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Tropical Atlantic variability is strongly biased in coupled General Circulation Models
(GCM). Most of the models present a mean Sea Surface Temperature (SST) bias pattern
that resembles the leading mode of inter-annual SST variability. Thus, understanding
the causes of the main mode of variability of the system is crucial. A GCM control
simulation with the IPSL-CM4 model as part of the CMIP3 experiment has been analyzed.
Mixed layer heat budget decomposition has revealed the processes involved in the origin
and development of the leading inter-annual variability mode which is defined over the
Equatorial Atlantic (hereafter EA mode). In comparison with the observations, it is found a
reversal in the anomalous SST evolution of the EA mode: from west equator to southeast
in the simulation, while in the observations is the opposite. Nevertheless, despite the
biases over the eastern equator and the African coast in boreal summer, the seasonality
of the inter-annual variability is well-reproduced in the model. The triggering of the EA
mode is found to be related to vertical entrainment at the equator as well as to upwelling
along South African coast. The damping is related to the air-sea heat fluxes and oceanic
horizontal terms. As in the observation, this EA mode exerts an impact on the West
African and Brazilian rainfall variability. Therefore, the correct simulation of EA amplitude
and time evolution is the key for a correct rainfall prediction over tropical Atlantic. In
addition to that, identification of processes which are responsible for the tropical Atlantic
biases in GCMs is an important element in order to improve the current global prediction
systems.

Keywords: tropical Atlantic variability, Atlantic Nino, GCM biases, heat budget, upwelling processes, West African
rainfall, Brazilian rainfall

Introduction

Tropical Atlantic Variability (TAV) have important impacts over Africa and South America,
where rain-fed agriculture is an important part of their economies (Xie and Carton, 2004;
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Chang et al., 2006a; Kushnir et al., 2006; Rodriguez-Fonseca
et al., 2015). However, historically major efforts have been done
in understanding the Tropical Pacific which holds the most
important inter-annual variability mode in terms of the global
impacts: El Nifno and the Southern Oscillation (ENSO, Philander,
1990). The Tropical Atlantic (TA) has received much less
attention. Recently, scientific community is focusing attention
in understanding model biases over the TA, which is systemic
and common problem in coupled General Circulation Models
(GCM). These biases could have important consequences in the
ability of the models in simulating proper tele-connections which
could lead to failure in seasonal to decadal forecasts. This paper is
focused in understanding how a GCM simulates the main inter-
annual variability mode with major impacts in surrounding areas
and its systematic errors.

Inter-annual TAV has been described by two main modes:
Equatorial Mode or Atlantic Nifio and the Meridional Mode
(Zebiak, 1993; Carton et al., 1996; Ruiz-Barradas et al., 2000;
Kushnir et al., 2006; also see Xie and Carton, 2004; Chang et al.,
20064, for a revision). The Atlantic Nifio presents anomalous SST
over eastern equatorial Atlantic, it is phase-locked to the seasonal
cycle, mainly occurring from June to September season, when
the seasonal equatorial cold tongue develops over the eastern
Atlantic associated with a northward Inter-Tropical Convergence
Zone (ITCZ)-shift and the West African Monsoon (WAM) onset
(Sultan et al., 2003; Okumura and Xie, 2004).

The Atlantic Niflo mode is therefore tightly associated with
the WAM inter-annual variability (Janicot et al., 1998; Ward,
1998; Giannini et al., 2003; Polo et al., 2008; Losada et al., 2010;
Rodriguez-Fonseca et al., 2011; Rodriguez-Fonseca et al., 2015):
positive (negative) SST anomalies influence the rainfall over the
Gulf of Guinea through a decrease (increase) of the local surface
temperature gradient, weakening (strengthening) the monsoon
flow and the surface convergence over the Sahel (Vizy and Cook,
2001; Losada et al., 2010).

From observations, the origin of the mode has been mainly
associated with anomalous equatorial winds over the western
equatorial Atlantic (Zebiak, 1993; Latif and Grétzner, 2000;
Keenlyside and Latif, 2007) and the evolution of the SST
anomalies is related to positive Bjerknes feedback (Keenlyside
and Latif, 2007) and Ekman processes (Hu and Huang, 2007).
However, oceanic wave eastward propagation could also play a
role in the evolution of the SST anomalies in the eastern Atlantic
(Latif and Grotzner, 2000; Florenchie et al., 2003) although ocean
waves could also be important in damping the mode (Polo et al,,
2008). Finally, a recent study from Richter et al. (2012b) has
pointed out other sources for the equatorial SST variability in
the observations, such as the oceanic advection from the North
Tropical Atlantic (NTA).

However, several studies have found that the Atlantic Nifo
usually starts over the South Atlantic via a weakening of the Sta
Helena high pressure system, reaching the equator later on, where
it evolves throughout Bjerknes feedback mechanism (Sterl and
Hazeleger, 2003; Keenlyside and Latif, 2007; Trzaska et al., 2007;
Polo et al., 2008; Liibbecke et al., 2010). In addition, some authors
have highlighted the SST dipole pattern between the equator and
the south Atlantic as part of a SST feedback trough changes in

the Hadley circulation (Nnamchi and Li, 2011; Namchi et al,
2013).

In the observations, the Atlantic Nifo generally appears
associated with SST anomalies over the coastal Benguela
upwelling region, which usually precedes the equatorial
anomalies (Hu and Huang, 2007; Polo et al.,, 2008). Recently
OGM studies have suggested that one season delay between the
SST anomalies at the equator and the Benguela coast could be
due to different seasonal cycle in the mixed layer depth over
these regions (Liibbecke et al., 2010). However observations and
models studies have suggested that the occurrence of anomalous
SST over the coastal areas is due to alongshore wind anomalies
(Richter et al., 2010), while the equatorial SST anomalies are
produced by anomalous western equatorial winds together,
perhaps, with Rossby wave propagation from the south Atlantic
(Polo et al., 2008).

Finally, the equatorial Atlantic Niflo could be remotely
forced by tele-connections mainly from the Pacific, although the
relationship is inconsistent. Chang et al. (2006b) have argued that
the ENSO influences the equatorial Atlantic only under a specific
ocean state in the Atlantic. Following the former argument,
Liibbecke and McPhaden (2012) have discussed the different
equatorial Atlantic responses from ENSO forcing and they have
pointed out the conditions over the NTA as the responsible for a
delayed feedback through Rossby wave propagation. De Almeida
and Nobre (2012) have suggested from observations how ENSO
weaken the equatorial Atlantic variability while Rodrigues et al.
(2011) have confirmed the different impacts of Pacific El Nifio-
types over the Equatorial Atlantic.

Regarding the simulation of the TAV in the current GCMs,
all of the models participating in the Coupled Model Inter-
comparison Project (CMIP3, CMIP5) fail to reproduces both, the
seasonal cycle and the inter-annual variability over the equatorial
Atlantic (Breugem et al., 2006, 2007; Large and Danabasoglu,
2006; Chang et al., 2007; Richter and Xie, 2008; Wahl et al., 2011;
Richter et al., 2012a; see also Tokinaga and Xie, 2011 additional
material; Richter et al., 2014). The strong bias over the tropical
Atlantic is a feature of the coupled models and it has been
related to several processes: for instance, the complex land-sea
interaction in the Atlantic basin, the oceanic coarse resolution for
reproducing enough upwelling and the problems in simulating
winds and clouds by the atmospheric model component (Large
and Danabasoglu, 2006; Richter and Xie, 2008; Richter et al.,
2012a; Toniazzo and Woolnough, 2014). In particular biases over
the cold tongue region in several models have been attributed
to the remote impact of erroneously weak zonal surface winds
along the equator in boreal spring, due to a deficit of Amazon
rainfall, which reverse the equatorial thermocline tilt and prevent
cold tongue formation the following season (Collins et al., 2006;
Chang et al., 2007; Richter and Xie, 2008; Richter et al., 2012a).
Wahl et al. (2011) have also emphasized the role of weak
equatorial winds and the stratocumulus clouds in producing
warm water in the Benguela region. Similar biases diagnosis over
the tropical Atlantic with CCSM4 model by Grodsky et al. (2012)
have concluded that a sufficient ocean horizontal resolution and
adequate modeled alongshore winds are necessary for simulating
northward transport of cold water along the coast. Otherwise, the

Frontiers in Earth Science | www.frontiersin.org

July 2015 | Volume 3 | Article 37


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

Polo et al.

Equatorial Atlantic GCM heat budget

error propagates westward by advection and positive feedback
involving stratocumulus clouds (Mechoso et al., 1995; Grodsky
et al,, 2012). In addition, another potential source of bias is the
impact of errors in the atmospheric hydrologic cycle on the ocean
stratification through its effects on ocean salinity (Breugem et al.,
2008). Recently, Toniazzo and Woolnough (2014) have analyzed
the growth of the error in several CGMs and each model has its
particular processes for creating the bias, for instance, HadCM3
has a too passive ocean which prevents the advection of heat from
upwelling areas.

As a result of an inadequate seasonal cycle over the equatorial
Atlantic, coupled models also fail in reproducing the proper
leading mode of the inter-annual variability (i.e., Atlantic Niio,
Breugem et al., 2006, 2007; Richter et al.,, 2014). Nevertheless,
most of the CMIP models show variability over the equatorial
Atlantic associated with a Bjerknes feedback (Breugem et al.,
2007; Richter et al., 2014), suggesting that they are able to produce
some thermocline feedbacks even when the mean thermocline is
much more deeper in the eastern equatorial Atlantic compared
with the observations (i.e., see variability of HadCM3 Figure 2 in
Polo et al., 2013).

In particular, the IPSL-CM4 model used along this work,
shows a wrong annual mean of SST along the equator but less bias
of equatorial surface winds compared with the rest of the CMIP3
models (see Figures 2, 10 in Richter and Xie, 2008). Besides,
IPSL-CM4 model displays a very reasonable seasonality of the
Atlantic Nifo variability (see Figure 1B and compare with the
variance for rest of the models in Breugem et al. (2006, 2007)
and the next version of the model IPSL-CM5 (part of the CMIP5)
has not improved neither the mean state nor the variability over
the equatorial Atlantic (i.e., Richter et al., 2014). Biases in the
inter-annual TAV are poorly studied (Ding et al., 2015), however,
the model community needs an appropriate tool to improve the
SST bias in both, seasonal cycle an inter-annual variability in
the next model generations and to be able to represent a more
accurate way the tropical tele-connections. This is a “sine qua
non” condition for better assessing interpretation about future
climate.

Here we want to understand the mechanisms behind the
Atlantic Nifno-like in IPSL-CM4 coupled model. The way the
model produces its own Atlantic Nifio mode will give more
insights in the understanding of the coupled model biases in the
inter-annual variability. We will answer the following questions;
how is IPSL-CM4, a state-of-the-art coupled model, generating
inter-annual TAV? how does the model simulate the main mode
of inter-annual variability? What are the processes governing the
origin and damping of this mode, in particular the ocean heat
fluxes? And finally, are vertical subsurface turbulent processes
as important as for the seasonal cycle of the stand- alone
ocean model (Peter et al., 2006; Jouanno et al., 2011) and the
observations (Foltz et al., 2003; Hummels et al., 2014)? The last
interrogation justify by itself the modeling approach we chose,
instead of observation derived one, since subsurface mixing
observations are far too sparse to allow constructing a reasonably
closed heat budget at basin scale.

The article is organized as followed, firstly the model and
data used are described with a discussion of the seasonal cycle

and the variability in the model, in the results section the mode
is described together with the associated heat budget and the
main processes are explained. Finally, a discussion and the main
conclusions are summarized.

Model and Methods

Although this work is devoted to understand the variability
in the coupled model, some observational data has been
used throughout the work in order to validate the model
(Figures 1-3). For the SST, HadISST (Rayner et al., 2003) and
ERSST (Smith and Reynolds, 2003) has been used. For the
Mixed Layer Depth (MLD), data from de Boyer Montegut et al.
(2004) has been used. Near-surface ocean current estimates come
from Ocean Surface Current Analysis (OSCAR) merged satellite
dataset (Bonjean and Lagerloef, 2002); surface wind from ERA-
Interim reanalysis (Dee et al., 2011) and precipitation CMAP
dataset (Xie and Arkin, 1997). In the following section the IPSL-
CM4 coupled model is described.

Description of the Model

Fully coupled climate model developed at the Institut Pierre-
Simon Laplace, IPSL-CM4 v2 (Marti et al., 2010) has been
used. This model is composed of the LMDz4 atmosphere GCM
(Hourdin et al., 2006), the OPA8.2 ocean model (Madec et al.,
1997), the LIM2 sea-ice model (Fichefet and Maqueda, 1997)
and ORCHIDEE 1.9.1 for continental surfaces (Krinner et al.,
2005). The coupling between the different parts is done by
OASIS (Valcke et al., 2000). The resolution in the atmosphere
is 96 x 71x 19, ie., 3.75° in longitude, 2.5° in latitude, and
19 vertical levels. The ocean and sea-ice are implemented on
the ORCA2 grid (averaged horizontal resolution ~2°, refined
to 0.5° around the equator, 31 vertical levels). This model was
intensively used during the CMIP3. Properties and variability of
the large scale oceanic circulation in the model was investigated
by Msadek et al. (2010) in the North Atlantic and Marini
et al. (2011) in the Southern Ocean. Mignot and Frankignoul
(2010) studied the sensitivity of the Thermohaline Circulation
to anomalous freshwater input in the Tropics. Representativity
of tropical features was investigated in particular in Braconnot
et al. (2007) and Lengaigne et al. (2004, 2006), as well as in
some multi-model studies (Richter and Xie, 2008; Richter et al.,
2014). However, the TAV in this model was not investigated
per se.

In addition to the 500 year control simulation, with constant
pre-industrial GHG concentration, the heat and salinity budgets
in the mixed layer are available over an extra 50 years period.
This period, which will be used to investigate TAV, has thus
beneficiated from an adjustment of more than 500 years (Marti
et al., 2010). Notice that the version of the model used in CMIP5
(IPSL-CM5) does not show an improvement over the tropical
Atlantic, therefore we will make use of the available simulations
of IPSL-CM4 for understanding processes in the TAV.

Seasonal Cycle in the Model
Figures 1A,B shows the seasonal cycle of the SST over the Atl3
region [20W-0E, 3S-3N]. The observations and the model show
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FIGURE 1 | Tropical Atlantic SST bias. Seasonal cycle for the Atl3 index
[SST averaged over 20W-0E 3N-3S], (A) mean (minus the long-term mean)
and (B) standard deviation for each month for the model (blue) and
observations from HadISST dataset (red) and ERSST dataset (green). The
IPSL-CM4 model simulates variability over summer season over the eastern

equatorial Atlantic. (C) Mean SST (shaded in C) and standard deviation of SST
(contours) for MAMJ season for the model. The green square is the Atl3 region
(D) same as (C) but for the JASO season. (E,F) same as (C,D) but for the
observations (HadISST dataset). (G) SST BIAS (model minus observations, in
C) for MAMJ 4-months seasons (H) same as (G) but for JASO.

in general a good agreement with the timing in the seasonal cycle
and its variability. Although the peaks of both, the mean and the
variance in the model are delayed by 1 month with respect to
the observations, the model seems to be reliable to reproduce
the Atlantic Nifio seasonality, which is important in terms of
tele-connections and impacts (Garcia-Serrano et al., 2008; Losada
et al,, 2010, 2012). Nevertheless, the model shows an important
bias of the annual mean SST over the equatorial region from
MAM]J to JASO season (Figures 1C,D).

Correct representation of the timing in the cold tongue
evolution is important. Figures 1C-F illustrates the SST in
MAM]J and in JASO seasons when the origin and damping of
Atlantic Nifo occurs respectively. A strongest bias is seen in
JASO, and it exceeds 4C, although in the previous MAM] season
the bias is also presented with 2-3C of differences with respect to
the observations.

Maximum SST biases are found along the eastern oceanic
borders (Figure 1H), in the well-known regions of coastal
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upwelling. Such biases are very common in coarse resolution
coupled models (e.g., Large and Danabasoglu, 2006) or even
forced oceanic models (Richter et al., 2012a). Note that the SST
bias is maximum during the summer of each hemisphere, which
is the season of maximum upwelling (not shown). The SST
variability is also biased in the model; maximum variability from
MAM]J to JASO occurs over western-central equator, while in
the observations the standard deviation shows the cold tongue
shape over the eastern-central equator. Strong variability for
both, model and observations is found in the Angola/Benguela
front.

In summary, Figures 1G,H shows the typical bias in the state-
of-the-art models consistent in a dipole pattern of cooling in
the north and warming in the south (Grodsky et al, 2012).
The northern cooling is related to an excess of wind-induced
latent heat loss while the southern warming has been related
to both weak winds over the western equator and the related
air-sea feedbacks together with reduced alongshore upwelling
in the Angola-Benguela region. The later could induce, in turn,
an erroneous ocean heat advection (Large and Danabasoglu,
2006; Richter and Xie, 2008; Grodsky et al., 2012; Toniazzo and
Woolnough, 2014; Xu et al.,, 2014).

Figures 2A,B shows the seasonal transition (from MAM]J
to JASO) of the mixed layer depth and the surface currents.
The modeled mean circulation shows strong westward surface
currents at the equator. The strengthening of the North Brazil
Current (NBC) along the American coast and the retroflection
at 5N in MAM]J-JASO, leading to the eastward North Equatorial
Counter Current (NECC), which extends into the Guinea
Current in the Gulf of Guinea are satisfyingly simulated. The
amplitude of the NECC in the model matches the observed one;
however the intensity of NBC is overestimated in the model
as well as the westward surface currents at the equator (ie.,
—0.4 m/s in the model vs —0.1 m/s in the observations from
OSCAR dataset in MAM]J). This bias in the equatorial surface
currents can be seen as a northward shift and extension of the
South Equatorial Current (SEC), which is present in MAM]
when all the equatorial flow is westward (Figure 2A). The North
Equatorial Current (NEC) which has its maximum at 10N-20N is
less representative from MAM]J to JASO in the model. Finally, the
Equatorial Under-Current (EUC) is also well-simulated by the
model with a strengthening from boreal spring to late-summer
at 80-120 m (not shown), as it is observed (Bourlés et al., 2002;
Arhan et al., 2006; Brandt et al., 2006).

MLD in the model shows an equatorial minimum with a
large westward extension in comparison with the observations
(Figures 2A,C). A maximum dome in the west equatorial
Atlantic at 3N appears in JASO season (Figure 2B) forming
a dipole pattern a both side of the equator. However, mixed
layer off-equatorial band is quiet well-represented in the
model. Additionally, Figure 2 includes the comparison modeled-
observed MLD for the four seasons at the equator (Figure 2E).
The striking feature is that the model has a reduced MLD all
along the year and in particular: (i) in MAM the MLD minimum
(~11 m) is found at 30W-20W and in JJA the slope east-west
is substantially reduced and the MLD at the west equator is
20m in the model vs. 40 m in the observations. This westward

displacement of the minimum MLD could explain the maximum
standard deviation of the SST in Figure 1. Besides, this difference
would be important to explain the shape of the variability mode
described in the following section.

Figure 3 shows the seasonal transition for the wind stress
and precipitation (form MAM]J to JASO). The northward
ITCZ-shift is quite well-represented in the model, although
the modeled precipitation is located southward compared
with the observations especially over West Africa, presumably
associated with the warm SST bias over the equatorial Atlantic
(Figures 1C,D) and the weaken cross-equatorial surface winds
(toward land) in comparison with observations (Figures 3B-D).
Next section describes the main Tropical Atlantic variability
mode in the model which is related to the rainfall variability over
the surrounding land areas.

Methods for Finding the Mode

Previously to determine the leading mode of the equatorial SST
inter-annual variability, we have removed the seasonal cycle of
the variables and we have applied an inter-annual filter to all
the data. To this end, we have subtracted the previous year to
the actual year, removing the low-frequency variability and just
allowing the inter-annual variability to arise (Stephenson et al.,
2000). This is very useful since the equatorial Atlantic has a strong
decadal signal which could be mixed with the higher frequencies
(see also Figure 4). We are using monthly mean anomalies for all
variables.

The leading co-variability mode between SST over the TA
and the rainfall over West Africa is related to a strong ENSO
signal (not shown). It shows a warming over the whole tropical
basin from MAM]J to JASO associated with anomalous positive
rainfall over Sahel region in JJAS (not shown). This mode reflects
the excess of tele-connection of El Nifio in most of the coupled
models (Lloyd et al., 2009) due to atmospheric feedbacks and
it is not investigated further here. To this end, we thus have
removed the ENSO influence on the Tropical Atlantic following
the methodology by Frankignoul and Kestenare (2005). We have
reconstructed the global SST with the two leading Principal
Components of the tropical Pacific, which is the region [120E-
90W, 10S-10N]. The two PC constitute 56% of the total variance.
The reconstructed data has been removed from the original data
and the tropical SST has been retained.

In order to extract the variability modes, we have computed
EOF over the TA monthly mean SST anomalies. Note that
the SST-WAM co-variability modes calculated from Extended
Maximum Covariance Analysis (EMCA, Polo et al.,, 2008) do
not change substantially from SST EOF modes (not shown).
Although the EOF method is simpler than EMCA, it also
allows discriminating the variability mode that is phase-locked
with the seasonal cycle and in our case, locked within the
JJASO season.

Hereafter in the manuscript, the regression and correlation
maps are the result of projecting the different model outputs onto
the PC time-series of the Equatorial Atlantic (EA) mode, which
is associated with the first EOF of TA after pre-processing the
data. Ninety percent of confidence level has been used to test the
significance of the correlation with a ¢-test.
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L
15W

10;N 5W
the observations. (E) Mixed layer depth in meters for the model (bold lines)
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the four seasons.

Results

Equatorial Atlantic (EA) Mode

The leading mode of SST inter-annual variability over the
Tropical Atlantic shows an anomalous warming over the
equatorial Atlantic explaining 37% of the variance (Figure 4A).
Figures 4B,C shows the time-series of the mode (JJAS mean),
together with the Atl3 index for the observations. Seasonality of
the EA mode shows a peak in JJASO (not shown).

The power spectra of these time-series are shown in
Figure 4D. We have used Multi Tapper Method (Thomson,
1982) to allow more degrees of freedom and significance. The
mode highlights maximum of energy in [2-5] year period
band, consistent with the observational data (maximum
around 2-7 year period band). Peak at 3-4 vyears is
very well-simulated. Next section describes the evolution
of the SST pattern and the associated impacts in JJAS
precipitation.
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FIGURE 3 | Biases in the TA atmosphere. (A) Precipitation (shaded in kg/day) and wind stress (vectors in N/m2) from the model over Tropical Atlantic for MAMJ (B)
same as (A) but for JASO 4-months seasons. (C,D) Same as (A,B) but for the observations.

Impacts of the EA Mode

Figure 5 shows the regression of the precipitation and SST
over the EA time-series for JJAS season. The EA mode is
associated with an anomalous southward shift of the rainfall belt
during JJAS also related to anomalously warm SSTs covering
the whole tropical Atlantic basin (Figure5, since the EA-
mode has a linear nature, the same is true for the opposite
case). Warm SST is associated with increased precipitation
over the equator, more relevant over the western equatorial
Atlantic, suggesting that convection is dislocated westward as an
atmospheric response. Rainfall over Brazil and Peru are highly
anomalous positive. Associated with the equatorial increase in
rainfall, a clear negative anomalous precipitation signal appears
over 5-10N in the tropical Atlantic which represents 20% of the
precipitation variability of the region in the model. Therefore
the onset of West African Monsoon is affected by this EA
mode: the evolution of the anomalous negative rainfall shows
a latitudinal shift with a maximum over JJAS (not shown),
when the rainfall reaches its northernmost position over West
Africa. Another significant area of anomalous precipitation is
South Africa which could be related to anomalous negative
inland flow due to the warming along the Benguela/Namibia
coast.

EA Mode Evolution

The evolution of the mode (SST together with the time-derivative
of SST) is illustrated in Figure 6 and it is the focus of this study.
Since the ENSO effect has been removed, this mode is assumed
to be an intrinsic mode of the TA system in the model. The
evolution of the mode shows a warming over the equator and
the African coast from MJJA to JJAS seasons, with a maximum
of about 0.15°C per month over the west equatorial Atlantic in
MAM]J and a resulting SST anomaly peaking in size and value
in JASO (about 0.2°C over the eastern half equator). Notice that
the amplitude of the SST anomalies (0.15°C) corresponds to the
filtered data, which is ~0.5°C of the non-filtered data in the
model from composites of the highest events (i.e., SST >0.5 in the
index). This anomaly represents 0.5°C in the central equatorial
Atlantic in JJAS, which is roughly 1 standard deviation in the
model (Figure 1). The damping of the anomalies at the equator
becomes maximum in JASO season (Figure 6F).

The equatorial Atlantic warming is associated with a
relaxation of the equatorial and trade-winds: southward cross-
equatorial anomalous winds are developed as the subtropical
winds are also reduced from AM]JJ to JASO (Figures 6C-F).

Regarding the similarity of the EA mode from the model and
the one found in the observations with the EMCA method (Polo
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FIGURE 4 | The EA mode: spatial pattern and time-series. (A)
spatial pattern of the EA mode (B) Standardized time series for the
EA-mode (JJAS mean) (C) Standardized time series for JJAS Atl3
index for the observations, from HadISST dataset (red) and ERSST
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etal.,, 2008), the model is consistent in amplitude. The amplitude
of Atlantic Nifio from observations is ~0.4°C over the central
equatorial Atlantic in JJAS (see Figure 3 in Polo et al., 2008),
which corresponds to half standard deviation.

The main difference between the EA mode in the model and
the observational Atlantic Nifio is the geographical evolution.
Polo et al. (2008) have found the mode starts in MAM]J
at the southwest African coast over the upwelling region
and the SST anomalies seem to propagate westward and
equatorward reaching the whole equatorial band in JASO,
consistent with many studies with EOF (i.e., Ruiz-Barradas
et al., 2000). The evolution of the SST anomalies in the
model is mainly from west equatorial Atlantic to South African
coast. The fact that the mode starts ~30W in the simulation
could be due to differences in the mean seasonality of the
mixed layer depth (Figure2). The mixed layer in the model
results too shallow compared with the observations, especially
in the west and thus impacts of surface wind anomalies
are integrated by the ocean nearly simultaneously over the
whole equatorial Atlantic basin. Despite the differences, the
observed warming over the equatorial Atlantic is simulated.
Next section investigates this origin from previous winter
regressions.

Origin of the EA Mode

Associated with the EA mode, there is anomalous SST around 20S
co-varying with the equatorial warming. These SST anomalies
are present from FMAM (contour lines in Figure 6A) and are

persistent and related to anomalous trades over south Atlantic.
In order to understand these preceding anomalies, Figure 7
shows global SST and wind stress projected onto EA mode
from previous seasons SOND(-1) to FMAM(0). The subtropical-
extra-tropical features related to the mode from previous SOND
season are consistent with the observations: SST anomalies
over the subtropical South Atlantic in a dipolar-like pattern
are presented from previous seasons (SOND), associated with
anomalous winds of the South subtropical high pressure system
(Figure 7A).

This dipole-like structure in the model develops
(Figures 7A-D) increasing both, the wind anomalies and
the SST response, and persists almost stationary in the following
MAM]J to JASO (contour lines in Figure 6). Tropical/extra-
tropical structure over Atlantic in Figure 7A is quite similar to
the pattern reported by observational studies (Trzaska et al,
2007; Polo et al., 2008; Nnamchi and Li, 2011). Global pattern
in Figure 7D resembles the tele-connection patterns from the
Southern Pacific basin via extra-tropical Rossby wave train
(Penland and Matrosova, 1998; Barreiro et al., 2004; Huang,
2004) with an associated SST dipolar pattern at both sides of
25S.

Although La Nifa pattern is developing the previous NDJF
season, the wind anomalies over the south Atlantic seems
to appear previously to the Pacific anomalies (Figure7A),
suggesting that the ENSO could enhance anomalous wind
structure over south Atlantic via Rossby wave-train but
the source in SOND (year-1) rather is intrinsic variability
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FIGURE 6 | Evolution of the EA mode. Regression map of SST anomalies (contours in C), dSST/dt (shaded in C/month) and wind stress (vectors in N/m2) from
FMAM (A) to SOND (H) 4-months seasons onto time-series of the EA mode. Only significant areas have been plotted from a t-test at 90% confidence level.

over southern hemisphere in the model (Figure7). The
associated global structure shows an austral hemispheric
pattern similar to the Southern Annular mode (Terray, 2011).
Although it is difficult to explain why the equatorial SST
and the anomalous subtropical SST co-vary from SOND(-1)
to ASON (0), the covariance between anomalous equatorial
winds and the austral extra-tropical wind (southern 40S) is
significant.

In summary, the development of the tropical SST anomalies
associated with the EA mode is intrinsic to the tropical Atlantic
basin through local feedbacks, but the SST anomalies over
the subtropical/extra-tropical basin from the previous seasons
(SOND-DJEM) are explained by atmospheric forcing from extra-
tropical southern hemisphere and, perhaps, enhanced by ENSO
tele-connections.

We will concentrate in understanding how the equatorial
SST anomalies are formed and damped. Projections of the
surface variables onto EA mode index allow us to understand
how the coupled model reproduces an Atlantic Nifno-like. The
evolution of the EA has a maximum growth in MAM]J and
the decay starts in June with a minimum in JASO season
(Figure 6). In the next section we will analyze how these SST
changes are simulated in the model and what are the associated
processes.

The Heat Budget

From the closed heat budget over the mixed layer depth, we
have illustrated the components responsible for the formation
of the SST anomalies of the EA mode described in Figure 6.
Mixed layer temperature equation is decomposed as described by
Vialard et al. (2001) and also by Peter et al. (2006). Equation (1)

describes the SST tendency integrated over the mixed layer depth
1[0 1[0 1
atT = —E/ih qusz— ﬁ/f}l Va),TdZ— E

h as:
0
/ D)
—h

1 1
=5 (T = To)(Vhu + 8zh) — o [z0:T]

b
. de(l - th) + Qur
PoCph

c

Integrals represent the quantity integrated over the mixed layer.
In Equation (1), T is the temperature in the mixed layer, T}
is the temperature below the mixed layer; u, v and w are the
zonal, meridional and vertical currents, respectively, and D; the
lateral diffusion and K, the vertical mixing coefficient. Q¢ is
the total net heat flux with the atmosphere and it is divided in
radiative Q,,4 and turbulent Q;, heat fluxes. F is the function that
describes the fraction of shortwave fluxes penetrating the mixed
layer, pg is the sea water density and C, is the sea water specific
heat capacity coefficient.

The heat budget can be divided into oceanic components and
air-sea fluxes forcing (atmospheric components). The total air-
sea fluxes forcing is the term (c) on the right hand side and
it is the sum of the surface turbulent and radiative heat fluxes.
The oceanic part has all the horizontal and vertical terms [a
and b on the right hand side of Equation (1)]. Horizontal ocean
components (a) are the sum of the horizontal advection plus
horizontal diffusion. The vertical terms (b) are the turbulent
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FIGURE 7 | Origin of EA mode. (A) Regression map of the global
anomalous SST (shaded in C) and wind stress (vector in N/m2) onto the
time-series of the EA mode for the previous SOND (year -1) season. (B) Same
as (A) but for NDJF (year -1). (C) same as (A) but for DJFM (year 0). (D) same
as (A) but for the FMAM (year 0).

mixing, vertical advection and an entrainment term computed
as the residual following Vialard et al. (2001).

In order to understand the evolution of the EA mode,
regression of the terms in the SST tendency equation
onto the time-series of the EA mode are analyzed in
this section. Note that the regression operator respects
the linear partitioning of Equation (1) and that the sum
of the regressed terms equals the regressed SST time
derivative.

Development of the EA Mode

Figure 8 shows the main components for the MAM] season,
when the warming is maximum in the central equatorial
basin. At the equator, there is a large-scale structure which is
an intensification of anomalous westerly winds, already seen
from previous seasons (i.e., FMAM in Figure 6A). These wind
anomalies induce an equatorial positive warming by the oceanic
contribution in the mixed layer budget, with a primary maximum
in the west and a secondary one in the east (Figure8A).
Noticeably, air-sea fluxes above are negative and principally
reduce the ocean dynamics impacts (Figure 8B). Hence the trade
reduction is not warming the equator through negative latent
heat loss anomalies, as one could have expected, but through
its frictional effect on the ocean dynamics. Considering the
dependence of the latent heat loss to SST through both, sea level
humidity gradient and wind speed, we can conclude that the
trade reduction influence on the SST is countered and dominated
by the surface humidity increase, itself triggered by the oceanic
warming. A similar pattern was found by Sterl and Hazeleger
(2003) and Polo et al. (2007) in the observations. Additionally,
anomalous positive precipitation and thus anomalous cloud
cover over the western-central equatorial Atlantic (especially
from AM]J]J, not shown) can affect the radiative fluxes by cooling
the surface. In summary, air-sea fluxes over the equator merely
damp the oceanic warming. In contrast with the climatological
seasonal cycle, where air-sea fluxes participate to the cold tongue
development through a decrease of their warming effect (not
shown), their inter-annual role for the EA mode of variability is
only destructive.

When searching for the details of the equatorial warming
mechanisms, the partitioning of the oceanic contribution point
out to the anomaly of vertical fluxes at the base of the mixed
layer (Figure 8D), largely associated with turbulent mixing
(not shown), which appear as the only cause of the warming,
while the horizontal oceanic fluxes contributions are essentially
negative. In other words, the net SST anomaly in MAM] is
driven by an upwelling intensity decrease. In coherence with
the general behavior of the upwelling systems, the pattern of
the vertical component shows a warming also along the African
coasts and in particular over both the Ivory Coast and the
Angola-Benguela upwelling systems (respectively near 5N-5S,
and from the equator down to 20S) reminding the seasonal
cold tongue structure (see also Figure 1D). The associated
cooling by horizontal oceanic contribution displays a very
comparable in amplitude but opposite sign pattern, which
anomalous currents are reminiscent in opposite of the seasonal
mean South Equatorial Current (see Figure 2A). Considering the
net oceanic contribution and the total SST change in MAM]J
season, it appears that horizontal dynamics is only able to
drive a significant SST anomaly very locally at the Angola-
Benguela front, where lie two intense horizontal SST gradient,
that is the mean front and an anomalous one (see respectively
Figures 1C, 8B).

From MAM]J to JASO, the anomalous equatorial warming
on Figure 6 seems to propagate eastward along the equator.
Anomalous eastward currents at the Equator in MAM]J
(Figure 8C) are wind-driven (vectors in Figure 8B). The
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FIGURE 8 | Processes in the development of the EA mode. Heat
budget for the mixed layer regressed onto the time-series of the EA mode for
the growth season MAMJ. (A) Total Ocean component (shaded in C/month)
and total SST tendency (contour, in C/month) (B) Atmospheric component
(shaded in C/month), SST (contour in C) and wind stress (vector in N/m2) (C)
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SSH anomalies are positive and present along the equatorial
and the African coast (contours in Figure 8C), these SSH
anomalies suggest that oceanic waves could be interacting
by changing the vertical stratification (and thus mixed layer
depth h) which would affect the vertical terms (Figure 8D).
These vertical terms are the dominated processes in the
warming of the equator and African coast associated with the
EA mode.

The ocean horizontal component shows a damping pattern
eastward of the maximum SST anomaly in MAM] (Figure 8C),
suggesting that horizontal advection (both terms, the mean
horizontal currents over the anomalous SST gradient (up,gradT’),
and anomalous currents under mean temperature gradients
(v’gradTy,) are responsible for this local cooling (while uw’gradT’
and upgradT,, would warm the surface). Together with
horizontal terms, the atmosphere is instantaneously damping

the excess of anomalous SST over the region of maximum SST
change.

Finally, the Benguela area shows similar behavior although
with less intense anomalies than the equatorial band: in FMAM,
the wind is reduced over this region, both coastal upwelling
cooling and latent heat loss are reduced and act together to
warm the surface (not shown). Afterwards (from MAM)]J), the
SST anomaly becomes important and the atmospheric fluxes turn
into a damping term (Figure 8B). Anomalous vertical terms are
the main responsible for the warming over the African coast
(Figure 8D).

Damping of the EA Mode

The mode terminates with a reduction of the large-scale
equatorial wind anomaly (centered on 5S-5N) and a weakening
of the Santa Helena pressure system 40S (JASO, Figures6,

Frontiers in Earth Science | www.frontiersin.org

12

July 2015 | Volume 3 | Article 37


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

Polo et al.

Equatorial Atlantic GCM heat budget

total ocean + dSST/dt JASO

208-

305~

0 <6?C)Oo

- pA
) 0 { ow
xm o 21

horizontal + SSH + Current JASO

=0.4-0.35-0.3-0.25-0.2-0.13-0.1-0.05 0 0.05 0.1 015 0.2 0.2% 0.3 0.35 0.4

FIGURE 9 | Processes in the damping of the EA mode. Same as Figure 8 but for the decay season JASO.

9A,B). In JASO, when the mode enters its vanishing phase, the
equatorial SST anomalies are damped between 35W and 10W.
Figure 9 shows that it is caused by the oceanic contribution from
35W to 20W, and by the air-sea fluxes effects from 20W to 10W.
Whereas there is no other important role for ocean dynamics,
the air-sea fluxes also control the damping over almost the whole
tropical south Atlantic. As explained above, this suggests that
the change in air-sea temperature and humidity gradients are
the main components since the wind stress is still anomalously
weak (Figure 9B). The damping by vertical humidity surface
gradient was a damping mechanism also pointed out by
Ster] and Hazeleger (2003) for the tropical-subtropical
southern dipole.

At the equator, the partitioning of the oceanic terms allows
realizing that the total ocean contribution is dominated again by
the vertical terms, which warm the eastern half of the change
in SST visible on Figure 9A, and cools its western half, helped
by the horizontal terms (Figures 9C,D). This reversed sign is
probably caused by the reduction of the wind anomaly and the

fact that mean vertical currents are now acting in a more stratified
ocean. In addition, as in the previous seasons, the important
oceanic contribution for the cooling comes from the horizontal
component at the eastern of 20W (Figure 9C).

In summary; the ocean is the responsible of the warming over
the western part of the equatorial basin and along the African
coast by anomalous vertical entrainment while the atmospheric
forcing is responsible for warming the South Atlantic region from
the previous seasons (not shown) until MAM]J (Figure 8). The
atmosphere is damping from the beginning of the SST anomaly
formation at the equator and along the African coast.

Discussion and Conclusions

In the IPSL-CM4 coupled model, the leading mode of SST
variability is found at the equator and along the African coast in
the southern hemisphere. This mode is described and referred
here as Equatorial Atlantic (EA) mode. Anomalous westerly
winds are associated with an anomalous downwelling pattern
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along the equator and the African coast, while horizontal terms
and the atmosphere are damping the resulting SST anomalies.

It is found that the EA mode is part of the internal TAV in
the model, however the EA mode is found to covary with an
austral hemispheric mode during previous seasons (from internal
extra-tropical atmospheric variability) and possibly enhanced by
tele-connection from Pacific La Nifla throughout Rossby waves
impacting the Sta Helena high pressure system.

Regarding the observations, the mode starts over the Benguela
region in boreal spring and then reaches the eastern equator,
with a stronger SST signal than the EA mode in the model.
The opposite situation occurs in the model; the SST anomalies
seem to propagate from the western equator to the African
coast. The delayed SST anomalies at the equator have been
explained by the different mixed layer depth seasonality in
Angola/Benguela region and the eastern equator (Liibbecke et al.,
2010). Following the similar reasoning, the reversed propagation
in the model (i.e., the SST anomalies start first at the western-
central equator and later on at the eastern equator) could be
due to the fact that the mixed layer depth seasonality is not
well reproduced in the model. Maximum SST variability in
MAM]J season is found at 40W-30W at the equator (Figure 1C).
This SST variability maximum is also found in the entrainment
and vertical diffusion terms (not shown). The fact that the
region of maximum variability in SST (and vertical oceanic
terms) corresponds to a minimum in MLD in MAM (Figure 2E)
suggests that the seasonality of MLD could be tightly linked to
the SST changes. Additionally, the model sub-estimates the MLD
along the equator but especially west to 20W in MAM season
(Figures 2A,C). If the MLD is very shallow, vertical terms will be
more effective in changing the temperature, which could result in
a positive feedback. Nevertheless, in order to deeply understand
how important the MLD bias is for the formation of the SST
anomalies and its seasonal evolution, associated with the EA
mode, we would need to perform sensitivity experiments and
further analysis would be required.

The vertical terms are the major contributor to generate SST
anomalies over the equator and along the African coast in IPSL-
CM4 (also in other models as CCSM4 see Muiioz et al., 2012).
Tropical Atlantic SST variability in models is very sensitive to
details in the upper ocean vertical mixing scheme. Hazeleger
and Haarsma (2005) investigated the sensitivity of the climate
models to the mixing scheme and they found that when the
entrainment efficiency is enhanced, the mean and variability over
the TA are improved. More work is needed for understanding
these processes and the different mixing schemes, which will
help to comprehend and reduce biases in coupled models.
More investigation could be done using coupled simulation with
reduced bias to better discriminate the Atlantic Nifo-like mode
and the processes involved.

The main results are summarized in this section as follows:

e Even though the IPSL-CM4 model presents a strong mean SST
bias over the Atlantic cold-tongue region in JJAS season, the
model is able to reproduce the amplitude and the seasonality

of the Atlantic Nifo inter-annual variability quite well
(Figure 1).

Equatorial Atlantic inter-annual SST variability mode (EA
mode) has been identified to occur in the IPSL-CM4 coupled
model control experiment. EA mode consists in an anomalous
SST over the equatorial Atlantic and African south coast
(from MAM] to JASO) in a cold-tongue shape. This mode is
considered as Atlantic Nifio-like in the model (Figures 5, 6).
EA-SST pattern is related to anomalous rainfall in JJAS in a
dipole-like structure over the equator and 10N. Anomalous
precipitation is found over North Brazil, West Africa and
South Africa (Figure 5).

An anomalous SST dipole over the south West Atlantic
(from previous SOND (year-1) to FMAM) occurs to co-vary
with equatorial SST anomalies. The SST dipole over south
Atlantic in boreal fall-winter preceding the equatorial boreal
summer SST anomalies is due to anomalous Sta Helena High
pressure system, which seems to be part of the atmospheric
extra-tropical internal variability over austral hemisphere
and, perhaps, enhanced by the Indo-Pacific tele-connection
(Figure 7).

In the EA mode, the warming (cooling) at the equator and
along the African coast is due to anomalous vertical upwelling
processes from MAM]J to JASO. Horizontal terms tend to
damp the SST anomalies at the east of the maximum SST
anomaly. From JASO, the anomalous eastward (westward)
currents start to reverse and the vertical ocean starts to cool
(warm) at 30W (Figures 8, 9).

Despite the anomalous wind stress over the equatorial
Atlantic, the atmosphere forces the damping of the SST
anomalies throughout anomalous turbulent heat fluxes (wind-
driven) and radiative heat fluxes (cloud-cover) from MAM]J to
JASO.

EA-SST evolution is found to be weaker and opposite in the
model in comparison with the observations: from west equator
to the southeast Atlantic. This could be related to the wrong
mixed layer depth along the equator in the model which allows
the ocean to easily integrate the changes from an anomalous
forcing in the western equator. In addition, the model bias of
a strong westward surface current at the equator in MAM]J
could act to damp in excess the SST anomalies, resulting in
decreasing the amplitude of the equatorial SST anomalies of
the mode with respect to the observations.
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