergence differences over the River Plate basin are more

positive (negative) when the Pacific SST variability is in its warm (cold) phase compared to its neutral phase

(Figures 9b–9d, 9f–9h, and 9j–9l), which is consistent with the precipitation response over this region

(Figures 8n–8p, 8r–8t, and 8v–8x). However, the anomalous moisture flux convergence over the SACZ in the

CAM6 simulations (Figures 9b, 9f, and 9j) is much weaker than in the reanalysis data (Figures 9c, 9d, 9g, 9h, 9k,

and 9l). This result suggests that CAM6 improves the precipitation response to Atlantic SST variability over the

SACZ and southeastern South America compared to CAM5, although the magnitude of the response is still

underestimated relative to the observations. This improvement might be related to a better representation of deep

convection, tropical South American low‐level winds, and the SPCZ in CAM6 compared to CAM5, as discussed

in Section 3.1.

Next, we discuss the impacts of AMV on South American JJA precipitation during different PMV phases

(Figures 10a–10l). Again, the JJA precipitation responses are relatively weak but more spatially coherent

compared with DJF precipitation, and the model results show weak responses over most of South America south

of the equator. The models correctly simulate the influence of AMV over northern South America and southern

Brazil, but fail to reproduce the drying over other parts of South America. When the PMV is in its neutral phase,

the warm‐phase AMV decreases JJA precipitation over most of South America in both the models and obser-

vations, except over parts of northern and northwestern South America and southern‐central Chile, where JJA

precipitation increases (Figures 10a–10d). When the PMV is in its warm (cold) phase, the precipitation differ-

ences are more positive (negative) compared with the neutral PMV phase over 0°–10°S South America, south-

eastern South America, and southern‐central Chile, and more negative (positive) over Venezuela in observations

(Figures 10g, 10h, 10k, and 10l). The models reproduce the variations in precipitation response to AMV over

equatorial South America and southern‐central Chile under the background of different PMV phases

(Figures 10e, 10f, 10i, and 10j). The variations in the influence of AMV on equatorial South American JJA

precipitation during the PMVwarm (cold) phase might be related to the reduced (enhanced) ANSG, that is, 0.161

(0.382)°C, compared to the ANSG during the PMV neutral phase, that is, 0.257°C. Because the smaller ANSG is

conducive to a reduced northward displacement of the Atlantic ITCZ in response to the warm‐phase AMV and the

opposite is also true, the anomalous descending motion (precipitation) over 0°–10°S South America is weaker

(larger) in the case PwAw − PwAc than in the case PcAw − PcAc.

As was the case for DJF precipitation, for the unsmoothed data, the influence of Atlantic SST variability on South

American JJA precipitation is similar to the smoothed data, with slightly stronger anomalies (Figures 10m–10x).

The agreement between the models and observations is much better than for DJF and for the decadal variations, as

indicated by the higher pattern correlations (Figures 10o, 10p, 10s, 10t, 10w, and 10x). The precipitation pattern

over equatorial and northern South America is linked to the strength of the regional convection, as shown by the

weakened (enhanced) anomalous subsidence over equatorial (in the models) or 0°–10°S (in the reanalyses) South

America during the warm (cold) phase of Pacific SST variability compared to its neutral phase (Figure 11). While

the strength of this subsidence is affected by the Pacific SST, its origins are associated with the warm phase of

Atlantic SST variability. Previous studies have shown that a warmer North Atlantic and a northward displacement

of the Atlantic ITCZ would reduce precipitation over the southeastern Amazon basin and Northeast Brazil and

enhance rainfall over the northeastern Amazon basin during March–April–May (Hastenrath & Heller, 1977; Hua

et al., 2019; Nobre & Shukla, 1996). Some studies (e.g., Malhi et al., 2008;Marengo et al., 2008; Zeng et al., 2008)

thus attribute Amazon droughts, such as the one that occurred in 2005, to a warmer tropical North Atlantic.

3.3. The Impacts of Pacific SST Variability on South American Temperature

In this section, we analyze the impacts of Pacific SST variability on South American annual SAT during the

neutral, warm, and cold AMV phases in the CAM5 and CAM6 AMIP simulations and observations. We discuss

annual SAT rather than seasonal SAT as the patterns of DJF and JJA SAT responses are very similar to each other

and to the pattern of annual SAT responses.

For the smoothed data, during the neutral‐phase AMV, the warm‐phase PMV warms western and eastern South

America, and cools middle Brazil from north to south (Figures 12c and 12d). The models fail to simulate the

cooling from the northern Amazon basin to southern Brazil (Figures 12a and 12b). The impact of PMV on SAT is
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Figure 9. The impacts of Atlantic sea surface temperatures (SST) variability on South American DJF horizontal moisture flux convergence integrated between 1,000 and

200 hPa (−1
g

+
1000 hPa

200 hPa

∇(vq) dp) during the (a–d) neutral, (e–h) warm, and (i–l) cold phases of the Pacific SST variability based on unsmoothed and linearly detrended data

from the (first row) CAM5AMIP simulations, (second row) CAM6AMIP simulations, and (third row) 20CRv3 during 1920–2015, and from the (fourth row) ERA5 during

1940–2019. Stippling indicates regions where the vertically integrated horizontal moisture flux convergence difference is above the 95% confidence level. The pink vectors

show the horizontal moisture flux integrated between 1,000 and 200 hPa (1
g

+
1000 hPa

200 hPa

vq dp) in the unit of kg m−1 s−1 for each case. The dashed blue boxes in (a–d) indicate the

climatological position of the SACZ.
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more negative (positive) over most of South America during the warm (cold) AMV phase than during the neutral

AMV phase (Figures 12e–12h and 12i–12l), which means that the warm anomalies over western and eastern

South America get weaker (stronger), while the anomalies over Patagonia get more negative (positive). The

models reproduce the variations in SAT anomalies with the PMV phase over western South America, northeast

Brazil, and Patagonia. The modulation effect of AMV on the patterns of PMV‐induced SAT anomalies over

northeastern Brazil and eastern Patagonia appears to be related to the precipitation changes over these regions

(e.g., northeastern Brazil in Figures 6e–6h and 6i–6l; eastern Patagonia in Figures 3e–3h and 3i–3l). According to

the aridity index (Figure 2 of Zomer et al., 2022), which is defined as the ratio of precipitation to potential

evapotranspiration (sometimes the inverse of this ratio is used), northeastern Brazil and Patagonia to the east of

the Andes are water‐limited regions (i.e., variation of actual evapotranspiration is dominated by precipitation).

Precipitation over these regions is substantially less than potential evapotranspiration, therefore it is more likely

that a large fraction of precipitation will evaporate rather than infiltrate the soil. As a result, more precipitation in

these locations would result in enhanced evaporation and thus lower temperature via evaporative cooling, and the

opposite is also true. Previous research has also explored this precipitation‐temperature relationship (e.g., Barros

et al., 2002; Grimm et al., 2007; Trenberth & Shea, 2005).

Figure 10. Same as Figure 8 but for JJA precipitation.
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Figure 11.
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Unlike for the smoothed cases, the warm‐phase Pacific SST variability leads to positive SAT anomalies (by a few

tenths of 1°C) over most of South America when considering the unsmoothed cases, except for its southern tip

(Figures 12m–12p). When the Atlantic SST variability is in its warm (cold) phase, the warming over the Peruvian

Andes and River Plate basin is slightly reduced (enhanced) (Figures 12s, 12t, 12w, and 12x), and the cooling over

the southern tip is weaker (stronger) (Figures 12r, 12t, 12v, and 12x). The models overestimate the warming over

most of Brazil and the cooling in southernmost South America during the warm phase of Pacific SST variability

(Figures 12m, 12n, 12q, 12r, 12u, and 12v).

3.4. The Impacts of Atlantic SST Variability on South American Temperature

This section discusses the impacts of Atlantic SST variability on South American SAT during different phases of

Pacific SST variability in the CAM5 and CAM6 AMIP simulations and observations.

Figures 13a–13l show that an AMV warm phase leads to warming (by a few tenths °C) over most of South

America during the neutral‐phase PMV (Figures 13a–13d), while during the PMV warm (cold) phase these

temperature differences are slightly reduced (enhanced) (Figures 13e–13h and 13i–13l). The models simulate the

observed broad warming response to the AMV as well as the modulation by the PMV quite well (Figures 13a–

13l). Again, there is an apparent anti‐correlation between the temperature and precipitation changes over

northeastern Brazil and eastern Patagonia (e.g., northeastern Brazil in Figures 10e–10h and 10i–10l; eastern

Patagonia in Figures 8g, 8h, 8k, and 8l), where precipitation is more likely to evaporate and cause evaporative

cooling given they are highly water‐limited regions (Figure 2 of Zomer et al., 2022).

The impacts of Atlantic SST variability on South American annual SAT based on the unsmoothed data are similar

to the results of smoothed data (Figures 13m–13x) but with slightly stronger anomalies, which again suggests that

the multidecadal variability is dominating the North Atlantic SST variability. The influence of the unsmoothed

variations of North Atlantic SST on South American SAT is correctly reproduced by the models.

4. Summary and Discussion

Prior work has documented the impacts of Atlantic and Pacific multidecadal variability on South American

climate. However, these studies have not investigated such impacts in CESM. In this study, we performed

composite analyses using observations, reanalyses, and CESM1 and CESM2 model simulations from 1920 to

2015 (except for ERA5 which covers 1940–2019), to evaluate the models' ability to reproduce the impacts of

AMV and PMV on South American precipitation and temperature, investigate the processes through which the

AMV and PMV modulate the influences from the other basin on South American climate, and compare the

patterns of South American precipitation or temperature anomalies associated with the smoothed and unsmoothed

Pacific and Atlantic SST indices.

In this study we found that during the warm (cold) AMV phase, the PMV's wetting effect in DJF from the central

Amazon basin to central‐eastern Brazil is suppressed (enhanced), corresponding to suppressed (enhanced) SACZ

convective activity, which relates to enhanced (weakened) horizontal moisture flux from tropical South America

toward the River Plate basin and reduced (strengthened) moisture flux from Amazonia to central‐eastern Brazil.

The PMV's drying effect in JJA over equatorial South America is also reduced (enhanced), due to a weaker

(stronger) regional subsidence during the warm (cold) AMVphase. Thewarm (cold) phase of AMV cools (warms)

the PMV‐related SAT anomalies over most of South America, which is partly related to increased (reduced)

precipitation and evapotranspiration over water‐limited areas. The modulation of the impacts of AMV on South

American precipitation and SAT by the PMV is similar to the modulation effect of AMV on the impacts of PMV.

The unsmoothed variations have somewhat different fingerprints but similar modulation effects on precipitation

and SAT compared to those in the smoothed variations. These findings extend those of He et al. (2021), showing

that variations of the impacts of Pacific orAtlantic SSTvariability onSouthAmerican precipitation during different

Figure 11. The impacts of Atlantic sea surface temperatures (SST) variability on JJA vertical velocity averaged over the 75°–35°W sector (color shading, positive values

indicate upward motion) and JJA local Hadley circulation averaged over the 75°–35°W sector (vectors, shown where either meridional or vertical wind difference is

above the 95% confidence level) during the (a–d) neutral, (e–h) warm, and (i–l) cold phases of the Pacific SST variability based on unsmoothed and linearly detrended

data from the (first row) CAM5 AMIP simulations, (second row) CAM6 AMIP simulations, and (third row) 20CRv3 during 1920–2015, and from the (fourth row)

ERA5 during 1940–2019. A scaling factor of−200 was applied to the vertical pressure velocity (Pa/s) for visualization. The contours show the climatologies of vertical

velocity with an interval of −600 Pa/s. Solid contours indicate positive values, dashed contours indicate negative values, and the zero‐contour line is omitted.
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phases of the other mode are related to changes in moisture flux over subtropical regions and vertical motions

over equatorial regions. Our results also suggest the need to apply low‐pass filters to extract the correct signals

of PMV and consider the responses of South American climate to Atlantic and Pacific SST variations jointly.

We assess, for the first time, CESM1 and CESM2's ability to simulate the responses of South American pre-

cipitation and temperature to Atlantic and Pacific SST variability. Observations prior to >1960 are sparse in most

of South America, which complicates straightforward comparisons between models and observations. The CAM5

and CAM6model simulations forced with observed SSTs reproduce many of the broad anomaly patterns of South

American precipitation and temperature associated with the AMV, although the pattern correlations are not

significant in some cases. However, the models can only reproduce a few patterns of the South American pre-

cipitation and temperature responses to PMV. The spatial patterns of the Atlantic and Pacific‐induced anomalies

Figure 12. Left three columns (a–l): The impacts of Pacific multidecadal variability on South American annual surface air temperature (SAT) during the (a–d) neutral,

(e–h) warm, and (i–l) cold Atlantic multidecadal variability phases based on smoothed and linearly detrended data during 1920–2010 from the (first row) CAM5 AMIP

simulations, (second row) CAM6 AMIP simulations, (third row) CRU TS, and (fourth row) GISTEMP. Right three columns (m–x): Same as the left three columns but

based on unsmoothed and linearly detrended data during 1920–2015. Stippling indicates regions where the SAT difference is above the 95% confidence level. The third

and fourth rows include the spatial pattern correlation coefficients between the panel and the (upper) first‐row panel and (lower) second‐row panel in the same column.

The spatial pattern correlations that are above the 95% confidence level are indicated by bold text. Before computing the spatial correlations between the models and

CRU TS (GISTEMP), the data of CRU TS (models) were remapped to the models' grids (GISTEMP's grid).
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in South American DJF and JJA precipitation and annual mean temperature during different phases of the

variability in the other basin are well captured by CESM1 and CESM2 when using unsmoothed data (except for

the Atlantic impacts on DJF precipitation and Pacific impacts on annual temperature). The precipitation responses

to Atlantic and Pacific SST variations over the SACZ are improved in CESM2 in comparison to CESM1, which

relates to the improvement in simulating deep convection and horizontal moisture flux over the SACZ and

convection over the SPCZ. This result indicates that the future projections and paleoclimatic reconstructions for

the climate of South American monsoon region based on CESM2 might be improved when compared to CESM1.

Unlike the observations, in the CAM5 and CAM6 simulations, the South American precipitation and temperature

responses to the Pacific SST variations for the unsmoothed data are similar to those for the smoothed data, but

stronger. This suggests that the model cannot differentiate between the impacts of ENSO and PMV on South

Figure 13. Left three columns (a–l): The impacts of Atlantic multidecadal variability on South American annual surface air temperature (SAT) during the (a–d) neutral,

(e–h) warm, and (i–l) cold Pacific multidecadal variability phases based on smoothed and linearly detrended data during 1920–2010 from the (first row) CAM5 AMIP

simulations, (second row) CAM6 AMIP simulations, (third row) CRU TS, and (fourth row) GISTEMP. Right three columns (m–x): Same as the left three columns but

based on unsmoothed and linearly detrended data during 1920–2015. Stippling indicates regions where the SAT difference is above the 95% confidence level. The third

and fourth rows include the spatial pattern correlation coefficients between the panel and the (upper) first‐row panel and (lower) second‐row panel in the same column.

The spatial pattern correlations that are above the 95% confidence level are indicated by bold text. Before computing the spatial correlations between the models and

CRU TS (GISTEMP), the data of CRU TS (models) were remapped to the models' grids (GISTEMP's grid).
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American climate. The models also do a better job of simulating the unsmoothed Pacific and Atlantic SST

variations' influences on South American precipitation and temperature than the impacts of smoothed Pacific and

Atlantic SST variability. This indicates that the models lack some key aspects for correctly simulating atmo-

spheric processes related to decadal‐multidecadal variability (especially for the PMV). Future work should further

reduce model deficiencies and improve models' representation of South American multidecadal climate

variability.

Future work could employ South Pacific atmospheric circulation forcing to explore the relationship between the

South Pacific and the variability of the South American monsoon system (Barros & Silvestri, 2002). It would also

be of interest to explore the use of the CESM1 Indian Ocean Pacemaker Ensemble to study the influences of the

Indian Ocean basin mode, the Indian Ocean dipole, and the subtropical Indian Ocean dipole on South American

climate. Finally, the contribution of land use change to South American monsoon variability might be investi-

gated using CESM2 Large Ensemble (Salazar et al., 2015).

Data Availability Statement

All data used in this study are openly available and can be downloaded using the links in Table 1.
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