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Abstract A remarkable chlorophyll‐a concentration (Chl, a proxy of phytoplankton biomass) plume can
be noticed on remotely sensed ocean color observations at the boundary separating the equatorial
mesotrophic from the subtropical oligotrophic waters in the central South Pacific Ocean. This prominent
biological feature is known as the islandmass effect of theMarquesas archipelago. Waters surrounding these
islands present high macronutrient concentrations but an iron depletion. In this study, the origin of Chl
enhancement is investigated using a modeling approach. Four simulations based on identical physical and
biogeochemical forcings but with different iron sources are conducted and analyzed. Only simulations
considering an iron input from the island sediments present similar patterns (despite being too weak) of
vertical and horizontal Chl distributions as compared to biogeochemical‐Argo profiling float and satellite
observations. In addition, simulations with no other iron input than the boundary forcings reveal the relative
importance of remote processes in modulating the seasonal pattern of Chl around the archipelago t
hrough horizontal advection of nutrient‐rich waters from the equator toward the archipelago and vertical
mixing uplifting deep nutrient‐rich waters toward the upper lit layer.

1. Introduction

In the central South Pacific, the Marquesas archipelago (144–137°W/8–11°S) is located in the northern part
of French Polynesia where the South Equatorial Current (SEC) flows south‐westward. It is composed by a
dozen of small volcanic islands with no surrounded coral reefs. The islands are characterized by rugged steep
cliffs and high volcanic mountains up to 1,224 m (Maury et al., 2014). The main four islands are Nuku Hiva
(339 km2), Ua Pou (105 km2), and Ua Huka (83 km2) in the northern part of the archipelago and Hiva Oa
(320 km2) in the southern region (Figure 1a). One singular characteristic of the Marquesas archipelago is
the remarkable plume of chlorophyll‐a concentration (Chl, used as a proxy of phytoplankton biomass) that
can be observed leeward of the islands on satellite ocean color observations (Figure 1b) (Signorini et al.,
1999). Such localized increase of the biological activity around oceanic islands is commonly referred to an
island mass effect (IME) (Doty & Oguri, 1956).

Located slightly north of the boundary between the equatorial mesotrophic waters and the oligotrophic sub-
tropical gyre, the Marquesas Islands are lying in an HNLC (high‐nutrient, low chlorophyll) environment
(Claustre et al., 2008). In situmeasurements are sparse in this remote area. However, relatively recent cruises
have helped to improve our knowledge of the Marquesas archipelago environment. The oceanographic
cruise BIOSOPE (Biogeochemistry and Optics South Pacific Experiment, devoted to study the biogeochem-
ical properties in the South Pacific) crossed theMarquesas Islands and performed vertical profiles of nutrient
at one station (see star in Figure 1a) westward of Nuku Hiva in 2004 (Claustre et al., 2008; Raimbault et al.,
2007; Raimbault & Garcia, 2008), confirming the HNLC status of the waters surrounding the islands. Indeed,
these profiles revealed high macronutrient concentrations in the surface layers with nitrate (NO3), phos-
phate (PO4), and silicate (Si) reaching, respectively, 2, 0.4, and 1 μmol/L1. In 2012, a second oceanographic
cruise Pakaihi i te Moana (PM‐12) also measured elevated macronutrient concentrations in the archipelago
and revealed a contrasted north/south gradient within the archipelago with higher concentrations of macro-
nutrient and Chl in the north than in the south (Martinez et al., 2016).
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Contrary to macronutrient concentrations, weak dissolved iron concentrations (Fe) have been reported in
the Marquesas (0.15 < Fe < 0.41 nmol/L) suggesting a possible limitation of phytoplankton growth by Fe
(Blain et al., 2008). Indeed, similar IME have been investigated notably around islands in the Southern
Ocean (i.e., Kerguelen, South Georgia, and Crozet Islands) where phytoplankton blooms regularly occur
(Blain et al., 2007; D'Ovidio et al., 2015; Maraldi et al., 2009; Planquette et al., 2007; Robinson et al., 2016).
In those cases, Fe fertilization by the islands has been incriminated to explain the observed intense blooms,
whereas these islands are localized in HNLC areas. Indeed, it is now generally accepted that iron can act as a
limiting micronutrient in HNLC regions (Boyd et al., 2000; Boyd et al., 2007; de Baar, 2005; Gordon
et al., 1997).

When investigating the Marquesan IME through remote sensing observations, Martinez and
Maamaatuaiahutapu (2004) associated the occurrence of Chl blooms with an intensification of the SEC.
While these authors assumed that the mechanism at the origin of the blooms results from the interaction
between the chain of islands and the mean flow, mechanisms were not clearly elucidated. Indeed, several
physical processes can be involved in providing micro‐ and macronutrients to the euphotic zone, thus allow-
ing the development of phytoplankton. Vertical mixing induced by eddies, jets, coastal upwelling, Ekman
pumping, and internal wave breaking can play a key role in providing nutrient‐rich water to the productive
layer of the ocean (Barton, 2001; Benitez‐Nelson & McGillicuddy, 2008; Hasegawa et al., 2009; Heywood
et al., 1990, 1996; Palacios, 2002; Sangrà et al., 2001), but the precise role of these different mechanisms
remains unclear in the archipelago.

The present work relies on the setup and analysis of the ocean dynamics through numerical modeling in the
Marquesas region performed by Raapoto et al. (2018). Here, we aim at further developing our knowledge on
the biogeochemistry component in this archipelago. Indeed, our study focuses on the role of different pro-
cesses and more specifically the role of iron, in driving the development of the noticeable Chl plume char-
acteristic of the Marquesan IME. Particular attention will be given to local versus remote mechanisms
likely delivering iron to the upper lit layer of the ocean, thus allowing phytoplankton growth. This paper
is organized as follows: Section 2 describes the physical‐biological coupled numerical model, data, andmeth-
ods. In section 3, the processes linking the seasonal variability of phytoplankton biomass to the macro‐ and
micronutrients concentrations are presented and discussed. Finally, section 4 concludes this study.

2. Data and Methods
2.1. ROMS‐PISCES

The physical model configuration used in this study is based on a three‐dimensional primitive equations
Regional Ocean Modeling System (ROMS, https://www.myroms.org) (Shchepetkin & McWilliams, 2005)
configured for theMarquesas archipelago region. ROMS is a split‐explicit, free surface, and terrain‐following
vertical coordinate oceanic model (Shchepetkin & McWilliams, 2003, 2005). We used the ROMS‐AGRIF

Figure 1. (a) Mean surface Chl from 1998 to 2015 over the Marquesas archipelago fromGlobColour product (in mg/m3). Black contours represent the bottom topo-
graphy from the 2‐arc minute topography/bathymetry data set ETOPO2 used in the model configuration. Depth values (in m) are indicated in white. The black
star south‐west of Eiao represents the MAR3 station from the BIOSOPE cruise. (b) Mean surface Chl as in (a) over the Pacific Ocean (in mg/m3). The three
embedded grids used in the model are represented by the three black boxes.
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(Adaptive Grid Refinement in Fortran) code provided by Debreu et al. (2012) and Penven et al. (2007). The
AGRIF version is especially suitable to study the regional scale since it has the ability to manage an arbitrary
number of fixed grids and embedding levels. We have used the two‐way embedding procedure. It means that
the parent grid provides the boundary conditions for the child grid and that the solution of the child grid is
used to improve the larger scale parent grid solution. This allows a smooth and continuous interfacing
between grid levels (Debreu et al., 2012; Debreu & Blayo, 2008). We defined three embedded grids for all
simulations: (1) The first grid extends from 126 to 150°W and 3 to 15°S; (2) the second grid extends from
135.47 to 147.13°W and 5.24 to 13.19°S; and (3) the third grid extends from 137.16 to 142.98°W and 7.18
to 11.74°S (Figure 1b). The grid refinement rate is 3, implying a 1/5° (~22 km), 1/15° (~7 km), and 1/45°
(~2.5 km) grid resolutions for the first, second, and third grid, respectively. This allows a sufficient sampling
of the island topography and of the fine‐scale dynamics, as the first baroclinic Rossby radius of deformation
is about 120 km in this region according to Chelton et al. (1998). The 3 grids have 32 vertical levels and the
vertical s‐coordinate is stretched for boundary layer resolution. The topography is derived from the 2′ reso-
lution ETOPO2 database provided by National Oceanic Atmospheric Administration‐National Geographical
Data Center (Smith & Sandwell, 1997). The bathymetry field has been filtered to keep the slope parameter
<0.25 (Beckmann & Haidvogel, 1993). However, due to their size, the smallest islands such as Eiao and
Fatu Hiva do not emerge and are only represented as seamounts in the model topography.

The physical model is then coupled to the “Pelagic Interaction Scheme for Carbon and Ecosystem Studies”
(PISCES) biogeochemical model (Aumont et al., 2015). This biogeochemical model simulates the first
trophic levels of the marine ecosystem and the biogeochemical cycles of carbon and the main nutrients. It
has 24 compartments, of which 4 are living pools composed of 2 phytoplankton size‐classes (nanophyto-
plankton and diatoms) and 2 zooplankton size‐classes (microzooplankton and mesozooplankton). The phy-
toplankton growth is limited by five external nutrients concentrations (NO3, ammonium, PO4, Si, and Fe)
and depends on light and temperature. The ratios between C, N, and P are kept constant to the values pub-
lished in Takahashi et al. (1985). On the other hand, internal content of Chl, Fe, and Si (only for diatoms) in
phytoplankton are prognostically simulated. The Chl/C ratio for the two phytoplankton groups is parame-
terized using the photo‐adaptive model of Geider et al. (1997), while the Fe and Si phytoplankton contents
are computed as a function of external concentrations and light levels. Nutrients are supplied to the ocean
through three different processes: rivers, sediment mobilization, and dust deposition. Further details on
the PISCES model functioning are available in Aumont et al. (2015). PISCES has been widely used in a vari-
ety of configurations from global scale simulations (e.g., Aumont & Bopp, 2006; Dufresne et al., 2013) to
basin or regional scale studies, of which some were noticeably focused on the Pacific region (Dutheil
et al., 2018; Gorgues et al., 2005; Gorgues et al., 2010).

The external physical forcings consist of monthly climatologies that have also been used and presented in
Raapoto et al. (2018). At the surface, the heat and fresh water fluxes are extracted on a monthly ½° grid from
the Comprehensive Ocean‐Atmosphere Data Set (da Silva et al., 1994). The wind forcing is issued from the
QuikSCAT monthly climatology calculated over 1999–2009, on a ¼° grid (Lungu & Callahan, 2006). The
boundary conditions and initial state are based on the objective analysis of the World Ocean Atlas 2013
monthly climatology on a¼° grid (Locarnini et al., 2013; Zweng et al., 2013). Initial and boundary conditions
for the PISCES nutrients (phosphate, nitrate, and silicate) and oxygen are derived from the 2009 World
Ocean Atlas monthly climatology (Garcia, Locarnini, Boyer, Antonov, Baranova, et al., 2010; Garcia,
Locarnini, Boyer, Antonov, Zweng, et al., 2010). Dissolved iron is derived from global PISCES simulations
that have been spun up to reach equilibrium (Aumont & Bopp, 2006). Aeolian dust deposition of iron to
the ocean is estimated from the outputs of a dust deposition model (Tegen & Fung, 1995), which includes
Africa, America, Asia, Australia, and Europe as dust sources (i.e., no dust from islands is considered). All
those data have been preprocessed using the ROMSTOOLS toolbox (Penven et al., 2007) and are hereafter
referred as WOA‐PISCES.

2.2. Setup of the Four Biological Configurations

First, a comparison of the WOA‐PISCES data set was performed with the only available in situ measure-
ments of both micro‐ and macronutrients from the BIOSOPE oceanographic campaign at station MAR3
(Blain et al., 2008) (Figure 2). Samples at MAR3, located at 141.2777°W, 8.3213°S (Figure 1a), were collected
on 29 October 2004.
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The MAR3 vertical profiles of NO3 and PO4 concentrations are close to the WOA‐PISCES data in the upper
50 m (Figures 2a and 2b). NO3 profiles slightly differ around 100 m, while PO4 profiles remain close to the
observations. NO3 and PO4 values are high enough to not limit phytoplankton growth as previously
reported (Martinez et al., 2016; Raimbault et al., 2007; Raimbault & Garcia, 2008; Signorini et al., 1999).
Fe concentrations are strongly underestimated from the surface down to 200 m in WOA‐PISCES versus
BIOSOPE data (Figure 2). Since it has been suggested that Fe is the limiting factor in the archipelago
(Blain et al., 2008), the impact of Fe in theMarquesas IME is here investigated through four simulations with
different Fe conditions:

• RunRef: is the reference simulation. It uses the WOA‐PISCES Fe concentrations as initial and lateral
boundary conditions. No sediment iron release whatsoever is considered.

• RunBiosope: Fe is increased from the surface to the maximum gradient depth by adding 0.14 nmol/L1 of Fe
to fit with the BIOSOPE observations (Figure 2c). These values are imposed over the entire domain for the
initial conditions and at the boundaries for the lateral forcing. No sediment iron release is considered.

• RunSed2.5: same as RunRef but a maximum Fe flux of 2.5 μmol·m−2·day−1 is released from the sediment.
This maximum value has been chosen in agreement with those obtained by Moore and Braucher (2008)
and Aumont et al. (2015) by optimizing their biogeochemical modeling results with global Fe data sets (2
μmol·m−2·day−1).

• RunSed5: same as RunSed2.5 but applying a doubled Fe sediment flux of 5 μmol·m−2·day−1. Given the lack
of data to constrain the sediment flux, this simulation was intended to document the sensitivity of our
results to a higher iron flux.

In the latter two simulations, the PISCES sediment iron source from the bathymetry is constant over time.
However, it has been made vertically variable in order to mimic the effect of oxygen levels in the sediments.
Indeed, anoxic sediments (i.e., those one would find in the presence of high organic matter fluxes) are likely
to release more iron to seawater (Elrod et al., 2004). The depth of each grid cell is then used as a proxy of the
sediment oxygenation (Middelburg et al., 1996) resulting in an overall decrease toward greater depth of the
iron flux from its maximum value.

Table 1 summarizes all the simulations performed. All simulations are run over 5 years with outputs aver-
aged every 2 days. The iron concentration is stabilized after 1 year for the four simulations. Therefore,
although RunBiosope has different initial conditions than the others, after 1 year, the initial field is not
expected to play anymore a role in the interpretation of the results. The first 3 years, considered as the model
spin‐up, were removed from the following analysis.

2.3. Biogeochemical‐Argo and Satellite Observations

Model outputs are compared with observations issued from a Biogeochemical‐Argo (BGC‐Argo) profiling
float (Johnson & Claustre, 2016) that was deployed in August 2011 westward of Nuku Hiva and that drifted
over 1.5 year within the archipelago (http://oao.obs‐vlfr.fr/provbio/PAC_MQ_B25_9999999/PAC_MQ_

Figure 2. Vertical profiles of (a) NO3 (in μM), (b) PO4 (in μM), and (c) Fe (in nM) at MAR3 station on 29 October 2004 during BIOSOPE cruise (black curve –
(S. Blain et al., 2008)) and from the forcing files of RunWOA (blue dashed curve) and RunBiosope (red dotted curve) at the same location thanMAR3 for themonth of
October. MAR3 is represented by a star on Figure 1a.
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B25_9999999.html). The profiler has recorded daily data from 2 August 2011 to 09‐23‐2011 and every 5 days
until 22 September 2012. This float was equipped with a seabird standard conductivity, temperature, and
depth, completed with additional optical sensor packages including the WET Labs ECO Puck Triplet that
noticeably measures the fluorescence of chlorophyll‐a. The fluorescence observations were converted in
Chl following the procedure described in Sauzède et al. (2018).

We also use satellite‐derived Chl from GlobColour (http://www.globcolour.info). The weighted average of
single‐sensor level‐2 Chl products merged from the Sea‐Viewing Wide Field‐of‐View Sensor, Moderate
Resolution Imaging Spectroradiometer, Medium Resolution Imaging Spectrometer, and Visible Infrared
Imaging Radiometer Suite instruments from 1998 to 2015 increases the data coverage in both time and space.
We use the 8‐day composites with a spatial resolution of 4 km. Further details on the GlobColour data set can
be found at the GlobColour website (http://www.globcolour.info/CDR_Docs/GlobCOLOUR_PUG.pdf).
The satellite‐derived Chl signal is strongly modulated by intra‐ and interannual variability in the
Marquesas archipelago (Martinez et al., 2016). Therefore, the Chl seasonal signal has been extracted by per-
forming a Fourier transform. All frequencies larger than a year have been removed, and the seasonal cycle
has been reconstructed and is hereafter referred to ChlGlobColour.

2.4. Dynamical and Biogeochemical Metrics

In this study, we define the eddy kinetic energy as the kinetic energy due to transient dynamic given by:EKE

¼ 1
2 u′

2 þ v′2
� �

, where u′ ¼ u−u and v′ ¼ v−v, u and v are the zonal and meridional components of the velo-

city at 10 m and u and v their annual mean from year 4 to 5.

The mixed layer depth (MLD) derived from model output is estimated according to the difference in poten-
tial density between 10 m and the base of the mixed layer using a threshold of 0.3 kg/m3.

Remote sensing only allows the measurement of surface Chl in a layer defined from the surface to the first
optical depth (Gordon &McCluney, 1975). This layer represents approximately the fifth of the euphotic layer
(Morel & Berthon, 1989). To consistently compare satellite‐derived ChlGlobColour and Chl from our simula-
tions, a mean penetration depth has been derived from the euphotic depth. The euphotic depth was calcu-
lated using the exponential decrease of light along depth by determining the attenuation coefficient at 490
nm using the satellite Chl (Morel & Maritorena, 2001) and the associated total attenuation coefficient
(Rochford et al., 2001; see details in Sauzède et al., 2016). Following this procedure, for surface Chl of 0.1
and 0.2 mg/m3 (as observed on Figure 4b), the penetration depth reaches 17 and 13 m, respectively.
Therefore, ChlGlobColour is comparedwithmodeled Chl averaged over the first 15meters of the water column.

3. Results and Discussion
3.1. Surface Ocean Dynamics

The four numerical simulations are initiated and forced with the same physical forcings than in Raapoto
et al. (2018). Consequently, the ocean dynamics in these four simulations are similar and only briefly

Table 1
Summary of the ROMS‐PISCES Initial and Boundary Conditions Used in the Four Simulations

RunRef RunBiosope RunSed2.5 RunSed5

Physical initial and
boundary conditions

WOA 2013

Physical surface forcing QSCAT
Heat and fresh water flux COADS
Biological initial
and boundary
conditions (except the
Fe compartment)

WOA‐PISCES

Fe compartment WOA‐PISCES Fe initialization and boundary conditions
modified from WOA‐PISCES to fit the BIOSOPE

observations in the upper layer

WOA‐PISCES + a constant
2.5 μmol·m−2·day−1

Fe flux from sediment

WOA‐PISCES + a constant
5 μmol·m−2·day−1

Fe flux from sediment
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reminded here. For further details on the ocean dynamics, the reader is invited to refer to Raapoto et al.
(2018).

The SEC flows southwestward with a stronger intensity in the northern part of the archipelago than in the
south (~15 vs. 6 cm/s, respectively; Figure 3a). In the north, the SEC accelerates on the flanks of the islands
and a region of weak current is observed just downstream the islands. Sea surface temperature exhibits in
average colder water in the north (≤27.5°C) as the southward imprint of the equatorial upwelling (Wyrtki,
1981) and warmer water in the south (≥28°C) as the southeastward signature of the western Pacific warm
pool (Yan et al., 1992) (Figure 3b). High mean eddy kinetic energy up to 95 cm2/s2 can be observed in the
wake of the southern islands and at the northern boundary, south of the equator, with values up to 50
cm2/s2 (Figure 3c). The eddy activity is weaker elsewhere and noticeably in the wake of the northern islands.
Mean vertical velocities are strong near the islands (Figure 3d), suggesting a strong impact of the bathymetry.

3.2. An Iron‐Induced IME

Annual mean of satellite‐derived ChlGlobColour is higher near the islands compared to the background con-
centrations (i.e., >0.3 vs. 0.1 mg/m3, respectively), with a Chl plume extending south‐westward, downstream
the SEC (Figure 4a). This IME signature on Chl is not reproduced by the RunRef or RunBiosope model experi-
ments, which present low Chl values all over the archipelago (Figures 4b and 4c). However, phytoplankton‐
enriched waters can be observed north‐east of the archipelago in RunBiosope. This is the result of the
increased iron concentration (compared to RunRef) used to force this simulation. This higher amount of iron
released at the north‐eastern boundary is then advected southwestward by the SEC.

Adding Fe from the sediments in RunSed2.5 and RunSed5 allows generating higher Chl in the vicinity of the
islands as well as a Chl plume (characteristics of the IME) downstream the four main islands (Figures 4d and
4e). The extension of the simulated plumes is smaller than the observed one (ChlGlobColour). There is no
plume downstream the two smallest islands of Eiao, in the north, and Fatu Hiva, in the south, consistently
with the already mentioned lack of representation of those islands in the model bathymetry. Doubling Fe
input from the sediments from RunSed2.5 to RunSed5 allows the closest reproduction of the IME signature
observed from remote sensing. As a result, Fe input from the sediments appears to be a necessary condition
in the model to reproduce the surface spatial structure of the IME observed from satellite
radiometric observations.

Figure 3. Annual mean over years 4 and 5 and at 10 m deep of (a) current (in m/s), (b) temperature (in °C), (c) EKE (in cm2/s2), and (d) vertical velocity (in m/day).
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To provide an insight of the Chl vertical distribution within the archipelago, model outputs are compared
with Chl observations issued from a BGC‐Argo float (referred to ChlBGC‐Argo) released on 2 August 2011 lee-
ward of Nuku Hiva (Figures 5a and 5b). The float trajectory is represented by crosses along time in Figure 5a.
During approximately 2 months (late August to early October 2011), the float stayed in the lee of Nuku Hiva
(Figures 5a and 5b) where surface currents are weak (Figure 3a). In this area, ChlBGC‐Argo was higher than
0.5 mg/m3 with peaks exceeding 1 mg/m3 and with homogeneous profiles from the surface down to 70 m
(Figure 5b). Similar patterns were observed as the float drifted southward away from Nuku Hiva, crossing
the northern island wakes. In late February 2012, as the float drifted toward the southern islands of the
archipelago, ChlBGC‐Argo vertical profiles changed and started presenting a deep chlorophyll maximum
(DCM) around 50–100 m, characteristic of more oligotrophic waters (Ras et al., 2008). ChlBGC‐Argo vertical
distribution alternated between well‐mixed profiles and DCM profiles with weaker values than in the north.
This north‐south difference was also observed during the oceanographic cruise PM‐12 where in situ Chl
were stronger and homogeneous in the northern than in the southern part of the archipelago (Martinez
et al., 2016).

Modeled Chl were sampled along the same trajectory than the BGC‐Argo float and for the corresponding
climatological dates. Chl maxima in the four simulations are at least twice lower than observations
(Figures 5c–5f). Despite this common underestimation of Chl, the different simulations present contrasted
vertical Chl patterns along the float trajectory. Chl from RunRef (hereafter ChlRef) presents a well‐marked
DCM over the whole trajectory with the highest values reaching 0.22 mg/m3 (Figure 5c). Chl from
RunBiosope (hereafter ChlBiosope) exhibits similar patterns but with higher concentrations (~0.3 mg/m3)
due to higher Fe input at the boundaries (Figure 5d). Adding Fe from the sediments allows to (i) reproduce
observed alternative periods of marked DCM and homogeneous profiles and (ii) highlight the north‐south
differences (Figures 5e–5f). Here again, Chl from RunSed5 is closer to observations than from RunSed2.5

Figure 4. (a) Annual mean over 1998–2015 of surface ChlGlobColour in mg/m3. Annual mean of Chl over year 4 to 5 for simulation (b) RunRef, (c) RunBiosope, (d)
RunSed2.5, and (e) RunSed5.
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(hereafter ChlSed5 and ChlSed2.5, respectively) due to the stronger Fe flux imposed from the sediments. The
DCM is deeper in the four simulations than in the observations. Investigating the corresponding modeled
NO3 and Fe fields (not shown), it appears that the depth of the nitracline is similar in the four
simulations, while the depth of the ferricline is shallower by more than 80 m in RunBiosope than in the
other three simulations. However, this shallower ferricline doesn't reflect on the RunBiosope DCM depth,
suggesting it is light limited rather than iron limited. This result is consistent with a stronger surface Chl
(which absorbs light), inducing a stronger light limitation and a shallower DCM in the observations than
in the models. Still consistently in the models, an uplift of the DCM can be observed in ChlSed5 when
surface Chl significantly increases toward values closer to the observations.

In themodel, a sediment iron source is then necessary to explain both the horizontal and vertical structure of
the Marquesan IME. Nevertheless, Chl modeled from the four simulations still remains significantly weaker
than observed ChlBGC‐Argo and ChlGlobColour.

3.3. Seasonal Variability of Phytoplankton

Here we intend to describe and decipher the physical and biogeochemical processes at regional and local
scales explaining the Marquesas seasonal Chl variability.

Figure 5. (a) Trajectory of the BGC‐Argo float deployed west of Nuku Hiva on 2 August 2011 and drifting out south of the area on 22 September 2012. The corre-
sponding dates are given by the horizontal color bar. Satellite‐derived ChlGlobColour averaged over the BGC deployment time period is shown in background with
the vertical gray scale. Vertical distribution along the BGC‐Argo float trajectory of (b) ChlBGC‐Argo, (c) ChlRef, (d) ChlBiosope, (e) ChlSed2.5, and (f) ChlSed5
(in mg/m3). The horizontal color bar in (b) gives the date of the above corresponding vertical profiles. The one used for simulations (c) to (f) refers to the clima-
tological dates of the model. Note that, for clarity, the upper limit of the color bar used for the BGC‐Argo float is twice larger than the one used for the simulations.
BGC‐Argo = Biogeochemical‐Argo.
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3.3.1. Seasonal Variability Driven by Regional Physical Mechanisms
To further explore the physical mechanisms involved in the Chl seasonal variability in the Marquesas archi-
pelago, physical and biogeochemical properties are investigated along a transect following the main flow
direction and the temperature gradient and crossing the largest island, Nuku Hiva (NH‐transect on
Figure 6a).

RunRef shows an overall low annual mean of surface Fe (hereafter FeRef, varying from 3 10−3 to 10 10−3

nmol/L; Figure 6a). A gradient with the highest values in the north‐east is explained by relatively iron‐rich
water masses from the equatorial upwelling advected southwestward by the SEC. ChlRef patterns along the
NH‐transect are close upstream (north‐east) and downstream (south‐west) Nuku Hiva highlighting the
absence of any IME imprint (Figures 6a and 6b). ChlRef distribution upstream is maximum in April and
June with secondary increases in October and December and a minimum in September (Figure 6b). The
downstream patterns show a time lag of 1 to 2 weeks compared with the upstream one. Indeed, ChlRef
increases earlier at the northern boundary and then propagates southward. ChlRef increases concomitant
with those of Fe, NO3, and PO4 concentrations (Figures 6c–6e). Si varies differently from other nutrients,
particularly in May when it drops down to 2 μmol/L (Figure 6f). At this time period, nanophytoplankton
contribution, which usually largely dominates (90%) the total phytoplankton biomass, decreases down to
80% (not shown). This is due to a higher supply of iron, NO3, and PO4 which allows a stronger growth of
diatom (sensitive to Si) and consequently draws down Si.

In a general way, several physical mechanisms are likely to impact the phytoplankton seasonal variability.
Among them, the horizontal advection of nutrient‐rich waters from the equatorial area toward the archipe-
lago allowing phytoplankton growth has been suggested by Signorini et al. (1999). Here, the surface SEC
along the NH‐transect strengthens up to 20 cm/s in April–May and June–July when nutrients and ChlRef
also increase (Figures 7a and 7c with RSEC‐ ChlRef = 0.35 upstream the island). This concomitant increase
in time of the SEC and ChlRef in the archipelago is consistent with previously reported satellite observations
(Martinez & Maamaatuaiahutapu, 2004), although these authors didn't provided any spatial glimpse of this
advection process. Another conventional seasonal forcing (although never investigated in literature in the
Marquesas) could be associated with convection processes allowing the vertical uplift of nutrient‐rich waters
from below the nutricline toward the upper lit layer and the subsequent phytoplankton growth.
Consistently, when the MLD is the deepest in late November (down to 80 m – Figures 7b and 7c with
RMLD‐ChlRef = 0.08 upstream the island) nutrients and ChlRef both increase (Figures 6b–6f and Figure 7
c). During this period, the macro‐ and micronutrient increase is weaker than in April–May and June–
July, and the induced phytoplankton growth is consistently also weaker. These patterns are noticeable all
along the transect, with a decrease southwestward (Figures 6, 7a, and 7b) following the north‐east/south‐
west weakening of the HNLC properties as well as the SEC intensity.

In summary, seasonal nutrient supply toward the upper lit layer and the subsequent phytoplankton growth
could be driven by both the southward SEC advection of equatorial nutrient‐rich waters (in April–May and
June–July), and the vertical uplift of nutrient‐rich deep waters thanks to the deepening of the mixed layer
(in November–December).

The amount of Fe added at the lateral boundaries in RunBiosope (FeBiosope) directly impacts ChlBiosope with
higher values than ChlRef and a seasonal maximum exceeding 0.2 mg/m3 upstream and downstream the
transect crossing Nuku Hiva (Figure 8a). This increase also induces a stronger contribution of diatoms com-
pared to RunRef (30% during ChlBiosope maximum, not shown). The Chl seasonal pattern upstream the
island, likely induced by the equatorial advection and convection, is similar than in RunRef. RunBiosope dif-
fers from RunRef when considering the weakening of the first bloom. ChlRef decreases early May, simulta-
neously with FeRef, NO3Ref, and PO4Ref. In RunBiosope, macronutrients are also consumed in May, while
FeBiosope and ChlBiosope remain higher than 2 10−3 nmol/L and 0.2 mg/m3, respectively. ChlBiosope only starts
decreasing in early June, after both the macro‐ and micronutrient depletion. After that, in mid‐June, the sur-
face layer replenishes itself in macronutrients but not in micronutrients, while ChlBiosope remains low, sug-
gesting again the role of Fe limitation.

In this simulation, Fe at the boundaries has been raised to fit the BIOSOPE measurements. However, con-
centrations obtained in the model outputs are still ten times inferior to the observations (Figure 8b vs.
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Figure 2a). For the macronutrients, values along the NH‐transect are weaker than in RunRef. Indeed, high
FeBiosope in these Fe depleted waters allows phytoplankton growth and a larger consumption of
macronutrients. Here again, this configuration does not allow the generation of an IME but raises
concerns on the Fe sources.
3.3.2. Seasonal Variability Modulated by Local Iron Sources
Because patterns presented in section 3.2 are the closest to observations in RunSed5 when compared with
RunSed2.5 (Figure 4 and Figure 5), hereafter we only focus on results from the RunSed5 experiment.

Along the NH‐transect, noticeable differences between the upstream and downstream ChlSed5 averages are
observed (Figure 9a). Upstream the island, ChlSed5 time variability remains close to ChlRef and ChBiosope
(Figure 9a vs. 6b and 8a, respectively), supporting the idea of a minor role played by the local iron source
(i.e., input from the sediments) in the seasonal variability simulated here. Indeed, the increase of ChlSed5

Figure 6. (a) Annual mean of Fe concentration in the archipelago during year 5 of RunRef at 10 m. The Nuku Hiva (NH)‐
transect is represented by the white line. Hovmöller diagrams along the NH‐transect during year 5 of RunRef and at
10 m deep of (b) Chl (in mg/m3), (c) Fe (in nM), (d) NO3 (in μmol/L), (e) PO4 (in μmol/L), and (f) Si (in μmol/L). The 0.15
mg/m3 iso‐contour of ChlRef is reported over all the Hovmöller diagrams.
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Figure 7. Hovmöller diagrams along the NH‐transect during year 5 of RunRef of (a) current intensity (in m/s) at 10m deep
and (b) MLD (in m). The 0.15 mg/m iso‐contour of ChlRef from Figure 6c is reported on (a) and (b). (c) ChlRef, MLD,
and current intensity spatially averaged over the upstream NH‐transect. Correlation coefficients of ChlRef versus the
current intensity and versus the MLD are indicated in red and blue, respectively. MLD = mixed layer depth.

Figure 8. (a) Mean Chl concentration upstream and downstream of the island along NH‐transect at −10 m for
RunBiosope. Latitude‐time diagram of (b) Chl, (c) Fe, (d) NO3, (e) PO4, and (f) Si along NH‐transect during year 5 of
simulation at –10m (units are in mg/m3 for Chl and μmol/L for all the nutrients except Fe in nM). The 0.15 and 0.2 mg/m3

iso‐contours of ChlBiosope are drawn on the latitude‐time diagrams.
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and FeSed5 (Figure 9a and 9b) remains related with the SEC strengthening in late April and June and with
the MLD deepening in late November. Unlike RunRef, ChlSed5 and FeSed5 both increase in December. By
that time, the meridional surface current becomes strongly positive inducing a northward flow (Figure 9e)
and the transport of nutrients upstream the island. Upstream and close to the shore, high ChlSed5 is the
signature of the iron flux from the sediments.

Downstream Nuku Hiva, the input of Fe from the sediments allows a strong ChlSed5 growth with values
about twice higher than downstream (Figure 9a), again consistently with the IME imprint. The Chl seasonal
variability observed upstream is here significantly impacted by iron injection and can't be distinguished any-
more. In the very close shore, ChlSed5 and FeSed5 remain high all over the year (Figures 9a and 9b) not only
due to the constant flux of iron from the sediments but also due to a weak SEC (Figures 9c–9e) in the calm
area just leeward the islands as identified in Figure 3a and by Raapoto et al. (2018). Downstream, further
away from Nuku Hiva, a strengthening of the SEC along the transect may be related to contrasted effect
on FeSed5 and ChlSed5, which, for instance, decrease in April to June while they increase in September
(Figures 9a–9c). In fact, these two biogeochemical parameters show patterns likely propagating southward
along the transect, and along time, concomitantly with a weaker than 0.1 m/s absolute zonal surface current
(light blue and yellow in Figure 9d). This pattern tends to disappear when the zonal current intensifies (in
dark blue and yellow‐red). This suggests that high FeSed5 and ChlSed5 initiated close to the island are

Figure 9. Hovmöller diagram of (a) Chl (mg/m3), (b) Fe (nmol/L), (c) current intensity (m/s), (d) zonal current (m/s),
(e) meridional current (m/s), and (f) vertical velocity (m/day) along the NH‐transect as in Figures 6b–6f. The 0.15 and 0.2
mg/m3 iso‐contours of ChlSed5 are reported on the Hovmöller diagrams.
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zonally advected out of the transect, whether the intensification of the zonal current may be due to some
regional strengthening of the SEC or to a more local mesoscale activity. Vertical velocities do not present
specific patterns, except that they are generally positive very close to the island likely inducing an uplift of
Fe toward the surface stronger along the southern coast (Figure 9f).

When comparing the seasonal variability of ChlSed5 to satellite observations along the transect, patterns are
reasonably close (Figure 10a vs. 10b). Upstream Nuku Hiva, ChlGlobColour and ChlSed5 are both weaker in
average than 0.2 mg/m3. Some higher concentrations can be observed and, as illustrated in the previous
paragraph, could be expected to be either related to a regional seasonal forcing or the northward advection
of high Chl originating from the island. Downstream, both ChlGlobColour and ChlSed5 are all year round sig-
nificantly higher than 0.2 mg/m3, highlighting the relatively well represented IME within RunSed5. In the
model, as well as in the observations, any existing regional seasonal signal illustrated upstream is down-
stream overwhelmed by the IME signature. However again, ChlSed5 values are globally lower, and the south-
westward extent of the plume is weaker than in the observations. In RunSed5, these high values remain near
the island likely due to an insufficient Fe input or its chemical form (Gorgues et al., 2009; Jeandel &
Oelkers, 2015).

4. Conclusion and Perspectives

In the present study, the origin and the seasonal variability of the IME occurring in the Marquesas archipe-
lago are for the first time investigated setting up four climatological coupled ROMS‐PISCES simulations. The
four experiments use the same physical and biogeochemical forcings except for the Fe compartment. The
first one is based on the WOA‐PISCES data. The second one mimics a higher remote input of surface Fe
in our domain through an increased iron concentration at the boundaries of our domain. Finally, a constant
iron flux from the sediment is added in the third and fourth simulations. The biological enhancement
induced by the islands and visible on remotely sensed observations is only represented in both simulations
using an Fe input from the sediments. This is also the only way to reproduce the Chl vertical distributions
alternating from homogenous profiles with high values in the upper layer of the northern archipelago to pro-
files associated with a DCM‐like structure in the southern region as observed from a BGC‐Argo profiling
float. To the authors knowledge, the only existing iron data in theMarquesas region have been collected dur-
ing the BIOSOPE cruise and published in Blain et al. (2008). In this latter study, the authors did not find any
evidence of an iron sediment source from the Marquesas Islands sediments. However, at the scale of the
archipelago, it is difficult to draw a synoptic view of the iron concentration from the only two stations
sampled during the cruise. A close examination of the sampling location and time during the BIOSOPE
cruise, in comparison with observed satellite Chl, shows that none of the stations were actually located in
the chlorophyll plumes characteristic of the IME that we discuss in our study (not shown). A fair assumption
would then be that specific circulation patterns at that time may have transported productive iron‐enriched
waters away from the sampling stations. The apparent discrepancy between our model outputs (focused on
the Chl plume) and Blain et al.'s ironmeasurements may then only arise from sampling issue. Finally, at sea-
sonal scale, modeled Chl regional variability appears to be likely driven by the southwestward advection of

Figure 10. Latitude‐time diagram of monthly average (a) ChlSed5 over year 5 and (b) ChlGlobColour over 1998–2015
(mg/m3).

10.1029/2019JC015275Journal of Geophysical Research: Oceans

RAAPOTO ET AL. 7793



rich waters from the equator and the deepening of the mixed layer uplifting nutrients toward the upper lit
layer and allowing phytoplankton growth in the Marquesas. Nevertheless, this Chl seasonal pattern is
scrambled downstream the island by the IME signature.

Several improvements may be considered regarding the Fe fluxes. First, several processes can be implied in
the Fe input (e.g., river discharge, dust deposition, internal wave breaking, hydrothermal fluxes, etc.).
However, there is no clear distinction made about the origin of the iron supply in the present simulations,
since it is simply translated in the model by a supply from sediments. Thus, iron flux from the sediments
was set constant along time and no seasonality of this iron source is considered here. However, process such
as land drainage, which is a possible source of Fe supply, is expected to be stronger during the January to
August rainy season (Laurent et al., 2004). Nevertheless, observations would be needed to truly evaluate
these Fe fluxes and model them. Second, dissolved Fe is traditionally considered as the only available form
for phytoplankton growth, while the role of the particulate Fe has been neglected. However, recent studies
have highlighted the role of sediment inorganic particles dissolutions as a slow release of Fe at ocean mar-
gins (Gorgues et al., 2009; Jeandel & Oelkers, 2015). In the PISCES model (as in all biogeochemical models),
this particulate inorganic fraction is not considered and could explain the spatial and amplitude underesti-
mation of ChlSed5 versus ChlGlobColour. To partly resolve these issues of dissolved versus particulate iron,
measurements were made as part of two oceanographic campaigns that took place in the Marquesas in
Sep–Oct 2018 and Feb–March 2019 and may help to assess their impacts in the Marquesas IME.

Finally, because our study focused on the importance of a sediment iron source on the Marquesan IME, the
presentwork didn't investigate themesoscale and submesoscale processes at play in the plumes of high chlor-
ophyll downstream the islands. Likewise, as we focused on the seasonal timescales, the impact of the inter-
annual variability wasn't considered neither although the biological enrichment observed in the Marquesas
archipelago can be influenced by El Niño Southern Oscillation (Legeckis et al., 2004; Martinez et al., 2018;
Martinez & Maamaatuaiahutapu, 2004; Radenac et al., 2012; Signorini et al., 1999). To further investigate
these two aspects, an interannual simulation of the coupled ROMS‐PISCES model is currently ongoing.
This last configuration would allow to investigate the impact of mesoscale processes on the biological enrich-
ment in the Marquesas archipelago and their modulation by El Niño Southern Oscillation events.
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