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Abstract

The response of phytoplankton growth to iron supply and itslutation by large scale
circulation and tropical instability waves (TIWSs) in theséern equatorial Pacific has been
investigated with an ocean biogeochemical model. Thisge®study shows that iron can
be efficiently advected from the New Guinea shelf throughElj@atorial Undercurrent
(EUC) to the eastern Pacific. The presence of a continertal Source is necessary for
the maintenance of the observed subsurface iron maximuheiBt/C core. In the eastern
Pacific region, phytoplankton production is enhanced witkfiti@nal iron is available in
the EUC. Simulated phytoplankton variability is linked t&/Ws activity, as revealed by
a wavelet analysis of the total autotrophic carbon. The oedll effect of the waves on
phytoplankton can be either positive or negative dependimgeveral factors. When the
iron nutricline is sufficiently shallow to be reached by thave vertical scale, the effect of
the waves is to enhance iron availability in the euphoticezeading to a net local increase
of phytoplankton biomass. We therefore suggest that thel imaxima of phytoplankton

observed in moorings off the Equator in the eastern Pacifihtiie not only the result of
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concentration mechanisms, but also the result of an ineneascal production sustained

by advected iron.

Key words: biogeochemical model, BFM, PELAGOS, tropical instabiligves, iron,

equatorial Pacific

1 Introduction

Dissolved bioavailable iron is a crucial regulator of thedgarctive phase of marine
phytoplankton in the eastern equatorial Pacific (Martinlgt1®94; Coale et al.,
1996). However, it is still under debate which mechanismsrod the supply of
iron to the photic zone from the major geochemical sourcalsndon et al., 1997;
Fung et al., 2000; Croot et al., 2007). Atmospheric depmsitif mineral dusts is
generally considered the main source for the global oceageiT and Fung, 1994;
Fung et al., 2000; Gao et al., 2003), while in the eastern tgah Pacific the
dominant source to the euphotic zone is upwelling and mitiog the subsur-
face ocean (Christian et al., 2002). In other regions, mrtm the continental
margins can supply comparable amounts of iron to the opesmno@®hnson et al.,
1999; Elrod et al., 2004). Iron limitation is one of the memisans that are ascribed
to control phytoplankton growth in the equatorial Pacifagdther with excessive
grazing (Landry et al., 1997) and silicate limitation (Da¢gland WIllkerson, 1998).

The relatively low concentrations of surface Si(QHpserved in the region may
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specifically limit diatom growth (Dugdale and WIilkerson,9B9 Dugdale et al.,

2007) due to reduced silicate supply with respect to pre¢armitrate.

The discovery of elevated iron concentrations in the coréhefEquatorial Un-
dercurrent (EUC, Gordon et al., 1997; Landry et al., 1993 ainted out the
importance of this large-scale current in advecting irotheastern Pacific (Ryan
et al., 2006). The origin of this maximum is attributable lte tontinental shelves
surrounding northern New Guinea (Mackey et al., 2002) ahdstbeen argued that
the supply of iron through the EUC is consistently moduldigdhe phase of the
El Nifio Southern Oscillation (ENSO, Ryan et al., 2006).

The upwelling of iron-rich waters from the EUC is one of thgonéactors promot-
ing phytoplankton production in the central and easterrataial Pacific (Gordon
etal., 1997; Ryan et al., 2002, 2006). It is likely that anii@mcement of upwelling
into the euphotic zone could lead to additional biomass yectdn. The IronEx
experiment confirmed that iron limits production and depetent of larger phy-
toplankton cells in the eastern Pacific (Coale et al., 1996jeneral, increases in
productivity in this region (e.g., during the autumn EqPagses in 1992) were as-
cribed to increased iron inputs (Foley et al., 1997; Barbal.£1996), although sev-

eral other factors may modulate phytoplankton produetiitlarger spatial scales.

Mesoscale processes in the equatorial Pacific such as dtapatability waves
(TIWs) have been interpreted as being “analogous to a ratora enrichment
experiment” (Barber et al., 1996). The presence of TIWs ifagt associated to
significant changes in the divergence of horizontal vejoaitd therefore to both
upwelling and downwelling processes (Flament et al., 199ifiett et al., 2006;
Pennington et al., 2006). Downwelling characterizes the cest of a TIW at few

degrees north of the equator, while upwelling occurs in thagh of the waves



close to the equator where warm water is advected from highiexdes. Tempo-
rary iron inputs from the EUC have been ascribed to increiasesrtical advection
linked to the passage of upwelling Kelvin waves and TIWs €lfadt al., 1997;
Barber et al., 1996), although direct measurements of @&seiron concentrations

still remain to be collected in order to confirm this hypotkes

There are several documented cases of high chlorophyllecration associated
with TIWs (Yoder et al., 1994; Murray et al., 1994.; Foley &t 4997; Chavez
et al., 1998; Dunne et al., 2000; Strutton et al., 2001; Lkgeet al., 2004) . Esti-
mated productivity has been observed up to 50% higher thamratdlogical values
(Foley et al., 1997). Blooms observed in 1998 around the Mesgs Islands, a re-
gion high in nutrients but poor in iron, have been attribut@douthward pulses
of cool and iron-rich upwelled waters of the EUC. Satelliteages clearly shows
that these elevated chlorophyll concentrations origiaatee southern boundary of
TIWSs (Legeckis et al., 2004). Very high chlorophyll anoreal{an order of mag-
nitude greater than the background concentration) have dleserved in 1998 in
coincidence with the passage of TIWs (Strutton et al., 208bjne of the high-
chlorophyll features observed during that experiment vipeobably formed by a
subductive front that concentrated biomass as in the cagedfine in the sea”
(Yoder et al., 1994) whereas others might have been indugeaivanced produc-

tion as a result of enhanced nutrient flux to the euphotic zone

Despite the growing consensus in the scientific communittherrole of iron in
the world ocean (e.g. Veldhuis and De Baar, 2005), thereillsassystematic
lack of data that prevents the construction of robust ptegiecnodels of phyto-
plankton variability in the equatorial Pacific. Climatologl numerical experiments
(Christian et al., 2002) have pointed out that iron modgliimthe upper ocean is

hampered by sparse information regarding sources, aboaedgard distribution of



iron, as well as by the limited knowledge of the relevant peses on the annual
and inter-annual scales that affect iron concentratiodsaavailability in the eu-
photic zone. Nonetheless, models can still be successfadiyl to test hypotheses
with process-oriented studies, which might also drive datkection strategies to
reduce specific uncertainties in our understanding of tbeqsses relevant to phy-
toplankton production. Several issues regarding the rfolé\W's on nutrient fluxes
in the equatorial eastern Pacific are still unresolved. Santleors suggest that the
visible TIWs induced biomass enhancement is due to adveatid convergence of
biomass (Yoder et al., 1994), while others suggest thatil iacrease in primary
production (Strutton et al., 2001). In contrast with the miog observations, recent
numerical studies (Gorgues et al., 2005) have shown thassTihduce a decrease
of both iron concentration and new production when the whplgelling region of

the equatorial Pacific is considered.

Regardless of the net effect that the waves have on the lalogctivity of the
entire divergence region, a quantitative identificatiortred processes that make
iron available in the eastern equatorial Pacific is stillsimg. In particular, we are
interested in understanding how an iron source in the wes§tacific can influence
iron availability in the eastern Pacific and, as a consegeiethe new production
of the region. We have used a coupled ocean biogeochemia|rtinvestigate
some aspects of phytoplankton variability induced by cleang the large scale
iron inventory in the EUC and by TIWs dynamics. The experitraard the diag-
nostics have been specifically designed to elucidate tleeabthese large scale
and mesoscale mechanisms on phytoplankton dynamics,ifigcaa the eastern

equatorial Pacific region.

Changes in the EUC iron inventory due to different externakses and the effects

on phytoplankton on the TIW scale have been investigated &gns of scenario



experiments. The "Control" simulation presented in thiskas only driven by at-
mospheric iron deposition, while the "FeSource" run inelidn additional source
of iron parameterized as continental iron originating frdma New Guinea shelf
and advected by the EUC. The chosen investigation periodl@@8-2001 which
allowed the identification of several different periods d&\Tactivity and the inter-
annual fluctuations of the large-scale upwelling due to ttang and modest events
of ENSO found in this decade. In Sections 2.1 and 2.2 we destiie experiment
design and model set up with particular emphasis on iroraliaétion. Section 3
contains results from a wavelet analysis used to correiatedss variability with
TIW dynamics and from other analyses of the experimentsllyinn Section 4

we provide a discussion and summarize the main results.

2 Experiment design

2.1 Model description

The numerical model of the global ocean used in this stud#IsA0S (PELAgic
biogeochemistry for Global Ocean Simulations, Vichi et 2007a,b). It is com-
posed of a three dimensional ocean general circulation h{@d&CM) based on
OPA 8.2 (Madec et al., 1999), and the biogeochemistry moé&di Bht t p: / /

bf m cntc. i t) derived and modified from the European Regional Seas Ecosys
tem Model (Baretta et al., 1995; Baretta-Bekker et al., IJ¥RSEM I/ll). The
OGCM has a resolution of°awvith a finer mesh of 0.50f latitudes at the equator
(Madec and Imbard, 1996), which allows to resolve the plajsicocesses of inter-
est to this study. The first level of the vertical grid is at Swmith a 10 m step in the
top 150 m.



The physical model computes the advection and diffusiaomgeand provides the
light and temperature fields for the calculation of the bmgeemical source terms.
The system is fully-coupled as it also provides the instagas attenuation of the
short-wave radiation penetrating the ocean interior eellé biological processes.
The biogeochemical model is fully detailed in Vichi et alO(@b). It implements
a set of biomass-based differential equations that dessctiie fluxes of carbon,
nitrogen, phosphorus and silica among selected biolofjicational groups repre-
senting the major components of the lower trophic level® piincipal functional
groups in the pelagic environment are represented by Umi@elplanktonic au-
totrophs (pico-, nano-phytoplankton and diatoms), zawan (nano-, micro- and
meso-) and heterotrophic bacterioplankton. The model silsolates the dynam-
ics of nitrate, ammonium, phosphate, biogenic silicatggex and has an explicit
parameterization of the biochemical cycling of dissolpedificulate non-living or-
ganic matter. In this specific experiment Fe uptake is paranzed differently as in
Vichi et al. (2007b) by assuming a simple Michaelis-Mentarekics with different
saturation constants for each phytoplankton group. Thascehwas mostly driven
by the availability ofin situiron enrichment experiments which provided a possi-
ble value of the half-saturation constant for the averaggqutankton population
(Coale et al., 1996). The observed value of Arbiol m3 is set as representative
of diatoms, while the values for nano and picophytoplankio: set an order of
magnitude lower to indicate less limitation by this nuttieks suggested by Chris-
tian et al. (2002), by using a Michaelis-Menten kineticg tlonstant ratio of iron
uptake with respect to the constituent representing the&ss (N in his case and
C in the case of PELAGOS) becomes a key parameter. Sincedhs & this work
is on the equatorial Pacific, we have chosen the minimum adis@rved by Sunda
and Huntsman (1995, 1997) (Bnol Fe/mg C), which implies iron to be a known

limiting factor of this region.



The model is forced by imposing daily surface fluxes of heattewand momen-
tum from the ERA-40 reanalyses (Uppala et al., 2005) ovepthraod 1990-2001
and by relaxing the surface temperature to the ReynoldssgatgReynolds et al.,
2002) with a weak coefficient (40 W K—1; 60 days). All the other physical
parameterizations are set as in Vichi et al. (2007a). Thaliields of the physi-
cal variables are derived from a physics-only simulatiothef period 1958-1989

initialized with climatological temperature and salinitgita (Levitus et al., 1998).

2.2 External iron sources and biogeochemistry initialiaat

Atmospheric iron deposition is taken into account as dondaore et al. (2002)
by applying climatological model data from Tegen and Furgp@) and assuming
a dissolution fraction of 1%. Iron biogeochemistry is ratkienplified: no organic
ligands are considered; iron is remineralized at a consg@atfrom organic detri-
tus produced by plankton (about a factor 10 less than hypizibe by Landry et al.
(1997)); and it is slowly scavenged to sinking particlesoading to a parameteri-
zation proposed by Johnson et al. (1997) and also appliedinyoft et al. (2003)
(cf. Vichi et al., 2007b).

A continental source of iron has been parameterized by imgan iron profile
observed on the shelf at about 235146 E (Mackey et al., 2002) to the grid points
belonging to the New Guinea shelf. The location of the soarme the imposed
profile are shown in Fig. 1. This procedure assumes a stayicoarce of iron over
the entire continental shelf, thus neglecting any tempamdl spatial variability. In
particular, the shelf processes that originated such pedit discussed by Mackey
et al. (2002) are not considered in the model. Another ingmirassumption con-

cerns the bioavailability of the observed iron profile. Thed®al does not consider



any effect of ligands and/or siderophores (e.g. Archer arohgon, 2000; Krae-
mer, 2004) therefore all the iron prescribed on the contadeself is available for

phytoplankton growth.

All the biological functional groups are initialized witbw homogeneous values
and initial nutrient fields are derived from the World Oceatas (Conkright et al.,
2002) as presented in Vichi et al. (2007a). Iron was iniedi with the homoge-
neous value of 0.gimol m~3, which is quickly consumed during the spin-up time

in the upper productive layers.

Both the Control and the FeSource experiments started tneradme initial condi-
tions derived from a 2 year spin-up climatological simwatwith the iron source
on the New Guinea shelf. This implies that the initial iromddions in the equa-
torial Pacific are proper of a situation in which both the awerital iron source
and atmospheric deposition are present. In the FeSouragimgnt this source is

maintained during the whole simulation period, while itesmoved in the Control.

3 Model results

3.1 Iron variability

Fig. 1 illustrates the mean annual velocity and pattern @simulated EUC at 182
m water depth, which is the average location of the EUC cotleanwestern Pacific.
The physical model can reproduce a realistic representatithe currents that feed
the EUC from the New Guinea shelf. It thus provides the nesgssiechanism
for the advection of continental iron into the EUC as sugegtsty Mackey et al.

(2002). A spin-up time of 2 years with climatological forggwas sufficient to



allow the advection of dissolved iron from the western seusgion to the central

and eastern Pacific via the EUC.

The simulated inter-annual variability of the EUC and iravection is shown in
Fig. 2 as mass and iron transport at IM0over the first 300 m. Fig. 2a agrees
well with reconstructed TAO array data from Izumo (2005) rave same section
and time period, indicating an adequate simulation of th€€Hithe evolution by
the model. Transport-weighted iron concentration (Fig). iBbocomputed by nor-
malizing the iron transport by the mass transport for thet@brand FeSource
experiments. The figure shows the adjustment of the Contpmréament due to the
removal of the continental source used in the spin-up phss.trend is mostly
visible in the western, deeper part of the basin and it hts &ffect on the phyto-
plankton biomass in the eastern upwelling zone (see Sec.Th2 FeSource sce-
nario is stable throughout the simulation with a higherafaitity in the Fe transport

with respect to the Control.

The inter-annual change of total biologically-availakieni is further illustrated
in Figs. 3 and 4. Figure 3 shows the Hovméoller diagram of satad equatorial
dissolved iron at the surface and at 182 m depth. This depiteisbelow the
photic zone and no biological utilization is present. Theteard advection across
the Pacific at 182 m is visible until 14%/ (Fig 2b). Further East of 140V the
EUC shoals and iron concentration surface maxima are fokigd 8a). The iron
upwelled at the Equator is then advected westward by thenSmuatorial Current.
Phytoplankton chlorophyll maxima are found in the sameaegiwhere dissolved
iron is available (not shown). During the 1997-98 ENSO etlestte is no iron at the
surface in the whole equatorial Pacific, and the maximumenctbre of the EUC
is limited to 180E. In late winter 1997-98, the intensification of the EUC #jport

and upwelling leads to an initial increase of surface irodl@¥E (Fig.3a) and
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eventually to the large upwelling from 160 to 20 during the 1998 La Nifia.
A similar response is found in the observations of chlordipbgncentration as

documented by Ryan et al. (2002, 2006).

The vertical location of the simulated iron maximum is shawrrig. 4 together
with the zonal velocity fields from the Control and FeSourgeegiments at 140V.
The initial conditions characterized by a maximum locateghtly below the EUC
core at 100 m are only maintained in the presence of the aamtth source of
iron. In the Control experiment the initial maximum gradyalecreases during
the course of the experiment and is almost completely degley the end of the

simulation period.

Fig. 5 shows a comparison between vertical profiles of iromfdifferent years for
both the Control and the FeSource experiment, and the reaatdlected by Coale
etal. (1996) during JGOFS and provided electronically bgdggret al. (2003). Both
experiments are characterized by a realistic verticatidigion of iron, showing a
subsurface increase around 150 m of depth. In the case ofathieaCexperiment,
the absence of a continental source of iron leads to a preigesdisappearance of
the iron maximum below the euphotic zone; on the other haad,doncentrations
remain fairly stable throughout the whole FeSource expantrand match the ob-
served vertical distribution at®l, 140W (Gordon et al., 1997). While the Control
experiment shows values of irons that are comparable wélobserved range of
data, Fe concentrations in the FeSource experiment ar@xpyately twice the
observed values (Gordon et al., 1997). This indicates tiatsimple parameter-
ization of the iron source applied in the model might repnésepossible upper
limit for the iron availability from the continental sourcBespite being not com-
pletely realistic, the FeSource experiment is still valiciiprocess-oriented study.

In fact, it provides a scenario with different conditiong@mms of iron availability
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to be compared with the Control experiment in order to urtdadsthe processes

through which TIWs regulate iron availability in the eastequatorial Pacific.

3.2 TIWs and phytoplankton dynamics

The physical characteristics of the TIWs simulated by thelehare realistic both
in terms of their spatial distribution and propagation feas (Willett et al., 2006).
A wavelet analysis of the meridional velocity indicatestthath period (Fig. 6) and
wavelength of the waves are in agreement with the obseniegwv#&ennan and
Flament, 2000; Legeckis et al., 2002; Willett et al., 2008)e wavelet analysis is
a common tool in geophysical fluid dynamics. It is used to stiggte events asso-
ciated with undulatory phenomena (Torrence and Compo,)1&88is particularly
powerful in the identification of TIWs (e.g. Masina and Phdear, 1999). The sea-
sonal and interannual variability of the simulated TIWsals® realistic: in general
the waves are present from the beginning of the boreal surtori2ecember and
are much more intense during La Nifia years such as in 1998 @lrign some
years the period at’Rl (Fig. 6b) demonstrates a double peak suggesting thatsat thi
latitude the wavelet analysis may capture a mixed signaimgifnom two distinct
waves (Lyman et al., 2007). Figure 7 demonstrates that thelated chlorophyll
is distributed along the TIW undulations observed in the se#ace temperature
field (SST). These patterns are visually comparable withll#atobservations (e.g.
Willett et al., 2006). The spatial distribution of chlorgphis similar in both exper-
iments, although the average concentrations are highbeiRéSource experiment
(Fig. 7c versus Fig. 7a). The simulated iron distributiord®to be localized around
the equator and it does not follow the northward wave fluabuat particularly in

the Control experiment where iron concentrations are laaviel confined to the
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eastern part of the model domain (Figs. 7b and 7d).

A region roughly corresponding to half the longitudinalengion of a tropical in-
stability wave (0-8N, 118-122W, Fig. 7c) was used to analyze the local effects
of TIWs on phytoplankton dynamics. Our analysis is focusedh® northern re-
gion of the eastern equatorial Pacific because this is themraghere the phys-
ical characteristics of the TIWs have been studied in motaild®ue to a well
defined temperature front between the North Equatorial @uu@urrent (NECC)
and the South Equatorial Current (SEC), this is also theoregihere the contrast
between the northward advection of cold, equatorial waterthe southward ad-
vection of warmer tropical water is more pronounced. Thaeethe biological pro-
cesses might be strongly affected by the physical processexiated with TIWSs.
The northward extension of the box was set to 5iN in order piura the waves
in their entirety even during those years (such as 1998) whefront between the
NECC and the SEC was further displaced North due to a morasatequatorial

upwelling.

Phytoplankton carbon biomass was averaged in the box votloma to 100 m

depth, and the resulting time series for both the Controlthed-eSource simula-
tions are shown in Figure 8a and b. The visual comparisongf&d and b clearly
indicates that changes in the absolute values of iron adddnt the EUC lead to

an enhancement of the mean phytoplankton biomass in thet taxgjon.

The observed inter-annual variability in autotrophic bas®s is due to both the
large-scale signal and the TIW modulation. In order to as¢les actual role of
TIWSs, we decided to remove the variability associated wittetscales longer than
intraseasonal from the total signal. The total standingaaistock have been fil-

tered by removing the 6 months running mean also depictedyirBFThe residu-
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als have been used to compute the wavelet power spectruneiterand Compo,
1998), which is shown in Fig. 8c only for the FeSource experitrand limited

to time scales typical for TIWs. The local variability of gloplankton biomass is
characterized by undulatory features with a period of 2@&s occurring mostly
in the period August-November, and characterized by waggthes (not shown) that
are also comparable with the ones typical of the TIWs (Flaratal., 1996; Masina
and Philander, 1999). The comparison with the wavelet aigbf the meridional
velocity anomaly in the same region (Fig. 6) confirms thatteability observed

in phytoplankton biomass is tightly related to the TIWs phr@enon.

A key question is whether TIWs have a local net effect on ppigiokton biomass
by effectively enhancing Fe availability. To answer thiggtion we identified the
periods of TIWs activity by selecting the time windows whére scale-averaged
power spectrum of the 20-35 days component of the meridigglatity anomaly is
significant (Fig. 9). TIW energy is considered significanientit is above the 95%
significance level according to Torrence and Compo (1998j)ehat the period
of activity is not always confined within the same calendarye.g. 1999-2000).
By convention, we take the starting date of the TIW periodraficator of the
year. Year 2000 TIWSs are not considered further in our amatyigen the doubtful

significance of the wave energy and the occurrence in thagpfi2001.

To separate the contribution of the wave-induced enhancemehytoplankton
production from the large-scale upwelling and seasonabiity we removed the
longer-term average standing stock. The mean local chagsabphytoplankton

carbon during TIW activity for each year is thus defined as:

100 C-C
ATt iw G

ATriw

ACT\w = dt (1)
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whereC is the timeseries of total phytoplankton carbon in the l6xhe 6-month
running average andTrw the period of the year where TIWs are significantly
energetic as identified in Fig. 9. The choice of the 6-monthdew is related to
the fact that the waves are phase locked with the annual eyaethat some of
their effects are likely to be seen at lower frequenciess ltriportant to remark
that the results discussed here are robust to the redudtibe averaging window
down to the monthly time scale (not shown), although thell&x v is reduced,

indicating that part of the signals come from lower frequepicesses.

The results are plotted for both simulations in Fig. 10a.ddiion Fig. 10b shows
the depth of the Fe nutricline and a proxy of the TIW verticalle, both averaged
over the same time windot T . The chosen proxy is the meridionally-averaged
depth of the vertical velocity maxima at 120. between 0 and N where both
the equatorial and TIW-induced upwelling is found. This idienal average was
chosen in order to capture the interannual changes in the walzaracteristics as

further shown in Fig. 11.

The periods when TIWs were active are characterized byrdiftenet biomass re-
sponses, indicating that TIWs do not always enhance phgmépdn production.
The FeSource run has always larger positive (lower negak¥ey due to the ad-
ditional continental Fe supply to the EUC which enhancedgignkton carbon
production. This is a robust response of the model mostlgedly the perma-
nent iron-limiting average conditions in the surface ocdaterestingly, despite
the variations in phytoplankton biomass shows a strong-emaual variability in

both experiments, Control and FeSource experiments araatkéazed by positive

(negative) responses during the same years.

Fig. 10b suggests that the relative location of the nutrecivith respect to the ver-
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tical extension of TIWs can help to interpret the net inceddscrease of biomass.
When the TIW vertical scale is sufficiently deeper than the&idine, the con-
tribution of TIWSs, either via upwelling and/or meridionad\gection, can provide
sufficient amounts of iron to further enhance net phytopiamiproduction. On the
other hand, when the two vertical scales are comparablelawawelling feature
of TIWs and/or their equatorial advection of iron-poor watare likely to domi-
nate. It is also possible that this effect prevails if theerol TIWs is averaged over
the whole divergence region as suggested by the model sesutorgues et al.
(2005). Favorable conditions were met in 1992, 1995, 1996891but not in the
other years. The 1998 La Nifia is an exception because thessafithe TIW and

nutricline scales are comparable, yet the change in biomggsitive.

The yearly variability in the vertical scales of TIWs is lesttlarified in Fig. 11,
where the 120V section of vertical velocity averaged over the TIW periedslot-
ted together with the nutricline and the depth of thé@@sotherm. In 1992, which
is an example of net biomass increase, the TIW contributicectly affects the
location of the Fe nutricline, which is shallower in the ugiing part and deeper
in the downwelling. In 1993, vertical velocities are smallegan in 1992 indicat-
ing that the waves are weaker. Also, the large scale upwedblinveaker as shown
by the deeper 20C isotherm. The maxima of vertical velocities are found above
the nutricline and thus the wave is not capable to furthereimse phytoplankton
production with respect to the long-term average. Fin&i®@8 is characterized by
a shallow thermocline and nutricline at the Equator and tWe Vertical scale of
activity is confined close to the surface. The waves are aets/evidenced by an
increase with respect to the mean biomass concentratign 1Ba). However, in
these conditions, TIWs are unlikely to directly affect thércline depth since the

effects of the large scale upwelling are dominant.
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To further analyze the direct effect of the waves in advecker in different years,

we computed the wave-driven iron flux@g/Fe/) 1, and(W/Fe/) 1, where

Vi=V -V, (2)
Wr=W —-W, 3)
Fee=Fe—Feg 4)

are the residual meridional and vertical velocities and concentration after the
removal of the 6-month running meaf ,W,Fe ) and(-)1,y indicates the av-
erage over the TIW period.. Since iron is not a passive traccdre model but is
consumed by phytoplankton while being advected, the cdratgon used in this
computation is the residual of both physical and biologpralcesses acting at the
time scales of the TIWSs. Fig. 12 shows the wave-driven flusesputed at the same
section as in Fig. 11 for two selected years (1992 and 1998jidibnal fluxes are
higher than vertical fluxes in all the analyzed years, witkifpee values in the
euphotic zone when TIWs lead to a net enhancement of phytkiaa biomass
(e.g. 1992, see also Fig. 10a), and negative values (as B) ¥8tn there is a net

decrease in biomass associated with the wave.

The analysis of the vertical wave-driven fluxes also hinthatexistence of wave-
driven upwelling as evidenced by the positive values both982 and 1993. In
1992, when the waves lead to a net increase in biomass, iidsrévthe signature
of iron upwelling at the equator and iron downwelling furtimerth. On the other
hand, in 1993, there is a weaker and almost uniform upweldioglized across the

nutricline (Fig. 12).

In Fig. 13 and 14 we plot the time series aN2 120°W of vertical velocity, merid-
ional velocity, total phytoplankton carbon and dissolwedifrom the FeSource ex-

periment averaged over the uppermost 100m for years 19923498] respectively.
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While Fig. 10 and 11 describe the integrated effect of theenarer different years,
the time series help us to understand the instantaneousgs®x acting during the
passage of the wave. This picture clearly shows that thespeaghytoplankton
carbon and dissolved iron coincide with downwelling of harard advected cold
water in the edge of the wave as found in the observations (Btoutton et al.,
2001). Vice-versa, during the passage of the wave trouganuiere is upwelling
of warm water directed toward the equator, both phytoplamktarbon and dis-
solved iron amounts decrease. The wave has thus a thre@sional structure that
needs to be carefully considered and may complicate thepiattion of local
variability. We suggest that in cases of enhanced prodtictiviring TIW activity
such as in 1992, an extra source of iron was made available aquator by up-
welling processes due to large scale and wave activity. fiimewas not completely
consumed locally and was advected northward by the wavenelimited regions
where it can trigger local production during the downwelliphase of the wave.
(This hypothesis is further analyzed in the following Sectwith a specific study
case). In 1993 when TIWs are also present but their effecthgtoplankton pro-
duction is negative, wave induced variability is clearlgsén total phytoplankton
carbon but not in dissolved iron. This suggests that thermisorthward advec-
tion of iron from the equatorial region, due most likely tongdling of shallower,
iron-poor waters. The role of TIWs in this case is simply toext and redistribute
phytoplankton. Year 1993 is indeed an example of one of tlaesy@hen the iron
nutricline at the equator (see Fig. 10 and 11) is particyld€ep and the vertical

scale of the waves is too shallow to effectively upwell imeh waters.
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3.3 Year 1992: a case study

Our analysis suggests that the effect of TIWs depends onepih af the iron nu-
tricline relative to the vertical scale of the waves. It ishese of this that TIWs not
always induce an increase of phytoplankton production. él@r even in cases
when TIWs effectively induce a net phytoplankton enhanasntas still unclear
whether TIWs simply advect biomass produced at the equatayeckis et al.,
2004), where chlorophyll maxima are always present evemguveak ENSO pe-
riods (Foley et al., 1997), or instead they induce a net Ipbgtoplankton increase.
To answer this question we analyze in detail one of the yeheswthe TIW-induced
effect on phytoplankton is positive. Fig. 15 shows the sated time series for year
1992 of total phytoplankton carbon, dissolved iron and f@ianary production av-
eraged over the first 100 m &tNd, 120°W for both experiments. At this latitude the
amount of total phytoplankton carbon and its temporal \mlits are very similar in
both experiments. From the time series of primary produdtis evident that both
cases are particularly productive during the second hath@fyear in connection
with the large scale upwelling due to the intensificationhef trade winds. At the
equator, this process is dominant and the presence of TIWs idearly detectable
in the time series. The Control experiment reaches a pratlygbeak during the
boreal summer and then decays. The FeSource experimentamaia high pro-
ductivity level up to November and then rapidly decrease®r@ll it is interesting
to note that the productivity of the two experiments doesdifter much even if the
availability of iron at the equator is much greater in the ¢i@8e experiment with
respect to the Control (Fig. 15b). This is a consequenceeMithaelis-Menten
form of phytoplankton growth, indicating that the equatbfre concentration is

above the half-saturation concentration in both expertsen
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The same quantities from Fig. 15 are shown in Fig. 16°aL At this latitude, the
time variability of both the total phytoplankton carbon gmiimary production is
dominated by mesoscale variability due to the presenceeof Ws in the second
half of the year. In both experiments, the passage of a wawdtsdn an increase of
up to 100% in total phytoplankton carbon with respect to thekiground level. At
the same time the peaks of total phytoplankton carbon aieehig the FeSource
experiment and reach values up to 50% higher than in the Glaxperiment. The
physics is exactly the same in the two experiments and thredse concentration at
the equator is very similar (Fig. 15a). If the mechanism<tioa at 2N were sim-
ply advection and convergence of phytoplankton biomassaltine waves, the total
phytoplankton carbon should be similar in both cases. We\aekhat the waves
do not simply advect phytoplankton produced elsewhere &utieduce increased
local production. This conclusion is supported by the tierges of primary produc-
tion at 2N (Fig. 16c), which clearly shows that the phytoplanktondohs during
TIW activity during the FeSource experiment are always eissed with enhance-
ment in primary production. During phytoplankton blooms grimary production
increases up to an order of magnitude in the FeSource expetibespite the fact
that iron availability at the equator is significantly diéat in the two experiments,
iron concentrations at’® are more similar on average throughout the period (Fig.
16b). This suggests that the extra supply of iron advectatdUC in the eastern
Pacific and upwelled at the equator mainly by the large scatamics (but also by
the TIW-induced vertical fluxes, cf. Fig. 12) has been witiziuring the northward
advection by the TIW. Only small amounts of unused Fe remaihia latitude.
On the contrary, in the Control experiment only the first ti@oons are correlated
with enhanced primary productivity, suggesting that when is the limiting nu-
trient TIWs are acting mainly to advect and converge bionpaesguced in other

regions.
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4 Discussion and conclusions

The ocean biogeochemical model used in this work is not priyraeant to predict
the evolution of the equatorial Pacific ecosystem, but rathapproximate the ma-
jor processes and to deduce cause-effect mechanismsltogtiioe phytoplankton
variability. The specific model design shows that subsahimbn concentrations can
be advected from the New Guinea shelf through the EUC, toplaeeliing regions
of the central and eastern Pacific as hypothesized by Macdkay @002). Iron is
utilized in small quantities during this process becauseedC is below the photic
zone. Our process study demonstrates that the presencemtiental iron source
is necessary for the maintenance of the subsurface iromrmmgwiin the EUC core

observed by Gordon et al. (1997).

However, the rather simplistic parameterization of ironrse used in this study
does not account for the spatial and temporal variabiligantinental iron supply,
both of which might have some effects on the absolute valireofconcentrations.
If, on the one hand, the application of a distant source yadlves the problems
presented by Christian et al. (2002), where their model wasisve to the choice
of the imposed initial concentration profile in the core of BUC, on the other,
major concerns remain on the assumption of bioavailakalitthe measured iron
profile that was chosen as representative of the shelf gondin fact, in our ex-

periment all the iron measured in the profile was assumed avaiable to phy-

toplankton growth without considering any possible efigcigands (e.g. Archer
and Johnson, 2000). This assumption provides an upperfdmdontinental iron

availability in the eastern Pacific and it needs to be furtheestigated to obtain
more realistic simulations. The simulated concentratiarthe central equatorial

Pacific are highly influenced by the values imposed on thd,dm@lever even the
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simplified profile used in this study allows for values congide with the observed
ranges (Coale et al., 1996; Gordon et al., 1997). This pexstesly clearly indicates
that further iron supply to the central and eastern Pacifectdithe inclusion of a

continental source and subsequent advection through tl@& Edds to enhanced

biomass compared to a simulation where only atmospheriggiéqn is imposed.

The model results are in agreement with the field-work areslys Coale et al.
(1996), Foley et al. (1997) and Strutton et al. (2001) regarthe iron transport
in the EUC and the local effects of TIWs on phytoplankton késsh Both the
presence of TIWs and variations in the sources of iron to th€ Ho have an effect
on phytoplankton. The model is able to simulate realistd/$lin terms of period
and wavelength, and there is a clear relation between thedseof TIWs activity

and phytoplankton carbon variability.

The analysis of selected periods when TIWs are active hasrsktivat in some
cases TIWs can be an efficient mechanism for increasing playtkton carbon
production. However, their effect is superimposed on thgelascale upwelling and
is linked to the depth of the iron nutricline. The proces$es tietermine this depth
are not only limited to equatorial Ekman pumping. It has b&leown that in some
years (e.g. 1992) the iron nutricline can be vertically ispd underby the action
of the TIWs. When the nutricline is sufficiently shallow aodthe TIWs verti-
cal scale is deeper than the nutricline depth, TIWs conildirectly to the net
increase of biomass by enhancing iron availability in thphatic zone. Further
investigations are needed to explore the linkages betwéafs and the depth of
the iron nutricline, which is likely to be connected both e tuptake/regeneration
of iron in the euphotic zone and to the large-scale equatapiaelling. In partic-
ular, the choice of the iron parameterization in the modéiegeochemistry can

have a direct role and should be further assessed by condis&nsitivity studies
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with different formulations (e.g. the Droop-like iron litation used in Vichi et al.

(2007b)).

The difference between the Control and the FeSource expetiis maximal dur-
ing periods of TIW activity. In particular, they differ in@mass north of the equator
on the western edge of the wave characterized by northwandgort and down-
welling of cold waters. In cases when the net effect of TIWgpbgtoplankton is
positive, such as in 1992, phytoplankton blooms At 2are correlated with dis-
solved iron maxima. This suggests that portion of the ironelfed near the equa-
tor is not consumed locally. This iron can then be advectethn@ard by the TIWSs,
thus “fertilizing” iron-poor regions and increasing phgtankton biomass north of
the equator. This conclusion is supported by the analydiseoiron fluxes induced
by TIWs and by the fact that the phytoplankton blooms“@ 2are well correlated
with peaks of primary productivity that reach values up tooasker of magnitude
higher than the background level. Our findings suggest teatvaves have a dif-
ferential effect on Fe availability in the eastern equatddacific, which likely de-
pends on the amount of iron in the EUC core and on the chaistatsrof the wave.
In years when TIWs are weak (in terms of their upwelling andielwelling con-
tribution) and their vertical scale is not deep enough tahete nutricline, the
meridional wave-driven Fe fluxes are negative and while @iginkton blooms are
still evident at 2N the presence of TIWs do not induce a net phytoplankton in-
crease. In these cases the effect of TIWs is simply a relligion and advection of
biomass in iron-poor waters. This mechanism partly exglaihy other modelling
results (e.g. Gorgues et al., 2005) reported a negativetedfel IWs on the mean
phytoplankton biomass and iron inventory. Our interpretasuggests that the av-
erage influence of TIWs is linked to the characteristics efrttodeled waves which

are in turn related to the variability of the large-scale efjing during the chosen
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simulation period.

The potential role of iron supply on phytoplankton growtloshl further be inves-
tigated in conjunction with silicate availability, sincehias been shown that Si:N
and Si:P ratios in phytoplankton change in iron depletedlitmms (Takeda, 1998).
PELAGOS assumes a constant Si:C ratio in diatoms which isaypf temperate
regions and is lower than the values found in the equatosaeifie and Southern
Ocean (Vichietal., 2007b). This is probably the major reasby PELAGOS over-
estimate silicate concentrations in the eastern equataiific (see Vichi et al.,
2007a). Further sensitivity experiments similar to the pegormed by Chai et al.
(2007) needs to be performed to elucidate the co-limitgpimtesses at work in
the HNLC regions (e.g. Veldhuis and De Baar, 2005). It is niénvdess important
to remark that the modulation by TIWSs investigated in thigkvmight affect the

distribution of silicate as well, as pointed out by Dugdélele(2007).

The effects of large-scale and mesoscale processes onuhtggl Pacific phy-
toplankton are difficult to separate and our analysis is tengit to reconcile the
different aspects inferred from observations and modgkiirercises. Our results
indicate that this kind of ocean biogeochemical model isabépof capturing the
basic mechanisms, and to explain the combined action ofax@ilability from
distance sources and the modulation by mesoscale proceksesver, the lack of
gualitative and quantitative data on iron variability imoection with phytoplank-
ton functional types prevents a direct validation of the pl@shd the assessment of
predictive skills. On the other hand, the understandindnefsimulated processes
increases our degree of confidence in describing modifitatad the equatorial

Pacific ecosystem due to climate change.
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Figure 1. Mean simulated annual currents (year 1992) atepthdf the EUC and location

of the New Guinea shelf where the iron vertical profile on igatr(Mackey et al., 2002) is
prescribed.
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(b) EUC weighted Fe transport at 140°W
| | | | |

0.9
0.8 1 B
0.7 4 L
0.6 | ‘ »
N
P 0.5 | B
£ )
E |
3 0.4 1§ B
(R
h ™
i (L I L B
0.3 | I, | [ I\
" '(‘a I"" l\ ' g:?‘,“h“?\\,‘ ‘l"l'" o l\" ’\‘ i .
1 * i W \
0.2 ',,‘ ‘ﬂl 'h‘ |“' ||!l‘ L] |‘ l"l\' | ;‘“\h |~lﬂ*
h Al \.\' \ B "N \'$
b 4 '
0.14 ' ¢ B
L} [
1] lh

1990 ' 1991 ' 1992 ' 1993 ' 1994 1995 1996 1997 = 1998 1999 2000 2001

Figure 2. (a) Mass transport in the first 300 m atM01°S-1°N and (b) transport-weighted
iron concentration of EUC at 14W from the FeSource (continuous line) and Control

(dashed line) experiments.
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Figure 3. Hovmoller diagram at the equator of the simulated concentration at the sur-

face and 182 m depth from the FeSource umol m—3).
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Figure 4. Mean annual concentrations for 1992, 1994 and #98&solved iron (shaded,
pumol m—3) and mean zonal velocity (contours, mtyat 140W for the Control (left pan-

els) and FeSource (right panels) experiments
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Figure 5. Comparison between mean annual iron concemirptiafiles from the Control
(continuous lines) and FeSource (dashed lines) experitfemtraged at°®-FN,140W)

and observations collected on a section at the same lorg{Cioale et al., 1996).
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(a) Time series — Meridional velocity - 120W
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Figure 6. a) Timeseries of the meridional velocity &N2120W and b) wavelet power

spectrum with the 95% significance level according to Tareesnd Compo (1998).
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Figure 7. Snapshot (September 20, 1992) of the chloropmglirg2) and iron zmol m—3)
concentration averaged over the first 50 m for the Contrahé[saa and b) and Fesource
(panels ¢ and d) experiments. Temperature contours frone 28 tC are superimposed.

Panel ¢ also shows the location of the region where the weaptdysis was applied.

38



?30' \m, Aol g1 H‘\ xl‘ : |
- ‘ l,’( ‘ ‘ " w' ,M ”l \Iml ‘\ il W l'l “‘wr"" \M“;I

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001

60 1 1 1 1 1 1 1 1 1 1

m
N
o

1
T

O ‘

£ N
wfM

ey I\
# ﬂ"u‘l; i -a., Al’l‘ “"'WIIMIIN # w\w '" ¥ “”lm|l

'\.q

Iy

O T T T T T
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001

O R

[N
D

w
N

Period (days)

64

Figure 8. Phytoplankton biomass concentration in the taoge and 6 month running
means for (a) the Control run and (b) the FeSource run (thér@annning mean in green
is reported for direct comparison). (c) Wavelet power spmetof the residuals with respect

to the running mean for the FeSource experiment.
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Scale-averaged power of the 20-35 days component - V 1200W
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Figure 9. Scale-averaged power of the 20-35 days wavelepapents of the meridional
velocity at 120W. The periods where TIWs are considered significant ardrtieintervals
where the power is above the reference line of 95% confidevet (Torrence and Compo,

1998).
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Figure 10. (a) mean percentage of biomass change in the bb2CatV and (b) mean

depths of the Fe nutricline and estimate of the TIWs verticalle (FeSource experiment

only) during the periods of activity (see Fig. 9).

41

Depth [m]



Depth [m]

2 4
Latitude Latitude Latitude

Figure 11. Meridional section at 120/ of vertical velocity (in m d1) averaged over the
periods of TIWs activity in 1992, 1993 and 1998 (see Fig. 9e Tepths of the 20C
isotherm (continuous line) and of the Fe nutricline (dasivez) are superimposed (model

data from the FeSource experiment).
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Figure 12. Meridional section at 12& of TIW-induced iron fluxes. (a) and (c) meridional
fluxes; (b) and (d) vertical fluxes, in nmol Fefhs™1, averaged over the periods of TIWs

activity in 1992 and 1993 (see Fig. 9).
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Figure 13. Simulated timeseries &\, 120W of vertical velocity, meridional velocity,
temperature, total phytoplankton carbon and dissolved fioo year 1992, averaged over

the first 200 m.
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Figure 14. Same as Fig. 13 but for year 1993.
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Figure 15. Simulated timeseries aN) 120W of a) total phytoplankton carbon, b) dis-

solved iron and c) total primary production averaged oveffitst 100 m.
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Figure 16. Same as in Fig. 15 but ang 120W.
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