
ORIGINAL RESEARCH
published: 03 August 2017

doi: 10.3389/fmars.2017.00250

Frontiers in Marine Science | www.frontiersin.org 1 August 2017 | Volume 4 | Article 250

Edited by:

Ajit Subramaniam,

Lamont Doherty Earth Observatory,

Columbia University, United States

Reviewed by:

Gregory Foltz,

Atlantic Oceanographic and

Meteorological Laboratory (NOAA),

United States

Gael Alory,

UMR5566 Laboratoire D’études en

Géophysique et Océanographie

Spatiales (LEGOS), France

*Correspondence:

Pedro Tyaquiçã

pedro.tssantos@ufpe.br

Specialty section:

This article was submitted to

Aquatic Microbiology,

a section of the journal

Frontiers in Marine Science

Received: 30 April 2017

Accepted: 21 July 2017

Published: 03 August 2017

Citation:

Tyaquiçã P, Veleda D, Lefèvre N,

Araujo M, Noriega C, Caniaux G,

Servain J and Silva T (2017) Amazon

Plume Salinity Response to Ocean

Teleconnections.

Front. Mar. Sci. 4:250.

doi: 10.3389/fmars.2017.00250

Amazon Plume Salinity Response to
Ocean Teleconnections
Pedro Tyaquiçã 1, 2*, Doris Veleda 1, 2, Nathalie Lefèvre 3, Moacyr Araujo 1, 2,

Carlos Noriega 1, 2, Guy Caniaux 4, Jacques Servain 3, 5 and Thiago Silva 1, 6

1Department of Oceanography, DOCEAN, Federal University of Pernambuco, Recife, Brazil, 2 Brazilian Research Network on

Global Climate Change (Rede CLIMA), São Paulo, Brazil, 3 IRD-LOCEAN—Institut de Recherche pour le Développement,

Sorbonne Universités, Paris, France, 4CNRM/UMR 3589, Météo-France and Centre de la Recherche Scientifique, Toulouse,

France, 5 Fundação Cearense de Meteorologia e Recursos Hídricos, Fortaleza, Brazil, 6 Agência Pernambucana de Águas e

Clima, Recife, Brazil

Pacific and Atlantic sea surface temperature (SST) variability strongly influences rainfall

changes in the Amazon River basin, which impacts on the river discharge and

consequently the sea surface salinity (SSS) in the Amazon plume. An Empirical

Orthogonal Function (EOF) analysis was performed using 46 years of SST, rainfall, and

SSS datasets, in order to establish the relationship between these variables. The first

three modes of SST/rainfall explained 87.83% of the total covariance. Pacific and Atlantic

SSTs led Amazon basin rainfall events by 4 months. The resultant SSS in the western

tropical North Atlantic (WTNA) lagged behind basin rainfall by 3 months, with 75.04%

of the total covariance corresponding to the first four EOF modes. The first EOF mode

indicated a strong SSS pattern along the coast that was connected to negative rainfall

anomalies covering the Amazon basin, linked to El Niño events. A second pattern

also presented positive SSS anomalies, when the rainfall was predominantly over the

northwestern part of the Amazon basin, with low rainfall around the Amazon River mouth.

The pattern with negative SSS anomalies in the WTNA was associated with the fourth

mode, when positive rainfall anomalies were concentrated in the northwest part of South

America. The spatial rainfall structure of this fourth mode was associated with the spatial

rainfall distribution found in the third EOF mode of SST vs. rainfall, which was a response

to La Niña Modoki events. A statistical analysis for the 46 year period and monthly

anomaly composites for 2008 and 2009 indicated that La Niña Modoki events can be

used for the prediction of low SSS patterns in the WNTA.

Keywords: El Niño, sea surface temperature, rainfall, sea surface salinity, Amazon River plume

INTRODUCTION

Ocean salinity is an indicator of changes in the global hydrological cycle and large-scale climate
variability (Du et al., 2015). The spatial distribution of salt in the ocean and its seasonal and
interannual variability are important for understanding Earth’s climate. Ocean salinity has an
important role in the thermohaline circulation and the distribution of mass and heat. The
spatial distribution of sea surface salinity (SSS) in the global ocean also reflects the pattern of
air-sea freshwater fluxes, evaporation and precipitation, heat, momentum, solubility, and the
biological pump (Geider et al., 2001; Yu et al., 2007; Schmitt, 2008; Du et al., 2015). Changes
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in salinity patterns indicate where terrestrial and marine systems
mix, which is where nutrients are distributed, and in turn impacts
on the production of coastal and oceanic ecosystems (Smith
and Demaster, 1996; Araujo et al., 2014). The Amazon River is
by far the largest single source of terrestrial freshwater to the
ocean, contributing ∼20–30% of the total river discharge to the
Atlantic (Wisser et al., 2010; Salisbury et al., 2011; Korosov et al.,
2015). SSS in the western tropical North Atlantic (WTNA) is
strongly influenced by the Amazon River discharge, advection
by surface currents, and rainfall (Grodsky et al., 2015; Ibánhez
et al., 2017). The low salinity Amazon plume creates a near-
surface barrier layer that inhibits mixing, increases the sea
surface temperature (SST), and enhances salinity stratification;
thus, preventing vertical mixing between the upper warm
mixed layer and the cold deep ocean (Ferry and Reverdin,
2004; Balaguru et al., 2012; Grodsky et al., 2012; Coles et al.,
2013).

The latitudinal displacement of the Intertropical Convergence
Zone (ITCZ) in association with high precipitation modifies
the surface conditions, following the input of freshwater inputs
from large rivers. Ibánhez et al. (2017) compared the monthly
precipitation rate with monthly SSS in five regions of the
tropical Atlantic. They found significant linear relationships of
precipitation with SSS across the western Atlantic basin. The
extension of the Amazon River plume is significant, with a
range of 0.25–1.60 × 106 km2 after removing the influence of
rainfall. The intense rainfall associated with the ITCZ has led to a
significant overestimation of the spatial extension of the Amazon
River plume in previous studies (Körtzinger, 2003; Lefèvre et al.,
2010).

The Amazon plume is transported by the North Brazilian
Current (NBC) near the equator and is carried northwestward
along the Brazilian Shelf toward the Caribbean Sea (Muller-
Krager et al., 1988; Salisbury et al., 2011). The eastward
propagation of Amazon waters is observed when the retroflection
of the NBC takes place. The seasonal variations in these currents
occurs in response to the annual migration of the ITCZ, which
leads to the northward transport of Amazon water in the austral
winter, and the eastward transport of Amazon water into the
North Equatorial Counter Current (NECC) in the austral spring
through fall (Muller-Krager et al., 1988; Lentz, 1995; Coles et al.,
2013; Foltz et al., 2015). The fresh and cold waters of the Amazon
River are then transported hundreds to thousands of kilometers
away from the coast, and the nutrients delivered by the river
plume contribute to the enhancement of primary production;
thus, contributing to carbon sequestration (Subramanian et al.,
2008).

The Amazon River discharge is also affected by remote
climatic signals via Amazon basin rainfall variability that is under
different influences from the Pacific and Atlantic tropical oceans.
The influence of the El Niño Southern Oscillation (ENSO) on
seasonal precipitation anomalies over South America has been
extensively studied (Marengo, 1992; Uvo et al., 1998; Grimm
et al., 2000; Paegle and Mo, 2002; Ronchail et al., 2002; Grimm,
2003, 2004; Misra, 2008a). ENSO influences the large-scale east–
west and meridional circulations in the global tropics that have
consequences over tropical South America (Grimm, 2003, 2004;
Misra, 2008b).

The rainfall over the Amazon basin and northeast Brazil has a
distinct interannual variability, in part due to the climate signals
in the tropical Pacific from the ENSO and to the meridional
SST gradient in the tropical Atlantic (Marengo et al., 2013). This
modifies the spatial and temporal Amazon rainfall variability,
consequently affecting the Amazon plume. Recent studies have
shown that the canonical ENSO has become less frequent, while
a different kind of ENSO in the central Pacific, called the Modoki
ENSO, is occurring more frequently and has become more
common during the late twentieth century (Ashok et al., 2007;
Ashok and Yamagata, 2009; Kao and Yu, 2009; Yeh et al., 2009;
Yu et al., 2010; Li et al., 2011; McPhaden et al., 2011). The
traditional ENSO is characterized by strong anomalous warming
in the eastern equatorial Pacific. In contrast, the Modoki ENSO
phenomenon is characterized by an anomalous warm SST in the
central equatorial Pacific, flanked by anomalously cool regions in
both the west and east. The teleconnections associated with these
distinct warming and cooling patterns are very different from
those of the conventional ENSO (Yeh et al., 2009).

Weng et al. (2007) performed a correlation analysis between
Global Precipitation Climatology Centre (GPCC) rainfall rate
anomalies and the El Niño Modoki Index (EMI) and Niño 3.
They identified positive and negative rainfall anomalies over
northwest South America related to Niño 3. However, during
Modoki El Niño events, they found negative rainfall anomalies
over the east Pacific and positive rainfall anomalies in the western
part of the Amazon basin. Because of the conclusions of this and
other studies, the Modoki ENSO is considered to be a new driver
of global climate change (Xie et al., 2014) and is being linked to
global warming (Yeh et al., 2009). Based on the detection of the
principal Empirical Orthogonal Function (EOF) analysis modes,
this study identified the coupled modes of variability between
SSTs and rainfall over the Amazon basin, and between Amazon
rainfall and SSS over the Amazon plume in the WTNA to better
understand the climate impacts on biogeochemical cycles in the
WTNA.

METHODS

Datasets
Datasets containing 46 year (January 1970 to December 2015)
records of SST, rainfall, and SSS were used to conduct the analysis.
SST monthly data were obtained from the Ocean ReAnalysis
System 4 (ORAS4: http://icdc.cen.uni-hamburg.de/), with 1◦ ×

1◦ grid resolution. ORAS4 was evaluated by comparison with
observed ocean currents, derived transport, sea-level gauges,
and bottom pressure (Balmaseda et al., 2013). The monthly
rainfall data were obtained from the GPCC, full data reanalysis
version 7 (GPCC v7: http://www.esrl.noaa.gov/psd/). The GPCC
v7 provides global land-surface rainfall in a regular grid, with
a resolution of 1◦ × 1◦. This dataset is based on 75,000 gauges
located worldwide and enables the analysis of climate variability
and historical trends (Schneider et al., 2014, 2015). The Global
Precipitation Climatology Project (GPCP), version 2.3, with
2.5◦ resolution was also used to determine anomalies of land
and oceanic rainfall. In addition to SST, SSS was also obtained
from the ORAS4 database, with the same spatial and temporal
resolution.
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We also used data for 46 years of monthly Amazon
discharge values recorded at the Óbidos Gauging Station, which
was available from the Environmental Research Observatory–
Geodynamical, hydrological, and biogeochemical control of
erosion/alteration and material transport in the Amazon
basin (ORE–HYBAM: http://www.ore-hybam.org). The values
recorded at the Óbidos Gauging Station, about 600 km west of
the river mouth, were used to estimate the interannual variability
of the Amazon River discharge.

In this study, we used data for 46 years of monthly zonal,
meridional, and vertical components of winds from ERA-Interim
reanalysis, produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF), and available at http://
www.ecmwf.int/.

Statistical Analysis
The influence of the Pacific and Atlantic SST on rainfall over
South America and the rainfall distribution on SSS in the
Amazon River plume on an interannual timescale was analyzed
by applying a coupled EOF analysis. The EOF was constructed
by a Singular Value Decomposition (SVD) analysis (Bretherton
et al., 1992; Wallace et al., 1992) of the cross-covariance matrix
between SST (140◦–20◦E, 20◦S–20◦N) and rainfall (20◦S–20◦N
and 80◦W–20◦E) for the dataset period. SVD was conducted
by analyzing the covariance matrix between Pacific and Atlantic
SSTs and precipitation anomalies over South America, and was
conducted after the monthly climatologies were removed from
the SST, rainfall, and SSS datasets.

From this analysis, we computed the loadings and scores
for both modes, SST vs. rainfall and rainfall vs. SSS. These
loadings were computed from the left and right eigenvectors
and represented the spatial patterns of the corresponding mode.
The scores of the SVD modes were computed by projecting the
data on to the loadings of the corresponding field. The squared
covariance fraction (SCF) expresses the percentage explained by
the modes. One of the benefits of SVD is that the order of the
calculated modes is based on the strength of their co-variability,
as the first mode is the strongest and the last mode is the weakest.
To identify the connection between rainfall EOF patterns, a linear
regression analysis was performed between the rainfall vs. SSS
principal components (PCs) and SST vs. rainfall PCs.

To improve the analysis of rainfall behavior over the Amazon
basin, the PCs from each EOF were correlated with Pacific and
Atlantic climatic indices (Table 1). The statistical significance
of the cross-correlations between climate indices and the PCs
was determined from a two-sample t-test at 95% confidence
levels. The climatic indices were obtained from the Earth
System Research Laboratory/National Oceanic and Atmospheric
Administration (ESRL/NOAA), and are available at https://www.
esrl.noaa.gov/.

RESULTS AND DISCUSSION

Pacific and Atlantic SST vs. Amazon Basin
Rainfall
The distinct patterns of SST anomalies in the Pacific and Atlantic
oceans induced different rainfall responses over the watershed

TABLE 1 | ENSO and Atlantic indices and respective regions of SST anomalies.

Index Covered area

Niño12 El Niño 1+2. Area-averaged SST anomaly over Extreme Eastern

Pacific SST, from equator to 10◦S, 90◦–80◦W

Niño3 El Niño 3. Area-averaged SST anomaly over Eastern Tropical Pacific

SST, 5◦N–5◦S, 150◦ W–90◦W

Niño34 El Niño 3.4. Area-averaged SST anomaly over East Central Pacific SST,

5◦N–5◦S, 170◦–120◦W

Niño4 El Niño 4. Area-averaged SST anomaly over Central Pacific SST,

5◦N–5◦S, 160◦E–150◦W

EMI El Niño Modoki Index. Computed by combining SST anomalies

averaged over each box-area, A−(B+C)/2. Where: A (165◦E–140◦W,

10◦S–10◦N), B (110◦–70◦W, 15◦S–5◦N) and, C (125◦–145◦E,

10◦S–20◦N)

NTA North Tropical Atlantic SST Index. SST anomalies averaged over

60◦W–20◦ W, 6◦–18◦N and 20◦–10◦W, 6◦–10◦N

TNA Tropical Northern Atlantic Index. SST anomalies averaged over

57.5◦–15◦W and 5.5◦–23.5◦N

TSA Tropical Southern Atlantic Index. SST anomalies averaged over

Eq–20◦S and 10◦E–30◦W

AMM Atlantic Meridional Mode. Maximum Covariance Analysis (MCA) to sea

surface temperature (SST) and the zonal and meridional components

of the 10m wind field over the time period 1950-2005, from the

NCEP/NCAR Reanalysis. The spatial pattern cover 21◦S–32◦N,

74◦W–15◦E

CTA Cold tongue anomaly, SST anomalies averaged over 10◦W–15◦E and

5◦N–5◦S

of the Amazon basin and this subsequently influenced the river
discharge. The results of the EOFs performed between SST and
rainfall reflected this behavior. The EOF analysis was performed
with rainfall lagging SST by 1–4 months. SST acted as the
predictor and precipitation acted as the response series. The
results were limited to a 4 month-lagged cross-covariance matrix,
with rainfall lagging SST, based on the best response relation.
This EOF analysis of the lagged cross-covariance matrix between
tropical Pacific and Atlantic SST and rainfall in the Amazon basin
revealed three main modes. These modes together explained
87.83% of the total covariance between SST and rainfall, with
73.89, 7.91, and 6.03% of the signal explained by EOF1, EOF2,
and EOF3 respectively. The PC1 SST signal was correlated
with El Niño 3 (0.94, p < 0.05). In the canonical El Niño
phase, SST anomalies over tropical and subtropical latitudes were
warmer than normal. The spatial pattern of EOF1 (Figure 1)
was characterized by a basin-scale warming from the eastern to
central Pacific, which was negatively associated with rainfall in
the northeast Amazon basin portion. Rainfall during a canonical
El Niño event was increased in the west coast regions of South
America, while La Niña events increased rainfall over central
South America and the Amazon basin. The regions in the
Amazon basin that received most rainfall corresponded to the
western portion of the watershed near the Andean elevation.
Below average rainfall covered the central and eastern areas of
the basin, near the river mouth.

It is known from previous work that on interannual timescales
the ENSO system has a large variance in the Pacific (Yeh
and Kirtman, 2004; Di Lorenzo et al., 2015). Jiménez-Muñoz
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FIGURE 1 | First EOF mode of 4 month-lagged covariance matrix between SST and rainfall (normalized scale by 103), the Squared Covariance Fraction (SCF) in

percentage, and the first Principal Component (PC1).

et al. (2016) have classified the 2015/2016 El Niño event as an
unprecedented warming, with extreme drought in Amazonia
compared to the earlier strong El Niño events of 1982/83 and
1997/98. They found that both eastern and central Pacific SST
anomalies in December 2015 contributed to this ENSO, with a
strong decay from January to June 2016, which was characterized
by a stronger contribution from the central Pacific.

As shown in Figure 1, the Pacific SST anomalies in the Pacific
Ocean were most often present near the South American coast,
dispersing westward through the ocean, with a pattern similar
to El Niño 3. Following this SST pattern, rainfall was more
concentrated in the westward and southwestward portion of the
Amazon basin. El Niño 3 events are associated with periodic
severe droughts in Amazonia due to convective inhibition and
rainfall reduction in the northern, eastern, and western parts of
Amazonia (Marengo and Espinoza, 2015). Some of this reduction
in rainfall in Amazonia is associated with canonical El Niño
events, with a contribution from the Atlantic. This increase
in SST would weaken the northeast trade winds, reducing the
moisture transport from the tropical Atlantic into the Amazon
region.

PC2 (Figure 2), which corresponded to 7.91% of the variance,
was negatively correlated with the cold tongue anomaly (CTA)
(−0.74, p < 0.05). The EOF2 pattern was characterized by
sparse positive rainfall anomalies mainly in the central part of
the Amazon basin (Figure 2). The sparse rainfall distribution
was weakly correlated with Pacific climatic indices, but there
were stronger negative correlations with the equatorial and
North Atlantic (Table 2). Marengo (1992) and Marengo et al.
(2008) reported that cold SST events in the North Atlantic
were associated with stronger northeast trade winds and an

increase in moisture transport from the North Atlantic into the
Amazon.

The spatial pattern of EOF3 (Figure 3) corresponded to 6%
of the covariance and exhibited a zonal structure in the cooling
of SSTs in the central Pacific and a warming in the eastern
Pacific. PC3 (Figure 3) was negatively correlated with the EMI
(−0.83, p < 0.05) (Table 2). The PC (Figure 3) associated with
this mode corresponded to the negative phase of the Modoki
ENSO (La Niña Modoki). The negative correlation presented
in the EOF3 indicated that the positive rainfall anomalies
over northwest South America responded to La Niña Modoki
events. La Niña Modoki events have received less attention than
prominent canonical La Niña events observed in the central
Pacific due to the difficulty in identifying distinct types of cold
events (Shinoda et al., 2011; Kulkarni and Siingh, 2016). Despite
the PC correlation with the negative phase of Modoki El Niño
and canonical La Niña events being similar, the spatial structure
of SSTs (Figure 3) was characterized by a cold area in the central
Pacific and a warmer area in the eastern Pacific, which is a
characteristic of La Niña Modoki events (Ashok et al., 2007). The
corresponding EOF3 spatial pattern of rainfall over the continent
is shown in Figure 3, and indicated positive rainfall anomalies in
the northwestern part of the Amazon basin. This is the area that
makes the largest contribution to the Amazon River discharge
and is formed mainly by the junction of the Negro River, coming
from the northwest, and the Solimões River (Beluco and Souza,
2014).

A similar spatial pattern was also reported by Ashok et al.
(2007), although they performed a single EOF of SSTs over
the Pacific, from 1979 to 2004. They identified the first mode
as a canonical El Niño event (45%), with the second mode
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FIGURE 2 | Second EOF of 4 month-lagged covariance matrix between SST and rainfall (normalized scale by 103), the Squared Covariance Fraction (SCF) in

percentage, and the second Principal Component (PC2).

TABLE 2 | Forty-six years Cross-correlation between PCs of 4 month-lagged EOF SST × Rainfall with Pacific and Atlantic Indices.

Niño12 Niño3 Niño34 Niño4 TNA TSA AMM CTA EMI

dof = 95 dof = 98 dof = 92 dof = 71 dof = 17 dof = 68 dof = 47 dof = 16 dof = 63

PC1 SST 0.80* 0.94* 0.94* 0.85* 0.25* −0.01 −0.03 0.03 0.43*

PC2 SST 0.15* 0.12* 0.12* −0.06 −0.62* −0.58* −0.46* −0.75* 0.06

PC3 SST 0.32* −0.04 −0.28* −0.56* −0.09* −0.04 −0.03 −0.13* −0.83*

The cross-correlations in bold are significant with 95% confidence level. The effective number of degrees of freedom (dof) was calculated by the autocorrelation scale.
*α = 0.05; dof, degrees of freedom; cc, cross-correlation.

corresponding to the Modoki signal explaining 12% of the SST
variability, the third mode explaining 7%, and the fourth mode
explaining 4.5%. Using SST composites, the authors identified
two seasonal Modoki events. The first one, which occurred
in the austral winter (June–September), was warmer in the
central Pacific and extended northeastward in the North Atlantic
and southeastward in the South Atlantic. The other mode was
confined to the equatorial Pacific from December to February.

Amazon Basin Rainfall vs. WTNA SSS
The EOF spatial patterns of South American rainfall vs. SSS over
the western tropical WTNA covered the area from 20◦S to 20◦N
and 80◦W to 20◦E. The best response (i.e., stronger correlations)
of SSS to the South American rainfall variability occurred with
a 3-month lag. Results were limited to the coupled EOF with 3
month-lagged SSS. The first four modes retained 70.49% of the
total covariance between SSTs and rainfall.

The first and third spatial modes of rainfall over South
America showed a similar pattern to those found for the rainfall
patterns of the coupled EOF of SST vs. rainfall.

The first mode explained 43.46% of the covariance (Figure 4).
The rainfall pattern over the continent corresponded to the
spatial pattern found in the first mode between SST and rainfall
with a correlation of 0.96 (p < 0.05) (EOF1, Figure 1), which
was associated with canonical El Niño events (Table 2). The
negative rainfall over the Amazon basin was mostly attributed
to canonical El Niño events, with strong droughts experienced
in the Amazon basin in 1983, 1997, 2005, and 2010 (Marengo
et al., 2013). As expected, this rainfall pattern was associated
with high SSS along the coast, indicating that negative rainfall
anomalies contributed to a low river discharge and consequently
high SSS in the WTNA. This high SSS was present along the
coast propagating northwestward. At about 50–55◦Wpart of this
signal was characterized by an eastward retroflection, with a zonal
axis and maximum SSS centered at about 6◦–8◦N (Figure 4).
The eastward NBC retroflection entered the western part of the
NECC, transporting salty water that was still detectable until it
reached 30◦W. Similar structures were also detected by Grodsky
et al. (2014a,b), during periods when the Amazon River discharge
was low, and salty surface water from the southwestern equatorial
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FIGURE 3 | Third EOF of 4 month-lagged covariance matrix between SST and rainfall (normalized scale by 103), the Squared Covariance Fraction (SCF) in

percentage, and the third Principal Component (PC3).

FIGURE 4 | First EOF of 3 month-lagged covariance matrix between rainfall (normalized scale by 103) and SSS (normalized scale by 10), the Squared Covariance

Fraction (SCF) in percentage, and the first Principal Component (PC1).

Atlantic was transported by the NBC. North of 10◦N and west of
50◦W there was a core of low SSS, while to the east the low SSS
propagated along 10◦N. Some studies have described low salinity
cores near Caribbean islands, trapped within NBC rings (Johns
et al., 1998; Kelly et al., 2000; Hellweger and Gordon, 2002), with

typical diameters up to 400 km and a life time of about 100
days.

EOF2 (Figure 5) explained about 14% of the covariance.
The spatial distribution of rainfall over the continent indicated
sparse positive rainfall anomalies over the western part of the

Frontiers in Marine Science | www.frontiersin.org 6 August 2017 | Volume 4 | Article 250

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Tyaquiçã et al. Amazon Plume Salinity Answers Teleconnections

Amazon basin decreasing to the east, while negative rainfall
anomalies were present near the Amazon River mouth. This
pattern was associated with a high SSS that was confined to
areas near the coast and transported northwestward, with part
of this turning right. This eastward pathway that transported the

higher salinities followed the NECC meanders, and enclosed a
low salinity core with negative SSS anomalies.

EOF3 (Figure 6) corresponded to 7.54% of the covariance
and presented positive rainfall anomalies in the western part of
the Amazon basin and negative rainfall anomalies mainly in the

FIGURE 5 | Second EOF of 3 month-lagged covariance matrix between rainfall (normalized scale by 103) and SSS (normalized scale by 10), the Squared Covariance

Fraction (SCF) in percentage, and the second Principal Component (PC2).

FIGURE 6 | Third EOF of 3 month-lagged covariance matrix between rainfall (normalized scale by 103) and SSS (normalized scale by 10), the Squared Covariance

Fraction (SCF) in percentage, and the third Principal Component (PC3).
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northeastern area along the coast. This pattern is associated with
a northward axis (50◦W) of positive SSS anomalies. This SSS
signal was similar to the first mode; however, it was weaker and
also had an eastward pathway between 6 and 8◦N, following the
NECC.

Figure 7 shows EOF4, which was between rainfall and SSS
and explained 5.51% of the covariance. This rainfall pattern
was similar to the rainfall structure of the third mode of the
coupled EOF between SST and rainfall, which explained 6%
of the covariance (EOF3, Figure 3), and was associated with
cold equatorial waters in the central Pacific and warm waters
in the eastern part of the Pacific. It was significantly negatively
correlated with the negative phase of Modoki El Niño events

(−0.83, Table 2). EOF4 presented positive rainfall anomalies
mainly along the Orinoco and Negro basins in the northern
area of northeast Brazil. This pattern showed a low-salinity
plume emanating from the Amazon mouth in the WTNA, with
a retroflection centered at 50◦W and an eastward propagation
along 6–8◦N. The most striking pattern was the way the Amazon
plume responded to the NBC and NECC.

In our EOF analysis, similar spatial rainfall patterns were
found between the EOF1 SST vs. rainfall and EOF1 rainfall
vs. SSS, and between EOF3 SST vs. rainfall and EOF4 rainfall
vs. SSS. The relationships between these spatial structures
were investigated through a linear regression between the
respective PCs. The scatterplot (Figure 8) revealed a strong linear

FIGURE 7 | Fourth EOF of 3 month-lagged covariance matrix between rainfall (normalized scale by 103) and SSS (normalized scale by 10), the Squared Covariance

Fraction (SCF) in percentage, and the fourth Principal Component (PC4).

FIGURE 8 | Linear regression between (A) the first PCs of EOF rainfall vs. SSS by EOF SST vs. rainfall and, (B) the fourth PC of EOF rainfall vs. SSS by the third PC of

SST vs. rainfall, both at 95% confidence level.
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relationship between the first PCs of rainfall in both cases, with
an R2 of 0.92 and the fourth PC of rainfall associated with
SSS corresponded to the third PC of rainfall associated with
the SST, with an R2 of 0.67, both at a 95% confidence level.
These results confirm that the rainfall patterns associated with
El Niño 3.4 and the EMI were the same as those present in the
analysis between rainfall and SSS. The structure found in EOF4
differed from the other EOF modes. The fourth mode showed
strong negative SSS anomalies that were associated with the high
rainfall in the northwestern Amazon basin; however, the origin
of the low salinity remained unclear, because part of this low
salinity could also be a contribution from the ITCZ. Our analyses
considered rainfall only over the continent, but the SSS signal had
an influence from both the continent and rainfall over the ocean.

For example, in 2009 and 2012, the most serious floods of the
last 40 years were recorded at the Manaus and Óbidos stations,
due to the rising levels of the Solimões and Negro rivers, the two
main branches of the Amazon River (Marengo et al., 2013). It is
important to note that a strong and continuous La Niña Modoki
occurred throughout 2008 (Shinoda et al., 2011). However, in
2009 there was also a very strong southern meridional event that
was apparently not related to El Niño, which caused a very high
anomalous change in the southern ITCZ and severe flooding
in northeast Brazil. This southern mode was reported by Foltz
et al. (2012). They argue that the anomalous cooling of SSTs in
the equatorial North Atlantic triggered a strong southern-mode
Atlantic event in April–May, with smaller SSTs in the equatorial
North Atlantic and warmer SSTs in the equatorial South Atlantic.
This event was characterized by abnormal north winds, causing
an anomalous southward shift of the ITCZ and resulting in severe
flooding in northeast Brazil.

In this study, we focused on 2009, because of the possible
Atlantic oceanic influence in this year, whereas in 2012 there
were no strong Atlantic SST anomalies. To better understand the
role of the anomalous meridional shift in April–May 2009 and
the previous La Niña Modoki event in 2008, in rainfall over the
continent, we performed 3-month composites of SSTs, rainfall,
and surface wind anomalies, for the period of December of 2007
to November 2009 (Figure 9).

The evolution of the composites indicated an anomalous
SST cooling in the Pacific at the beginning of 2008, with
positive rainfall anomalies over the southeastern basin and
northeast Brazil. During this period, the eastern north Atlantic
was characterized by anomalously warmer SSTs and the western
north Atlantic was colder than normal.

FromMarch to May of 2008, cooler waters were present in the
central Pacific, which was associated with the warm SSTs in the
Eastern Pacific. This indicated a well-defined La Niña Modoki,
and was reported by Shinoda et al. (2011). Higher than normal
rainfall was concentrated in the northwestern part of the Amazon
basin, while SST positive anomalies intensified in the eastern
North Atlantic and the western North Atlantic remained colder.

From June to November of 2008, cold water remained in the
central Pacific, with warmer SSTs in the eastern Pacific, while
water in the north and central Atlantic was also warmer and there
were positive rainfall anomalies over the northwest Amazon
basin.

From December 2008 to February 2009, the Pacific SSTs
presented an inverse signal, with warm water throughout the
whole Pacific basin, but positive rainfall anomalies still persisting
over the northwest Amazon basin.

The rainfall patterns in northwest South America only
changed in March to May 2009, when negative rainfall anomalies
were present, as a lagged response to the warming in the Pacific.
In this period, a meridional dipole was present in the Atlantic,
with negative SST anomalies in the North Atlantic and positive
anomalies in the South Atlantic. This anomalous southern shift
of warmer SSTs in March–April 2009 corroborates the results of
Foltz et al. (2012), such as the positive rainfall anomalies over
northeast Brazil. Simultaneously, in the Pacific area, the SST
anomalies configure the presence of a positive phase of an El
NiñoModoki event, with warmer waters in the central Pacific and
colder waters in the eastern Pacific. Despite the La Niña Modoki
event that occurred during the whole of 2008, the southward shift
of the ITCZ was also detected here, as reported by Foltz et al.
(2012). Both events in the Pacific and Atlantic contributed to the
increase of rainfall in the north of the Amazon basin throughout
2008 and at the beginning of 2009, which subsequently increased
the river discharge anomalies.

To follow the sequence of events, the EMI signal was analyzed
with 4 month-lagged rainfall and river discharge normalized
anomalies. The rainfall anomalies were constructed with the
spatially averaged rainfall in the area of 0◦–12◦N and 53◦–70◦W,
over the 46 year period, but the analysis was restricted between
March 2008 and September 2009, as shown in Figure 10. The
negative phase of El Niño Modoki preceded the positive rainfall
anomalies that peaked in March 2009, with a 2 month lag to the
strong river discharge anomaly, while the maximum southward
shift of the ITCZ occurred in March–May.

From March to May of 2008 (Figure 9), a clockwise vortex
of surface winds was present over the northern part of South
America and a second clockwise vortex was located over the
eastern central Pacific, resulting in strong winds coming from
the central Atlantic. In addition to this surface wind pattern,
we analyzed the omega field (height × time), averaged over a
section between 75◦ and 80◦W and fixed at 5◦N. The omega
field represents the rate of change of pressure in a parcel over
time (dp/dt), which is proportional to the vertical wind under
hydrostatic balance. The vertical component of velocity in the
pressure coordinates is positive in the downward direction. In
this averaged section, we identified a strong ascending cell in the
hovmöller diagram of the omega field (Figure 11). The upward
vertical motion was represented by negative omega values, along
the second half of 2008, from the surface to 200 hPa in the
atmosphere. The ascending vertical motion favors the formation
of convective clouds over the area. In this particular case, it
seems to be that both phenomena contributed to an anomalous
rainfall in the north of Amazon basin, consequently increasing
a 2-month lagged Amazon River discharge anomaly in May of
2009.

Our EOF analysis revealed an influence of La Niña Modoki
events in the spatial pattern of precipitation in the Amazon Basin,
highlighting the positive anomalies in the northwest portion of
the Amazon Basin. These rainfall patterns were associated with
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FIGURE 9 | Three-month composites of SST, rainfall (normalized scale by 103) and surface wind anomalies, from December 2007 to November 2009. Anomalies of

SST and rainfall were constructed over the period of 46 years.
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FIGURE 10 | Monthly normalized anomalies of rainfall (mm/month), computed over the area of 0◦–12◦N and 53◦–70◦W (blue line), Amazon River discharge (m3 s−1)

(green line) and EMI (red line) shifted + 4 months. Anomalies of SST and rainfall were constructed over the period of 46 years.

FIGURE 11 | Hovmöller diagram of monthly omega or vertical component of

velocity in pressure coordinates (dp/dt), from 2008 to 2009, fixed at 5◦N and

averaged between 75◦and 80◦W. Omega is positive down (Pa s−1).

the low SSS pattern in the Amazon River plume. In addition,
our analysis focused on the specific period of 2008/2009, showing
that La Niña Modoki events associated with an anomalous shift
of the ITCZ in the Atlantic, had an important role in the
development of convergence over the Amazon basin. Future
studies should undertake an individual analysis of each Modoki
event, which would improve these analyses and contribute
to a better understanding of the role of La Niña Modoki
events on the Amazon basin and river discharge. In addition,
the influence of land rainfall vs ocean rainfall was quantified
through a cross-correlation between the PC associated with EOF4
(rainfall vs. SSS), and the rainfall anomalies over the land and
ocean.

We used the rainfall anomalies from the GPCP 2.3 dataset,
once it covers both ocean and land precipitations. The results
of the cross-correlation analysis between EOF4 PCs and rainfall
anomalies are shown in Figure 12. The cross-correlation map
indicated that, the PC (rainfall series) of EOF4 (rainfall vs. SSS)
was associated with rainfall anomalies over the continent.

CONCLUSIONS

We used 46 years of ocean and atmospheric reanalysis data
to show that interannual Pacific and Atlantic SST patterns can
lead to different rainfall responses over the Amazon basin and,
consequently can drive different interannual patterns in the SSS
over the WTNA. The co-variability of SST and Amazon rainfall,
and Amazon rainfall and surface salinity were examined using an
EOF analysis. As in previous studies, links were found between
El Niño and Atlantic indices and Amazon rainfall. The co-
variability between rainfall and SSS demonstrated the existence of
a strong positive SSS pattern along the coast. This was connected
to negative rainfall anomalies over the whole of the Amazon
basin, and was linked to canonical El Niño events. A second
pattern also presented positive coastal SSS anomalies, when
rainfall occurred predominantly over the northwestern part of
the Amazon basin, with low rainfall around the Amazon River
mouth.

The fourth EOF (rainfall vs. SSS) had the lowest salinity
pattern in the WTNA. This pattern was associated with the third
EOF (SST vs. rainfall), when positive rainfall anomalies were
concentrated in the northwest part of the Amazon basin. This
relationship was confirmed through a linear regression between
the two analyses. The low SSS pattern linked to this mode
was characterized by a spatial structure similar to the Amazon
plume dispersion, with an eastward retroflection following the
pathway of the NECC. From the EOF and correlation analysis,
we identified the negative phase of El Niño Modoki events as
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FIGURE 12 | Cross-correlation between EOF4 principal component and

GPCP rainfall anomalies over land and ocean, from 1979 to 2015.

the main contributor to this mode. However, a detailed analysis
was conducted for the years of 2008 and 2009, when anomalous
rainfall in the north of the Amazon basin occurred, followed
by an intense Amazon River discharge. During 2008 a La Niña
Modoki event occurred and in April–May of 2009 an anomalous
southward shift of the ITCZ took place. Both phenomena resulted
in increased SST anomalies in the southwest Atlantic and eastern
Pacific, contributing to an intensification of the convergence
of ocean winds to the continent. The convergence of surface
winds contributed to a strong vertical cell of ascending winds
that was present over the north of the Amazon basin from the
surface to 200 hPa. In this particular case, both phenomena
contributed to anomalous rainfall in the north of the Amazon
basin, consequently increasing a 2-month lagged Amazon River
discharge anomaly in May of 2009.

Despite this particular case, the statistical analysis of the
46 year period indicated that La Niña Modoki events were
important contributors to low SSS in the Amazon River plume.
Our correlation results also provided evidence that the rainfall
mode, associated with La Niña Modoki, responded better to
rainfall anomalies over the continent. However, it is important
to consider that not all SSS variability in the WTNA could be
explained by changes in the Amazon discharge. Oceanic rainfall
as well as advection are also important forcings of the SSS
variability in this region, with strong boundary currents and
strong SSS gradients created by the Amazon outflow, even in
the absence of discharge anomalies. This pattern of low salinity
makes an important contribution to other processes, such as an
increase in productivity, and changes in the surface dynamics,
mixed layer thickness, CO2 fluxes, and light absorption. For
example, light absorption is significantly enhanced in low salinity
regimes (Subramanian et al., 2008), suggesting that the ocean

color in the plume area can be traced back to the freshwater
discharge. In addition, the SSS in the Amazon plume has
consequences for air-sea CO2 exchange and has an impact on
biogeochemical cycles. In the WTNA, surface waters with low
salinity (<35) are usually a sink of CO2 from the atmosphere.
The magnitude of these processes can be intensified according to
the magnitude and frequency of El Niño Modoki events.
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