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Abstract The seasonal and interannual variability of chlorophyll in the Gulf of Mexico open waters is
studied using a three-dimensional coupled physical-biogeochemical model. A 5 years hindcast driven by
realistic open-boundary conditions, atmospheric forcings, and freshwater discharges from rivers is per-
formed. The use of recent in situ observations allowed an in-depth evaluation of the model nutrient and
chlorophyll seasonal distributions, including the chlorophyll vertical structure. We find that different chloro-
phyll patterns of temporal variability coexist in the deep basin which thereby cannot be considered as a
homogeneous region with respect to chlorophyll dynamics. A partitioning of the Gulf of Mexico open
waters based on the winter chlorophyll concentration increase is then proposed. This partition is basically
explained by the amount of nutrients injected into the euphotic layer which is highly constrained by the
dynamic of the winter mixed layer. The seasonal and interannual variability appears to be affected by the
variability of atmospheric fluxes and mesoscale dynamics (Loop Current eddies in particular). Finally, esti-
mates of primary production in the deep basin are provided.

1. Introduction

The large scale near-surface circulation in the Gulf of Mexico (hereafter GoM, Figure 1) is largely dominated
by the energetic Loop Current (LC) and its northward penetration that leads to the shedding of anticyclonic
Loop Current eddies (LCEs � 200–300 km diameter) (Andrade-Canto et al., 2013; Sheinbaum Pardo et al.,
2016; Sturges & Leben, 2000). LCEs travel westward across the GoM and may reach its western margin.
Together with other smaller-scale cyclonic and anticyclonic eddies, they are thought to be the main source
of variability within the GoM (Hamilton, 2007; Jouanno et al., 2016). These dynamical features strongly con-
strain the distribution of biogeochemical properties and pollutants (Biggs & Ressler, 2001; Linacre et al.,
2015). The winter deepening of the mixed layer and the major river discharges, in particular the Mississippi
River (Lohrenz et al., 1997; Nababan et al., 2011) are also of particular biogeochemical importance. Despite
the growing understanding of the GoM dynamics, the biogeochemical tracers distribution in the GoM and
their interactions with the main physical processes remain insufficiently understood.

Nevertheless, some particular biogeochemical patterns have been observed and different regionalizations
of the GoM have been proposed, mainly based on surface chlorophyll concentration measured by satellite
(M€uller-Karger et al., 1991, 2015; Salmer�on-Garc�ıa et al., 2011; Zavala-Hidalgo & Fern�andez-Eguiarte, 2007) as
well as on ecosystem approaches (Heileman & Rabalais, 2009; Y�a~nez-Arancibia & Day, 2004). From a broad
biological perspective, the basin is divided into two main areas: (1) eutrophic coastal waters, (2) oligotrophic
deep waters of the central part of the GoM (roughly delimited by the 200 m isobath and hereafter referred
as GoM open waters). However, the lack of in situ observations in the GoM open waters (the few available
concentrated in the northern basin) (Biggs & Ressler, 2001) constitute a limitation for refining this partition.

Throughout the GoM open waters, satellite measurements evidenced a clear seasonal variability in the sur-
face chlorophyll concentration, with maximum values occurring from December to February and lowest val-
ues from May to July (Melo Gonzalez et al., 2000; M€uller-Karger et al., 1991). In the GoM, several studies
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suggest that the increased chlorophyll concentrations in surface layers
in winter are due to the deepening of the mixed layer and nutrient
injection by mixing (‘‘entrainment bloom hypothesis,’’ Cullen et al.,
2002) (Jolliff et al., 2008; M€uller-Karger et al., 1991; Salmer�on-Garc�ıa
et al., 2011; Zavala-Hidalgo et al., 2002). These studies, however, either
lack or have few simultaneous nutrient and/or chlorophyll deep water
observations. Based on the analysis of chlorophyll data together with
backscattering, recent studies (Mignot et al., 2014; Siegel et al., 2013)
suggest instead that in subtropical oligotrophic regions, the surface
chlorophyll increase may result physiological mechanisms and does
not necessarily correspond to a biomass change. The analysis of bio-
optical data acquired by profiling floats within the GoM (Pasqueron
de Fommervault et al., 2017) indicates that the winter mixed layer
rarely reach the deep nutrient pool. This echoes some of Mignot et al.
(2014) and Siegel et al. (2013) findings for an explanation of the winter
surface chlorophyll concentration increase in the GoM.

A strong limitation of data-based studies remains in the difficulty to
provide a synoptic view of all the factors that influence the water col-
umn biogeochemical state. In that sense, coupled physical-biological
models have been found to be complementary and indispensable
tools, especially for understanding the mechanisms controlling the

close relationship between physical and biogeochemical processes. Various modeling studies have already
been carried out in the GoM (Fennel et al., 2013; Walsh et al., 1989; Xue et al., 2013, 2016), but the dynamics
of phytoplankton and nutrients in the deep water has, however, never been thoroughly investigated. The
major limitation is that in situ data have been scarce and insufficient to allow a robust model evaluation at
basin-wide and seasonal scales. In this paper, we present a coupled physical-biogeochemical model of the
whole GoM that takes advantage of recent data sets to tune key parameters, validate the results and, over-
all, improve its realism.

We specifically focus here on abiotic factors and consider the ecosystem from a ‘‘bottom-up’’ perspective. In
other words, we analyze the mechanisms regulating nutrient resources rather than factors influencing phy-
toplankton losses which are supposed to play a smaller role in controlling the seasonal abundance of phyto-
plankton in the GoM open waters (Walsh et al., 1989). Our primary goals in this study are to (1) demonstrate
the ability of the coupled physical-biogeochemical model to reproduce the main observed features of the
GoM (model validation); (2) determine the spatiotemporal variability of the chlorophyll concentration in the
GoM open waters; and (3) better understand the physical-biological interactions controlling spatial, sea-
sonal, and interannual changes in chlorophyll concentrations.

2. Material and Methods

The modeling approach is based on an online coupling between a 3-D ocean circulation model and a bio-
geochemical model.

2.1. The Physical Model
The 3-D ocean circulation model used in this study is NEMO (Nucleus for European Modeling of the Ocean
program, Madec, 2016). It is based on the Navier-Stokes primitive equations under the hydrostatic and
Boussinesq approximations solved on an Arakawa spherical C-grid with fixed vertical levels. An extended
model description with the numerical schemes used is provided in Appendix A.

A regional-scale configuration on the GoM basin is used. It extends from 988W to 788W and from 148N to
318N, thus encompassing the GoM and the western part of the Cayman Sea (Figure 1), a significantly larger
region than the area of interest in order to minimize the influence of the open boundaries. The grid has 75
levels in the vertical that are irregularly spaced (from 1 m near the surface to 100 m at about �1,000 m
depth) in order to obtain a better resolution of the mixed layer and thermocline dynamics. The grid has a
1/128 horizontal resolution which corresponds to about 8.4 km at these latitudes. The radius of deformation

Figure 1. Bathymetric map of the Gulf of Mexico and Western Caribbean Sea.
The thick black line indicates the 200 m isobath.
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of the first baroclinic mode is between 30 and 40 km over the deep GoM (e.g., Chelton et al., 1998) so the
resolution chosen is then suitable to resolve the main mesoscale features. Radiative, momentum, heat, and
salt fluxes at the air-sea interface are provided by the DFS5.2 product (Brodeau et al., 2010), based on
ECMWF ERA-interim reanalysis at �75 km and 3 h horizontal and temporal resolutions. Monthly climatologi-
cal runoffs of the major rivers of the GoM are prescribed based on the data set of Dai and Trenberth (2002).
The model is forced at its lateral boundaries using daily outputs from the MERCATOR reanalysis GLORYS2V3
which is based on a global ocean configuration of the NEMO model at 1/48 resolution. Initial conditions
were extracted from the GLORYS2V3 reanalysis on 1 January 1993 and interpolated to the model grid. Sev-
eral other applications of this model adapted to the GoM can be found in Garcia-Jove Navarro et al. (2016)
with the same resolution or in Jouanno et al. (2016) at higher resolution but with almost the same numeri-
cal setup.

The ability of this configuration to represent the mean and transient dynamical features of the GoM has
been demonstrated in Garcia-Jove Navarro et al. (2016) and Jouanno et al. (2016). The hydrographic distri-
bution and the depth reached by the mixed layer in winter are presented and validated against observa-
tions at a basin and climatological scale in Appendix B.

2.2. The Biogeochemical Model
The ocean circulation model is coupled with the complex biogeochemical model PISCES (Pelagic Interaction
Scheme for Carbon and Ecosystem Studies). The equations governing the 24 prognostic variables of the
model are described in detail in Aumont and Bopp (2006) and Aumont et al. (2015). A short summary is pro-
vided in Appendix C. The chlorophyll biomass is parametrized using the photoadaptative model of Geider
et al. (1997). PISCES has been coupled to NEMO model and used in a wide range of studies, from regional
to global configurations at high and coarse resolution (Albert et al., 2010; Resplandy et al., 2009; Tagliabue
& Voelker, 2011). For the present study, a new calibration of the model parameters has been carried out to
capture correctly the chlorophyll vertical structure and its seasonal variability over the GoM open waters
(Appendix C, Table C1). For model calibration and evaluation, we took advantage of an unprecedented data
set generated inside the GoM and described in section 2.3.

The biological variables DIC, DOC, Alkalinity, and Fe were initialized with the climatological 3-D fields of
the global standard configuration ORCA2 at 28 resolution (Aumont & Bopp, 2006). NO3, O2, Si, and PO4

initial distributions are set from the World Ocean Atlas observation database (WOA, Garcia et al., 2010).
The other state variables were initialized to arbitrary very small constant values. At the open-boundaries,
the biogeochemical tracers were prescribed by the annual climatological fields used for the initialization.
The GoM is characterized by large nutrients inputs from rivers which constrain strongly the biogeochem-
ical cycles. The monthly and climatological river supply is based on the global discharge forcing used in
Aumont et al. (2015) corrected using available US Geological Survey (USGS) observations and data from
literature (Cardona et al., 2016; Fuentes-Yaco et al., 2001; Guo et al., 2012; Qian et al., 2003; Santos et al.,
2008; Turner et al., 2007). In order to overtake transient spin-up processes, the model is first run for 54
years consisting of three loops of 15 years (from 1993 to 2008) and one more loop of 9 years (from 1993
to 2002). After this spin-up period, a biogeochemical equilibrium is reached over most of the water col-
umn and an extra 5 years simulation (from 2002 to 2007) is carried out. The fields produced in this last
run constitute the main object of the present study. Thereafter, we refer to this configuration as
GOLFO12-PISCES.

The nutrients distribution produced by GOLFO12-PISCES is presented and validated against observations at
a basin and climatological scale in Appendix D.

2.3. Observational Data Set Used
A reliable and confident interpretation of the chlorophyll distribution and variability requires an accurate
evaluation of the physics and nutrients distribution produced by GOLFO12-PISCES. Details of the evaluation
protocol can be found in Appendixes B and D. Following, we detail the data sets that have been used to cal-
ibrate some of the model parameters and to evaluate the model outputs.

The chlorophyll profiles considered in this paper were measured by eight APEX profiling floats deployed in
the framework of a project funded by the Bureau of Ocean Energy Management (BOEM, Hamilton et al.,
2017). Data were acquired in the whole GoM open waters over a time period of approximately 5 years
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(2011–2015). A total of 537 profiles were collected, from 0 to 2,000 m depth, every 10 days; all seasons were
well-sampled (see Hamilton et al., 2017, for a data set description). The eight profiling floats were equipped
with a Wetlab optical sensor that measures the fluorescence of chlorophyll. Fluorescence estimations were
calibrated as recommended in the biogeochemical-Argo protocol (Schmechtig et al., 2014) and converted
into chlorophyll concentrations fallowing Lavigne et al. (2012) method (see Pasqueron de Fommervault
et al., 2017, for more details). The resulting profiles are the first made in the GoM using autonomous floats
(Green et al., 2014; Pasqueron de Fommervault et al., 2017) and provide a valuable source of information to
describe the vertical distribution of the chlorophyll concentration in the GoM open waters (satellite meas-
urements infer only surface chlorophyll).

Surface chlorophyll concentrations are from the Aqua-MODIS 4 km product (Esaias et al., 1998). The 8 days
composites from 2003 to 2015 were used to compute a seasonal climatology that was finally compared
with GOLFO12-PISCES.

2.4. Diagnostics
In order to reach an extensive description of the chlorophyll concentrations (hereafter [CHL]), different met-
rics were used:

1. [CHL]surf: [CHL] averaged between 0 and 30 m depth, and considered as surface concentration.
2. [CHL]tot: the integrated content of [CHL] over the 0–350 m layer.
3. DCM: the depth of [CHL] maximum.
4. [CHL]DCM: the [CHL] at the DCM.

[CHL] is often used as the main proxy for phytoplankton biomass (Cullen, 1982). It is however far from
being optimal due to intracellular physiological mechanisms affecting the phytoplankton carbon to [CHL]
ratio. In this study, we consider that [CHL]tot provides a good ‘‘indicator’’ of the total phytoplankton bio-
mass in the GoM open waters. This hypothesis is further corroborated by comparisons of [CHL]tot with bio-
mass (see section 5.3).

The mixed layer depth (MLD), which is a major driver of nutrients distribution and chlorophyll dynamics
(Mann & Lazier, 2006), is computed using a 0.125 kg m23 density criterion (Levitus, 1982; Monterey &
Levitus, 1997) with a reference depth at 10 m. In order to explain parts of the MLD variability, we also com-

pute the columnar buoyancy, defined as
ÐH

0
N2 zð Þ:z:dz, where N is the Brunt-V€ais€al€a frequency and z is depth

(expressed by Herrmann et al., 2008 from Turner, 1973 and Lascaratos and Nittis, 1998). It measures the inte-
gral stratification of the water column from 0 to the depth H and, neglecting the input of mechanical energy
at the surface, is equal to the buoyancy losses that must be provided to the water column to mix it down to
depth H. The atmospheric buoyancy flux is computed with the following formula (Mertens & Schott, 1998):
g:ð a

q0:Cp
:Q2b:SSS:ðE2PÞÞ, where Q is the heat flux, (E 2 P) is the water flux, g is the gravitational acceleration,

q0 is the density reference (1,000 kg m23), Cp is the specific heat (4,000 J kg21 K21), SSS is the sea surface
salinity and a and b are the thermal and saline expansion coefficients (supposed constants and, respec-
tively, equal to 2 3 1024 K21 and 7.6 3 1024 K21).

3. Validation of Modeled Chlorophyll Concentrations

In this section, modeled [CHL] fields are compared with satellite and in situ observations. These compari-
sons permit to evaluate GOLFO12-PISCES capacity to represent [CHL] concentrations at the surface and its
vertical distribution at a seasonal timescale and basin scale.

3.1. Surface Chlorophyll
In the GoM open waters, satellite images show that surface chlorophyll concentrations are generally low
and exhibit a pronounced annual cycle (Figures 2a, 2c, and 2e) (Mart�ınez-L�opez & Zavala-Hidalgo, 2009;
M€uller-Karger et al., 1991, 2015). Highest concentrations occur between December and March (hereafter
winter season) and lowest values occur between July and September (summer season). By contrast,
coastal waters have typically higher surface chlorophyll concentrations (Figures 2c and 2e). Their tempo-
ral variability is mainly driven by land and river discharges (Salmer�on-Garc�ıa et al., 2011).
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These general surface chlorophyll patterns are well reproduced in GOLFO12-PISCES (Figures 2a, 2b, and 2d).
Regardless of the season, highest surface [CHL] (>0.6 mg m23) are simulated on the shelves and at the
major river outputs. The seaward extension of the coastal patches of high [CHL] is low and restricted to spe-
cific areas: Bay of Campeche, southwestern Louisiana-Texas (LATEX) shelf, and southeast of the Mississippi
river mouth. Apart from these specific areas, the surface chlorophyll concentrations in the GoM open waters
(roughly delimited by the 200 m isobath) are generally much lower, both in summer and winter (Figures 2b
and 2d). The observed meridional gradient (i.e., higher concentration in the northern part than in the south-
ern part) is also reproduced by GOLFO12-PISCES.

The temporal evolution of the modeled surface chlorophyll concentration in the GoM open waters was
then compared to satellite measurements on a monthly basis (Figure 2a). The two time series show similar
behavior: highest concentrations occur in winter whereas lowest concentrations are observed in summer
(Figure 2a), the months of April–May and October–November being transition seasons from these two
extremes. The main difference between model and observations occurs in winter when the variability (inter-
annual and/or spatial) is also maximum in both satellite and model, as indicated by the standard deviation

Figure 2. (middle row plots: b and c) Summer and (bottom row plots: d and e) winter mean of (left plots b and d) surface
chlorophyll concentration simulated and (right plots: c and e) observed with Modis. Monthly mean surface satellite chlo-
rophyll concentrations were obtained using data from all years available (2003–2015). Data were temporally averaged to
produce climatological maps. The average seasonal cycle of [CHL] in the deep GoM area (white box on maps as defined
in Martinez-Lopez and Zavala-Hidalgo, 2009) is plotted (top plot: a) for the simulation (blue line) and observations (red
line). Dashed lines denote 61 standard deviation relative to the mean. The blue shading area materializes the winter peri-
ods and the red shading area materializes the summer periods over which maps are averaged.
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(Figure 2a). On average during winter seasons, modeled surface concentrations are �0.3 mg m23 in com-
parison to [CHL]surf from satellite data which have a mean value of �0.2 mg m23.

3.2. Basin Average Chlorophyll Vertical Structure
The bio-optical float deployment provides a seasonal and basin scale view of the vertical chlorophyll distribu-
tion for the first time in the GoM. These measurements permit also to validate the vertical structure of the mod-
eled [CHL] at a basin scale. Sufficient data are available to compute a climatology. Float data were gathered by
season and compared with modeled seasonal mean profiles, averaged over the GoM open waters (Figure 3).
Despite the strong scattering, in situ data shows the presence of a DCM from spring to autumn (Pasqueron de
Fommervault et al., 2017) that is also reproduced by GOLFO12-PISCES. Conversely, in winter, model [CHL] val-
ues are more homogenized near the surface, in agreement with in situ data (Pasqueron de Fommervault et al.,
2017). The DCM is well reproduced in GOLFO12-PISCES, although the [CHL]DCM is �13% higher in observations
(Figure 3). Below the DCM, the steepness of the decreasing [CHL] is also in good agreement with observations,
and [CHL] is undetectable below 190 m depth. At the basin scale, GOLFO12-PISCES correctly reproduces the
low variability of [CHL]tot, from 27.75 mg m22 in fall to 31.27 mg m22 in winter with an annual mean value
around 29.96 mg m22, in good agreement with the observed 30.15 mg m22 (Figure 3). To conclude,
GOLFO12-PISCES satisfyingly reproduced the chlorophyll vertical structure and its seasonal variability (Figure 3).
The modeled profiles fit realistically the cloud of points of the profiling float data.

4. Chlorophyll Distribution and Variability in the GoM Open Waters

Despite the increasing amount of observations in the GoM open waters, data are still insufficient to infer
the seasonal and interannual variability of the [CHL] vertical structure at a subbasin scale, i.e., there are not
enough data are to characterize different geographical regions within the GoM. In this section, this issue is
investigated with GOLFO12-PISCES which provides a synoptic view of the surface and subsurface [CHL] dis-
tribution at seasonal and interannual timescales.

4.1. Spatial Distribution of the Seasonal Variability of [CHL]tot

Figure 4 shows the mean distribution of [CHL]tot in winter (defined as DJFM average, Figure 4a) and in sum-
mer (defined as JJAS average, Figure 4b). In summer, the deep GoM open waters present nearly homoge-
neous [CHL]tot equal to 28.9 mg m22 on average with a low standard deviation of 0.9 mg m22. A very
different picture emerges in winter as [CHL]tot reaches 33.9 mg m22 with a marked south-north gradient
and a much higher standard deviation of about 2.9 mg m22.

Figure 3. Comparison between observed APEX floats (gray points and lines) and simulated (red lines) profiles of chlorophyll concentration (mg m23) by season
(spring: March, April, and May; Summer: June, July, and August; Fall: September, October, and November; Winter: December, January, and February). Red lines indi-
cate the seasonal average of the deep water GoM and dashed red lines its standard deviation.
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Overall in the GoM open waters, we schematically find a meridional gradient of winter [CHL]tot with the
highest values in the northern part of the Gulf, reaching up to 52 mg m22 (Figure 4a). The southwestern
(Bay of Campeche) and the southeastern parts of the GoM (dynamically influenced by the Loop Current)
show similar seasonal cycles. [CHL]surf mean value is �0.08 mg m23 in summer and increases to reach up to
0.3 mg m23 in winter (Figure 2). This cycle is not mirrored by [CHL]tot which is constant throughout the year
(mean value of about 27 mg m22). The winter increase in [CHL]surf seems not to be followed by [CHL]tot.
The northern part of the GoM presents a completely different cycle. [CHL]surf are much higher in winter (up
to 0.6 mg m23) and [CHL]tot exhibits a clear seasonality with maximum values in winter. An intermediate
behavior is simulated in an area located between the southern and the northern part of the GoM open
waters where the low amplitude of the climatological [CHL]tot seasonal cycle may result from an important
interannual variability.

Some localized areas close to the shelf, although being considered parts of the GoM open waters region in
our work, present more ‘‘coastal’’ characteristics. They are characterized by high values of [CHL]tot during
summer suggesting some seasonality in the exchanges across the shelf break. The most evident of these
areas is the northeastern GoM open waters, where the [CHL]tot is the highest of the whole GoM open
waters. This region is strongly influenced by the Mississippi river and its peculiar behavior has also been
highlighted by Salmer�on-Garc�ıa et al. (2011) (region 5) and Nabadan et al. (2011). We can also mention the
western margin of the gulf located in southern Texas (Salmer�on-Garc�ıa et al., 2011, region 7) and the south-
eastern bay of Campeche off the De T�erminos lagoon (Salmer�on-Garc�ıa et al., 2011, region 11). The distinc-
tive [CHL] patterns of these regions are caused by offshore transports (Biggs & M€uller-Karger, 1994;
Mart�ınez-L�opez & Zavala-Hidalgo, 2009) due to the occurrence of strong convergence in the surface flow
and/or wind stress. These coastal regions, fertilized mainly by river discharge, remain however marginal
compared to the basin-wide GoM open waters.

4.2. Biogeographic Classification of the GoM Open Waters
GOLFO12-PISCES displays a contrasted pattern of variability which is not captured by in situ and satellite
observations. Despite a seasonal variability of [CHL]surf that seems almost homogeneous in the Gulf of Mex-
ico open waters, the [CHL] distribution and variability in the GoM open waters is not uniform. Different
cycles appear to coexist in the basin and so it might be too simplistic to consider this area as a sole bio-
region presenting a unique [CHL] pattern of temporal variability as done, for example, in Salmer�on-Garc�ıa
et al. (2011) from satellite chlorophyll data.

Figure 2 shows that a winter increase is recurrently observed in [CHL]surf, independently of the chosen year.
However, Figure 4 also shows that a [CHL]tot increase is not systematically observed and depends on the
location and/or the year considered. Modeled data were then gathered considering the main patterns of
variability. Using the 5 years of model data, three clusters were determined as follows:

Figure 4. (right plot: a) Winter and (left plot: b) summer average maps of [CHL]tot (mg m22). The thick black line is the
200 m isobath.

Journal of Geophysical Research: Oceans 10.1002/2017JC013456

DAMIEN ET AL. 2598



1. Cluster/Region 1: [CHL]surf increase in winter is never associated with a [CHL]tot increase.
2. Cluster/Region 2: [CHL]surf increase in winter is associated with a [CHL]tot increase only during specific

years.
3. Cluster/Region 3: [CHL]surf increase in winter is always associated with a [CHL]tot increase.

For a given year, the [CHL]tot increase is considered significant only if it exceeds 2 times the standard devia-
tion of the [CHL]tot field calculated in summer (i.e., the [CHL]tot background). The clustering method pro-
posed here follows the concept of biogeochemical provinces as proposed by Longhurst (2007).

The regions as defined by our clustering are shown in Figure 5. Region 1 fills the southern GoM open waters
namely the Bay of Campeche and the Loop Current area. It is characterized by low or null [CHL]tot increase
in winter over the 5 years of simulation and represents 31% of the basin. By contrast, region 3 shows a
recurrent winter [CHL]tot increase over the 5 simulated years. This region is located on the northern part of
the GoM and is the smallest of the three regions considered (23% of the basin). Note that about half of
region 3 is directly under the influence of the Mississippi River. An intermediate situation is observed in the
remaining 46% of the GoM open waters and corresponds to cluster/region 2 which occupies the center
part of the GoM. This region is characterized by strong interannual variability with some years similar to
region 1 (i.e., winter [CHL]surf increase is never associated to [CHL]tot increase) and other years similar to
region 3 (i.e., winter [CHL]surf increase is associated to a [CHL]tot increase).

5. Understanding the [CHL] Distribution and Variability in the GoM Open Waters

In the previous section, we showed that different seasonal cycles of [CHL] coexist in the GoM open waters,
and therefore it seems inappropriate to consider the deep basin as a single bio-region. Moreover, we
observed that the [CHL]surf increase as seen by satellite is not necessarily associated with a [CHL]tot increase
(Figure 4). This brings into question the ability of winter mixing (i.e., mixed layer deepening) to supply
nutrients into the euphotic layers (Cullen et al., 2002). In this section, we will discuss some factors that may
explain the [CHL] distribution previously described. More precisely, we will explore to what extent the
mixed layer governs nutrients availability for phytoplankton, and how it controls [CHL] distribution and
variability.

5.1. Mixed Layer Depth
In the GoM, GOLFO12-PISCES mixed layer follows a clear seasonal cycle characterized by a deepening in
winter, which is in agreement with observations (M€uller-Karger et al., 1991, 2015). Figure 6e provides the
modeled winter average depth reached by the mixed layer. In the basin, the climatological MLD shows
large disparities but some patterns can be highlighted. In a broad sense, deeper values of MLD are modeled
in the northern part of the GoM (�84 m on average in latitudes higher than 24.758N) while the mixed layer

is much shallower in the southern part (�58 m on average in latitudes
lower than 24.758N). Superimposed on this large scale pattern, the
Loop Current rim areas present very shallow winter MLD (�50 m)
whereas it is much deeper in the center of the Loop Current (between
75 and 95 m). Also note the northwestern patch of the GoM where
the MLD reaches the highest value of the whole GoM open waters
(deeper than 120 m).

Typically, the depth reached by the mixed layer in winter can be
explained by the combination of three factors: the buoyancy losses
applied on the water column, the mechanical effects induced by wind
stress and the pre-winter columnar buoyancy of the water column,
i.e., the water column state before the deepening of the mixed layer
considered hereafter as the summer average field (Herrmann et al.,
2008; Lascaratos & Nittis, 1998).

Atmospheric buoyancy fluxes averaged over the five modeled winters
(Figure 6a) reveal that buoyancy losses at the air-sea interface are
more intense in the northern part of the GoM than in the south. They
are also largely dominated by the thermal component (heat flux),

Figure 5. Regionalization of the deep Gulf: region 1 (light blue), region 2 (inter-
mediate blue), and region 3 (dark blue).
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which represents about 83% of the total buoyancy flux (not shown). The important buoyancy losses mod-
eled in the northern part of the GoM, especially in the northwestern part, may result from dry and cold polar
wind events occurring in winter (Nowlin & Parker, 1974; Passalacqua et al., 2016). The difference between
the northern and the southern part of the GoM is substantial since the buoyancy (respectively, heat) loses
reach 0.0073 m2 s22 d21 (respectively, 151 W m22) on average over latitudes higher than 24.758N whereas
they are only equal to 0.0033 m2 s22 d21 (respectively, 58 W m22) over latitudes lower than 24.758N. This
explains to a large extend why higher values of MLD are generally observed in the north.

On top of this north-south contrast, smaller-scale climatological winter MLD features are, in turn, closely
related to the surface dynamics of the GoM open waters. Several features, characterized by negative relative
vorticity (f) at surface can be seen in Figure 6c: the Loop Current that extends on average to 878W–258N,
the LCEs westward pathway and along the western margin. These surface anticyclonic features have a char-
acteristic hydrographic structure, impacting the water column stratification and modifying the columnar
buoyancy content. According to geostrophic balance, anticyclonic circulation at the surface is linked to a
downward displacement of isopycnals, decreasing the surface and subsurface stratification and conse-
quently decreasing water column buoyancy content. By contrast, the positive relative vorticity is expected
to increase the columnar buoyancy content. The strong cyclonic patches modeled at the rim of the Loop
Current provide a good example of this statement.

The relation between surface vorticity (Figure 6c) and columnar buoyancy of the 0–100 m layer in summer
(Figure 6b) produced by GOLFO12-PISCES may explain the very particular distribution of winter MLD. In the
northwestern GoM open waters, the columnar buoyancy is minimal with values around 0.2 m2 s22. It is
slightly more intense in the center of the Loop Current (<0.9 m2 s22) but still low and reaches its maximal
values at the rim of the Loop Current (>1.2 m2 s22). Such a pattern is mirrored by the MLD distribution. It is
worth mentioning that the high values of columnar buoyancy in the northeastern part of the GoM are due
to the river freshwaters advected from the shelf. This tends to confirm that coastal cross-exchanges might
strongly control the production in the northeastern GoM, probably more than winter vertical mixing.

Figure 6. (a, formula expressed in section 2.4) Winter average atmospheric buoyancy flux, (b) summer average 0–100 m
water column buoyancy (buoyancy loss that must be provided to the water column to mix it down to 100 m), (c) annual
average horizontal vorticity at 10 m depth and velocity arrows, (d) summer and (e) winter average MLD. The thick black
line is the 200 m isobath.
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Note that this climatological analysis is only based on the pre-winter columnar buoyancy and the buoy-
ancy losses at the air-sea interface. In particular, it is based on two crucial hypothesis. First, assuming a
one-dimensional deepening of the mixed layer, the buoyancy fluxes induced by horizontal advection
were intentionally omitted although they might influence the MLD. Their impact on the MLD will be fur-
ther discussed (see section 6). Then, the input of mechanical energy at the surface of the sea were
neglected. It can however impact the MLD, particularly at timescales from week to month (Zavala-
Hidalgo et al., 2014) and at mesoscale through the interaction with hurricanes for example (Hong et al.,
2000). Despite these limitations, the combined effects of air-sea fluxes and stratification of the water col-
umn in summer are able to explain the averaged MLD field in winter. The deepening of the mixed layer
affects the distribution of oceanic nutrients, especially their abundance in the euphotic layer. It effec-
tively induces entrainment but to uplift nutrients, the MLD needs to reach the nutrient-rich waters. The
following section investigates this issue.

5.2. Nutrient Distribution Compared to MLD
For the discussion, the nutrient pool is restricted to nitrate concentrations although phosphates and sili-
cates are also modeled. Indeed, results indicate that, in GoM open waters, nitrates largely capture the distri-
bution of other nutrients (with a Redfieldian stoichiometry), as well as the temporal variability (at least at
the seasonal scale, see supporting information Figure S3). However, it cannot be excluded that phosphates
or silicates could play a significant role in specific geographic areas or at shorter timescales. At depth, the
temporal variability of the nutrient concentrations mainly follows the isopycnal displacements at the excep-
tion of winter mixing events which lead to an enrichment of the mixed layer of the upper ocean (see sup-
porting information Figure S3). Such a covariation between nitrates concentration and density is not
surprising and confirms that vertical advection and mixing are leading process that explain the nitrate vari-
ability compared to the biological pump (Ascani et al., 2013; Omand & Mahadevan, 2014; While & Haines,
2010). In this section, we choose the isoline on which nitrate concentration is equal to 1 mmol m23 (hereaf-
ter ZNO3 ) as a proxy to separate the surface nutrient-poor waters to the deeper nutrient-rich waters. This
interface, consistently located below the DCM in the GoM open waters, is referred to as the nitracline in pre-
vious studies (Cullen & Eppley, 1981; Pasqueron de Fommervault et al., 2015).

Figure 7a reveals the average ZNO3 distribution over summer seasons. At a climatological scale, this distri-
bution presents disparities which are related to the Loop Current and LCEs pathway and the downlift of
isopycnes associated with such dynamical structures. ZNO3 is thus deeper in the northwestern area
(�110 m) and in the loop current (�100 m) than in the Bay of Campeche (�65 m) or at the rim of the
Loop Current.

[CHL] patterns described in the section 4.2 are discussed by comparing ZNO3 with the MLD. The analysis is
performed at a climatological scale (Figure 7b). Our objective is to determine to what extent the nutrients
injection into the surface layers controlled by winter vertical mixing explains the [CHL] distribution.

Figure 8 represents the region-averaged climatological cycle of MLD and ZNO3 . Each region defined in sec-
tion 4.2 (Figure 5) is considered as a single entity characterized by its seasonal dynamics (Figure 8). It is
assumed that, within a region, the spatial variability is low compared to the temporal variability, at least at a
seasonal scale. In average over the three regions, the climatological pattern of ZNO3 is characterized by a rel-
atively constant value throughout the year, with low differences between the regions. By contrast, and as
described in section 5.1, climatological winter MLD shows significant differences within the 3 regions, with
shallower values in region 1 (68 m 6 11), deeper values in region 3 (117 m 6 10) and intermediate values in
region 2 (93 m 6 15). As a consequence, the ability of the mixed layer deepening to uplift nutrients differs
from one region to another.

In region 1 (31% of the basin), the MLD is generally not able to reach ZNO3 (Figures 7b and 8a). In other
words, the ability of the mixed layer deepening to supply nutrients into the surface layer is limited in this
area. It is likely that a small amount of nutrients could eventually be supplied to the surface, but in insuffi-
cient quantity to permit a significant accumulation. This is confirmed by the very low surface nitrate concen-
trations found in winter in this region (0.15 mmol m23 on average, Figure 8a with values lower than 0.05
mmol m23 in the Bay of Campeche and <0.1 mmol m23, Figure 7c). As a consequence, a low new primary
production in winter could be expected, which is also consistent with the constant [CHL]tot values observed
(Figure 8).
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Conversely, the only region where the climatological winter MLD is able to reach the ZNO3 is region 3 (Fig-
ures 7b and 8c). The MLD largely exceeds ZNO3 over a prolonged period (i.e., more than 2 months), even
considering the temporal variability (evaluated by 61 standard deviation relatively to the mean value).
Nutrients are then supplied into the surface layer at a rate high enough to increase the nitrate surface
concentration (�0.9 mmol m23 on average in winter ranging from 0.25 to 1.5 mmol m23 in the northeast-
ern GoM; Figures 8c and 7c) and efficiently lead to recurrent winter biomass increase (�120 mg m22, Fig-
ure 8c). This explain the annual [CHL]tot increase in region 3. Note that the important winter nutrient
accumulation at the surface in the northeastern part of the GoM (region 3) is explained by the combined

Figure 7. (a) (left) Summer and (right) winter average ZNO3 , (b) difference between nitracline and mixed layer depths in
(left) summer and (right) winter, and (c) (left) summer and (right) winter average nitrate concentration at the surface. In
plot b, negative (respectively positive) values indicate climatological MLD deeper (respectively, shallower) than nitracline.
The thick black lines and numbers refer to the regionalization of the GoM open waters.
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effect of the Mississippi river discharge and cross-shelf exchanges rather than by winter deepening of the
mixed layer.

Overall, the vertical relative positions of climatological MLD and ZNO3 control the amount of nutrients upw-
elled into the surface layer and explain the GoM open waters regional clustering proposed before. In region
1 (i.e., no increase in [CHL]tot in winter, Figure 8a), there is a permanent decoupling between the MLD and
nutrient pool interfaces resulting in low winter nitrate concentrations in surface. By contrast, in region 3,
characterized by recurrent and seasonal increase in [CHL]tot (Figure 8c), the MLD reaches the nutrient pool
in winter and surface nitrate concentrations increase significantly. The winter [CHL]tot and the surface nitrate
concentration increase present a relatively high spacial correlation over the GoM open waters (�0.65). This
climatological behavior is verified for each of the 5 years simulated (see supporting information Figures S4
and S5). Finally, region 2 emerges as a transition area. The proximity of the climatological winter MLD and
the nutrient pool (at �85 m, Figure 8b) could explain the alternative situations observed in the [CHL]tot

cycle. Indeed, a seasonal cycle in [CHL]tot and surface nitrate concentration are observed (Figure 8b), but
less marked than in region 3, as a consequence of the interannual variability. Some aspects of this variability
are further discussed in the section 5.4.

5.3. Phytoplankton Biomass and Primary Production
In the ocean, chlorophyll-a concentration is considered a good although not optimal proxy for phytoplank-
ton biomass (e.g., Cullen, 1982). In the GoM, climatological modeled C-biomass seasonal cycle and distribu-
tion confirm that [CHL]tot correctly describes the distribution and the dynamics of the phytoplanktonic

Figure 8. (blue line, top plots) Climatological seasonal cycles of MLD, (red line, top plots) ZNO3 , (second line plots) [CHL]tot, (third line plots) surface nitrate concen-
tration, (blue line, bottom plots) total primary production, and (red line, bottom plot) new production averaged over each of the three defined bio-regions. Dashed
lines are standard deviations calculated on the basis of monthly mean values; they could be interpreted as an indicator of the interannual variability of a given
region.

Journal of Geophysical Research: Oceans 10.1002/2017JC013456

DAMIEN ET AL. 2603



biomass as previously hypothesized (Appendix E), at least at the spatiotemporal scales of our analysis. Some
interesting results also emerged, such as the dominance of small-size class plankton biomass (typically pico-
plankton) over large-size class plankton biomass (Linacre et al., 2015) (not shown). However, since our goal
was to focus on the abiotic processes, this point is not addressed here.

One of the advantages of using a model is that one can provide direct biomass and primary production esti-
mates. The various situations observed in the GoM open waters suggest there should be important variabil-
ity in the primary production. Thus, the climatological total primary production (PPtot, integrated over the
0–350 m layer) covers a large range of values: from a minimum of �110 mg C m22 d21 in the Bay of Cam-
peche to a maximum of �230 mg C m22 d21 in the northeastern part. On average, the region 1 is the less
productive region of the GoM open waters with a PPtot of �145 mg C m22 d21. Its climatological cycle
presents a low variability: from �112 mg C m22 d21 in November to �178 mg C m22 d21 in February (Fig-
ure 8a). The region 2 displays a larger PPtot (�165 mg C m22 d21 on average) ranging from �112 to
�236 mg C m22 d21 (Figure 8b). Finally, the region 3 appears as a particularly productive region of the
GoM open waters with an averaged PPtot of �177 mg C m22 d21. It is also worth noting that the region 3
presents an important amplitude of the PPtot climatological cycle. The minimum is reached during Novem-
ber (�108 mg C m22 d21); a peak occurs in February when a value of �271 mg C m22 d21 is simulated (Fig-
ure 8c). This drastic increase in winter results mainly from the increase of the new production (from
�48 mg C m22 d21 in November to �157 mg C m22 d21 in February which represents an increase of
�109 mg C m22 d21). Since the new production is the component of PPtot fueled by nutrients supplied
from an external source of the mixed layer, this confirms that the upward mixing of deep nutrients is the
mechanism explaining the recurrent [CHL]tot increase in region 3.

Overall, over the GoM open waters, the PPtot is about 156.6 mg C m22 d21 (equivalent to 57.2 g C m22

yr21) and is lower than the 150–300 g C m22 yr21 proposed by Heileman and Rabalais (2009) which take
into account the coastal production. Our estimates are also lower than the net primary production values
estimated by M€uller-Karger et al. (2015) who also underlined highest production rates in the northern part
of the GoM open waters.

5.4. About the Interannual Variability of Region 2
In the previous sections, the position of the MLD compared to the nutrient pool was addressed at a climato-
logical scale. However, fluctuations in the nitracline depth and in the MLD exist at an interannual scale, mainly
caused by the intensity and the duration of the winter mixing (Steinberg et al., 2001), the presence of meso-
scale eddies (McGillicuddy et al., 1998) and the variability of river discharges (not addressed in this study). This
interannual variability is not able to change the relative positions of these two interfaces in regions 1 and 3. It
can eventually affect the magnitude of the [CHL]tot increase in region 3 from one winter to another. Due to its
geographical position (transition between subtropical-like region 1 and temperate-like region 3), the situation
is different in region 2 where the vicinity of the climatological MLD and nutrient pool depth allows these fluc-
tuations to reverse their relative position from one winter to another (Figures 7b and 8b). Alternating situa-
tions can then be observed. If we choose to focus on a point located in region 2 (named CGoM and
geographically identified in Figure 1), we observe that [CHL]tot exhibits a clear winter increase during particu-
lar winters (2004 and 2005), reaching up to 55 mg m22 in winter 2004 which traduces an augmentation of
more than 20 mg m22 and points to a MLD reaching the nutrient pool for a prolonged period (see Figure 9);
whereas other winters (2002, 2003, and 2006) present no significant [CHL]tot increase.

An important factor controlling the interannual variability of [CHL]tot in region 2 is the interannual variability
of the atmospheric buoyancy flux in winter. However, if relatively low atmospheric buoyancy losses in win-
ter generally imply no significant [CHL]tot increase, important atmospheric buoyancy losses are not system-
atically associated to [CHL]tot increase. Then, integrated buoyancy losses at the air-sea interface and winter
[CHL]tot increase present relatively low correlation over the region (�20.28). Taking the example of point
CGoM (Figure 9), in terms of integrated buoyancy losses at the air-sea interface, winter 2006 presents the
most important losses of the five simulated winters (�21.60 m2s22) but no significant [CHL]tot increase. In
contrast, winter 2005 is characterized by a significant [CHL]tot increase whereas its atmospheric buoyancy
losses are relatively low (�21.39 m2 s22) in comparison with the five simulated winters.

Another particular aspect of the disparities of the situations observed in region 2 is related to the meso-
scale dynamics, and in particular LCEs that detach from the Loop Current at irregular intervals and then
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cross the basin westward (Figure 6, Lipphardt et al., 2008). On point CGoM, located on the LCEs pathway,
the presence of an LCE is revealed by a positive anomaly of the sea level (Leben & Born, 1993) and indi-
cated in Figure 9 by a white bar. Interestingly at this location, winters presenting a significant [CHL]tot

increase (2004 and 2005) also coincide with the presence of a LCE. The reciprocal is true: on the three
others modeled winters, the presence of a LCE is not detected and then no [CHL]tot increase is observed.
Indeed, LCEs play a determinant role in the depth reached by the mixed layer in winter. In order to illus-
trate this, we estimate from composite transects of LCEs that the columnar buoyancy of the 0–100 m
water column is about 65% lower in the center of an LCE than it is in its average far field. It appears then
that this mesoscale eddy favors the winter deepening of the mixed layer which may reach the nutrient
reservoir despite the down-lift of isopycnals associated with such dynamical structures (Figure 9 and sup-
porting information Figure S3). Indeed, statistically in region 2, 82% of the points where a LCE is detected
in winter presents a [CHL]tot increase whereas only 51% of the ones where no LCEs are detected presents
a [CHL]tot increase. The biological activity of the center of the basin appears then to be affected by the
mesoscale variability (LCEs) as well as the seasonal variability (Figure 9b). Note that the specific winters
presenting a winter [CHL]tot increase on point CGoM in the simulation are not necessarily the same ones

Figure 9. Top plot (a) shows the temporal evolution of the atmospheric buoyancy fluxes (m2 s22 d21) at point CGoM
(location indicated in Figure 1). Numerical values indicate the integral buoyancy loss at the air-sea interface for each win-
ter (in m2 s22). Below: (b) Depth time series of (colors) nitrate concentration and (c) [CHL] concentration at point CGoM.
Contour plots of density anomaly (23, 24, 25, and 26 kg m23, black lines) and mixed layer depth (red line) are superim-
posed. The presence of a Loop Current Eddy is detected by the SSH anomaly (10.17 m, Leben & Born, 1993) and indi-
cated by white bars. Bottom plot (d) shows the temporal evolution of [CHL]tot.
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in reality due to the random comportment of the LCEs shedding. This would require to constrain the
internal variability by data assimilation techniques.

6. Conclusion and Perspective

Relatively few biogeochemical numerical studies exists in the GoM (Fennel et al., 2013; Walsh et al., 1989;
Xue et al., 2013, 2016) and this is the first time that the coupled model NEMO-PISCES is implemented into a
regional configuration of the GoM. So far, the major limitation to such numerical tools was the lack of obser-
vations (Walsh et al., 1989). The major improvement of the present study is the use of recent and different
sets of observations allowing a careful evaluation of the model in order to correctly reproduce the nutrient
distribution and the seasonal cycle of chlorophyll concentration, including subsurface conditions.

Special attention was paid to the chlorophyll vertical structure and its evolution over the GoM open waters.
The results of the NEMO-PISCES configuration, that we called GOLFO12-PISCES, show a good agreement
with satellite observations in reproducing the seasonal cycle of surface chlorophyll, characterized by a pro-
nounced winter increase. In terms of chlorophyll vertical distribution, GOLFO12-PISCES results also agree
well with the recent APEX profiling float observations (Pasqueron de Fommervault et al., 2017), which show
that the increase of surface chlorophyll concentration during winter is not necessarily mirrored by an
increase in the total integrated chlorophyll concentration, at least at a basin scale.

The synoptic vision provided by the model permits to draw a more contrasted situation than just a single
[CHL] pattern of temporal variability. The main result of this study is a regionalization of the Gulf of Mexico
open waters, based on the [CHL]tot increase in winter. According to the proposed clustering, only 23% of
the deep Gulf area, located in the northern part, shows a recurrent [CHL]tot increase in winter while 31% of
the basin, the southern part, exhibits no significant [CHL]tot increase. The remaining 46% of the deep Gulf
presents more contrasted situations characterized by an important interannual variability.

The proposed partition is explained by the amount of nutrient injected into the surface layer which is highly
dependent on the depth reached by the mixed layer in winter. It appears that the ability of the deepening
of the mixed layer to uplift nutrients into the productive layer is limited, especially in the southern Gulf
where the more striking example is the Bay of Campeche. The only area where the deepening mixed layer
systematically managed to supply ‘‘new’’ nutrients to the surface layer is the northwestern region, thus pro-
viding recurrent biomass increase.

The interannual variability of the winter [CHL]tot increase, which is the peculiarity of the center of the basin,
requires further investigations probably based on a longer simulation period. It appears to be affected by
the mesoscale variability (LCEs) as well as the buoyancy forced seasonal variability. The physical-
biogeochemical coupling in LCEs should be further investigated to better understand the mechanisms
related with their productivity and how it impacts the integral biological activity over the Gulf of Mexico
open waters.

While GOLFO12-PISCES appears to be an adequate tool to assess this issue, its horizontal resolution is too
coarse to resolve a large range of the submesoscale flow. Their effects have then to be parametrized, in
terms of subgrid mixing. In the last decade, submesoscale processes have been found to widely participate
in the upper ocean dynamics; on one hand, by an enhancement of the horizontal advection (eddy fluxes)
across density fronts that tend to restratify and limit the deepening of the mixed layer (Fox-Kemper et al.,
2008) and, on the other hand, by an enhancement of nutrient vertical transport by frontogenesis (L�evy
et al., 2001; Mahadevan & Tandon, 2006). Coupled physical-biological modeling studies at higher resolution
are well indicated and may be helpful to determine to what extent [CHL] and primary production would be
impacted by the resolution of the submesoscale flow.

Although GOLFO12-PISCES provides realistic results, an important uncertainty exists in relation to the river
discharge forcing whose data are very limited. Runoff can have a significant impact on chlorophyll concen-
tration, especially where cross-shelf exchanges are known to play an important role. The nutrient source it
provides could be of particular importance in areas where deep nutrients are rarely uplifted toward the sur-
face such as the Bay of Campeche. The main limitation for an improvement is the lack of measurements
from rivers along the gulf coast. An observational strategy needs to be developed in order to estimate the
coastal nutrient inputs. The task is however complex due to the presence of submarine groundwater
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discharges from subterranean estuaries in the northeastern Gulf of Mexico (Santos et al., 2008) and in the
Yucatan peninsula (Valle-Levinson et al., 2011).

Biotic processes (e.g., grazing pressure, regenerated versus new PP, phytoplanktonic classes, etc.) were not
directly addressed in this paper since our goal was to study the role of abiotic factors. However, their inte-
gration into the analysis of the phytoplanktonic variability are essential to fully understand the functioning
of the GoM ecosystem. Their representation in the model is critical and requires a set of in situ data that
were not available when this paper was written. The inclusion of these finer processes is currently work in
process.

Appendix A: Physical Model Description

The model makes use of a Leap-Frog time stepping scheme combined with a Robert-Asselin-like Laplacian
filter (Leclair & Madec, 2009). A time-splitting formulation of the external (barotropic) and 3-D (baroclinic)
contributions ensures both an accurate representation of the free surface and a reasonable computation
time. The model uses the equation of state defined by the International Thermodynamic Equation of
Seawater-2010 (TEOS-10) standard. Horizontal advection and diffusion of tracers, as temperature and salin-
ity, are computed using a Total Variance Dissipation (TVD) scheme combined with explicit diffusion employ-
ing a Laplacian isopycnal operator. A Mixed Layer Eddy (MLE) parametrization known to better predict
buoyancy changes within the surface layer in coarse configurations (Fox-Kemper et al., 2008; Fox-Kemper &
Ferrari, 2008) is also used. An upstream biased (UBS) third-order scheme is used for the advection of
momentum. This scheme induces an implicit ‘‘hyperdiffusivity’’ term similar to a biharmonic viscosity (Mar-
chesiello et al., 2009). To ensure the vertical diffusion and close the system of equations, the Generic Length
Scale (GLS) scheme is used with a k-w turbulence model (Reffray et al., 2015; Umlauf & Burchard, 2003). A
quadratic bottom friction with a drag coefficient of 1023 and free slip boundary conditions allow a better
representation of the dynamics of the bottom boundary layer. A bottom boundary layer scheme applied on
tracers permits a direct communication between bottom adjacent cells. The open-boundary conditions
used, based on radiation conditions combined with nudging conditions, are described in Madec (2016). The
relaxation zone is five grid nodes wide and the restoring time scale is 1 day. Radiative, momentum, heat
and salt fluxes at the air-sea interface are computed by bulk formulae (Large & Yeager, 2009). Finally, river
runoffs are prescribed as surface freshwater fluxes with enhanced vertical mixing in the upper 15 m of the
water column.

Appendix B: Hydrographic Context: LC Caribbean Waters
and GoM Common Waters

Temperature and salinity profiles considered in this paper were measured by eight APEX profiling floats
deployed in the framework of a project funded by the Bureau of Ocean Energy Management (BOEM, Hamil-
ton et al., 2017, see section 2.3). The density profiles provided by the APEX floats are merged to the data col-
lected by the ARGO Program in the GoM in order to generate a climatological cycle of the mixed layer
depth over the GoM open waters. The combined BOEM and ARGO databases represent about 160 density
profiles per month and allow a robust computation of the mixed layer depth.

Figures B1a and B1b display the average potential temperature and salinity profile over the GoM open
waters from model and bio-Argo data. They clearly exhibit the main water masses of the region (Elliott,
1982; Nowlin et al., 1967; Vidal et al., 1992). The surface waters (potential density q lower than 1,024 kg
m23, �0–50 m layer) present typical potential temperature of about 278C and salinity of about 36.2.
Between 1024.5 and 1025.5 kg m23 (at about 150 m depth), the Caribbean Subtropical Underwater is char-
acterized by a salinity maximum (36.4< S< 36.5 and T � 198C) (Hern�andez-Guerra & Joyce, 2000; Wu€ust,
1964). This maximum is well marked at the east GoM basin, in the LC area, and decreases westward in the
GoM common water thought to be produced by winter mixing and eddy-topography interactions (Elliott,
1982; Nowlin & McClellan, 1967; Vidal et al., 1992). Below 150 m, the salinity decreases to reach a minimum
value (S � 34.9) at a potential density of about 1027.3 kg m23 (�800 m), signature of the Antarctic Interme-
diate Waters (AAIW, T � 68C). The deep waters of the Gulf (q higher than 1027.5 kg m23, below 1,000 m) are
nearly homogeneous with a potential temperature of 4.38C and salinity slightly higher than 34.9. They are
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part of the North Atlantic Deep Water that originates mainly from the Labrador Sea, given the sill depths of
the passages in the Caribbean.

The model T-S profiles averaged over the GoM open waters are consistent with the observations (Figures
B1a and B1b). Nevertheless, potential temperature and salinity are slightly overestimated. This bias, esti-
mated to be 10.15 for the salinity and 10.58C for the potential temperature on average over the 0–1500 m
water column, is mainly caused by the boundary forcing (see supporting information Figure S1). Despite
these limitations, the overestimation of simulated salinity and potential temperature compensate each
other to capture correctly the average potential density profile. This is especially true in the surface and sub-
surface layers (0–500 m) as shown in Figure B1c. Furthermore, the observed and simulated columnar buoy-
ancy are in reasonable agreement (see Figure B1d). GOLFO12-PISCES performance is best in the top 180 m
layer, which is deeper than the deepest MLD observed in the GoM deep waters in winter (Nowlin et al.,
1967).

Since the depth reached by the mixed layer in winter drives to a large extend the nutrient input in the
euphotic zone, proper modeling of this parameter is of primary importance for the topic of this study. Fig-
ure B2 displays the monthly climatological cycle of the mixed layer depth. In summer, shallow MLDs are

Figure B2. (a) Monthly median, 25th and 75th percentiles (respectively, the central mark and the edges of the boxes) of
the mixed layer depth distribution over the GoM open waters as observed by in situ data and as computed by GOLFO12-
PISCES. The most extreme MLD values are plotted individually (black stars).

Figure B1. Hydrodynamic profiles in the GoM open waters as observed by bio-Argo (gray points and lines) and simulated (red lines) of (a) potential temperature,
(b) salinity, (c) potential density, and (d) columnar buoyancy. Each bio-Argo profiles are drawn with gray dots, their average profile are highlighted with gray lines,
the average simulated profiles are drawn with red lines and their std with dashed red lines.
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observed (218 m 6 9 m on average during June and July, Figure B2a) due to a well-stratified water column.
From September to January, a deepening of the mixed layer is observed, reaching down to 277 m 6 21 m.
The winter season is characterized by an important increase in standard deviation of the values with an
extreme at 2174 m in January. During spring, the water column stratification is progressively restored lead-
ing to the shallowing of the MLD. The timing and amplitude of modeled seasonal MLD and its variability
agree well with the observations (Figure B2b). Note that the amplitude of the MLD cycle is more important
in GOLFO12-PISCES, mainly driven by extreme values deeper than 2180 m during the winter season. These
extremes MLD values in winter occur at small time and small space scales and could have been under-
sampled by in situ floats.

Appendix C: Biogeochemical Model Description

The PISCES ‘‘Pelagic Interaction Scheme for Carbon and Ecosystem Studies’’ ocean biogeochemical
model has been used (Aumont & Bopp, 2006; Aumont et al., 2015). The model comprises 24 compart-
ments. It distinguishes two phytoplankton size-classes/functional types corresponding to nanophyto-
plankton and diatoms, and two zooplankton size-classes which are microzooplankton and
mesozooplankton. The Carbon/Nitrogen/Posphare ratios are constant. Prognostic variables of phyto-
plankton are total biomass in carbon, iron, chlorophyll, and silicon (for diatoms). The bacterial pool is
not modeled explicitly. Three nonliving, detrita, l organic carbon compartments have been imple-
mented: dissolved organic carbon (DOC) with remineralization timescales of several weeks to several
years, and two size classes of particulate organic carbon characterized by different sinking speeds. Next
to these three organic detrital pools, carbonate, and biogenic siliceous particles are modeled. The car-
bon chemistry is computed following the Ocean Carbon Model Intercomparison Project (OCMIP)

Table C1
PISCES Parameters That Have Been Tuned for GOLFO12-PISCES Configuration

Parameter Value Description Unit

Biological Parameters
wsbio 3.5 POC sinking speed m d21

wsbio2 35 Big particles sinking speed m d21

Parameters for Nutrient Limitations
concnno3 1.75e-6 Nitrate half saturation of nanophytoplankton mmol N m23

concdno3 5.25e-6 Nitrate half saturation for diatoms mmol N m23

concnnh4 1.75e-7 NH4 half saturation for nanophytoplankton mmol N m23

concdnh4 5.25e-7 NH4 half saturation for diatoms mmol N m23

concnfer 1.75e-9 Iron half saturation for nanophytoplankton mmol Fe m23

concdfer 5.25e-9 Iron half saturation for diatoms mmol Fe m23

concbfe 1.75e-11 Fe half-saturation constant for DOC remin mmol Fe m23

concbnh4 3.50e-8 NH4 half-saturation constant for DOC remin mmol N m23

concbno3 3.50e-7 NO3 half-saturation constant for DOC remin mmol N m23

Parameters for Phytoplankton Growth
pislope 0.50 P-I slope for nanophytoplankton (W m22)21 d21

pislope2 0.50 P-I slope for diatoms (W m22)21 d21

excret 0.08 Excretion ratio of nanophytoplankton
excret2 0.08 Excretion ratio of diatoms
Parameters for Phytoplankton Sinks
wchl 0.015 Quadratic mortality of nanophytoplankton d21 mol C21

wchld 0.015 Minimum quadratic mortality of diatoms d21 mol C21

wchldm 0.045 Maximum quadratic mortality of diatoms d21 mol C21

mprat 0.015 Nanophytoplankton mortality rate d21

mprat2 0.015 Diatoms mortality rate d21

Parameters for Zooplankton
grazrat2 0.5 Maximal mesozooplankton grazing rate d21

grazrat 2.0 Maximal microzooplankton grazing rate d21

Parameters for Remineralization
xremik 0.23 Remineralization rate of DOC d21

xremip 0.0168 Remineralization rate of POC d21
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protocols (Najjar et al., 2007). Finally, the phosphorus and the nitrogen cycles are decoupled in the
model by nitrogen fixation and denitrification. The parameters’ values and a more detailed description
are given in Aumont et al. (2015).

Table C1 gathers the PISCES parameters that have been tuned for GOLFO12-PISCES configuration presented
in the study.

Appendix D: Nutrients Distribution

In situ nutrient concentrations (nitrate and phosphate) in the deep water region of the southern GOM (258N
to 208N and 878W to 958W; Figure D1b) were acquired during two contrasted seasons, summer 2011 (XIX-
IMI-2 cruise) and winter 2013 (XIXIMI-3 cruise, Linacre et al., 2015). Nutrients analyses were performed with
a Skalar SANplus segmented-flow nutrient analyzer according to the protocols described in Gordon et al.
(1993), and nitrate were determined according to a modification of the Armstrong et al. (1967) procedure.
In total, more than 900 water samples were acquired from 74 profiles. Additionally, the linear relationship
between nitrate and temperature obtained from data acquired in the Northeastern GoM (Chemical Ocean-
ography and Hydrology Study, NEGOM) was also used (Figure D1a, Jolliff et al., 2008). The combination of
these two data sets permits to evaluate GOLFO12-PISCES performance in the whole GoM open waters.

Figure D1 displays a comparison between the observed and modeled nutrient concentrations vertical pro-
files in the deep water region of the southern GoM. Regardless of the season, measured nutrient concentra-
tions are low over the first 50 m with concentrations generally lower than 0.3 mmol m23 for nitrate and

Figure D1. Comparison between observed and simulated nutrient concentration. (a) Nitrate versus temperature over the
GoM open waters are presented. Color points indicate depth. The red line shows the linear fit of the nitrate depletion
defined in Jolliff et al. (2008): NO3 5 22.023 * T 1 46.9. Additional comparisons are proposed using the XIXIMI campaign
data set (Linacre et al., 2015) (station locations shown by red dots in plot b). The nutrient profiles from observations (gray
dots) and the simulated annual average profiles over the campaign area (red lines) of (c) nitrate concentration and
(d) phosphate are in good agreement. Dashed red lines indicate 61 simulated standard deviation of the profiles relative
to the mean.
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0.04 mmol m23 for phosphate. Below the surface layer, concentrations sharply increase toward a subsur-
face maximum located at around 650 m depth. At this depth, nitrate concentration exceeds 30 mmol
m23 and phosphate concentrations are higher than 1.9 mmol m23. Below 1,000 m concentrations are
nearly constant down to 2,000 m, with values of �23 mmol m23 for nitrate and �1.45 mmol m23 for
phosphate. Overall, the GOLFO12-PISCES vertical distribution of nutrient concentrations in the southern
GoM reproduces the general characteristics of the observed profiles (Figures D1c and D1d). Modeled sur-
face concentrations are always low, the subsurface maximum is correctly located at 650 m and also val-
ues are constant below 1,000 m. Notice that GOLFO12-PISCES nutrients concentration in the 400–1,000
layer are on average slightly lower than the observed values during XIXIMI cruises (Figures D1c and
D1d), but whatever the reasons (overestimation of vertical erosion in the model, biases in the open-
boundary values, specific hydrodynamical conditions during XIXIMI campaign), GOLFO12-PISCES results
and observations agree satisfactorily.

From observations in the northern GoM, Jolliff et al. (2008) distinguish three layers in the nitrate profile: (1)
a surface layer, where nitrate concentrations are always low, (2) an intermediate layer, were nitrate concen-
trations linearly increase with temperature, and (3) a deep layer were nitrate concentrations decrease with
temperature. A comparison with GOLFO12-PISCES simulated nitrate concentrations profiles shows that
these three layers are well reproduced, that the steepness of GOLFO12-PISCES nitracline is in agreement
with observations, but also that the nitrate depletion temperature is higher in the model (24.28C in
GOLFO12-PISCES versus 23.28C in the data of Jolliff et al., 2008). This difference is driven by the bias in the
modeled potential temperatures previously mentioned.

Appendix E: Relation Between [CHL]tot and Phytoplankton Biomass in the GoM
Open Waters

In this study, we considered that [CHL]tot is a good parameter to estimate the total phytoplankton biomass
distribution and variability in the GoM open waters. Figure E1 shows the modeled [CHL]tot and C-biomass
seasonal cycles averaged over the three defined bio-regions. [CHL]tot increase in the northern part of the
GoM is associated to a C-biomass increase whereas the southern part of the GoM exhibits no significant
[CHL]tot increase nor C-biomass increase. Climatological [CHL]tot and C-biomass display a strong correlation
(�0.97) which confirms that [CHL]tot correctly describes the dynamics of the phytoplankton biomass. The
mean spatial distribution of the total biomass in winter and summer (Figure E2) is also well estimated by
[CHL]tot (Figure 4). In summer (JJAS), the total biomass presents very low variability around a mean value of
113.5 mmolC m22. A marked meridional gradient emerges in winter (DJFM) with a mean value across the
basin is slightly greater than summer value (125.2 mmolC m22). During winter season, total biomass and

Figure E1. Climatological seasonal cycles of the integral content of the phytoplankton concentration ([PHY]tot, top plots) and [CHL]tot (bottom plots) averaged
over each of the three defined bio-regions. Dashed lines are standard deviations calculated on the basis of monthly mean values.
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[CHL]tot fields are spatially strongly correlated (�0.88). We can therefore reasonably consider that [CHL]tot

provides a good estimate of the total C-biomass in the GoM open waters, as previously hypothesized.
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