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The purpose of this study is to investigate the vulnerability of the Brazilian and western African Large Marine Eco-
systems (LMEs) to local and remote forcing, including the Pacific Decadal Oscillation (PDO) regime shift. The
analyses are based on the total and partial correlation between climate indices (Nifio3, tropical South Atlantic
(TSA), tropical North Atlantic (TNA) and Antarctic oscillation (AAO) and oceanic and atmospheric variables
(sea surface temperature (SST), wind stress, Ekman transport, sea level pressure and outgoing longwave radia-
tion). Differences in the correlation fields between the cold and warm PDO indicate that this mode exerts a sig-
nificant impact on the thermodynamic balance of the ocean-atmosphere system on the South Atlantic ocean,
mainly in the South Brazil and Benguela LMEs. The PDO regime shift also resulted in an increase in the spatial var-
iability of SST and wind stress anomalies, mainly along the western African LMEs. Another important finding is
the strong AAO influence on the SST anomalies (SSTA) in the South Brazil LME. It is also striking that TSA mod-
ulates the relation between El Nifio-Southern Oscillation (ENSO) and SSTA, by reducing the influence of ENSO
on SSTA during the warm PDO period in the North and East Brazil LMEs and in the Guinea Current LME. The re-
lation between AAO and SSTA on the tropical area is also influenced by the TSA. The results shown here give a
clear indication that future ecosystem-based management actions aimed at the conservation of marine resources
under climate change need to consider the high complexity of basin-scale interactions between local and remote
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climate forcings, including their effects on the ocean-atmosphere system of the South Atlantic ocean.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Warming trends reported for the world's Large Marine Ecosystems
(LMEs) have been associated with contrasting impacts on zooplankton
and fisheries biomass, even for close geographic locations within an
ocean basin (Sherman et al., 2009). The inferred warming rate (measured
as a linear trend) is not the same everywhere, instead, it may vary from
slow (over 0.05 °C/decade) to super-fast (over 0.45 °C/decade) (Belkin,
2009). The effects of these warming trends are not uniform, the fast-
warming scenario for the northern Northeast Atlantic LMEs resulted in
an increase in fisheries biomass due to increased zooplankton biomass
while southern areas of these LMEs experienced fisheries biomass de-
clines (Sherman et al., 2009). The response of fisheries biomass to remote
and local climate forcing tend to be diverse as a result of amplifications,
time lags and feedbacks inducing abrupt and discontinuous shifts
(Overland et al., 2010), leading to contrasting biomass yields (Soares
et al., 2011). So, before the actual influence of environmental trends
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(e.g., increase in sea surface temperature) on the functioning of LMEs
can be accurately quantified, the relative influence of local and remote
forcings on environmental conditions needs to be assessed.

The sensitivity of the South Atlantic to climate variability at interan-
nual, decadal and multidecadal timescales is closely related to changes
in basin-scale sea surface temperature (SST) and sea level pressure
(SLP) (Wainer and Venegas, 2002). The most important examples of
the interplay between local and remote forcing of the SST variability
in the tropical Atlantic are the coupled local ocean-atmospheric interac-
tion and the El Nifio-Southern Oscillation (ENSO), respectively (Nobre
and Shukla, 1996; Wu et al., 2007). Kayano et al. (2012) showed that
there is a SST mode in the South Atlantic, which they called the south-
west South Atlantic mode. This is characterized by a dipolar structure
with a strong negative center at (30°S, 40°W) that extends between
15°S and 45°S, and a less extensive positive center in the southern mid-
latitudes, which is strongly modulated by the ENSO. They showed that
an El Nifio (La Nifia) event precedes by up to 12 months the sea surface
warming (cooling) in the South Atlantic between 15°S and 45°S. They
also found that the South Atlantic SST dipole mode with centers at
(15°S, 0° longitude) and (37.5°S, 25°W) leads or lags ENSO depending
on the period of analysis.
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Clearly, the response of the tropical Atlantic to remote forcing depends
on atmospheric teleconnection mechanisms and on basin-scale SST gradi-
ents acting on different time scales (Alexander et al., 2002; Enfield and
Mayer, 1997; Giannini et al., 2004; Hastenrath, 2006; Lanzante, 1996).
Mechanisms include the upper-tropospheric Rossby-wave train that ex-
tends from the equatorial eastern Pacific to the northern tropical Atlantic
and the east-west displacement of the Walker circulation during El Nifio
years (Hastenrath, 1976; Kayano et al., 1988). Alternatively, Chiang and
Lintner (2005) suggested that the anomalous warming signal produced
in the eastern tropical Pacific during an El Nifio episode propagates east-
wards in the troposphere as an equatorial Kelvin wave. This tropospheric
warming originated from the ocean surface acts to reduce moist convec-
tion, causing the latent heat to accumulate at the boundary layer. So, as a
result of the reduced evaporation the heat content builds up and warms
the ocean mixed layer. In any case, there is still an acute lack of research
on the response of the South Atlantic to remote and local forcing of the
interannual time scale and their possible effects on the functioning of
LMEs.

There are a number of forcing factors affecting the oceanic and atmo-
spheric conditions along the South Atlantic LMEs. An important local
forcing in the tropical Atlantic is the inter-hemispheric SST gradient
(Andreoli and Kayano, 2003; Enfield and Mayer, 1997; Enfield et al.,
1999; Giannini et al., 2004; Moura and Shukla, 1981; Nobre and
Shukla, 1996; Pezzi and Cavalcanti, 2001; Servain et al., 2000; Wang,
2002). Simulations with a coupled ocean and atmosphere numerical
model (Xie, 1999) indicate that the interactions between wind, SST
and evaporation determine the growth and oscillation of the SST
inter-hemispheric gradient (see also Chang et al., 2006). Enfield et al.
(1999) summarized the temporal variability of the meridional SSTAs
in the Atlantic using two climate indices that represent local modes:
the Tropical South Atlantic (TSA) and the Tropical North Atlantic (TNA).

Another Atlantic local mode is the Antarctic Oscillation (AAO), also
known as the Southern Hemisphere Annular Mode, and it represents
the differences in surface pressure between middle and high south lat-
itudes (Gong and Wang, 1999; Hall and Visbeck, 2002; Thompson and
Wallace, 2000). Hall and Visbeck (2002 ) showed that this mode is asso-
ciated with changes in the surface westerlies as a result of the poleward
movement and intensification (weakening) of the atmospheric jet
stream around 55°S (35°S). The oceanic linkage is through frictional
transfer of momentum, causing Ekman flow anomalies as high as two-
thirds of the mean value. It has been suggested (L'Heureux and
Thompson, 2005) that the ENSO affects the AAO through changes in
the zonal wind anomalies in the subtropical latitudes, accounting for
25% of AAO variability during austral summer.

Besides ENSO, another important remote forcing acting on the
Atlantic basin is the Pacific Decadal Oscillation (PDO) (Mantua et al.,
1997; Zhang et al., 1997). The PDO is best understood as the leading
mode of interdecadal variability in SST of the extratropical North Pacific
with characteristic cold and warm phases (MacDonald and Case, 2005).
These cold and warm phases are known to trigger significant climate
and biological regime shifts with impacts on important fish stocks
(Chavez et al., 2003; Mantua and Hare, 2002). It has been shown that
the amplitude and dominant period of ENSO in the Pacific have in-
creased after 1976, concurrent with the Pacific shift driven by decadal
changes in the background equatorial winds and associated upwelling
(Wang and An, 2002). Although the PDO-induced regime shift is well
documented for the biota of the North Pacific with a significant change
between 1976 and 1977 (see Mantua and Hare, 2002), there is no infor-
mation available so far as to how the cold and warm phases of the PDO
could impact the physical environments along the South Atlantic LMEs.
It is also unclear how PDO and ENSO would interact in a basin scale to
generate spatial patterns of variations in SST, wind stress and Ekman
transport that could be biologically relevant.

Here, we demonstrate for the first time the effects of local and re-
mote forcing on the oceanic and atmospheric conditions along the
Brazilian and western African coast LMEs, including the PDO regime

shift. We highlight that the geographical boundaries of these LMEs are
largely offset from the spatial patterns of climate-induced variations
that emerge from our analyses. Therefore, productivity and trophic rela-
tions in each of the LMEs are likely to generate mixed responses at the
ecosystem level. If not taken into consideration by the environmental-
based management policies, this has the potential to induce policy
makers to react to a confounded scenario of environmental change.
Maps of total and partial linear correlations between climate indices
and oceanic-atmospheric variables in the South Atlantic are used to
assess the vulnerability of the LMEs in this oceanic sector (Fig. 1) to
climate variability.

2. Data and methodology

The SST data used here were the monthly gridded series for the
period from 1948 to 2008, with a spatial resolution of 2° in latitude
and longitude, derived from the version 3 of the reconstructed SST
dataset, described by Smith et al. (2008). These data can be downloaded
from http://migre.me/3Hy49. Wind stress data were obtained from the
Simple Ocean Data Assimilation (SODA), which are in a spatial resolu-
tion of 0.5° in latitude and longitude and the period used in the analyses
ranges from 1958 to 2001. The wind stress information was used to de-
rive the Ekman transport (F, kg m~! s~ 1) using the follow equation:

Kx7
N
E I 1

where k is a unit vector directed vertically upward, 7 (kg m~
the wind stress vector and fis the Coriolis parameter (s~ !).
The outgoing longwave radiation (OLR) data employed in this work
were derived from the polar-orbiting National Oceanic and Atmospher-
ic Administration (NOAA) satellites that have a spatial resolution of 2.5°
latitude-longitude over the period from 1979 to 2008. OLR can be used
to distinguish deep convection processes and to estimate the radiation
balance of the Earth (Liebmann and Smith, 1996). These data were
downloaded from: http://www.esrl.noaa.gov/psd/data/gridded/data.
interp_OLR.html. The SLP data used have a spatial resolution of 2.5°
and were obtained from the National Centers for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/NCAR) Reanaly-
sis Project version 1 (Kalnay et al., 1996) for the period from 1948 to
2008. Monthly anomalies of the variables were computed at each grid
point as the departures from the climatologies based on the period
with available data (Table 1). Hereinafter, the anomalies of SST, SLP,
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Fig. 1. Location of the South Atlantic LMEs in the region of interest.
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Table 1
Description of variables: source, spatial resolution, period used to calculate the anomalies and the correlations and the PDO phases considered.
Variable Source Spatial resolution Period PDO phase analyzed
SST ERSST v3 2x2° 1948-2008 Cold and warm
Smith et al. (2008)
Wind stress SODA 0.5 x 0.5° 1958-2001 Cold and warm
Carton and Giese (2008)
OLR NOAA satellites 2 x2° 1979-2008 Warm
Liebmann and Smith (1996)
SLP NCEP/NCAR Reanalysis 1 2.5 x25° 1948-2008 Cold and warm

Kalnay et al. (2006)

OLR, wind stress and Ekman transport are referred to as SSTA, SLPA,
OLRA, WSA and ETA respectively.

The climate indices used were: Nifio3, Tropical North Atlantic (TNA),
Tropical South Atlantic (TSA), and Antarctic Oscillation Index (AAO).
The Nifio3, TNA and TSA are based on the average SSTA for the areas
bounded at 5°S, 5°N and 150°W, 90°W for Nifio3; at 5.5°N, 23.5°N and
15°W, 57.5°W for TNA; and at 0°, 20°S and 10°E 30°W for TSA (Enfield
et al., 1999; Kayano et al., 2009). The AAO (Kidson, 1988; Thompson
and Wallace, 2000) is calculated by projecting the monthly mean
700 hPa geopotential height (normalized) anomalies poleward of 20°S
onto the leading Empirical Orthogonal Function (EOF) mode of these
anomalies from 1979 to 2000. This index has been used to describe the
mass seesaw between the southern mid and high latitudes, with positive
(negative) values representing above (below) normal geopotential
height in the midlatitudes and below (above) normal geopotential
height in the high latitudes. The AAO series was obtained from the
Climate Prediction Center/National Oceanic and Atmospheric Adminis-
tration (CPC/NOAA) at http://www.cpc.noaa.gov/products/precip/
CWIink/daily_ao_index/aao/aao_index.html.

The SSTAs were linearly detrended and all the variables and indices
were submitted to a band-pass filtering process based on the Morlet
wavelet to retain only the interannual variability between 2 and
7 years (see Kayano et al., 2009 for details). For the filtering procedure
we have used the Matlab (Mathworks) code described by Torrence
and Compo (1998). The terms ENSO and Nifio3 refer, respectively, to
the climatic phenomenon and the index used as its proxy.

Maps of total correlation between the indices and ocean-atmospheric
variables were calculated for the monthly data series to assess their
linear relations,

n
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where, x and y are the correlated variables with n elements, x and y are
the average values of these variables.

The relative effects of local indices (TSA and TNA) on the remote
forcing (ENSO) were examined. Also, the effects of the TSA, TNA and
ENSO on a given variable while the AAO effect is excluded were also an-
alyzed. These analyses were based on the partial correlation coefficients
calculated from:

p12 3= M (3)
V1-p13%/1—p23°

where p;, 3 is the partial correlation between variables 1 and 2 with the
removal of 3; pq2, P13, and py3 are the total correlation between vari-
ables 1-2, 1-3, and 2-3, respectively. This statistic provides the correla-
tion coefficients between two variables with the exclusion of a third
one. Because the partial correlation involves two indices and one vari-
able, for the lag partial correlation calculation, the indices were main-
tained at the time zero and the variable was lagged.

All correlation coefficients were submitted to a Student's t-test for a
confidence level of 95%, and only the significant correlations were
retained for the analyses. The number of degrees of freedom (DOF)
was determined by dividing the total time length of the series by the
time lag needed to achieve decorrelation time close to zero (Kayano
et al., 2009; Servain et al., 2000). The DOFs were determined in each
grid point and the lowest value was adopted for all the area, so that
the test is the most severe. The DOFs and the respective critical correla-
tions coefficients obtained from the Student's t-test for each variable are
shown in Table 2.

The correlation differences between the cold PDO regime and the
warm PDO regime that changed between 1976 and 1977, were calculat-
ed for both the total and partial correlations and summarized in correla-
tion maps. To assess the statistical significance of these differences,
first a Fisher transformation was applied to the correlation coeffi-
cients of each PDO phase using Eq. (4), this operation returns the
Fisher's z-score statistics, then the difference between the z score
of each PDO period was calculated. The Fisher transformation makes
the correlation distributions approximately normal.

z :%[loge(l +p)—log.(1—p)]. @)

The differences between each pair of z-score were divided by the es-
timated Standard Error (SE) of this difference. The SE was found using
Eq. (5), where n; and n, are the DOFs for each PDO period. The correla-
tion difference is significant at a confidence level of 95% only when the
absolute value of this division is greater than 1.96.

1 1

33 )

3. Results and discussion
3.1. Compounded remote and local forcings in total correlations

Positive correlations between Nifio3 and SSTA dominate the tropical
South Atlantic roughly centered along the northern limb of the subtrop-
ical ocean gyre, and show marked differences between the cold (Fig. 2a)
and warm PDO phases (Fig. 2b). The time lag for maximum correlations
was 7 months, which compares very well with previous results on the
lagged relations between the ENSO and the tropical South Atlantic SST
variability (Enfield and Mayer, 1997; Kayano et al., 2012; Lanzante,

Table 2
Degrees of freedom (DOFs) and critical correlation values (in parenthesis) at 95% level of
confidence for each variable.

Variable Cold PDO period Warm PDO period AAO period
SST 25(0.38) 27 (0.37) 26 (0.37)
Wind stress 17 (045) 25(0.38) 26 (0.37)
SLP 25(0.38) 26 (0.37) 26 (0.37)
OLR 24 (0.39) 24 (0.39)



http://www.cpc.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao_index.html
http://www.cpc.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao_index.html

60 H.C. Soares et al. / Journal of Marine Systems 134 (2014) 57-68

C NINO3 vs. SSTA {lag 7) (1977-2008)-(1948-1976)

505

BOW 40W 200 0 206

d NINO3 vs. WSA (lag 2) 1958-1976
10N N 7T )
n{\ \R{S\S::‘:"'/"/ i
o Shi Q&:::?ﬁj./f:;;

B S

20W 0 20€

b NINO3 vs. SSTA (lag 7) 1977-2008
-

ro.e
0.8
—0.7

r0.58
H-0.58
H-0.7
—-0.8
H-0.9

£\
6]

0 60w 40w 20w 0 20E
f o3 ve. wsn (lag 2) (1977-2001)-(1948-1976

0.9
0.8
0.7
0.67
-0.67
-0.7

-0.8
-0.9
-1
60w 40W 200 0 20€
| NINO3 vs. SLPA (lag 0) (1977-2008)-(1948-1976)
M1
r0.¢
H0.8

40W

BOW

60w

60w 40w 200 0

0

Fig. 2. Correlations between Nifio3 and the SSTA during the: (a) PDO cold phase; (b) PDO warm phase; (c) difference of correlations shown in (a) and (b). Correlations between Nifio3 and
WSA during the: (d) PDO cold phase; (e) PDO warm phase; (f) difference of correlations shown in (d) and (e). Correlations between Nifio3 and SLPA during the: (g) PDO cold phase;
(h) PDO warm phase; (i) difference of correlations shown in (g) and (h). Only the significant correlations are shown in colored shaded. The threshold value above which the absolute
correlations are significant is: 0.38 in (a), (e) and (g); 0.37 in (b) and (h); 0.58 in (c) and (i); 0.45 in (d); and 0.67 in (f). The contour interval is 0.1 in (a), (b), (c), (g), (h) and (i) and
is 0.2 in (f). Vectors in the WSA maps represent the vectorial sum of correlations in the zonal and meridional directions.

1996). During the cold PDO phase (Fig. 2a), the maximum correlations
(0.7) between Nifio3 and SSTA are concentrated along the western
boundary of the South Atlantic, just north of the equator. During the
warm PDO phase this center of high correlations gets weaker and the
positive correlations along the northern limb of the subtropical gyre in-
crease from 0.5 to 0.7 (Fig. 2b). Negative correlations in the extratropical
South Atlantic of up to — 0.6 are much broader during the warm PDO
phase (Fig. 2b), than during the cold phase. The correlation map be-
tween Nifio3 and SSTA during the warm PDO phase has similarities
with the southwest South Atlantic SST mode found by Kayano et al.
(2012), this work shows that this mode is strongly lagged (two seasons)
relative to the ENSO. Overall, positive correlations between Nifio3 and
SSTA cover all the Brazilian LMEs during the cold PDO phase. Significant
correlations (0.5) are noted in the southern Brazil LME only during the
cold phase. For both PDO phases, the interpretation is that the areas
with positive (negative) correlations experienced an anomalous sea
surface warming during an El Nifio (La Nifia) event and an anomalous
sea surface cooling during a La Nifia (EI Nifio) event.

It is possible to argue that the PDO modulates the thermodynamic
control of the ocean-atmosphere system that influences the local

SSTAs in the South Brazil LME. This reasoning hinges on the fact that
SLPA over the southwest Atlantic is uncorrelated with Nifio3 (Fig. 2g)
during the cold PDO phase, but it shows high negative correlations
(—0.4 to —0.5) during the warm phase (Fig. 2h). In the warm PDO
phase, lower (higher) than average SLP over the southwest Atlantic dur-
ing an El Nifio (La Nifia) event would increase (reduce) cloudiness and
reduce (increase) the net radiative energy input into the ocean, hinder-
ing the observed warming (cooling) during El Nifio (La Nifia) seen in the
previous cold phase.

The decadal behavior of the tropical Atlantic SSTAs is largely con-
trolled by anomalous vertical heat transport and heat flux, but in the
subtropical South Atlantic, decadal SSTA variability is generated by
the surface air-sea heat flux and damped by oceanic heat transport
(Tourre et al., 1999; Wu et al., 2004). Note that the significant differ-
ences of the ENSO influence on SSTAs in the southwest Atlantic, be-
tween the cold and warm PDO regimes (Fig. 2c), give further
evidence of a strong ocean-atmosphere coupling. This mechanism
has already been hinted at by Soares et al. (2011) as responsible for
the high interannual oscillation in the production of the Brazilian
sardine.
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Correlation maps of Nifio3 vs. WSA show high negative values along
the coast of Angola, which indicate a weakening (strengthening) of
southeasterly trades in the eastern side of the tropical South Atlantic
during the El Nifio (La Nifia) event (Fig. 2d and e). This is more accentu-
ated during the warm PDO phase (Fig. 2e). This contrasts with a zonal
band of positive correlations between 5°S and 5°N in the western equa-
torial side of the basin, where a strengthening (weakening) of the
southerlies occurs during an El Nifio (a La Nifia) event. This feature is
also more accentuated during the warm than the cold PDO phase. Dur-
ing the cold PDO phase (Fig. 2d), positive correlations between Nifio3
and WSA are restricted to a smaller area in the western equatorial Atlan-
tic, and is confirmed by the significant positive correlation differences
between PDO phases shown in Fig. 2f. During the warm PDO phase
(Fig. 2e), a large area with positive correlations between Nifio3 and
WSA is evident in the southeastern South Atlantic between 40°S and
50°S. This is due to the strengthening (weakening) of the westerlies in
this area during the El Nifio (La Nifia) event during the warm PDO
phase. There are also two other areas with significant correlations
between Nifio3 and WSA, one positive off the Namibia coast and to
the south of this area, a negative one.

It is evident that the evolution from cold to warm PDO regimes was
followed by increased spatial variability of SSTA and WSA, particularly
along the western African LMEs. The relative positions of the positive
(poleward) and negative (mostly equatorward) correlation areas be-
tween Nifio3 and WSA, along the coasts of Angola and Namibia, high-
light their possible association with the core of Benguela upwelling
(the semi-permanent cell centered at 27°S) and the Agulhas Eddy
Corridor (AEC), respectively (Grodsky and Carton, 2006; Shannon and
Nelson, 1996). This aspect is more evident for the warm PDO phase.

Positive correlations between Nifio3 and SLPA (zero lag) are noted in
the Atlantic sector between 10°N and 20°S for both PDO phases (Fig. 2g
and h). Therefore, under El Nifio (La Nifia) occurrence, positive (nega-
tive) SLPAs are observed in this sector. These correlations are higher
during the warm than during the cold PDO phase. During the warm
PDO phase, centers of high positive correlation values (0.8) close to
the Namibia-Angola border and within a broad region covering most
of the tropical South Atlantic, including the Brazilian Nordeste (north-
east semi-arid region) are noted. It is plausible to assume that the forc-
ing mechanism in the Benguela environment is related to large scale
processes, including a stronger impact of SLPA on the intensity of the
oceanic gyre circulation transports (Wainer and Venegas, 2002) during
the warm PDO regime. This impact is likely to be of a reduction (an in-
crease) in the intensity of gyre circulation associated with the El Nifio
(La Nifia) during the warm PDO regime, as suggested by the significant
negative difference in correlation shown in Fig. 2f. The spatial location of
this difference coincides with the average position of the Subtropical
(anticyclonic) High Pressure center. Therefore, the atmosphere plays
an important role in the modulation of remote forcing in the western
Africa LMEs, leading to significant changes in the oceanic regime as
seen in the warm-minus-cold PDO difference maps (see Fig. 2f and i).

The inter-hemispheric SST gradient, TSA, TNA modes, and the south-
ern hemisphere annular mode AAO are the local climate modes that
account for most of the variance of the tropical and South Atlantic
to changes in the coupled local ocean-atmospheric interaction (see
Enfield and Mayer, 1997; Enfield et al., 1999). Overall, correlations in-
volving the TNA or the index for the interhemispheric SST gradient
were not significant or were lower than those for TSA. Therefore, we
will focus on those results involving the local indices TSA and AAO.
The highest linear correlation between the TSA and SSTA is found during
the cold PDO phase and becomes weaker in the subsequent warm PDO
phase (Fig. 3a and b), when the eastern side of the area with significant
correlations recedes towards the north and away from the Benguela
region.

The significant correlation differences between warm and cold PDO
phases are concentrated in the southwestern South Atlantic between
30°S and 40°S for the TSA vs. SSTA (Fig. 3c) and between 30°S and

50°S for the Nifio3 vs. SSTA (Fig. 2¢). So, the South Brazil LME in the
southwest Atlantic and the Benguela Current LME can be considered
as special sites, where decadal changes controlled by the PDO regime
play a significant role in modulating the influence of both ENSO and
TSA, despite differences in the time lag. Along the cold to warm PDO
transition, the spatial pattern of the correlations between TSA vs. SSTA
(Fig. 3a, b) depicts a more zonal structure. For the warm PDO phase,
the positive correlations between the TSA and SSTA are associated
with a weakening of the southeast trades in the equatorial western
Atlantic (Fig. 3e). This zonal pattern of positive TSA vs. SSTA correlations,
concentrated between 20°S and 5°N, is very similar to the Atlantic equa-
torial mode identified by Zebiak (1993). It should be highlighted that
these correlations are antisymmetrical with respect to Nifio3 vs. SSTA,
particularly during the warm PDO regime (Fig. 2b). This implies that
Nifio3 and TSA influences on the SSTA occur in nearly complementary
areas of the tropical Atlantic. Interannual SSTAs equatorward of 20°S
are driven mainly by surface heat flux (Wu et al., 2004) and/or heat
content (Ding et al., 2010). This might be the main process behind the
influence of TSA on the equatorial Atlantic SSTAs. Note that the linear
(negative) relation of TSA vs. WSA between 5°S and 5°N during the
PDO warm phase (Fig. 3e) is absent during the PDO cold phase
(Fig. 3d) and has an opposite sign of that of Nifio3 vs. WSA (compared
with Fig. 2e).

The correlation map between TSA and SLPA shows significant nega-
tive correlations centered at (30°S, 0°E) for the cold PDO phase and at
(20°S, 0°E) for the positive PDO phase. During the positive PDO phase
the negative significant correlations between TSA and SLPA extend
equatorward. The centers of high correlations (—0.7) between the
TSA and SLPA are close to the mean position of the South Atlantic sub-
tropical high. This result suggests that the TSA contribute to alter the
South Atlantic subtropical high mean position along the transition
from cold to warm PDO regimes (see Fig. 3i). Furthermore, the positive
(negative) TSA is associated with reduced (increased) intensity of the
South Atlantic subtropical high pressure.

The correlations TSA vs. SLPA (Fig. 3g, h) and Nifio3 vs. SLPA (Fig. 2g, h)
show opposite signs in the Atlantic sector between 10°N and 20°S, in par-
ticular for the warm PDO phase. This is yet another evidence of the com-
peting influences of local and remote processes on the tropical Atlantic.
Note that the PDO regime shift induced large scale changes in the relation-
ship between Nifio3 and SLPAs in the South Atlantic (Fig. 2i), but only
minor and localized changes for TSA (Fig. 3i).

It has been hypothesized that the TNA and TSA modes originate from
the local tropical Atlantic system, and that ENSO forcing acts to enhance
their variance and modulate their temporal evolution (Wu et al., 2004).
If we look at the correlations between Nifio3, TNA and OLRA, it becomes
clear that these are likely to have a similar influence enhancing surface
convergence at the atmospheric boundary layer and cloud formation
(Fig. 4a, c). The strong negative (—0.8) correlations between Nifio3
and OLRA (Fig. 4a) noted in the southwest Atlantic during the warm
PDO (1979-2008) indicate increased (reduced) cloudiness in this re-
gion associated with an El Nifio (La Nifia) event and this pattern is in
agreement with the hypothesis that the PDO modulates the thermody-
namic control of the SSTA in the South Brazil LME. Numerical experi-
ments with an atmospheric general circulation model (AGCM) and an
ocean general circulation model (OGCM) showed a strong relation
between reduced incident shortwave radiation due to increased cloud-
iness and negative SSTAs in the southwest tropical Atlantic (Chaves and
Nobre, 2004). The area of negative correlations of TNA vs. OLRA (Fig. 4c)
is coincident with a strong cloud forming area called the South Atlantic
Convergence Zone (SACZ) (Carvalho et al., 2004; Kodama, 1992), which
is predominant in the South Brazil LME. In contrast, the correlation map
for the TSA (Fig. 4b) not only shows opposite (negative) sign correla-
tions (compared to those for the Nifio3 and TNA) along the equator,
but also has a different area of positive correlations away from the equa-
tor, between 10°S and 25°S. Reduced intensity of the South Atlantic sub-
tropical high pressure system and reduced inter-hemispheric surface
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Fig. 3. Correlations between TSA and the SSTA during the: (a) PDO cold phase; (b) PDO warm phase; (c) Difference of the correlations shown in (a) and (b). Correlations between TSA and
the WSA during the: (d) PDO cold phase; (e) PDO warm phase; (f) Differences of correlations shown in (d) and (e). Correlations between TSA and the SLPA during the: (g) PDO cold phase;
(h) PDO warm phase. (i) Difference of the correlations shown in (g) and (h). Display is the same as in Fig. 1. Only the significant correlations are shown and the threshold values above
which the absolute correlations are significant are 0.37 in (b) and (h); 0.38 in (a), (e) and (g); 0.47 in (d); 0.58 in (c) and (i); and 0.67 in (f).

heat advection due to the weaker southeasterly trades (Fig. 3e, h), and warm PDO regime. Significant correlation differences between PDO re-
positive SSTAs between 20°S and 5°N (Fig. 3b) are concurrent with re- gimes for the TSA vs. WSA centered along the equator and in an area be-
duced meridional surface Ekman transport (not shown) during the tween 30°S and 40°S (Fig. 3f) are in agreement with this mechanism.
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Fig. 4. Correlations between and the: (a) Nifio3 and OLRA; (b) TSA and OLRA; and (c) TNA and OLRA. Correlation coefficients were calculated only for the PDO warm phase. Only the
significant correlations are shown in varying shades of color. The contour interval is 0.1. The threshold value above which the absolute correlations are significant is 0.39 in (a), (b) and (c).
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The AAO primary mode of internal atmospheric variability has a
strong zonally symmetric character, leading to strong hemispheric-
scale synchronization with ocean variability that enhances atmo-
sphere-ocean covariability (Hall and Visbeck, 2002). As a predominant
component of the southern hemisphere internal mode, the AAO plays
an important role in both the Brazilian and west African LMEs via the
Pacific-South American teleconnection (Ding et al., 2012; Karoly, 1989).
Its effect on the SSTAs are widespread, positive (0.5) zonal correlations
are found around 5°S, between 40°S and 50°S. There is also an important
negative correlation (—0.6) on the South Brazil LME between 25°S and
35°S (Fig. 5a), coincident with the position of the oceanic branch of the
SACZ. Results of a coarse-resolution coupled ocean-atmosphere model
(Hall and Visbeck, 2002) showed that positive AAO is correlated with a
reduction of poleward heat transport at about 50°S, and an increase
around 30°S. This agrees well with our results that point to positive cor-
relations between AAO and SSTAs where meridional heat transport is re-
duced and negative correlations where it increases, along the western
side of the basin. Negative correlations of AAO vs. WSA (Fig. 5b) and
ETA (Fig. 5¢), between 40°S and 50°S, also agree with the above mecha-
nism, although mostly concentrated eastward of 20°W. The expected ef-
fect on the regional heat budget is also confirmed by the increased OLRA
for the positive AAO (Fig. 5d), that spreads across the basin south of 40°S.
According to Hall and Visbeck (2002), the poleward migration of the jet
stream would lead to a reduction in baroclinic activity and rising motion,
hence reduced cloud formation. We have, indeed, detected a broad
zonally oriented region of high positive OLRA vs. AAO correlation along
a latitudinal band between 40°S and 50°S (Fig. 5d).
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3.2. Interactions between remote and local forcings in partial correlations

The analysis of partial correlation maps focus on the relative impor-
tance of local and remote forcings on the climate variability of the South
Atlantic LMEs. Prior to the analyses of the partial correlation maps, the
correlations among every two indices involved in the partial correla-
tions are presented in Table 3. The Nifio3 and TSA are weakly and posi-
tively correlated during the cold PDO phase and significantly and
negatively correlated during the warm PDO phase. The larger magni-
tude of the correlation for the warm than for the cold PDO phase
might lead to a stronger effect when TSA is removed during the warm
than during the cold PDO phase. The Nifio3 and TNA are positively cor-
related in both phases of the PDO, with nearly comparable correlation
magnitudes. However, only the correlation for the cold PDO phase is sig-
nificant. The AAO is weakly and negatively correlated with Nifio3 and
with TNA, and significantly and positively correlated with TSA.

Removing the influence of TSA on the relation between ENSO and
SSTAs in the South Atlantic slightly increases the positive correlations,
during both the cold (Fig. 6a) and warm (Fig. 6b) PDO regimes (com-
pare with Fig. 2a and b). During the warm PDO regime, TSA acted to re-
duce the influence of ENSO on SSTAs along the North and East Brazil
LMEs and on the Guinea Current LME. From a statistical point of view,
this is caused by the fact that the TSA and Nifio3 are negatively (and sig-
nificantly) correlated (see Table 3). A physical explanation can be found
in Wu et al. (2004), whereby the ENSO modulates the behavior of TSA
by enhancing SSTA variance, possibly via changes in surface heat flux.
The authors used a modeling experiment called partial coupling, with
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Fig. 5. Correlations between: (a) AAO and SSTA; (b) AAO and WSA; (c) AAO and ETA;(d) AAO and OLRA. Only the significant correlations are shown in varying shades of color. The thresh-
old value above which the absolute correlations are significant is 0.37 in (a), (b) and (c), and 0.39 in (d). The contour interval is 0.1 in (a) and (d). Only the significant correlations are
shown in varying shades of color. Vectors in the WSA and ETA maps are as in Fig. 1. Correlation coefficients were calculated only for the PDO warm phase.
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Table 3
Correlations between indices for the indicated periods. The significant correlations at the
95% confidence level are indicated with an asterisk.

Indices Cold PDO period Warm PDO period
Nifio3 x TSA 0.16 —0.34*

Nifio3 x TNA 047* 031

Nifio3 x AAO —0.15

AAO x TSA 0.38*

AAO x TNA —0.12

a prescribed annual cycle of SST, to show that ENSO dictates the interan-
nual variability of the TSA (and TNA). However, fixed SST boundary con-
ditions cause thermodynamic damping and tend to underestimate
atmospheric stochastic variability.

It seems that the influence of TSA on the relation of Nifio3 vs. SSTA
did not change between different PDO regimes (Fig. 6¢). The correlation
differences are very similar to the total correlation difference map
shown in Fig. 2¢c. The removal of TNA from the Nifio3 vs. SSTA relation
(Fig. 6d, e) causes a slight reduction in correlations along the North
and East Brazil LMEs compared to total correlations. Significant differ-
ences between PDO phases appear in small patches of the central and
northeast sectors of the South Atlantic (Fig. 6f). These are not seen in
the differences between total correlations (Fig. 2c). Our results are in
accordance with the view of a stronger ENSO connection in the North
Atlantic, which seems to be particularly strong in the multi-decadal
band (Enfield and Mayer, 1997; Enfield et al., 1999).

Although the maps of the correlation difference between the warm
and cold PDO phases for the total (Nifio3 vs. WSA) (Fig. 2f) and partial
correlations (Nifio3 vs. WSA-TSA) (Fig. 7c) are very similar, the removal
of the TSA (Figs. 7a, b) from the correlations between Nifio3 vs. WSA
caused impact. This is particularly noticeable in the Guinea Current
LME where the weakening of the southeasterly vectors is more accentu-
ated for the partial correlation map during the cold PDO phase

(compare Figs. 2d, 7a). Another area where the removal of the TSA
from the correlation between Nifio3 and WSA caused impact is the
East Brazil LME, where northerly and northwesterly wind stress en-
hanced during both PDO phases (compare Figs. 2d and 7a, and compare
Figs. 2e and 7b). Also, magnitudes of the vectors of the partial correla-
tion map (Nino3 vs. WSA-TSA) are larger than those of the total correla-
tion (Nifio3 vs. WSA) in particular in western South Atlantic between
5°S and 40°S. This is more conspicuous for the warm PDO phase.

The maps of the correlation difference between warm and cold PDO
phases for the total (Nifio3 vs. WSA) (Fig. 2f) and partial correlations
(Nifio3 vs. WSA-TNA) (Fig. 7f) are very similar. However, the removal
of the TNA (Fig. 7d, e) from the correlations between Nifio3 vs. WSA
caused in general a strengthening of the vector magnitudes for both
PDO phases. Indeed, the removal of the TNA causes a broadening of
the area where the southeasterly vectors are weakened and the
strengthening of the northwesterly vectors in the East Brazil LME during
the cold PDO regime (Fig. 7d). In addition, the northerly and northwest-
erly vectors are strengthened in the western South Atlantic between
10°S and 40°S, during the warm phase (Fig. 7e). Since Nifio3 and TNA
are highly correlated (Table 3), removing the influence of the latter on
the Nifio3 vs. WSA relationship enhanced the ENSO signal seen in Fig.
2d and e, pointing towards a significant basin-scale control (damping)
of the Atlantic ocean-atmosphere system on the remote influence of
ENSO on an interannual timescale.

Removing the influence of TSA on Nifio3 vs. SLPA correlations
(Fig. 8a, b and ¢) the maximum positive correlations slightly increase
from 0.5 to 0.6 along the tropical South Atlantic during the cold PDO,
but no significant effect is noted during the warm phase (Fig. 8b). The
most evident change is the broadening of the negative correlation re-
gion in higher latitudes (Fig. 8b) during the warm PDO phase. This is
where the removal of the TSA influences most between both phases
(Fig. 8c), when compared to the total correlation field (Fig. 2i). There
is a significant drop in the differences of correlation between warm
and cold PDO in the tropical Atlantic, with the removal of the influence
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of TNA on the Nifio3 vs. SLPA (Fig. 8f) due to the increase in correlation
during the cold regime (Fig. 8d) and the maintenance of correlation
values during the warm regime (Fig. 8e), compared to the total correla-
tions (Fig. 2g, h).

As expected, the removal of the influence of Nifio3 (Fig. 9a) and TNA
(not shown) from the AAO vs. SSTA total correlations (Fig. 5a) did not
affect much the spatial pattern of correlations, or their values (positive
and negative). This is in part because the AAO is weakly correlated
with the Nifio3 and with TNA (Table 3). These results highlight the
role of AAO as a predominant component of the southern hemisphere
internal mode with a major zonal positive influence on the SSTA be-
tween 40°S and 50°S and an inverted (negative) influence on the
South Brazil LME. On the other hand, the removal of the TSA (Fig. 9b)
modulates the influence of AAO in the tropical Atlantic by reducing its
influence on the SSTA, and increasing the positive correlations in higher
latitudes. The removal of the influence of Nifio3 (Fig. 9c) and TSA from
the AAO vs. WSA (Fig. 9 d), follows the same pattern described above,
where the TSA has a weakening effect on the intensification of the west-
erly circumpolar winds, and to a lesser extent, on the wind divergence
in the Benguela system (Fig. 9d).

The stronger modulation effect of TSA on the AAO, compared to
Nifio (Fig. 9e and f), is expressed in the radiative energy balance as-
sociated to the OLRAs. It is more evident between 10°S and 25°S as a
reduction of positive correlation coefficients and their spatial cover-
age on the Benguela Current LME (compare Fig. 9f and 5d). A small,
but significant, area of negative correlations not seen in the total
AAO vs. OLRA appears on the East Brazil LME centered at 25°S, in
the northern limit of the oceanic SACZ. Carvalho et al. (2004) sug-
gested that the interannual activity of the oceanic SACZ is intensified
during warm ENSO events, but our results also point towards a sig-
nificant modulation of the TSA.

a (A0 vs. SSTA)-NINOS (log 0) 1979-2008 b

3.3. Linking climate variability and the functioning of LMEs in the South
Atlantic

There is an increasing body of evidence that associate environmental
changes driven by climate variations with biological regime shifts in
LMEs (Wang et al., 2010). It may seem counterintuitive, but changes
in biological regimes tend to be identified before one is able to present
a proper explanation of the physical processes responsible for these
changes. One such example is the mid-seventies PDO shift, that resulted
in a shift from the anchovy dominated regime to the sardine dominated
regime in the Pacific (Chavez et al., 2003). Despite the typically short
length of biological time series, there are clear evidences of interannual
changes in the pelagic ecosystems of the South Atlantic. The interannual
variability of egg concentration of the Brazilian sardine in the South
Brazil LME was interpreted as a response to the expansion and contrac-
tion of the spawning habitat (Gigliotti et al., 2010). During periods of
spawning habitat expansion, the SSTAs were zero or slightly negative,
whereas for the contraction period anomalies were all positive. If we
focus our analysis only on the oceanic conditions, it becomes apparent
that suitable spawning sites could be provided by the entrainment of
the colder and less saline South Atlantic Central Water (SACW) onto
the shelf due to the combined effect of coastal wind-driven and
meander-induced upwelling. Looking at the ocean-atmosphere system
however, Soares et al. (2011) found that the Brazilian sardine catch
maxima occurs one year after episodes of increased cloud cover and re-
duced incidence of shortwave radiation that cools down summertime
SSTA along the East Brazilian LME. In contrast, sardine catch minima oc-
curred one year after warmer SSTA conditions concurrent with a less in-
tense South Atlantic Convergence Zone. The above evidence indicates
that the spatial structure of the spawning habitat of the Brazilian sardine
is influenced by specific ocean-atmosphere interactions rather than
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simply as a result of a physically stable environment. This climatic
constraint strongly affects the interannual variability of the Brazilian
sardine production (Soares et al., 2011).

Recently, warming trends of SST were detected in most global
datasets and have shown that the largest trends are found in the middle
latitudes of both hemispheres (Deser et al., 2010). This is where the
dominant local South Atlantic mode and remote forcings tend to show
significant decadal changes, resulting in complex climate regime shifts.
Alheit and Bakun (2010) summarized some important evidence of the
linkages between Pacific and Atlantic Oceans, such as the outburst of
snipefish (Macrorhamphosus scolopax and M. gracilis) off the coast of
Morocco, and triggerfish in the Gulf of Guinea following the temporary
demise of the sardine (Sardinella aurita) population. These events in-
volved complex pelagic wasp-waist pelagic control (species at interme-
diate trophic level controls the energy flux from low and also provides
the energy for high trophic levels) and disrupted local fishing operations
with serious impacts on local economies. They have concluded that
remote and local forcings act together to produce specific patterns of
variations in the climate-fisheries system, and that simple empirical re-
lationships are likely to be misleading (see also Wang et al., 2010). It has
also been suggested that future fish production may increase in high lat-
itude regions following local warming and reduced ice cover, or decline
in low-latitude regions due to increased static stability of the water col-
umn that reduce vertical mixing and recycling of nutrients (Brander,
2007).

There is an opposite trend between the sardine (Sardinops sagax)
and anchovy (Engraulis capensis) landings in the southern portion of
the Benguela Current LME. It is worth noting that in the south of the
Benguela Current LME the influence of ENSO is stronger, while that to
the north the influence of the Benguela Nifio is more evident (Boyd
et al., 1998). The correlation analyses show that the Nifio3 is positively
correlated with a southeast WSA in the south of the Benguela Current
LME during the warm PDO phase (Fig. 2e). Boyd et al. (1998) have asso-
ciated anchovy recruitment number failures that occurs in the southern
Benguela Current LME due to advective losses (eggs and larvae) with
periods of southeast strong winds coinciding with El Nifio events. In
this way, it is possible to suggest that failure in the anchovy recruitment
in the Benguela Current LME is related to stronger southeast winds in
the south Benguela Current LME in the El Nifio events during the
warm PDO phase. Shannon et al. (2004) discuss that the variability of
sardine and anchovy stocks have interannual and interdecadal oscilla-
tions. So, evidence points towards the necessity of understanding how
different temporal patterns of oscillation interact to influence biological
processes through environmental perturbations.

Alheit and Bakun (2010) discussed the association between ENSO
and the collapse of sardine (S. aurita) followed by high of triggerfish
(Balistes capricus) in the Guinea Current LME region. These authors
suggested that the enhancement of the Walker cell in the equatorial
Atlantic during El Nifio years cause an intensification of the trade
winds, leading to an intense upwelling in the Guinea Gulf. The increased
persistence of cold waters would explain the increase in sardine land-
ings. The end of the El Nifio causes a disruption of the Walker cell,
warming the surface waters and causing the collapse of sardine fisher-
ies. The correlation analysis between Nifio3 and SSTA showed positive
correlation during the warm PDO in the Gulf Guinea region (Fig. 2b).
This correlation is stronger when the influence of the TSA is removed
in the partial correlations (Fig. 6b), indicating that positive SSTA in the
TSA region dampens the El Nifio influence on SSTA in the Guinea Gulf
region. We contend that these interactions between remote and local
climate modes need to be properly understood so that an accurate con-
nection between climate changes and biological dynamics can be
established.

So, it is clear that to promote ecosystem-based management on a
spatial scale typical of the LMEs, we need to acquire a minimum level
of understanding of how local ocean-atmosphere dynamics interact
with remote-forced climatic regimes. Only then, can one filter out the

internal variability from human-induced trends to develop manage-
ment and adaptation strategies for fishery management devised to
mitigate anthropogenic impacts.

4. Conclusions

In this study we present evidence for significant climate regime shifts
affecting South Atlantic LMEs based on widely accepted proxies of remote
and local forcings on a basin scale. This is strongly modulated by compet-
ing influences between local and remote processes acting on the tropical
Atlantic. Significant basin-scale control of the ocean-atmosphere system
on the interannual remote influence on the South Atlantic is associated to
the heat budget, including surface heat flux and oceanic heat transport.
Therefore, we contend that by removing atmosphere and ocean trends
of our analysis and concentrating on the interannual to decadal climate
variability, we can offer a balanced account of the interplay between
Pacific (remote) and Atlantic (local) modes on the LMEs of the South
Atlantic.

It is noticeable that the differences between the PDO phases on the
correlation patterns are more accentuated than those observed when
the local influences are removed. So, there is a strong PDO influence
on the remote climate driven mechanisms for the oceanic and atmo-
spheric South Atlantic variability. This is particularly conspicuous for
the ENSO relationship with the ocean-atmosphere system in South
Atlantic. We also highlight that LMEs, as they are presently delimited
along the Brazilian and western African coast, may not coherently re-
spond to global climate changes, due to the complex spatial nature of
oceanic and atmospheric variability presented here. The evolution
from cold to warm PDO regimes was followed by a much higher spatial
complexity of the environmental conditions along the western African
LMEs.

Although we acknowledge that LMEs are an important tool for
environmental-based management actions, their use to monitor the im-
pacts of climate change on marine populations should be taken with
caution (cf. Sherman et al., 2009). It is clear that, as far as their depen-
dence on SSTA is concerned, productivity and trophic relations in each
of the South Atlantic LMEs are likely to generate mixed responses at
the ecosystem level. This could, in turn, induce policy makers to react
to a confounded scenario of environmental change.
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