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Abstract The influence of the chlorophyll on the upper Tropical Atlantic Ocean is investigated with long-
term (1979–2012) regional oceanic simulations with 1/48 horizontal resolution based on the NEMO3.6
model. The model solar radiation penetration scheme depends on the chlorophyll concentration. Simula-
tions with time and spatially varying concentrations obtained from satellite ocean color observations are
compared with a simulation forced with constant chlorophyll concentration of 0.05 mg m23, representative
of chlorophyll depleted waters. Results indicate that regions of the Tropical Atlantic with chlorophyll con-
centrations larger than in the reference simulation (i.e., [chl]> 0.05 mg m23) get warmer at the surface, with
the exception of the main upwelling regions where high chlorophyll concentrations are associated with a
significant cooling of the sea surface (�18C in the Benguela upwelling). The analysis of the model heat
balance shows that the biological differential heating causes negative temperature anomalies in subsurface
source waters prior to their upwelling at the coast. The shallow mixed-layer in the eastern equatorial and
tropical Atlantic favors the persistence of these subsurface anomalies and may explain why the Benguela is
particularly sensitive to the biological differential heating. In spite of the presence of high chlorophyll
concentrations in the upwelling regions, both the larger amount of shortwave radiation captured in the
surface layers and the modifications of the horizontal and vertical advection at the coast are found to play a
secondary role in the SST change in the upwelling region.

1. Introduction

The absorption of light by the chlorophyll and related pigments contained in phytoplanktonic biomass
modifies the vertical distribution of radiative heating in the upper ocean, with potential implications on the
thermal structure and the dynamics of the ocean. The overall importance of this biological effect, also
known as self-shading, on the ocean heat budget has been mostly investigated using modeling approaches,
either with ocean models [Nakamoto et al., 2001; Murtuggude et al., 2002; Manizza et al., 2005; Sweeney
et al., 2005; Park et al., 2014a,2014b] or with coupled ocean-atmosphere-biogeochemistry models
[Lengaigne et al., 2007; Park et al., 2014a,2014b] which take into account the feedback of biologically driven
SST changes on the atmosphere.

In the open ocean and far from the equator, the general agreement is that the dominant response to the
biology is 1-D: the absorption of light by the chlorophyll leads to a larger fraction of radiative heating cap-
tured by the surface waters while less radiative heating is made available for the subsurface waters. This
generally results in a warming of the ocean surface [e.g., Lengaigne et al., 2007; Ma et al., 2012; Park et al.,
2014a,2014b] .

In the upwelling regions however, the influence of chlorophyll concentration on SST is still a matter of
debate. Most of the studies focused on the Pacific equatorial upwelling region, owing to potential biological
feedback on El Ni~no/La Ni~na events. Some studies suggest that the differential heating due to chlorophyll
leads to a warming of the surface waters of the order of 118C in the equatorial pacific system [Timmermann
and Jin, 2002; Murtuggude et al., 2002; Marzeion et al., 2005; Wetzel et al., 2006; Lengaigne et al., 2007] while
other authors found a sea surface cooling [Nakamoto et al., 2001; Manizza et al., 2005; Lin et al., 2007, 2008,
2011; Anderson et al., 2009; Park et al., 2014a,2014b]. These results have been summarized in Park et al.
[2014b]. They are generally sensitive to the type of ocean model used: some authors show that the surface
cooling induced by the biology is amplified in fully coupled models relative to forced ocean models
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[Park et al., 2014b], while other studies show an inversion of the anomaly from cool to warm when using an
hybrid or a fully coupled model [Marzeion et al., 2005; Lengaigne et al., 2007]. The diversity of the model
responses may arise from the model diversity, which have different bias either in the physics or in the simu-
lated chlorophyll (when using ocean-biogeochemistry coupled models).

Despite a lack of agreement on the sign of the SST response, most of the recent studies generally agree
that in the equatorial upwelling regions, the temperature response of the upper layers is affected by both
1-D (local) thermodynamic processes and 2-D advective processes. Different processes that often interact
together have been invoked. Most of the studies explain the temperature anomalies (either positive or neg-
ative) by modifications of the upwelling that either cancel or amplify the local surface heating due to chlo-
rophyll [Manizza et al., 2005; Marzeoin et al., 2005; Nakamoto et al., 2001; Loptien et al., 2009; Sweeney et al.,
2005; Lengaigne et al., 2007; Lin et al., 2007, 2008; Park et al., 2014b]. What is generally proposed as a modifi-
cation of the upwelling may involve many different processes (vertical velocity, mixing, vertical gradients of
temperature), but we still lack a comprehensive understanding of the dominant processes.

The Tropical Atlantic holds productive upwelling systems (either equatorial or coastal) and marked spatial
gradients of chlorophyll concentrations [e.g., Signorini et al., 1999] (see also Figure 1), but the impact of the
biology in this region has been poorly studied. Using a numerical model, Frouin et al. [2007] analyzed the
impact of the chlorophyll on the thermal structure and the currents of the Tropical Atlantic Ocean. They
observed a warming of 3–48C in the region of the Guinea Current, and 1–28C in the region of the North
Equatorial Current, the northern part of the South Equatorial Current, and in the Caribbean (the Tropical
Atlantic current system is sketched in Figure 1). They observed a cooling of around 18C in the Benguela
upwelling. They show that these modifications coincide with a strengthening of the equatorial currents, but
the processes involved in a possible causal relationship between the currents anomalies and the surface
temperature anomalies remain to be clarified. Others studies focused on specific areas such as the Guinea
Dome [Duteil et al., 2009] or the Amazon-Orinoco river plume [Newinger and Toumi, 2015], where the impact
of the chlorophyll was driven at first order by 1-D processes. So we still lack a comprehensive understanding
of the processes at play at the Atlantic basin scale.

The aim of this paper is to evaluate and understand the sensitivity of the Tropical Atlantic upper ocean tem-
peratures to biological differential heating. For that purpose, we analyze a set of interannual (1979–2012)

Figure 1. Annual mean of chlorophyll concentrations based on GlobColour monthly merged MODIS/VIIRSN product from 1998 to 2012
with circulation schematic superimposed. The red contours indicate the Senegal and Benguela upwelling regions used for statistics and
identified as the regions with annual mean chlorophyll concentrations larger than 1 mg m23. Surface current branches shown (black solid
arrows) are the North Equatorial Current (NEC), the Mauritania Current (MC), the northern, central and south branches of the South Equato-
rial Current (nSEC, cSEC, and sSEC), the North Equatorial Countercurrent (NECC), the Guinea Current (GC), the Angola Current (AC), the
North Brazil Current (NBC), the Brazil Current (BC), and the Benguela Current (Benguela C). The equatorial Undercurrent (EUC) is indicated
in black dashed arrows.
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regional simulations based on a 1/48 model of the Tropical Atlantic, for which different chlorophyll concen-
trations are specified. The large sensitivity of the Mauritania-Senegal and Benguela upwelling systems led
us to primarily focus on these areas. The paper is organized as follows. Section 2 describes the model and
the various observational data sets used in the study. Section 3 describes the influence of the biology activ-
ity on the Tropical Atlantic. The processes controlling the sea surface response of the coastal upwellings to
biological differential heating are analyzed in sections 4 and 5 for the Benguela and Senegal upwelling,
respectively. Finally, the results are summarized and discussed in section 6.

2. Data and Methodology

2.1. Regional Model Description
The regional ocean model configuration used in this study is built from the oceanic component of NEMO3.6
(Nucleus for European Modeling of the Ocean) [Madec, 2014]. It solves the three dimensional primitive
equations discretized on a C-grid and fixed vertical levels (z-coordinate) on a regional grid of 1/48 horizontal
resolution that encompasses the Tropical Atlantic (358S–358N, 1008W–158E). It has 75 levels in the vertical,
with 12 levels in the upper 20 m and 24 levels in the upper 100 m. Such a configuration has already been
described in full details in Hernandez et al. [2016], a study in which it is shown that the model successfully
reproduces the Tropical Atlantic mean state and the sea surface cooling in the wake of tropical storms and
hurricanes of the western Tropical Atlantic.

The model is forced at its lateral boundaries with daily outputs from the MERCATOR global reanalysis GLOR-
YS2V3. At the surface, the atmospheric fluxes of momentum, heat, and freshwater are provided by bulk for-
mulae [Large and Yeager, 2009]. The model is forced with DFS5.2 product [Dussin et al., 2014] which is based
on ERAinterim [Dee et al., 2011] reanalysis and consists of 3 h fields of wind speed, atmospheric temperature
and humidity, and daily fields of longwave, shortwave radiation, and precipitation. DFS5.2 is an update of
the product described in Brodeau et al. [2010].

A special care was taken in the choice of the shortwave penetration scheme. The parametrization of the
solar radiation penetration holds on the principle that light absorption in the ocean is spectrally selective
and depends on particle concentration. In all our simulations, the penetration of the solar heat flux radiation
Qsr is represented using a three-waveband Red-Green-Blue (RGB) model [Lengaigne et al., 2007] based on
the full spectral model of Morel [1988]. We use the empirical parameterization from Morel and Berthon
[1989] to calculate a vertical profile of chlorophyll from surface chlorophyll satellite concentration. Figure 2a
shows the shortwave penetration profiles obtained for different values of chlorophyll concentrations from
0.05 to 1 mg m23. The parametrization used for all simulations includes a deep chlorophyll maximum

Figure 2. (a) Penetration profile of the photosynthetically available radiation (PAR) calculated with a three-waveband RGB model and a variable profile of chlorophyll concentration
shown for different chlorophyll surface concentrations. (b) Corresponding vertical profiles of Chl(z) following the formulation of Morel and Berthon [1989].
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(Figure 2b) and is based on the rela-
tionship between the near-surface
chlorophyll concentration and the
column-integrated chlorophyll con-
tent. We verified that our results (in
terms of SST sensitivity) are not very
sensitive to the choice of a varying
vertical profile of chlorophyll
obtained with the Morel and Berthon

[1989] parametrization or assuming a vertically homogeneous concentration of chlorophyll as done for
example in Lengaigne et al. [2007]. Indeed the SST differences between simulations performed with a con-
stant or vertically varying profile of chlorophyll (see Figure Figure A1 in Appendix A) are negligible com-
pared to the sensitivity of the model SST to the total chlorophyll concentration as we will below (e.g.,
section 3.1).

The simulations that have been performed in this study (Table 1) only differ in the spatial and temporal dis-
tribution of the chlorophyll concentrations that are specified. The reference simulation (CHL0.05) is forced
with a horizontally homogeneous chlorophyll concentration set to 0.05 mg m23, and different sensitivity
experiments are performed: CHLclim is forced with a monthly climatology of chlorophyll concentrations
obtained from GlobColour monthly merged product for the period 1998–2012 (details on these data are
given in section 2.2). CHLcst is forced with annual mean chlorophyll concentration (i.e., concentration is con-
stant in time).

All experiments were initialized with temperature and salinity climatology provided by the WOA98 Atlas
[Levitus et al., 1998] on 1 January 1979 and is integrated over the period 1979–2012. The evolution of the
temperature anomalies in the upper 200 m shows that the anomalies stabilize after 20 years and that the
period 1998–2012 is suitable (see Figure Figure A2). Daily averages from 1998 to 2012 are analyzed to vali-
date the CHL0.05 simulation but the comparison between experiments is performed on the period 2005–
2012.

2.2. Observations
Time and spatially varying chlorophyll concentrations used to force the model are obtained from satellite
data from 1998 to 2012. We use the OSS2015 GlobColour [Fanton d’Anton et al., 2009; Maritorena et al.,
2010] monthly merged MODIS/VIIRSN product (version 4.0) derived from SeaWIFS, MERIS, MODIS, and VIIRS
data at 25 km resolution. These fields have been interpolated linearly onto the 1/48 model grid. Seasonal
and annual climatologies are calculated using all the data available from 1998 to 2012. Data have been
interpolated linearly on the model grid and gaps due to the presence of clouds were filled by bilinear inter-
polation. The annual mean of chlorophyll concentration in the Tropical Atlantic Ocean is shown in Figure 1.
High chlorophyll concentrations are observed in the eastern boundary Benguela and Mauritania-Senegal
upwellings, in the equatorial region and in the plume of the large river of the basin (Amazon, Orinoco,
Congo). In contrast, the subtropical gyres are chlorophyll depleted with concentrations below 0.05 mg m23.

The model mean SST distribution is compared to Microwave OI SST observations (http://www.remss.com/
measurements/sea-surface-temperature/oisst-description) derived from an optimal interpolation of Tropical
Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) data and Advanced Microwave Scanning Radi-
ometer AMSR-E data. Daily data from 1998 to 2012 at 0.258 3 0.258 spatial resolution are used. The model
mixed-layer depth (MLD) and barrier layer thickness (BLT) are compared to MLD climatology and BLT clima-
tology of de Boyer Mont�egut et al. [2004, 2007] at 28 3 28 spatial resolution. For both model and observa-
tions, the MLD criterion used in this study corresponds to the depth at which density is 0.03 kg m23 larger
than the density at 10 m depth. Observations have been interpolated linearly onto the model grid to be
compared to model outputs.

Geostrophic currents derived from SSALTO/DUACS altimetry are used to derive the mean satellite eddy
kinetic energy (EKE). We use data from 2005 to 2012 for the validation. The EKE is computed from velocity
anomalies as (1/2)(u02 1 v02), where u is a model or altimetry-derived geostrophic surface velocity, and u0

the anomaly with respect to the mean seasonal cycle from 2005 to 2012.

Table 1. List and Characteristics of the Different Simulations Performed and
Analyzed in This Study

Experiment
Chlorophyll

Concentration
Integration

Period
Initial

Conditions

CHL0.05 Constant and horizontally
homogeneous (0.05 mg m23)

1979–2012 Levitus [1998]

CHLclim Monthly climatology 1979–2012 Levitus [1998]
CHLcst Annual mean climatology 1979–2012 Levitus [1998]
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2.3. Comparison of the Reference Simulation With the Observations
The annual climatology of observed SST from 1998 to 2012 is shown in Figure 3a. The main features of the
observed SST are well reproduced by the model in the reference simulation CHL0.05 (Figure 3c), although
the model is slightly cooler north and south of the Inter-Tropical Convergence Zone (20.58C) and warmer
(118C) in the Benguela upwelling (Figure 3e). Such warm bias in the Benguela upwelling region is a com-
mon feature of low resolution CMIP5 climate models [Taylor et al., 2012; Richter et al., 2012; Wang et al.,
2014]. The amplitude of the SST seasonal cycle in the Mauritania-Senegal and Benguela upwelling (defined
as the region where the annual mean chlorophyll concentration is higher than 1 mg m23; see Figure 1) is
well reproduced (Figure 3g).

The modeled MLD (Figure 3b) is also in agreement with MLD inferred from observations (Figure 3d) [de
Boyer Mont�egut et al., 2004]. Although simulated MLD is around 5 m thicker (Figure 3f), simulated and
observed MLD present the same large scale pattern. Monthly differences are particularly important in the
Benguela region in August and September (Figure 3g). The poor data coverage (hashed contours in (Figure
3a) in this nearshore area in the observed product may contribute to this difference. We note that the mean
MLD (Figures 3b and 3d) is shallow in the equatorial band and in the eastern part of the Tropical Atlantic
basin (O � 20 m), and it deepens to 60 m in the subtropical gyres. In the Benguela upwelling, the maximum
of MLD is in phase with the austral winter minimum of SST.

2.4. Methods
2.4.1. Heat Budget
To identify the processes responsible for temperature anomalies, the different contributions to heat budget
have been computed online. The full three-dimensional temperature equation of the ocean model reads:

@tT5 u@x T1v@y T1w@z T
� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

t adv

1 DlðTÞ|fflffl{zfflffl}
t ldf

1
@

@z
Kz
@T

@z

� �
|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

t zdf

1
Qns

q0CpDz
1IðzÞ

|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
t flx

(1)

where T is the model potential temperature, (u, v, w) are the components of the ocean currents, Dl(T) is the
lateral diffusion operator, Kz is the vertical diffusion coefficient, Cp is the specific heat of sea water, q0 is the
reference density, Dz is the thickness of the first grid cell, and I(z) 5 Qs @zf(z) is the heating rate due to the
penetrative solar heat flux with Qs the net surface solar heat flux and f(z) the fraction of the solar radiation
that reaches depth z. The term t_adv represents the advection of temperature, t_ldf and t_zdf are the lateral
and vertical diffusion of temperature, respectively, and t_flx is the air-sea heat flux, including both the pene-
trative shortwave radiation contribution and the nonsolar contributions. The differences between the sensi-
tivity experiments will be caused by different vertical profiles of I(z), due to different absorption of the
penetrative solar radiation.

3. Influence of the Biological Activity on the Tropical Atlantic

3.1. Mean State
Temperature differences in the ML between the simulations CHLclim (climatological chlorophyll forcing) and
CHL0.05 (clear waters; reference simulation) show a warming in the open ocean everywhere CHLclim chloro-
phyll concentrations are lower compared to CHL0.05 chlorophyll concentrations. The largest warming
(�0.38C) is observed near the plume areas, especially in the Congo river plume near 68S. In contrast, the
main upwelling systems, which are regions with high chlorophyll concentration, cool down (Figure 4a). This
cooling reaches �18C in the Benguela, Mauritania-Senegal, and southern Caribbean upwelling systems. A
cooling is also observed in the equatorial upwelling, but it is weaker (�0.58C). The net air-sea heat flux
anomalies (Figure 4b) tend to compensate the temperature anomalies: they warm (120 W m22) the upwell-
ing regions, and thus weaken the SST anomalies.

The MLD is significantly impacted by the biology. It is 10–20 m shallower in and offshore the Mauritania-
Senegal and Benguela upwellings where the MLD is already shallow (10–30 m deep, Figure 3d). Below the
mixed-layer, there is a basin scale cooling in CHLclim almost everywhere where chlorophyll concentrations
are larger than the constant value used in the simulation CHL0.05 (Figure 4c). Surface currents are slightly
increased at the western boundary in CHLclim (�5 cm s21), but changes are relatively weak at the eastern
boundary (Figure 4e).
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Figure 3. Annual climatological SST (8C; left) and MLD (meters; right) from (a and b) observations and (c and d) model. The differences between model and observations are shown in
Figures 3e and 3f. Observed SST are from OI microwave data set and observed MLD data are from de Boyer Montegut [2004]. (g and h) Mean seasonal cycle of SST (black) and MLD (red)
for the Benguela and Senegal region (as defined in Figure 1) for the model (dotted line) and observations (continuous line). In b) hashed contours indicate grid point (of 28 3 28) where
less than five profiles have been use to build the climatology.
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3.2. Seasonality of the Temperature Anomaly
The analysis of the seasonality of the temperature anomalies in the ML (Figure 5) shows permanent cooling
anomalies in the Benguela region between 278S and 208S and in the north of the Mauritania-Senegal region
from 208N to 268N as already observed in Figure 4a. In the remainder of the paper, we will mainly focus on
these areas where permanent cooling anomalies are observed, which coincide with regions of permanent
upwelling. However, it is worth mentioning that the temperature anomalies have marked seasonality in
terms of amplitude and horizontal extent: in the Mauritania-Senegal region, the temperature anomalies sea-
sonally extend to the south from 208N to 128N between February and April. In the Benguela region, cold
anomalies are higher between May and June. These seasonal variations of the anomalies are closely
related to the seasonality of these upwellings [see Cury and Shannon, 2004; Cropper et al., 2014; Fischer
et al., 2016].

In the equatorial region, the temperature anomalies between CHLclim and CHL005 are negative almost
throughout the year but show a marked peak from May to August. In the Congo river plume (located
around 58S and identified by the 1 mg m23 isocontour in Figure 5), temperature anomalies follow a nontriv-
ial seasonal cycle. During a large part of the year, the river plume is warmer in CHLclim. This warming is

Figure 4. Differences between the simulation with climatological chlorophyll (CHLCLIM) and the model reference simulation (CHL0.05) averaged from 2005 to 2012. (a) Mixed-layer
temperature anomalies (8C), (b) net air-sea heat flux Qt anomalies (W m22), (c) anomalies of temperature averaged in a 30 m thick layer under the mixed-layer depth, (d) MLD anomalies
(m), and (e) surface currents anomalies (m s21). Black line indicates the 1 mg m23 annual mean chlorophyll concentration contour. Hashed contours indicate the region where chloro-
phyll concentration in CHLCLIM simulation is lower than 0.05 mg m23 at least during one month within a season.
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expected and is explained by the 1-D process already mentioned in the introduction section: in presence of
chlorophyll more heat is captured in the surface layer. But interestingly, surface temperatures in May–June–
July are lower in CHLclim. These two peaks of negative temperature anomalies (at the equator and in the
river plume) occur during the peak season of the Atlantic cold tongue [e.g., Jouanno et al., 2011a], which
extends from 358W at the equator to the African coast, where it can reach the Congo plume area [e.g.,
Jouanno et al., 2011b]. During this season, an important amount of subsurface waters is brought to the sur-
face by upwelling and mixing in response to the seasonal variability of the equatorial winds. So we expect
the anomalously cool subsurface waters (Figure 4c) to upwell during this season and to compensate the
surface warming.

3.3. Impact of the Seasonal Variability of Chl
In the Benguela upwelling, the maximum of SST negative anomalies occurs in April concomitantly with
the presence of a maximum in chlorophyll at this period (Figures 5 and 6a, 6b). This indicates that the

Figure 5. Differences of monthly temperature in the mixed-layer (in 8C) between the simulation with climatological chlorophyll (CHLCLIM) and the model reference simulation (CHL0.05),
averaged from 2005 to 2012. Black lines indicate the 1 mg m23 monthly mean chlorophyll concentration iso-contour.
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Figure 6. (a) Chlorophyll concentrations in CHLclim and CHLcst (mg m23), (b) anomalies (compared to CHL0.05) of sea surface temperature
average in the Benguela upwelling region between 278S and 208S for CHLclim (red) and CHLcst (green). Gray dotted line corresponds to
CHLclim mixed-layer depth and gray continuous line to CHL0.05 mixed-layer depth. The blue line represents the SST for simulation CHL0.05.
(c and d) The same but for the Mauritania-Senegal upwelling region averaged between 208N and 268N.

Journal of Geophysical Research: Oceans 10.1002/2016JC012330

HERNANDEZ ET AL. BIOLOGICAL FEEDBACK TROPICAL ATLANTIC 5375



seasonality of the anomaly is not driven by the local variability of the chlorophyll concentrations (if
there were be a link between both, we would expect a decrease of the surface temperature anomalies
when chlorophyll concentrations are at their highest). Furthermore, the temperature anomalies (with
respect to CHL0.05) obtained in the simulation forced with annual mean chlorophyll concentration
(CHLcst) are very close to CHLclim (Figure 6b). This suggests that the seasonal cycle in chlorophyll con-
centrations, neither locally nor at the basin scale, is not the first-order mechanism driving the seasonal
cycle of the anomalies. In the Mauritania-Senegal upwelling, there are no major differences between
CHLclim and CHLcst in spite of a large chlorophyll variability (Figures 6c and 6d) suggesting also that sea-
sonal variability of the temperature anomalies are not driven by the variability of the chlorophyll
concentration.

4. Mechanisms in the Benguela Upwelling

As already described in previous studies, the processes responsible for the surface warming and subsurface
cooling outside the upwelling regions are one-dimensional and relatively well understood: more heat is
captured in the top layers by the chlorophyll while less heat is available at the subsurface. This is illustrated
in Figure 7a which displays the difference in radiative heating rates between CHLclim and CHL0.05 along a
zonal section crossing the Benguela upwelling system (meridionally averaged between 278S and 208S). We
see that close to the coast the heating difference between the surface and the subsurface is increased. We
also note that near the coast, the heating anomaly in the 0–10 m surface layer is positive despite the
observed surface cooling in CHLclim. Thus, the cold anomaly observed in the upwelling region in CHLclim

cannot be explained by a local modulation of the shortwave heat flux. Other processes are involved and
they are investigated in the following sections.

4.1. Lagrangian Analysis
One hypothesis to explain the cooling in upwelling regions is that the temperature anomalies could be
formed upstream, offshore of the upwelling area. To test this hypothesis, we performed a Lagrangian analy-
sis using ARIANE for the CHL0.05 and CHLclim experiments. The origin of the water masses that upwell in the
Benguela upwelling is explored by tracking 4 years backward in time the waters masses that upwell. To do
that, we use the offline Lagrangian tool ARIANE [Blanke and Raynaud, 1997; Blanke et al., 1999]. Lagrangian
analysis was performed using daily average outputs of CHL0.05 and CHLclim experiments. A total amount of
135,687 particles were released each day from 1 January 2008 to 31 December 2012 from 208S to 278S. At
25 km resolution, the Benguela upwelling is very coastal (Figure 7b) and thus we decided to release the par-
ticles at the first ocean grid point at the coast, at 20, 40, and 60 m depth. The particles were integrated back-
ward during 4 years and the temperature, the age, and the depth of each particle were recorded along
each trajectory every 5 days. The different contributions to the temperature evolution were also recorded
along the particle trajectories in order to identify the processes responsible for the temperature anomalies
within the upwelling.

Figure 7. Mean zonal section in the Benguela region (between 278S and 208S) for (a) difference of surface forcing heating rate (�C/d, term t_flx see equation (1)) between CHLclim and
CHL0.05. (b) Mean temperature in CHL0.05 simulation. Data from 2005 to 2012 are used.
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Figure 8. Repartition for the first and fourth year of backward integration of particles seeded in the (a–d) Benguela and (e–h) Mauritania-Senegal upwelling systems. The particles were
released daily from 2008 to 2012 at 20, 40, and 60 m depth at each grid cell closest to the coast from 208S and 278S for the Benguela upwelling and from 208N and 268N for the
Mauritania-Senegal upwelling.
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In a Lagrangian framework the heat budget of a water parcel reduces to:
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The temperature, position, depth, and heat balance averaged over all the particles are analyzed as a func-
tion of their age (Figures 8 and 9). Figure 8 shows the distribution of the particles during the first and fourth
year of backward integration. The analysis shows that during the first year prior to their arrival at the coast
the particles were located relatively close to the upwelling regions. The distribution of the particles the
years before indicates that a large fraction of the waters is advected from the equatorial or near equatorial
regions and another fraction is advected from the south (Figure 8). During the first year, 12% of the trajecto-
ries in CHL0.05 and 27% of the trajectories in CHLclim have been intercepted at 338S (Table 2). During the

fourth year, these values raised to 29% and 48%, respec-
tively. This indicates significant changes in the advection
pathways between the two simulations. Note that for
the diagnostics discussed in the next section, we will
retain all the pathways, keeping the properties of the
water parcels (temperature, depth) constant south of
338S previous to their entrance within the domain.

At seeding time (age 5 0 days; Figure 9a), the tempera-
ture difference between CHL0.05 and CHLclim is �1.378C.
A temperature anomaly of 0.608C (43.8% of the total
anomaly) is already present at the backward integration

Figure 9. Averaged properties as a function of their age for all the particles seeded in the Benguela upwelling (left) and in the Senegal-Mauritania upwelling during the period 2005–
2012: (a and b) temperature, (c and d) depth. The temperature t_tot (8C), in plots (e and f) for CHL0.05 and (g and h) for CHLclim (g and h), is the sum of the temperatures obtained as
the integration (from year 24 to the seeding time) of the surface forcing trends (t_flx) and the diffusive trends (t_zdf 1 t_ldf). The difference (i.e., the residual) between t_tot and the
evolution of the temperature averaged for all the water parcels (t_obs) is shown as t_res.

Table 2. Numbers of Trajectories That Have Been Inter-
cepted at 338S During the First, Second, Third, and
Fourth Years Prior to Their Arrival to the Benguela
Upwelling

Ntraj
CHL0.05

Ntraj
CHLclim

First year 12% 27%
Second year 23% 43%
Third year 27% 47%
Fourth year 29% 48%
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time limit (i.e., fourth-year backward). We cannot fully conclude on the origin of this anomaly, but the differ-
ence in the origin depth (�30 m deeper when taking into account realistic chlorophyll concentrations; Fig-
ures 9c and 9d) suggests it is due to changes in the advection pathways. The remaining 0.778C (56.2%) of
the temperature anomaly is explained by a reduction of subsurface heating (t_flx) when considering realis-
tic chlorophyll concentrations. Indeed, in CHL0.05 the particles get warmed throughout their trajectories
while this warming is much weaker (almost nonexistent) in CHLclim (Figure 9a).

Although the temperature anomaly is forming long before waters enter the upwelling system (green curve
in Figure 9a), around �0.438C (31.4%) of the temperature anomaly is formed during the last year before the
waters reach the upwelling cell, due to the fact that water parcels enter a region of enhanced surface chlo-
rophyll (Figures 2 and 8a). The effect is accelerated during the last year previous to upwelling because (i)
the particles get closer to the upwelling region so the shading effect is larger due to larger chlorophyll con-
centrations and (ii) the particles get shallower so the differences of penetrative solar radiation are larger.

A heat budget following the particles has been performed to shed light on the processes contributing to
the different temperature evolutions along the particle paths in CHLclim and CHL0.05. The temperature ten-
dency of each water parcel (t_tot in 8C/month) can be decomposed as the sum of a diffusive contribution
(t_ldf1t_zdf) and air-sea fluxes contribution (t_flx) (see equation (2)). These contributions were calculated
online for each grid point, and then interpolated along the particles backward trajectories using ARIANE,
and integrated forward in time along the trajectories from year 24 (Figures 9e and 9f). We can verify that
the difference between the total temperature tendency and the sum of the diffusive and air-sea fluxes con-
tribution is small and lower than 0.28C (see the residual term t_res shown in Figure 9 which is the difference
between the temperature tendency seen by a water parcel and the sum of the diffusive and air-sea fluxes
contributions). This residual comes from numerical errors due to interpolation along the trajectories. The
1.378C average warming of the water parcels in CHL0.05 is explained by both mixing (10.578C) and air-sea
fluxes (10.788C; see Table 3). The analysis of the different terms of the heat budget following the water par-
cels reveals that radiative heating (t_flx) is the main process that warms the water parcels in CHL0.05 along
their way to the upwelling, while horizontal and vertical diffusions have an impact only during the few days
before the waters reach the upwelling cell. The significant contribution of the diffusion at this stage is
explained by the intense vertical mixing that occurs within the upwellings [e.g., Renault et al., 2011; Jouanno
and Sheinbaum, 2013]. In contrast, the air-sea fluxes have almost no impact on the local temperature ten-
dency of the particles in CHLclim (Figure 9g). Indeed, the air-sea fluxes only contribute to 0.0158C of the
0.588C warming, while 0.568C is due to the mixing contribution (Table 3). The straightforward interpretation
for such difference between CHLclim and CHL0.05 is that the chlorophyll concentrations limit the shortwave
radiations that reach the subsurface.

To further disentangle the role of the high chlorophyll concentrations in the upwelling area versus
the role of the weaker chlorophyll concentrations found in open ocean waters, we computed the
fraction of radiative warming of the water parcels as a function of chlorophyll concentrations. A large
amount of the shading effect is achieved in regions with relatively low surface chlorophyll concentra-
tion (Figures 10c and 10d). We found that 64% of the final temperature anomaly between the two

Table 3. Contribution of the Heat Budget Terms (Total Tendency, Mixing, and Surface Flux) to the 4 Year Average Temperature
Tendency Following all the Trajectoriesa

Total Number
of Particles

Total Temperature
Tendency (8C, t_tot)

Total Mixing
(8C, t_ldf 1 t_zdf)

Surface Heat
Flux (8C, t_flx))

CHL0.05 Total 39,756,291 1.35 0.57 0.78
[chl] <5 1 mg m23 25,338,018 0.42 0.14 0.28

[chl]> 1 mg m23 14,418,273 0.92 0.42 0.50
CHL0.05 with advection

CHLclim

39,756,291 1.30 0.54 0.75

CHLclim Total 39,756,291 0.58 0.56 0.015
[chl] <5 1 mg m23 25,789,126 0.13 0.13 0.007

[chl]> 1 mg m23 13,967,165 0.45 0.44 0.008
CHLclim with advection

CHL0.05

39,756,291 0.53 0.52 0.012

aThe term are computed in the entire model domain and in regions with surface chlorophyll larger and weaker than 1 mg m23. This
distinction aims at roughly distinguishing particles located in and out the upwelling areas.
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simulations is generated in regions with surface chlorophyll concentration higher than 1 mg m23

while the remaining 36% of the anomaly is created in regions with surface chlorophyll concentration
lower than 1 mg m23 (see Table 3). This indicates that near-oligotrophic regions significantly contrib-
ute to the temperature anomalies.

Moreover, we notice in Figures 9a and 9b that a large fraction of the difference between the two simula-
tions forms at an average depth of 150–200 m. This is somewhat surprising since the insolation felt at these
depths is very weak even in very clear waters (�0.5% of the surface radiation reach 150 m depth for CHL0.05

simulation). The fraction of radiative warming computed as a function of the depth indicates that although
the mean depth of the particles is between 150 and 200 m, most of the difference of radiative warming is
felt by the shallower particles located at depth between 50 and 150 m (Figures 10a and 10b).

Figure 10. (a) Depth distribution of the particles (we considered all the particles and the full Lagrangian backward integration period, i.e., 4 years). (b) Depth distribution of the 4 year
mean radiative warming experienced by the water parcels (in 8C). (c) Distribution of the water parcels as a function of the surface chlorophyll concentration. (d) Distribution of the 4 year
mean radiative warming as a function of the surface chlorophyll concentrations (in 8C). Gray bars correspond to CHL0.05 simulation and black hashed bars correspond to CHLclim simula-
tion. In both (b) and (d), the sum of the contributions equals to 0.788C (for CHL0.05 ) and 0.0158C (for CHLclim ), and corresponds to the average radiative warming experienced by the
water parcels during the 4 years period.
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In order to determine whether differences in the water pathways could explain the temperature differences
in the upwelling region, we integrated the heat budget using temperature tendencies of CHL0.05 on the tra-
jectories obtained from CHLclim, and conversely (Table 3). The total temperature tendency, together with
the corresponding diffusive and air-sea contributions, are found to be very similar to the tendency observed
when integrating consistently the tendencies on the trajectories obtained from the same simulation. This
suggests that the modification of the water pathways is not the leading mechanism that explains the differ-
ences of SST between CHL0.05 and CHLclim.

4.2. Seasonal Cycle of the Anomalies
The anomalies of surface temperature due to the effect of chlorophyll concentration follow a seasonal cycle
as indicated in section 3.1. In the Benguela upwelling, surface temperatures are minimum at the end of the
austral winter and at the beginning of the austral autumn, between July and November (Figures (5 and 7),
and 12a). During this period the mixed-layer depth reaches its maximum (Figure 12a). Negative surface tem-
peratures anomalies between CHLclim and CHL0.05 are strongest in April–June, when the mixed-layer deep-
ens (Figure 12b). As discussed in section 3.3, this seasonality of the surface temperature anomaly cannot be
explained by the local or remote seasonal cycle of the chlorophyll concentrations.

In order to explain such seasonal evolution of the anomaly, we now analyze the heat budget terms for
CHL0.05 averaged over the Benguela upwelling area and the differences with the trends in CHLclim (Figures
11c and 11h). The total temperature tendency (Figure 12c) has been decomposed into (i) a forcing contribu-
tion (sum of solar and non solar air-sea fluxes; Figure 12e) which acts to warm the upper ocean all year long
and (ii) a dynamical contribution (sum of advection and diffusion; Figure 12g) which cool the mixed-layer
throughout the year.

From October to February (austral summer), the stronger solar heat flux penetrates deeper (Figure 12e)
leading to larger deficit of the subsurface radiative heating in CHLclim during this period (Figure 12f). From
December to April, the warm surface temperature and shallow mixed-layer, associated with reduced mixing
(Figure 12g) strengthen the cool subsurface temperature anomaly (Figure 12b). At the beginning of austral
spring (April), the upwelling intensifies as suggested by the shoaling of the isopycnals (Figure 12a) and the
strengthening of the contribution of the dynamical processes (vertical diffusion and advection) to the cool-
ing in the upper ocean (Figure 12g). It is during this period that the surface temperature anomaly between

Figure 11. Seasonal evolution for CHL0.05 (continuous lines) and CHLclim (dashed lines) in the Benguela upwelling region of (a) the wind
stress and (b) the different contributions to the net air-sea heat flux (W m22): Qtot (total), Qlw (longwave), Qsb (sensible), Qla (latent), and
Qsr (shortwave radiation). In Figure 11c, Qtot and Qsr are shown the first model cell only.
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Figure 12. Time-depth evolution of temperature (8C) and the different contributions to model temperature equation (8C d21; see equation (1)) in the Benguela upwelling region (as
defined in Figure 1 and between 278S and 208S) for CHL0.05 simulation (left) and the difference between CHLclim and CHL0.05 (right): (a and b) temperature, (c and d) t tot the total
tendency, (e and f) t_flx the air-sea fluxes contribution, and (g and h) the sum of all dynamical contributions to the heat budget (t_adv,t_zdf,t_ldf). Contours of temperature with 18C
interval are superimposed on all the figures, together with the mixed-layer depth (magenta lines), with dotted lines corresponding to CHL0.05 and continuous lines to CHLclim isotherm.
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CHLclim and CHL0.05 is larger (Figure 12b), most probably fed by the bulge of negative anomalies available
at subsurface, in response to the deepening of the mixed-layer that occurs in April–June (Figure 12a) bring-
ing anomalously cold waters at the surface.

Interestingly, the seasonal deepening of the mixed-layer seems to be largely influenced by the air-sea fluxes
and convective processes rather than by dynamical processes: (1) the wind stress is not particularly strong
during this period (Figure 11a), (2) the period of deepening of the mixed-layer corresponds to the period
with negative net air-sea flux in the model surface cell (Figure 11b, so it will trigger convective instability),
(3) the deepening of the ML is strongly limited in CHLclim in agreement with net air-sea fluxes in the upper
cell of the model that remain positive (Figure 11b). Note that these differences in the air-sea fluxes are
explained at first order by a weakening of the latent heat fluxes in CHLclim owing to lower SSTs (Figure 11b).

5. Mauritania-Senegal Upwelling

The processes involved in the sensitivity of the Mauritania-Senegal upwelling to biology are very similar
to those described for the Benguela upwelling in the previous section. The Lagrangian analysis (109,424
particles released in the Mauritania-Senegal upwelling from 208N to 268N each day from 1 January 2008
to 31 December 2012) indicates that a large fraction of the waters that upwell in the Mauritania-Senegal
upwelling is advected from the north: 4 years before the seeding time, 47% and 49% of the water parcels
crossed the northern boundary, while the other fraction is mainly advected from the equatorial or near
equatorial regions (Figures 8f and 8h). As in the Benguela, a large fraction of the total anomalies (44%) is
formed during the last year before the parcels reach the coast (Figure 9b), and the difference between
CHL0.05 and CHLclim is due at first order to a difference in subsurface heating by the radiative forcing.
However, some differences with the Benguela upwelling appear. First the warming due to mixing is larger
in the Senegal-Mauritania upwelling (Figures 9f and 9h), suggesting that turbulent processes are more
active in this upwelling. Second the pathways are much more similar between CHLclim and CHL0.05 (Fig-
ures 8e, 8f, 8g, and 8h) than in the Benguela, suggesting that the dynamics of the Senegal-Mauritania
upwelling system is less impacted by the biology.

6. Summary and Discussion

We investigated the impact of the biologically modulated absorption of solar radiation on the physics of the
Tropical Atlantic Ocean with a special focus on the Benguela and Mauritania-Senegal upwelling systems.
Experiments with time and spatially varying concentrations of surface chlorophyll (obtained from satellite
ocean color observations) were performed and compared to an experiment forced with constant chlorophyll
concentration set to 0.05 mg m23, representative of chlorophyll depleted waters. Comparison with observa-
tions shows that the reference simulation (CHL0.05) realistically represents the ocean background state and its
seasonal variability. Taking into account realistic chlorophyll concentrations leads to a significant cooling of the
sea surface in the upwelling regions, reaching �218C in the Benguela and Mauritania-Senegal upwellings.

This cooling is in agreement with previous studies performed in the Pacific [Nakamoto et al., 2001; Manizza
et al., 2005; Lin et al., 2007, 2008; Frouin et al., 2007; Anderson et al., 2009; Park et al., 2014a,2014b] but in con-
tradiction with others that show a warming of the coastal and equatorial upwelling systems [Timmermann
and Jin, 2002; Murtuggude et al., 2002; Marzeion et al., 2005; Wetzzel et al., 2006; Lengaigne et al., 2007]. In
the Atlantic, Frouin et al. [2007] performed sensitivity experiments that are relatively similar to ours. They
also found a cooling of the eastern boundary upwelling of the same order of us (around 18C). Since the
absolute values of the observed cooling depend on the reference used, our study focuses on the processes
involved rather than on the absolute evolution of the SST.

The processes responsible for the observed cooling are identified analyzing backward the properties (tem-
perature, depth) and heat budget of the upwelled waters. Although the currents and the mixed-layer depth
are modified between the two simulations (as observed in other studies; e.g., Frouin et al. [2007]), our results
suggest that changes in the dynamics of the upwelling (i.e., modification of horizontal, vertical advection,
and vertical mixing) do not explain at first order the SST response in the Benguela and Mauritania-Senegal
upwellings. Instead, the cooling anomalies observed in the upwelling regions mainly reflect the deficit of
heating of subsurface waters due to the chlorophyll absorption of heat at the surface along their transit to
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the upwelling cell. This contrasts with previous studies in other upwelling regions which proposed that
dynamical modifications of the upwelling are responsible for the observed temperature anomalies [Manizza
et al. 2005; Marzeoin et al., 2005; Nakamoto et al., 2001; Loptien et al., 2009; Sweeney et al., 2005; Lengaigne
et al., 2007; Lin et al., 2007, 2008; Park et al., 2014a,2014b].

We focused on the two main coastal upwellings of the Tropical Atlantic (the Benguela and Mauritania Sene-
gal upwellings). However, we also found a weak cooling (�0.58C) in the equatorial Atlantic upwelling. It
would be interesting to further understand the details of the mechanisms responsible for this cooling, and
to explain in contrast to the Pacific Ocean, where the largest sensitivity of the SST to the biology is generally
found at the equator [e.g., Park et al., 2014b], the largest sensitivity in the Tropical Atlantic is found within
the upwelling systems. This could be the focus of a subsequent study.

The upper ocean heat content of the eastern Tropical Atlantic is strongly affected by the heat storage due
to the chlorophyll absorption. There is a close match between the distribution of the temperature anoma-
lies below the mixed-layer (Figure 4e) and ML distribution (Figures 3b and 3d). This illustrates that the
impact of the chlorophyll is important where the mixed-layer depth is shallow. As expected, a deep mixed-
layer absorbs and homogenizes almost the entire fraction of solar radiation while a shallow mixed-layer
allows (i) a larger fraction of solar radiation to penetrate below the mixed-layer base, and (ii) the persistence
of the differential heating owing to generally weak mixing between the ML and the waters below. This cor-
roborates previous results of Ma et al. [2012, 2014] who found weak SST changes in winter in the Arabian
Sea and the South China Sea in the presence of a thick and chlorophyll-rich ML.

Our study suggests that 43.8% (�23%) of the temperature anomaly in the Benguela (Senegal-Mauritania
upwelling) is due to the initial difference 4 years backwards. Differences in the mean depth of the water par-
cels between the two simulations suggest that these anomalies are due to differences in the advection
pathways. Nevertheless, we cannot completely discard that these anomalies could be due to differential
heating (or even mixing) affecting the waters before year 4, the time limit of our backward integration.
Despite this uncertainty, we could diagnose that the largest part (56.2% for the Benguela upwelling, 77.3%
for the Senegal-Mauritania upwelling) of the anomalies form during the 4 years prior to the entrance to the
upwelling, the main cause being differential heating. We found that 64% of the final temperature anomaly
between the two simulations is generated in regions with surface chlorophyll concentration higher than
1 mg m23 while the remaining 36% of the anomaly is created in regions with surface chlorophyll concentra-
tion lower than 1 mg m23. This result echoes results of Anderson et al. [2009] who analyzed the sensitivity
of the Pacific equatorial temperature to chlorophyll concentrations and found that the chlorophyll off equa-
tor, in near-oligotrophic regions, play a key role on the sensitivity of the equatorial temperatures.

The impact of the seasonal variability of the chlorophyll concentrations has been investigated using an addi-
tional simulation with mean chlorophyll concentrations. The results suggest that the temporal variability of the
chlorophyll has not a significant effect on the seasonal variability of the surface temperature anomalies. As
shown in Figure 12f, the seasonality of the subsurface heating rate is at first order modulated by the seasonal
cycle of the shortwave radiation (Figure 11c) and not by the variability of the chlorophyll concentrations.

It is important to note that the model is forced at the surface using bulk formulae that damp the sensitivity to
surface chlorophyll. This is highlighted by the positive anomalies of net air-sea fluxes (120 W m22 in the upwell-
ing areas), that act to reduce the temperature anomalies. It is not clear to which extent this damping limits the
surface cooling and modifies the large scale mean state. This is the main drawback of a forced-ocean modeling
approach. Our guess is that the main processes identified in this study may still be relevant in a coupled frame-
work, however this definitely would require verification using coupled ocean-atmosphere simulations.

In addition, the use of a forced ocean model did not allow to take into account potential atmospheric feed-
backs on the ocean response. In the Tropical Pacific, substantial differences in the sensitivity to biology are
observed when atmospheric feedbacks are allowed or not [e.g., Lengaigne et al., 2007 or Loptien et al.,
2011]. Even with a coupled ocean model, conflicting results are obtained when including the biological
effect: Park et al. [2014a,2014b] shows that SST cooling is amplified in the fully coupled model (ocean-atmo-
sphere-biogeochemistry) experiments whereas Marzeion et al. [2005] or Lengaigne et al. [2007] found a
warming with an hybrid coupled model or a fully coupled-model, respectively. In the case of the Benguela
and the Mauritania-Senegal upwelling systems, no studies have been performed with a coupled ocean
model. We can hypothesize that the biological effect may trigger a negative feedback in coastal upwelling
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systems: a nearshore cooling may induce a decrease in upwelling-favorable wind stress due to the
enhanced boundary layer stratification [Small et al., 2008; Chelton et al., 2007], which may in turn reduce the
upwelling and thus the surface cooling. We should also expect a positive air-sea feedback in equatorial
upwelling regions due to modifications of the Walker circulation when taking into a ocean-atmosphere cou-
pled model, which would amplify the observed cooling anomalies. Thus, the response to the differential
heating should be further investigated in such complex dynamical systems.

Our forcing strategy makes use of remote sensing chlorophyll concentrations. Chlorophyll concentration is
characterized by a pronounced variability which strongly depends of the ocean circulation and the water
masses structure, so the concentrations obtained by remote sensing are not necessarily coherent with the
physical fields computed by the model. Using a biogeochemical model may solve this issue. Nevertheless,
state of the art, physical-biogeochemical models still shows substantial biases in representing the distribu-
tion of chlorophyll concentrations in the upwelling areas [e.g., Aumont et al., 2015]. We do think that the
impact of these biases on our results would largely overcome the errors due to a possible inconsistency
between the physics and the concentrations obtained by remote sensing.

In addition to the profound consequences it has on the ocean mean state, the biological differential heating
has a significant and indirect impact on the eddy field. This has been evidenced by Loptien et al. [2009] who

Figure 13. Mean eddy kinetic energy (EKE) for the period 2005–2012 from (a) AVISO observations (log10 cm2 s22), (b) CHL0.05 simulation (log10 cm2 s22), (c) CHLclim simulation
(log10 cm2 s22), (d) difference of EKE between CHLclim and CHL0.05 (cm2 s22), (e) difference of EKE in %. The EKE is computed from geostrophic velocity anomalies as (1/2)(u02 1 v02),
where u0 is a model or altimetry velocity anomaly with respect to the mean seasonal cycle.
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found a 100% increase of the eddy kinetic energy (EKE) associated with a surface cooling in the equatorial
Pacific when including the biological feedback. They explained this response by an intensification of the
equatorial currents and associated horizontal and vertical shear. Interestingly, we also observed an EKE
increase in the Atlantic Ocean at the equator and in the eastern boundary upwellings. This increase is partic-
ularly marked in the Benguela upwelling (Figure 13), with values 40% larger offshore of the upwelling (Fig-
ure 13e). The inclusion of the biological effect reduces the gap between the modeled EKE (Figure 13c) and
the EKE inferred from altimetry (Figure 13a). The eddies in upwelling systems are known to play a key role
on the cross-shore heat balance [e.g., Colas et al., 2011; Jouanno and Sheinbaum, 2013], so that these modifi-
cations associated with the biological effect may impact the heat budget of the upwelling system, particu-
larly the offshore eddy-associated transport of temperature anomalies. Owing to the relatively low
horizontal resolution of our (eddy-permitting) model, we did not estimate the contribution of the mean cur-
rents changes versus the contribution of the eddies changes induced by the biology. Such a study would
be more pertinent if it were addressed using an eddy-resolving model.

Our regional approach has the advantage of a controlled framework, which allows to disentangle local and
regional processes avoiding complications due to global scale or remote response. However, one main caveat
is that the Benguela and Mauritania-Senegal upwellings are located near the boundaries of our domain, with a
substantial fraction of the upwelled waters that are advected from the boundaries. Nevertheless, we do
not think that this invalidates our conclusions regarding the processes involved in the response of these
upwellings to biological differential heating. Indeed: (i) a large fraction of the temperature anomaly forms
near the upwelling during the last year that precedes the upwelling of the water parcels, (ii) half of the
upwelling source waters originate from the equatorial region, (iii) the boundary conditions are the same
for all the simulations so they cannot be the source of the diagnosed temperature anomalies.

Figure 14. (a) Annual mean SST difference between CHLclim and OI microwave observations (8C). (b) Mean seasonal cycle of SST (black; 8C) and
MLD (red; meters) for the Benguela and Senegal region (as defined in Figure 1) for the model (dotted line) and observations (continuous line).
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Overall, our results suggest that the vertical modulation of the penetration of the solar radiation is a key
parameter of the tropical climate. Inclusion of the biological feedback contributes to reduce the strong
warm bias observed along the Benguela upwelling (Figures 3 and 14) and reported in most of the CMIP5
models [Taylor et al., 2012; Richter et al., 2012; Wang et al., 2014]. Indeed the 18C warm bias in the Benguela
upwelling is reduced to 0.58C in the upwelling area from 208S to 278S (Figure 14). Thus, taking into account
the effect of the chlorophyll improves the representation of the Benguela upwelling SST, but we should
note however that it also increases a subsurface cold bias below the mixed-layer (not shown). Such
response was also observed by Ma et al. [2014] in the Arabian Sea. The surface temperature cold bias in the
equatorial region from 108S to 108N is also moderately amplified when including the chlorophyll effect in
our simulations. Ultimately, these results point out the importance that should be granted to a correct rep-
resentation of the vertical penetration of the radiative forcing in the ocean.

Appendix A

The impact of using i) a variable chlorophyll profile (following the formulation of Morel and Berthon [1989])
or ii) a constant chlorophyll profile has been tested by comparing two long term simulations (1979–2012).
As shown in Figure A1, the difference of surface temperature between the two cases is lower than 0.28C.
This difference is considered as weak compared to the 1.48C sea surface temperature difference between
the simulations CHL0.05 and CHLclim.

The evolution of the temperature anomalies in the upper 200m illustrates the time required for the basin
scale upper ocean temperature to equilibrate in response to the modification of the chlorophyll concentra-
tions (Figure A2).

Figure A1. SST difference between simulations performed with the chlorophyll profile parameterization from Morel and Berthon [1989] (as in
the remaining of the manuscript) and simulations performed with a constant chlorophyll profile, for both (a) CHL0.05 and (b) CHLclim cases.

Figure A2. (a) Monthly mean temperature averaged over the entire domain between the surface and 200 m depth. (b) Difference between CHLclim and CHL 0.05.
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