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ABSTRACT

MODELING THE EFFECTS OF PHYSICAL AND  
BIOGEOCHEMICAL PROCESSES ON 

PHYTOPLANKTON SPECIES AND CARBON 
PRODUCTION IN THE EQUATORIAL PACIFIC OCEAN

Ban§ Salihoglu 
Old Dominion University, 2005 

Director: Dr. Eileen E. Hofmann

The primary objective of this research is to investigate phytoplankton commu­

nity response to variations in physical forcing and biological processes in the Cold 

Tongue region of the equatorial Pacific Ocean at 0°N, 140°W. This research ob­

jective was addressed using a one-dimensional multi-component lower trophic level 

ecosystem model that includes detailed algal physiology, such as spectrally-dependent 

photosynthetic processes and iron limitation on algal growth. The ecosystem model 

is forced by a one-year (1992) time series of spectrally-dependent light, temperature, 

and water column mixing obtained from a Tropical Atmosphere-Ocean (TAO) Array 

mooring. Autotrophic growth is represented by five algal groups, which have light 

and nutrient utilization characteristics of low-light adapted Prochlorococcus, high­

light adapted Prochlorococcus, Synechococcus, autotrophic eukaryotes, and large 

diatoms. The simulated distributions and rates are validated using observations 

from the 1992 U.S. Joint Global Ocean Flux Study Equatorial Pacific cruises. The 

model-data comparisons show that the simulations successfully reproduce the tem­

poral distribution of each algal group and that multiple algal groups are needed to 

fully resolve the variations observed for phytoplankton communities in the equatorial 

Pacific.

The 1992 simulations show seasonal variations in algal species composition super­

imposed on which are shorter time scale variations (e.g., 8-20 days) that arise from 

changes in the upwelling/downwelling environmental structure. The simulated time
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evolution of the algal groups shows that eukaryotes are the most abundant group, 

being responsible for half of the annual biomass and 69% of the primary production 

and export. Filtering out low frequency physical forcing results in a 30% increase 

in primary production and dominance of high-light adapted Prochlorococcus and 

autotrophic eukaryotes. Sensitivity studies show that iron availability is the primary 

control on carbon export and production; whereas, algal biomass concentration is 

largely regulated by zooplankton grazing. Recycled iron is an important component 

of the ecosystem dynamics because sustained growth of algal groups depends on rem­

ineralized iron which accounts for 40% of the annual primary production in the Cold 

Tongue region.

Sensitivity studies show that although all algal groups have a considerable effect 

on simulated phytoplankton carbon biomass, not all have a strong effect on primary 

production and carbon export. Thus, these sensitivity studies indicate that it may 

not be necessary to represent a broad spectrum of algal groups in carbon cycle mod­

els, because a few key groups appear to have a large influence on primary production 

and export variability. Combining the low-light adapted Prochlorococcus, high-light 

adapted Prochlorococcus and Synechococcus groups as a single group and using a 

three algal group model may be sufficient to simulate primary production and export 

variability in the tropical Pacific waters.

The effects of El Nino-Southern Oscillation (ENSO) processes on the lower trophic 

levels of Cold Tongue region were examined with eight-year simulations for a time, 

1991-1999, that included three ENSO cycles. As a comparison, simulations were 

done for a region in the western Pacific at 165°E at the equator, which is known 

as the Warm Pool. The simulated response of the lower trophic levels in the two 

regions of the equatorial Pacific to ENSO cycles differs in community structure and 

level of production. For the Cold Tongue region, the ENSO warm phase results in a 

shift to small algal forms (e.g., Prochlorococcus spp. and Synechecoccus) and low 

primary productivity (25 mmol C m-2 d-1 versus an annual average of 75 mmol C 

m~2 d-1). For the Warm Pool region, the phytoplankton community is dominated 

by larger algal forms (e.g., autotrophic eukaryotes) and primary production increases
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(150 mmol C m-2 d_1 versus an annual average of 59 mmol C m-2 d-1). Also, dur­

ing ENSO events carbon production and export in the Cold Tongue are limited by 

iron, whereas the relative abundance of iron and macronutrients (i.e. nitrate, silicate) 

limits production and export in the Warm Pool.

The results from this modeling study suggest that for conditions of increased 

stratification and temperature, carbon export in the Cold Tongue region would de­

crease and the phytoplankton community would shift towards smaller algal forms 

(e.g., Prochlorococcus spp. and Synechecoccus). Increased stratification can re­

sult in decreased iron concentration and reduced vertical velocities, both of which 

contribute to decreased carbon export. Also, stratified conditions enhances the rem­

ineralization rate of nutrients (e.g., iron), which enhances carbon production and 

export. Thus, inclusion of iron dynamics in climate models may be needed to fully 

represent the effect of climate variability on equatorial Pacific ecosystems.
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CHAPTER I 

INTRODUCTION

The equatorial Pacific Ocean is the largest contiguous region of oceanic upwelling 

and as such provides waters rich in nutrients and inorganic carbon to a large part of 

the ocean above 100 m. The high macronutrient concentration (e.g., typical nitrate 

concentrations of ~5 r M, Chavez et al. (1996)) enhances photosynthesis, new pro­

duction of organic carbon, and therefore sedimentation of particulate carbon. The 

high carbon content of the upwelled waters maintains a high partial pressure of car­

bon dioxide (CO2) at the sea surface, and the large area of the equatorial Pacific 

makes this region the largest natural oceanic source of C 0 2, annually supplying 0.7 

to 1.5 Pg (1015 g) of carbon as C 0 2 to the atmosphere (Chavez et al., 1999). The 

magnitude of this carbon flux is regulated by the interactions of physical and biolog­

ical processes. The flux of C 0 2 from the ocean into the atmosphere, and also from 

the atmosphere into surface waters and into the deep ocean as a result of biological 

processes, contribute to the processes affecting climate variations. Thus, the inter­

actions between physical and biological processes and the relative effects of these on 

the lower trophic levels of the equatorial Pacific Ocean are integral to understanding 

and quantifying the ocean-atmosphere carbon flux.

In spite of upwelling which provides nutrients to the upper water column, the 

equatorial Pacific is characterized by modest chlorophyll concentrations and low rates 

of primary production of about 0.2 to 0.3 fxg I-1 and 75 mmol C m~2 d-1, respectively 

(Chavez et al., 1999). This high-nutrient, low-chlorophyll (HNLC) environment has 

been attributed to low iron concentration (Martin et al., 1994; Coale et al., 1996a,b; 

Barber et al., 1996) and high zooplankton grazing rates (Walsh, 1976; Cullen et al., 

1992). The deficiency in iron keeps phytoplankton growth rates below their physical 

potentials (Landry et al., 1997) and affects the composition of the phytoplankton 

community by selecting for smaller cells (Morel et al., 1991; Sunda and Huntsman, 

1995). The grazer community, particularly microzooplankton, remove most of the 

This dissertation follows the style of Deep-Sea Research I.
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daily production of phytoplankton biomass (Landry et al., 1997), thereby contribut­

ing to low chlorophyll conditions. The low iron concentrations contribute to main­

tenance of high nitrate conditions because in iron-stressed regions phytoplankton 

preferentially remove ammonium over nitrate (Wheeler and Kokkinakis, 1990; Price 

et al., 1994; Armstrong, 1999).

The high carbon fluxes to the atmosphere and to the deep ocean, and the HNLC 

conditions of the equatorial Pacific are found in other tropical upwelling regions, the 

subarctic Pacific, and the Antarctic. The property that is unique to the equato­

rial Pacific Ocean is that it is the principal site of the El Nino-Southern Oscillation 

(ENSO), which is the primary cause of interannual climate variability in the tropical 

oceans (Philander, 1990). The equatorial Pacific marine ecosystem is also affected 

by Kelvin waves (Kessler et al., 1995; Chavez et al., 1998), advection of oligotrophic 

waters (Chavez et al., 1998; Le Borgne et al., 2002), tropical instability waves (TIWs, 

Qiao and Weisberg, 1995; Yu et al., 1995), equatorially trapped internal gravity waves 

(IGWs, Wunsch and Gill, 1976; Friedrichs and Hofmann, 2001), and variations in 

the strength and depth of the Equatorial Undercurrent (EUC, Barber et al., 1996). 

The available studies consider the response of the equatorial Pacific phytoplankton 

communities to these physical forcings, which occur at a range of space and time 

scales (Bidigare and Ondrusek, 1996; Chavez et al., 1998; Friedrichs and Hofmann, 

2001) and are variable so that individual events can significantly alter local primary 

production, species composition, and carbon export. These studies provide the basis 

for the first research objective o f th is study which is directed at identifying  

and quantifying the response of equatorial Pacific phytoplankton com m u­

nities to  different physical forcings and the im plication of these responses 

for carbon production and export.

Pigment and size fractional studies of equatorial Pacific phytoplankton commu­

nities indicate that Prochlorococcus, Synechococcus, autotrophic eukaryotes, and 

large (~20 gm cell size) diatoms represent the dominant autotrophic biomass (Lind- 

ley et al., 1995; Bidigare and Ondrusek, 1996; Chavez et al., 1996; Coale et al., 

1996b; Landry et al., 1996; Latasa et al., 1997; Higgins and Mackey, 2000; Landry
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et al., 2000a). The carbon biomass, chlorophyll a and primary production of each 

of these phytoplankton algal groups can be regulated by biological interactions as 

well as by physical forcing. For example, production by Prochlorococcus spp. is 

sensitive to the light field (Partensky et al., 1999; Rippka et al., 2000; Moore et al., 

2002b; Rocap et al., 2002) and ambient nutrient concentrations (Moore et al., 2002b), 

and autotrophic eukaryotes and large diatoms can avoid grazing by microzooplank- 

ton relative to the smaller phytoplankton species (Landry et al., 1995; Verity et al., 

1996; Dam et al., 1995; Roman and Gauzens, 1997). Thus, the second research 

objective for th is study is directed at understanding the role o f biologi­

cal processes and interactions in regulating carbon biom ass, chlorophyll 

a concentration, and primary production of the dom inant algal groups 

com posing equatorial Pacific phytoplankton com m unities.

Micronutrient (e.g., iron) limitation is now recognized as an important control on 

the biomass and production of equatorial Pacific phytoplankton communities (Morel 

et al., 1991; Martin et al., 1994; Sunda and Huntsman, 1995; Coale et al., 1996a,b; 

Barber et al., 1996). Also iron affects the composition of the phytoplankton commu­

nity by selecting for smaller dominant forms (Morel et al., 1991; Sunda and Hunts­

man, 1995). The abundance and distribution of dissolved iron, the ambient and 

cellular iron to nitrogen and iron to carbon ratios, the remineralization and scav­

enging of iron, and the magnitude, distribution and solubility of the aeolian iron 

flux are recognized as important contributers to the regulation of phytoplankton 

community by iron. These observations underline the third research objective  

which is focused on understanding the role o f iron lim itation in regulating  

the production and com position of the equatorial Pacific phytoplankton  

community.

The three primary research objectives of this study are addressed using a one- 

dimensional, multi-component marine ecosystem model that is designed to include 

the physical and biological dynamics that control the biomass and production of the 

lower trophic levels in the equatorial Pacific Ocean. The primary implementation of 

the ecosystem model is for a site at 140°W on the equator, which is referred to as
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the Cold Tongue (Murray et al., 1992). The Cold Tongue is represented as an area 

where upwelling is persistent, which is reflected in generally high phytoplankton pro­

duction. Additional simulations consider the applicability of the ecosystem model to 

other regions of the equatorial Pacific, such as the Warm Pool in the western Pacific 

at 165°E at the equator. This second region is characterized by warm (annual mean 

of 28°C to 30°C) surface water temperatures and a shallow mixed layer (30-40 m) 

which is separated from the thermocline (deeper than 65 m) by a high-salinity barrier 

layer (Lukas and Lindstorm, 1991). Comparisons of the simulations from the two 

regions provide insight into variability in phytoplankton biomass, community com­

position, primary production, and export production for regions of the Pacific that 

have different environmental structure, physical forcing, and biological interactions. 

Additional simulations provide insight into the effect of El Nino/La Nina events, 

which are part of the ENSO cycle, on biological production in the two regions.

The next chapter presents background information on the physical and biological 

controls on the equatorial Pacific ecosystem that is directly related to the results 

ofthis study and gives a description of issues related to the use of ecosystem models 

that include one or two size fractions of phytoplankton. Chapter 3 gives a summary 

of the data used in this study. Chapter 4 describes the lower trophic level model used 

in this study and the data sets input to the model. The results of the simulations 

done for the Cold Tongue and Warm Pool are given in Chapter 5. This chapter also 

presents results of sensitivity studies done with the lower trophic level model that are 

designed to highlight important physical and biological processes that affect carbon 

production and export. Chapter 6 provides a discussion of the results that places 

them within the context of other studies and current understanding of the factors 

controlling lower trophic level production in the equatorial Pacific. The final chapter 

gives the conclusions derived from this study.
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CHAPTER II 

BACKGROUND

II .l  TH E R E SPO N SE OF THE CENTRAL EQUATORIAL PACIFIC  

ECOSYSTEM  TO PH Y SIC A L FORCING EFFECTS

In the central equatorial Pacific Ocean meridional velocities can show variability 

in amplitude and direction that change from positive (north) to negative (south) 

with a period of 20 d. These features are the TIWs. Particle motions of these waves 

are described by eccentric ellipses oriented toward the north (Qiao and Weisberg,

1995). Zonal wavelengths of these waves range from 800 to 2000 km, and westward 

propagation occurs with phase velocities of roughly 0.6 m s- 1  (Halpern et al., 1988; 

Qiao and Weisberg, 1995; Yu et al., 1995).

The effect of the variability in meridional velocities is in association with the 

sea surface temperature (SST) structure and satellite chlorophyll observations in 

the central equatorial Pacific. Satellite chlorophyll observations exhibit north-south 

undulations at scales similar to the SSTs, however, although the cool tongue of SST 

covers a broad area, the chlorophyll rich region is just a narrow band centered at the 

equator, which is advected north and south of the equator. North of the equator, 

the undulations are associated with anticyclonic eddies (Flament et al., 1996).

These anticyclonic vortices not only play an important role in the meridional 

transport of heat, salt and momentum, but are also associated with regions of in­

tense horizontal convergence along the equator, where high concentrations of primary 

and secondary production occurs (Flament et al., 1996). These instabilities in the 

equatorial Pacific Ocean can affect dynamically the spatial distribution of phyto­

plankton (Chavez et al., 1999; Strutton et al., 2001) and in addition to dynamical 

controls, biological consequences of these physical processes contribute significantly 

to the regulation of phytoplankton growth and distribution (Foley et al., 1997; Strut­

ton et al., 2001). For example, high chlorophyll concentrations are likely responses 

to enhanced fluxes of nutrients, such as iron, to the euphotic zone in the upwelling
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centers associated with TIWs (Friedrichs and Hofmann, 2001; Strutton et al., 2001).

In the central equatorial Pacific, high frequency physical variability also exists in 

the form of IGWs. Internal gravity waves are indicated by temperature oscillations 

of 2-4°C at 100 m, with periods of 6 - 8  d (Wunsch and Gill, 1976). These tempera­

ture oscillations result from high-frequency variability in the vertical velocity field. 

Friedrichs and Hofmann (2001) suggested that the effect of IGWs may dominate 

the variability in the primary production and biomass fields. The variability in the 

vertical velocity can advect nutrient rich waters into the euphotic zone resulting in 

in situ  growth in the upper water column (Friedrichs and Hofmann, 2001)

The equatorial Pacific system is also affected by perturbations at lower frequen­

cies. The physical and biological dynamics of the region are perturbed on average 

every 3-4 years by El Nino (Quinn et al., 1987). During El Nino the trade winds 

weaken and may reverse, thus removing the driving force for upwelling. This weak­

ening of the trades is usually first observed as westerly wind bursts in the western 

equatorial Pacific, giving rise to equatorially trapped, downwelling Kelvin waves 

which propagate from west to east at speeds in excess of 200 km d _ 1  (Strutton and 

Chavez, 2000). The Kelvin waves initiate the relaxation of the zonal sea level and 

thermocline gradients, followed by advection of the western equatorial Warm Pool 

into the central Pacific. The warmer waters (> 28°C, Picaut et al. (1996)) are low 

in nutrients (Mackey et al., 1995). Their advection over the central equatorial Pa­

cific, combined with the weakening of the upwelling leads to reduced phytoplankton 

productivity in the region (Chavez et al., 1999; Strutton and Chavez, 2000).

The onset of the 1997-1998 El Nino was indicated by two westerly wind bursts 

centered at 150°E. These wind bursts each gave rise to a downwelling Kelvin wave 

which propagated from west to east from December 1996 to January 1997 and from 

March to April 1998 (Chavez et al., 1999; Strutton and Chavez, 2000). During these 

periods, surface nitrate was depleted almost to zero across the equatorial Pacific. 

West of 140°W this nitrate depletion extended over the entire euphotic zone and 

Strutton and Chavez (2000) argued that it was correlated with iron depletion.

Other than the biological effects, the dynamical effects of the 1997-1998 ENSO
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also affected the spatial distribution of phytoplankton. Murtugudde et al. (1999) and 

Picaut et al. (2002) showed that the northerly wind anomalies dominated the central 

Pacific from November 1997 through April 1998. The associated shift in the Ekman 

divergence shifted the equatorial upwelling Kelvin wave to the north by almost 2° of 

latitude (Murtugudde et al., 1999). After the 1997 El Nino, during February 1998 a 

phytoplankton bloom appeared several degrees north of the equator with chlorophyll 

concentrations of ~0.3 mg m~3. This was a signature of the Kelvin wave that ended 

the El Nino. Between March and June 1998 the cold waters associated with the 

upwelling Kelvin wave slowly propagated towards the equator (Picaut et al., 2002). 

The bloom also moved towards the equator with chlorophyll concentrations reaching 

~1 mg m - 3  in June 1998 (Murtugudde et al., 1999).

II.2 BIOLOGICAL IN TER A C TIO N S

In the equatorial Pacific measurements of phytoplankton community composition 

show that Prochlorococcus, Synechococcus, autotrophic eukaryotes, and large (~20 

jt(m cell size) diatoms represent the dominant autotrophic biomass (Lindley et al., 

1995; Bidigare and Ondrusek, 1996; Coale et al., 1996b; Chavez et al., 1996; Landry 

et al., 1996; Latasa et al., 1997; Higgins and Mackey, 2000; Landry et al., 2000a). The 

carbon biomass, chlorophyll a and primary production of each of these phytoplankton 

algal groups can be regulated by biological interactions as well as by physical forcing.

The central equatorial Pacific is an HNLC region, which is characterized by 

consistently high near-surface concentrations of macronutrients, low phytoplankton 

biomass, and the dominance of small species of primary and secondary producers. 

The growing consensus is that the properties of HNLC regions are explained by the 

complementary interactions of micronutrient limitation and grazing (Chavez et al., 

1991; Frost, 1991; Price et al., 1994). However, little is known about the dynamics of 

different components of the phytoplankton and zooplankton populations and specif­

ically how they are affected by micronutrients, grazers, and natural environmental 

variability. Experimental results (Lindley et al., 1995; Bidigare and Ondrusek, 1996)
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and recent mesoscale iron enrichment experiments (Martin et al., 1994; Coale et al., 

1996b; Landry et al., 2000a) provide some guidance as to some of these interac­

tions. During the two open-ocean in situ  iron-fertilization experiments (IronEx I 

and II, Martin et al., 1994; Coale et al., 1996b; Landry et al., 2000a) that were done 

at about 4°S, 105°W, limited taxa specific measurements that distinguish between 

different pigment types were made. Size fractional studies during iron-fertilization 

experiments show that the chlorophyll bloom in response to iron fertilization was 

due to initially rare diatoms, with the increase in phytoplankton biomass attributed 

almost completely to cells > 5 fj,m (Coale et al., 1996b). There is also evidence that 

the smaller, initially dominant phytoplankton were stimulated by the iron addition 

(Coale et al., 1996b), and the taxon-specific pigment data indicated that all groups 

were iron limited at the start of the iron-fertilization experiments (Cavender-Bares 

et al., 1999). The relative constancy of smaller algal forms under iron fertilization 

is attributed to the efficient cropping by micrograzers (Walsh, 1976; Cullen et al.,

1992).

Advances in the understanding of grazing and iron controls on phytoplankton in 

HNLC regions have been made, but much about these regions remain to be studied. 

For example different phytoplankton species do not have identical iron requirements 

(Sunda and Huntsman, 1995, 1997), larger species may be held below their phys­

iological growth potential to a greater degree than others. Further, high rates of 

phytoplankton growth and steady-state microbial communities (Cullen, 1991; Cullen 

et al., 1992; Frost and Franzen, 1992) in the HNLC region of equatorial Pacific imply 

strong links to rapid grazer removal of phytoplankton and efficient nutrient recycling.

Grazers can contribute directly to the maintenance of phytoplankton steady state 

by cropping daily production. Microzooplankton grazing generally balances the daily 

production by prymnesiophytes, and consumes much of the daily production of pi- 

coplankton (Verity et al., 1996). However, microzooplankton consumes only about 

half the production by diatoms, implying that other loss processes (e.g., macroozoo- 

plankton grazing, sinking) regulate diatom abundance in these waters (Verity et al., 

1996). For example, during the two U.S. Joint Global Ocean Flux Study (JGOFS)
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cruises (cruise details are explained in section 3.3), herbivory by microzooplankton, 

averaged 133% (15 m)-123% (60 m) and 70% (15 m)-105% (60 m) of phytoplank­

ton growth, respectively (Verity et al., 1996). Thus, this suggests that the grazing 

of phytoplankton by microzooplankton represents a major pathway of organic car­

bon transformation at the equatorial Pacific during both El Nino and non-El Nino 

conditions.

In addition to the direct impact of grazers on phytoplankton biomass, they re­

turn remineralised elements to phytoplankton, including iron (Hutchins et al., 1993), 

which is essential for a high growth rate in the equatorial Pacific. The combination 

of direct cropping and remineralization processes provides a potentially powerful 

feedback mechanism by which grazers influence both the biomass and rate of phy­

toplankton production. Moreover, ammonium suppresses nitrate uptake (Wheeler 

and Kokkinakis, 1990) and Prochlorococcus spp. cannot use nitrate (Moore et al., 

2002b). Thus remineralization of nitrogen as ammonium by grazers can be important 

in maintaining high levels of nitrate in the HNLC region of the equatorial Pacific.

Inter-species competition for nutrients and light can affect the transfer routes 

of carbon to higher trophic levels and eventually to the deep ocean. Because 

smaller species have an intrinsic competitive advantage for nutrient uptake over larger 

species, they can grow more efficiently compared to the larger algal forms under nu­

trient deplete conditions (Price et al., 1994; Sunda and Huntsman, 1995). Also algal 

forms which can better adapt to low-light conditions can take advantage of the nu­

trient replete deeper waters (Partensky et al., 1999; Rippka et al., 2000; Moore et al., 

2002b; Rocap et al., 2002). Although small algal forms grow better under HNLC 

conditions, the high grazing pressure on them controls their biomass. Autotrophic 

eukaryotes and large diatoms are less efficiently grazed by microzooplankton (Dam 

et al., 1995; Landry et al., 1995; Verity et al., 1996; Roman and Gauzens, 1997). 

Thus, the relative contribution of small algal forms to carbon production and export 

can be higher than their relative biomass.
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II.3 A CO M PARISO N OF THE COLD TO N G U E A N D  TH E W ARM  

POOL C H ARACTERISTICS

The equatorial Pacific is subject to physical forcings that differ markedly from 

west to east. The Warm Pool in the west is characterized by some of the warmest 

SSTs (annual mean of 28°C to 30°C) in the global ocean and has a shallow mixed 

layer (30-40 m) separated from the thermocline (deeper than 65 m) by a high-salinity 

barrier layer (Lukas and Lindstorm, 1991). Mackey et al. (1995) and Radenac and 

Rodier (1996) both emphasize that the suppression of nutrient fluxes by the salinity 

barrier layer is the primary factor controlling surface phytoplankton concentrations 

in the Warm Pool.

In contrast, the Cold Tongue region east of the Warm Pool is subject to the diver­

gence of the South Equatorial Current (SEC). Such a divergence generates upwelling 

of the waters from the EUC, which brings waters with higher salinity, dissolved in­

organic carbon and nutrient concentrations to the surface (Le Borgne et al., 2002). 

Despite the differences in physical and chemical forcings between the Warm Pool and 

the Cold Tongue, the depth-integrated chlorophyll concentrations in the Cold Tongue 

(25-36 mg m-2) region are only slightly higher than those observed in the Warm Pool 

(20-30 mg m~2, Mackey et al. (1997)) under normal or El Nino conditions.

The manifestation of the ENSO is also different in two regions. Under non-El 

Nino conditions, the trade winds pile up water in the western equatorial Pacific, re­

sulting in an increase in sea level and deepening of the thermocline (Wyrtki, 1975, 

1985). When the trade winds weaken, these perturbations of the thermocline and 

the sea surface can propagate eastward as downwelling Kelvin waves. Kelvin waves 

carry energy and heat across the basin rapidly, resulting in a depression of the ther­

mocline and a warming of the sea surface in the east, which in turn reduces atmo­

spheric subsidence driven by oceanic upwelling and weakens the trade winds (Hansen, 

1990; Philander, 1990). The equatorial Pacific then takes on a self-sustaining state 

characterized by warm surface temperatures, weak trade winds, a weak or reversed 

SEC, and a significantly reduced east-west slope of the sea surface, which results
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in the attenuation and occasional disappearance of the EUC (Firing et al., 1983). 

The depth of the thermocline, the main reservoir of nutrients for phytoplankton, is 

deeper than usual in the east and shallower in the west. In the western equatorial 

Pacific the shoaling of the thermocline during El Nino that brings the nutrients into 

the euphotic zone, causes an increase in the chlorophyll concentration in the deep 

chlorophyll maxima layer (Blanchot et al., 1992; Radenac and Rodier, 1996).

II.4 ISSUES RELATED TO AVAILABLE ECOSYSTEM  MODELS 

FOR THE EQUATORIAL PACIFIC REGION

The available ecosystem models developed for the equatorial Pacific Ocean (e.g., 

Chai et al., 1996; Loukos et al., 1997; Leonard et al., 1999; Friedrichs and Hofmann, 

2001; Christian et al., 2002a) included either one or two size classes of phytoplank­

ton. Chai et al. (1996), Loukos et al. (1997), Leonard et al. (1999) and Friedrichs and 

Hofmann (2001) are one-dimensional (depth-time) models developed for the central 

equatorial Pacific Ocean. Iron is not included in the Chai et al. (1996) and Loukos 

et al. (1997) models, however uniformly low values of the photosynthetic parameters 

are used as a proxy for iron limitation by Chai et al. (1996). This limits the Chai 

et al. (1996) model’s ability to simulate spatial and temporal variability of plankton 

communities. Loukos et al. (1997) and Friedrichs and Hofmann (2001) included only 

a single phytoplankton and zooplankton compartment and Leonard et al. (1999) in­

cluded two size classes (e.g., nanoplankton and netplankton) of phytoplankton and 

two size classes of zooplankton. The model described in Christian et al. (2002a) is 

the first basin-scale model developed for the equatorial Pacific region which includes 

simultaneous iron and nitrogen limitation. The ecosystem structure of this model 

is identical to the Leonard et al. (1999) model and it consists of nine components, 

two phytoplankton size classes, two zooplankton size classes, dissolved iron, nitrate, 

ammonium, and two detrital size fractions. In this model all biological model com­

ponents (phytoplankton, zooplankton, detritus) except netphytoplankton (> 1 0  /mi)
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are assigned the same constant iron to carbon ratio. A variable chlorophyll to ni­

trogen ratio is formulated according to Geider et al. (1996) which neglects nutrient 

effects.

The models that include one box for phytoplankton and zooplankton (e.g., Loukos 

et ah, 1997; Friedrichs and Hofmann, 2001) used the assumption that species compo­

sition of the phytoplankton and zooplankton is invariant. This precludes the ability 

to investigate species composition change in response to environmental and biological 

variables. With a single phytoplankton component it is also not possible to simulate 

the changes in primary production that arise from differential responses of the phy­

toplankton species to different environmental factors. The equatorial Pacific models 

that include two phytoplankton size classes and iron (e.g., Leonard et al., 1999; 

Christian et ah, 2002a), assume that large phytoplankton growth rates are much 

more strongly limited by iron and experience reduced rates of grazing mortality rel­

ative to the smaller phytoplankton component. Netphytoplankton therefore escape 

grazing control under strong upwelling conditions and become dominant because the 

smaller forms remain under strong grazer control. However, in the equatorial Pacific 

the netplankton (e.g., diatoms) generally do not exceed 2 0 % of the total biomass even 

under nutrient replete conditions (Chavez, 1989; Bidigare and Ondrusek, 1996). In 

addition, in these models export rates increase excessively when biomass increases. 

Results from the iron enrichment experiments suggest that even when netphytoplank­

ton growth rates increase due to iron fertilization, the food web is tightly coupled 

with little export (Landry et al., 2000a). Thus, iron enrichment experiments suggest 

that a tightly coupled phytoplankton-grazer system exist even under nutrient replete 

conditions and simple food web models exaggerate the extent of carbon removal by 

netphytoplankton.

In the available models (e.g., Chai et al., 1996; Loukos et al., 1997; Leonard et al., 

1999; Friedrichs and Hofmann, 2001; Christian et al., 2002a) cellular iron to nitrogen 

ratios are assumed to be constant. However, field and culture studies show that iron 

to carbon and nitrogen to carbon ratios in algal cells can vary independently, de­

pending on environmental conditions (Laws and Bannister, 1980; Kana et al., 1992;
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Moore et al., 1995; Sunda and Huntsman, 1995; Kudo and Harrison, 1997). Fur­

thermore, these ratios show very different characteristics between different species 

(Laws and Bannister, 1980; Kana et al., 1992; Moore et al., 1995; Sunda and Hunts­

man, 1995; Kudo and Harrison, 1997; Sunda and Huntsman, 1997) and experimental 

studies suggest that iron to nitrogen ratios for small phytoplankton (especially for 

cyanobacteria) are greater than those for netplankton. However, models that use 

constant cellular nutrient ratios require iron to nitrogen ratios for netplankton that 

are greater than those for small phytoplankton (e.g., Christian et al., 2002a). In the 

constant ratio models nitrate tends to accumulate in the surface waters because of 

retention of iron concentrations in the cells. To prevent accumulation of nitrate in 

the surface waters of the equatorial Pacific in the simulations significant inputs of 

iron are needed (Christian et al., 2002a). It is possible that a more realistic food web 

structure would reduce the sensitivity of these models to the availability of iron.

Another important issue related to the early models developed for the equatorial 

Pacific (e.g., Leonard et al., 1999; Friedrichs and Hofmann, 2001), is that iron is 

included in a similar manner as nutrients (e.g., nitrate). However, recent studies 

show that although iron has a nutrient-type profile (Martin et al., 1989; Bruland 

et al., 1994; Johnson et al., 1997), sometimes enrichment characteristics are observed 

in the euphotic zone that are characteristics of scavenged-type elements (Bruland 

et al., 1994). More recently it has been demonstrated that iron is rapidly recycled in 

pelagic microbial communities (DiTullio et al., 1993; Hutchins et al., 1993; Barbeau 

et al., 1996), and this recycling may be a critical source of iron for phytoplankton in 

iron-limited regions.
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CHAPTER III 

DATA SOURCES AND PROCEDURES

III.1 VERTICAL VELOCITY, D IFFU SIO N , A N D  M IXING

The one-dimensional lower trophic level ecosystem model, described in Chapter 

4, includes explicit effects of vertical advection. One approach for specifying a time- 

varying vertical velocity field is to estimate it using a numerical circulation model, 

such as the one developed for the equatorial Pacific by Murtugudde et al. (1996). 

However, simulated fields do not contain much of the high-frequency variability, such 

as TIWs and IGWs, that are of interest for this study. Therefore, the approach 

taken here is to use direct observations of the horizontal velocities (u and v) and 

temperature obtained from the Tropical Ocean-Global Atmosphere (TOGA) pro­

gram and the Tropical Atmosphere-Ocean (TAO) Array, which were obtained from 

moorings/buoys at fixed locations in the equatorial Pacific Ocean. Details of the 

TAO Array are given in McPhaden et al. (1998) and data from the mooring are 

available via the TAO web-site (http://www.pmel.noaa.gov/toga-tao).

The TAO mooring array provides time series of current meter-measured horizon­

tal velocity and temperature at locations along the equator at 155°W, 140°W, and 

125°W, and along 140°W at 2°N, and 2°S. The vertical distribution of the velocity 

and temperature measurements (Table 1) was sufficient to resolve variations in the 

upper water column environmental structure due to high-frequency events, such as 

TIWs and IGWs, and low frequency events such as ENSO.

Throughout 1991-1999, the data availability was 90% or more for horizontal veloc­

ity and temperature at 0°N, 140°W, respectively and was 90% or more for horizontal 

velocity and 80% or more for temperature at 0°N, 165°E (Table 1). The periods 

of missing data were filled in by averaging the equivalent measurements from TAO 

moorings at 2°N and 2°S at 140°W and 165°E. For times when no measurements 

were available from any of the sites, the data were linearly interpolated in time using 

the available points on either side of the data gaps. The resultant daily time series
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Table 1
Tropical Atmosphere-Ocean (TAO) mooring data at 140°W and 165°E at the equator 
for 1991-1999 time period (McPhaden et al., 1998)

Data Type Location Sample depth Availability Missing dates
(m) (%) (month/year)

Horizontal velocity 0 °N, 140°W 3, 25, 45, 80, 120 >90% —

Temperature 0°N, 140°W 1, 3, 10, 25, 35, 45, 
60, 80, 1 0 0 , 1 2 0

>90% ---

Shortwave 0°N, 140°W 3 m above sea >85% 08/1991-12/1991
radiation surface 01/1994-03/1994

03/1994-06/1995
Horizontal velocity 0°N, 165°E 3, 25, 45, 80, 120 >85% 02/1994-01/1995
Temperature 0°N, 165°E 1, 3, 10, 25, 35, 45, 

60, 80, 1 0 0 , 1 2 0

>80% 01/1992-03/1992
02/1994-01/1995

Shortwave 0°N, 165°E 3 m above sea >75% 08/1991-07/1992
radiation surface 12/1993-02/1994

06/1998-02/1999

Type, location, sampling depth, percent (%) availability, and major missing periods 

of the data are listed. Continuous measurements are indicated by —.

was then linearly interpolated to 1 -hour intervals to be consistent with the time step 

used for the lower trophic level ecosystem model (see section 4.10).

The temperature and horizontal velocity time series from the TAO Array for 

1991-1999 were used with the procedure given in Friedrichs and Hofmann (2001) 

to estimate vertical velocities. This approach is based on scaling vertical velocity 

relative to local upward movement of an isotherm and advection along a stationary, 

sloping isotherm. Daily estimates of local upward movement of the isotherms are 

obtained by evaluating the change in the depths of the isotherms measured by the 

TAO temperature sensors. The advection along a stationary, sloping isotherm is 

computed by multiplying zonal velocity data, measured by the TAO current meters, 

by estimates of zonal isotherm slopes.

Mixed layer depth is set to the depth where water temperature is 1°C lower than 

the SST. The comparisons between the mixed layer depths observed during the U.S.
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JGOFS cruises and the mixed layer depths estimated using 1°C difference from the 

observed SSTs gives very satisfactory results at 0°N, 140°W (not shown). These 

comparisons provide the justification for not explicitly using a mixed layer model 

(e.g., Price et al., 1986).

The mixed layer depth at 0°N, 140°W is estimated using the hourly temperature 

measurements to incorporate the diurnal variability in the mixed layer depth, whereas 

daily temperature values are used at 0°N, 165°E. The vertical diffusion (K z) effects 

are simulated with a theoretical model (Pacanowski and Philander, 1981) using the 

TAO mooring (u , v , T ) observations. All of the components (e.g., state variables) 

of the lower trophic level model (Chapter 4) are homogeneously distributed in the 

mixed layer at each time step.

111.2 SHORTW AVE R AD IA TIO N

The TAO mooring at 0°N, 140°W and 0°N, 165°E provides time series of in­

tegrated incoming short wave radiation (Table 1). For 1991-1999, this record was 

about 85% complete at 0°N, 140°W and was about 75% complete at 0°N, 165°E. 

The missing portions of the shortwave radiation time series were estimated from ei­

ther adjacent moorings or linear interpolation between available data points, similar 

to what was done for the horizontal velocities. When there were no data available 

from all the three sites, the effect of cloud cover is neglected. The resultant short­

wave radiation time series was used with a clear sky radiation model to estimate the 

spectrally-resolved underwater light field, as described in section 4.2.1.

111.3 COLD TO N G U E I N  S IT U  OBSERVATIONS

The data sets used for calibration and verification (section 5.1.7) of the simula­

tions obtained from the lower trophic level ecosystem model for the Cold Tongue 

were obtained from the U.S. JGOFS Equatorial Pacific process study (EqPac) (Mur­

ray et al., 1994, 1995). The primary data sets are from two process-oriented survey 

cruises that took place in February (Si) and August (S2) 1992 and two 20-day time
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series cruises that took place in March (TS1) and October (TS2 ) 1992. The time 

series cruises occupied a site at 0°N, 140°W and the survey cruises covered the area 

around this site (Murray et al., 1992, 1995). Data collected on these cruises fol­

lowed U.S. JGOFS data protocol (http://usjgofs.whoi.edu/protocols.html) and were 

obtained for this study via the U.S. JGOFS Data Management System, which is 

available at http://wwwl.whoi.edu/jgofs.html.

The largest suite of data available from the JGOFS EqPac cruises consists of 

measurements of algal biomass from direct cell counts (Table 2) and algal pigment 

concentration obtained from high-pressure liquid chromatography (Table 2). These 

data sets provide the basis for the algal groups included in the lower trophic level 

model as well as providing a means for verifying the realism of the simulations. The 

phytoplankton cell counts were converted to microplankton carbon biomass using a 

factor of 53, 250, and 2,100 fg C per cell for Prochlorococcus spp., Synechecoccus, 

and autotrophic eukaryotes (Campbell et al., 1994; Binder et al., 1996; Landry et al.,

1996), respectively.

Primary production measurements for natural in situ phytoplankton assemblages 

(Table 2) were obtained during the EqPac cruises using standard radioactive carbon 

(14C) uptake approaches (Barber et al., 1996). These measurements provide verifica­

tion for the primary production rates obtained from the lower trophic level ecosystem 

model.

The EqPac data sets provide vertical distributions of macronutrients, such as 

nitrate and silicate (Table 2). In addition, measurements of dissolved trace metals, 

such as iron are available (Table 2). These data sets provide verification of the simu­

lated macronutrient and iron distributions. The availability of the iron measurements 

makes the inclusion of iron dynamics in the model feasible.

Limited observations for trophic levels higher than phytoplankton are available 

as part of the EqPac data sets (Table 2). Micro- and mesozooplankton data consist 

mainly of distribution and biomass estimates. However, these are adequate for the 

level of detail included for this trophic level in the ecosystem model.

An important diagnostic from the ecosystem model is the flux of carbon from
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Table 2
The data available for the Cold Tongue from the U.S. Joint Global Ocean Flux Study 
(JGOFS) Equatorial Pacific process study (EqPac) (Murray et al., 1994, 1995)

Data type Sample depth Cruise Reference
Pico- and nano­
phytoplankton counts

1 0 -m intervals from the 
surface to 1 2 0  m

SI, S2, TS1, TS2 1

Microphytoplankton counts 
(>15 fim)

1 0 -m intervals from the 
surface to 1 2 0  m

SI, S2, TS1, TS2 2

Primary production 1, 15, 25, 40, 50, 60, 90, 120 SI, S2, TS1, TS2 3

Pigment concentrations 1, 15, 30, 60, 75, 90, 100, 120 SI, S2, TS1, TS2 4

Nutrient concentration 
(NO3 , NH+ Si(OH)4)

20, 40, 60, 80, 100, 125 SI, S2, TS1, TS2 5

Dissolved trace metals (iron) 20, 40, 60, 80, 100, 125 TS1, TS2 6

Microzooplankton carbon 
biomass

1, 15, 30, 45, 60, 90, 120 SI, S2, TS1, TS2 7

Mesozooplankton carbon 
biomass

5, 15, 30, 50, 70, 90, 120 SI, S2, TS1, TS2 8

Carbon flux 50, 120 SI, S2 9

The primary data sets are from two process-oriented survey cruises that took place 

in February (Si) and August (S2 ) 1992 and two 20-day time series cruises that took 

place in March (TS1) and October (TS2) 1992. The time series cruises occupied a 

site at 0°N, 140°W and the survey cruises covered the area around this site (Murray 

et al., 1992, 1995). Type and sampling depth of the data and the cruises during which 

sampling was made are listed. The reference citations are as follows: 1. Landry et al. 

(1996); 2. Kaczmarska and Fryxell (1995); 3. Barber et al. (1996); 4. Bidigare and 

Ondrusek (1996); 5. Archer et al. (1996); 6 . Martin et al. (1994); 7. Roman et al. 

(1995); 8 . Zhang et al. (1995); 9. Dunne et al. (2000).
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the surface ocean. Limited measurements that can be used to constrain and verify 

the simulated carbon flux estimates were made during the two JGOFS EqPac survey 

cruises (Table 2).

Data collected during the 1992 JGOFS EqPac cruises are used for the model-data 

comparisons at 0°N, 140°W (section 5.1.7). The samples that were collected at the 

nominal depths given in Table 2 are linearly interpolated to 1-m depth intervals for 

comparison with the corresponding simulated distributions.

111.4 W ARM  POOL I N  S IT U  OBSERVATIONS

Observations that can be used to describe the distributions and rates of the 

lower trophic levels in the Warm Pool are considerably limited relative to those 

available for the Cold Tongue (Table 3 versus Table 2). As part of the French 

JGOFS study of the equatorial Pacific, two stations were occupied at 0°N, 165°E 

as part of the FLUPAC and Zonal Flux cruises (Rodier and Le Borgne, 1997; Le 

Borgne et al., 2 0 0 2 ), which occurred in September-October 1994 and April 1996, 

respectively. Observations made during the FLUPAC cruise provide measurements 

of macronutrients (nitrate, ammonium, silicate), chlorophyll a concentration and 

primary production (Table 3). The measurements from the Zonal Flux cruise consists 

of macronutrients and rates of primary production (Table 3).

Data collected during the FLUPAC and Zonal Flux cruises are used for the model- 

data comparisons in the Warm Pool region at 0°N, 165°E (section 5.8.4). The samples 

that were collected at the nominal depths given in Table 3 are linearly interpolated to 

1 -m depth intervals to for comparison with the corresponding simulated distributions.

111.5 SATELLITE-DERIVED OCEAN COLOR M EA SU R EM EN TS

The Sea-viewing Wide Field of view Sensor (SeaWiFS) data used in this analysis 

are daily composites, averaged over a 2 ° longitude by 2 ° latitude rectangle centered 

on 0°N, 140°W and 0°N, 165°E. The time-series begins with the first reliable retrieval 

on September 1997 and continues through February 1999. Strong ENSO conditions
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Table 3
Data collected during the French JGOFS FLUPAC and Zonal Flux cruises in the 
Warm Pool region

Data type Sample depth (m) Cruise

Nutrient concentration 3, 19, 39, 59, 80, 90, 99, 110, 120 FLUPAC

(NOg ,  NH+, Si(OH)4)

Primary production 5, 20, 40, 60, 80, 120 FLUPAC

Chlorophylly a 3, 19, 39, 59, 80, 90, 99, 110, 120 FLUPAC

Nutrient concentration 1 0 -m intervals from the Zonal Flux

0zn£1 
C

O

0

surface to 1 2 0

Primary production 5, 10, 20, 30, 40, 50, 60, 70, 80, 100, 120 Zonal Flux

The data are primarily from two stations at 0°N, 165°E. Nutrient and chlorophyll a 

samples are collected on 29 September 1994 and primary production on 3 October 

1994 during the FLUPAC cruise. Nutrient and primary production samples are 

collected on 22 April 1996 during the Zonal Flux cruise (Rodier and Le Borgne, 

1997; Le Borgne et al., 2002). Type and sampling depth of the data and the cruises 

during which sampling was made are listed.

were present throughout the 1997-1998 portion of the data. The SeaWiFS surface 

chlorophyll a data are used for the model-data comparison in the Cold Tongue (sec­

tion 5.6.2) and the Warm Pool (section 5.8.2) regions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

CHAPTER IV 

LOWER TROPHIC LEVEL MODEL

IV .l M ODEL STR U C TU R E

In this study a one-dimensional, algal group-based phytoplankton model (e.g., 

Bissett et al., 1999a) is used to simulate phytoplankton dynamics in the upper 120 m 

of equatorial Pacific Ocean. The phytoplankton model is part of a lower trophic level 

ecosystem model that is coupled to a larger model structure (Fig. 1) that provides 

a simulated spectrally-dependent underwater light field that drives phytoplankton 

primary production via a bio-optical model.

The simulated surface light field, which provides input to the underwater light 

field is obtained from a clear sky spectral irradiance model (Gregg and Carder, 1990) 

that is corrected for cloud cover effects using the shortwave radiation measurements 

from the TOGA TAO observations described in section 3.2. The spectral attenuation 

of light energy with increased water depth is estimated as a function of the spectral 

absorption and backscattering of the water and particulate materials and used to 

force the full-spectral, algal group-based phytoplankton model. The pigment con­

centrations estimated for each algal group in the phytoplankton model are used to 

estimate particulate material concentration as a feedback into the bio-optical model 

(section 4.2.3).

The effects of the physical environment are included in the ecosystem model 

using the advective velocity and temperature time series from the TAO mooring 

as described in Chapter 3. Similarly the time varying mixed layer depth obtained 

from the TAO mooring measurements and the theoretically derived vertical diffusion 

coefficients are input into the ecosystem model.

Atmospheric (aeolian) deposition of iron provides another input for the lower 

trophic level ecosystem model (Fig. 1) because iron is believed to limit phytoplankton 

growth in equatorial Pacific waters. Aeolian iron deposition is estimated using the 

monthly atmospheric dust flux, which is obtained from Ginoux et al. (2001).
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Fig. 1 . Schematic of the principal components of the one-dimensional lower trophic level model developed for the equatorial 
Pacific Ocean. The arrows indicate the direction of the transfer between the model compartments and the model process 
that provides the transfer. Outputs of the shaded box are the data products, outputs of other boxes are simulated products. 
Relevant references for the various model compartments are given. Abbreviations used on the schematic are: PAR(A, t)- 
spectral (A) and time (t ) dependent photosynthetically active radiation; PAR(t)-scalar photosynthetically active radiation; 
PAR0 (f)-observed, scalar photosynthetically active radiation, estimated from the observed shortwave radiation; Ed(0, A, t )- 
spectrally and time dependent surface downwelling irradiance; u(z, t),  v(z,  f)-horizontal velocity fields; w(z,  f)-vertical velocity 
field; T(z,t)~temperature; MLD(f)-mixed layer depth; K z(z, t)-vertical diffusivity coefficient; Te-iron; FFe-aeolian iron flux. to
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Table 4
Listing of the size and accessory pigments for the five phytoplankton algal groups 
{AG) used in the phytoplankton model

Phytoplankton group Size (/jm) Accessory pigments

AG1 LL Prochlorococcus -0 .7 chi a, chi b, PPC

AG2 HL Prochlorococcus -0 .7 chi a, chi b, PPC

AG 3 Synechococcus — 1 chi a, PE, PPC

AGA Autotrophic eukaryotes -2 .5 chi a, chi c, PSC, PPC

AG 5 Large diatoms - 2 0 chi a, chi c, PSC, PPC

The pigments include chlorophyll a (chi a), chlorophyll b (chi b), chlorophyll c (chi 

c), photosynthetic carotenoids (PSC), photoprotective carotenoids (PPC), and phy- 

coerythrin (PE). Other abbreviations used are: LL- low light-adapted and HL-high 

light-adapted.

The phytoplankton algal groups {AG) included as state variables in the ecosystem 

model (Fig. 2) represent the dominant autotrophic biomass in the equatorial Pacific 

as determined from pigment and size fractional studies (Chavez, 1989; Iriarte and 

Fryxell, 1995; Lindley et al., 1995; Bidigare and Ondrusek, 1996; Chavez et al., 1996; 

Coale et al., 1996b; Landry et al., 1996; Latasa et al., 1997; Higgins and Mackey, 

2000; Landry et al., 2000a) and are sufficient to represent over 90% of the equatorial 

Pacific phytoplankton biomass. The accessory pigments included in the model are 

categorized as chlorophyll a, chlorophyll b, chlorophyll c, photosynthetic carotenoids, 

photoprotective carotenoids, and phycoerythrin. The five algal groups with their 

pigment suites are defined in Table 4.

The first two algal groups which represent Prochlorococcus spp. account for a 

significant fraction of carbon biomass (i.e. photosynthetic carbon standing stock, 

27%-41%) in the equatorial Pacific waters (Vaulot et al., 1995; Binder et al., 1996; 

Landry et al., 1996). The division of Prochlorococcus into two groups represents 

species that grow in high-light surface waters and those that occur in the low-light, 

subsurface chlorophyll a maximum (Moore et al., 1995; Partensky et al., 1999; Rippka
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et al., 2000; Moore et al., 2002b; Rocap et al., 2002). These two Prochlorococcus 

groups also show distinct nutrient utilization characteristics in that they are not able 

to use nitrate but they grow well on ammonium (Moore et al., 2002b). Differential 

nutrient use by Prochlorococcus groups is included in the model.

Algal group 3, Synechecoccus, is slightly larger than Prochlorococcus (Table 4) 

(Chisholm et al., 1988) and represents 7-8% of the carbon biomass in the equato­

rial Pacific waters (Binder et al., 1996). Autotrophic eukaryotes are represented by 

algal group 4 and have been referred to as picoeukaryotes (Campbell and Vaulot, 

1993), nanoeukaryotes (Landry et al., 1995), and eukaryotic ultraplankton (Li et al.,

1993). Autotrophic eukaryotes account for the largest fraction of the carbon biomass 

(52%-65%) in the equatorial Pacific (Landry et al., 1996; Binder et al., 1996). The 

fifth algal group includes large (~20 pm cell size) diatoms. Large diatoms are the 

only microphytoplankton group included in the ecosystem model because this group 

consistently comprises > 80% of the total microphytoplankton autotrophic biomass 

(Iriarte and Fryxell, 1995) in the equatorial Pacific.

The current consensus is that nitrogen and iron both limit primary production 

in the eastern and central equatorial Pacific Ocean (Martin et al., 1990, 1991; Price 

et al., 1994; Behrenfeld et al., 1996; Coale et al., 1996a; Landry et al., 1997, 2000a) 

and that silicate limits diatom growth (Dugdale and Wilkerson, 1998). This under­

standing is included in the formulations used for growth of the five algal groups, 

which incorporates uptake of ammonium, nitrate, iron, and silicate. All of the algal 

groups use ammonium and iron; whereas, nitrate is only used by algal group 3 , algal 

group 4, and algal group 5 (Fig. 2 ). Silicate is only used by algal group 5.

Each algal group has cellular carbon, nitrogen (ammonium +  nitrate), and iron 

compartments and algal group 5 has a cellular silicate compartment. The phyto­

plankton cellular nitrogen, iron, and silicate are needed to calculate uptake of nitro­

gen, iron and silicate by phytoplankton and to estimate nitrogen, iron and silicate 

limited growth rates. The chlorophyll a equations are linked to cellular carbon, ni­

trogen, and iron state equations by variable cellular carbon to chlorophyll a, nitrogen 

to chlorophyll a, and iron to chlorophyll a ratios (section 4.6).
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Two groups of zooplankton are included in the ecosystem model. The first group 

represents microzooplankton, which includes phagotrophic protists, and small ani­

mals that pass through a 200 /xm mesh net (Landry et ah, 1995). The second group, 

the mesozooplankton, include 2 0 0  /xm to 2 0 0 0  /xm size animals (mostly copepods) 

(Dam et al., 1995). In this model, microzooplankton graze on Prochlorococcus spp., 

Synechecoccus, and autotrophic eukaryotes (Fig. 2). The mesozooplankton graze on 

large diatoms and microzooplankton (Dam et al., 1995; Landry et al., 1995; Zhang 

et al., 1995; Verity et al., 1996).

The detrital component of the ecosystem model is divided into small (Detritusl, 

Fig. 2) and large detritus groups (Detritus2, Fig. 2). Detrital components are split 

into two groups because each group has unique sinking and remineralization rates 

(Nelson et al., 1995; Laws et al., 2000). The small detrital pool receives inputs from 

algal groups 1-4 that results from losses due to non-grazing mortality. Additional 

inputs to this detrital pool are from microzooplankton excretion and fecal pellet pro­

duction (unassimilated ingestion). Losses by algal group 5 from non-grazing mortality 

and mesozooplankton excretion and fecal pellet production provide the inputs to the 

large detrital pool. Remineralization of small and large detritus provide sources of 

ammonium and iron (Laws et al., 2000). Dissolution of silicate in the large detritus 

compartment provides a source for this nutrient (Nelson et al., 1995).

Forcing by the physical environment is provided by vertical advection, vertical 

diffusion, and mixing. This forcing acts on all model state variables. The detritus 

compartments are also allowed to sink at a fixed rate. Details of the irradiance model 

(Fig. 1) and the equations used to describe the dynamics of the model state variables 

(Fig. 2) are given in the sections that follow.

IV .2 IR R A D IA N C E  M O D EL

IV .2.1 Irradiance at the sea surface

The clear-sky irradiance just above the sea surface, and just below the sea surface 

at wavelengths from 350-700 nm (photosynthetically active radiation, PAR) was
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simulated using a clear-sky irradiance model (Gregg and Carder, 1990).

The shortwave radiation time series measured at 0°N, 140°W by optical sensors 

on the TAO mooring (see section 3.2) was converted to PAR by multiplying by 0.5 

(Baker and Frounin, 1987). The ratio between the observed and simulated PAR val­

ues was used to obtain an estimate for the reduction in sea surface irradiance due to 

cloud cover. This ratio was then applied to the simulated direct and diffuse compo­

nents of irradiance, for wavelengths of 350-700 nm, just below the sea surface. The 

resulting cloud-corrected spectral irradiance just below the sea surface was used with 

an underwater irradiance model to estimate the total downwelling spectral irradiance 

in the water column. Details of the model used to simulate the underwater light field 

are given in the following sections, and definitions and units of the variables used in 

the light model are given in Table 5.

IV .2.2 Total downwelling spectral irradiance

The total downwelling spectral irradiance, E d(A, z), at a given wavelength (A) and 

depth (z), is expressed as the sum of the direct, E dir(X,z), and diffuse, E dij (X,z) ,  

irradiance components:

E d(X, z) =  E dir (X, z) +  Edif( \ ,  z). (1)

The direct light component over a given depth interval (A z) is computed as

E dir{A, z) =  E dir(A, z -  A  z)e~K^ Az , (2)

and, the diffuse light component is given by

E dif(X, z) = E dif{ X , z - A z ) e ~ K^ Az . (3)

The vertical attenuation coefficients for the direct and diffuse components are given

by K dir and K dif,  respectively, and are of the form

K dir{ A, z) =  [a'(A, z) + b'( A, z)]/cos0', (4)
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Table 5
Definitions and units of the variables or parameters used in the underwater irradiance 
model

Symbol Definition Units

E d{X,z) The total downwelling spectral irradiance (/rmol quanta m - 2  s_1)

Edir {.X, E) Direct component of E d{A, z) (/rmol quanta m ~ 2 s "1)

E dif (A, Z) Diffuse component of Ed(X,z) (/rmol quanta m~ 2 s "1)

Edir •2') Vertical attenuation coefficient for E dir(X,z) m - 1

Edif(X, Vertical attenuation coefficient for Edif(X,z) m - 1

a'(A, z) Total absorption coefficient m - 1

b'(X,z) Total backscattering coefficient m - 1

e' The sun zenith angle in water degrees

r The mean cosine for perfectly diffuse skylight 

after refraction

unitless

a'w{X,z) The absorption coefficient of pure sea water m - 1

a'p(X, z) The absorption coefficient of particulate 

materials

m - 1

O'ph ■2') The absorption of each algal group m - 1

pig(z) The concentration of each pigment mg m - 3

Epig(X) Specific absorption of the particular pigment m2 mg- 1

bbw Relative proportion of photons that are 

backscattered by water

unitless

bw(X,z) Total scattering coefficient of water m - 1

bbp Relative proportion of photons that are 

backscattered by particulate materials

unitless

bP(X, z) Total scattering coefficient particulate 

materials

m - 1
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and

Kdi f { \  z) = [o'(A, z) +  b'( A, z)\/]l*, (5)

where a'(A, z), is the total absorption coefficient of light, b'(A, z ) is the total backscat- 

tering coefficient, 6' is the sun zenith angle and Jl* (0.83) is the mean cosine for 

perfectly diffuse skylight after refraction at a flat sea surface (Kyewalyanga et al., 

1992).

IV .2.3 Total spectral absorption of light

The total absorption coefficient of light is the sum of absorption by pure sea water 

(a'w(A, z)) and absorption by particulate materials (a'p(A, z)). The spectral absorption 

of light by sea water was obtained using the observations given in Smith and Baker 

(1981), and the data were interpolated to a 1-nm resolution.

The absorption coefficient of particulate materials, ap(A,z), was obtained from

the sum of absorption coefficients of five algal groups which are functions of the algal

pigment concentrations:

5

ap(A’Z) =  ^ aPhi{\z), (6)
i—1

where apht {X,z) is the light absorption by AG (i) at each wavelength, A, at depth, z, 

and is calculated as

aphXKz) = J2{pig(z) a*pig(\)),  (7)

where pig(z) is the concentration of each photosynthetically-active pigment within 

each algal group at a given depth, and apig(A) is the weight-specific absorption of the 

particular pigment at a given wavelength.

The specific absorption values for the specific pigments found in each algal group 

(cf. Table 4), apig(A), are taken from Bidigare et al. (1990). The resulting maximal 

and minimal chlorophyll a-specific absorption spectra for each algal group (Fig. 3) 

show maximum absorption between 440 and 500 nm and a second absorption peak
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Fig. 3. The maximum (solid line) and minimum (dashed line) chlorophyll a-specific 
absorption as a function of wavelength for: A) algal group 1-low light-adapted 
Prochlorococcus, B) algal group 2-high light-adapted Prochlorococcus, C) algal group 
3-Synechococcus, D) algal group 4-autotrophic eukaryotes, E) algal group 5-large di­
atoms, respectively. The carbon to chlorophyll a ratios used in the calculation of the 
specific absorption spectra are described in section 4.6.
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Figure 3 continued.
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at 680 nm. The strongest light absorption occurs in algal groups 1 to 3. These 

absorption spectra determine the structure of the underwater light field and the 

magnitude of the irradiance at depth.

IV .2.4 Total spectral backscattering of light

The total backscattering component of light attenuation, b'(X,z), is the result of 

backscattering by sea water, bbwbw(X,z) and backscattering by particulate material, 

hpbp{X,z) (Morel, 1988; Kyewalyanga et al., 1992), which is expressed as:

b (A, z) — bbw bw[A, z) -)- bbp ftp (A, z), (8 )

where bw and bp are the total scattering coefficients of water and particulate materials, 

respectively. The relative proportion of photons that are backscattered by water and
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particulate materials are bbw and bbp, respectively. The total scattering coefficient 

of water (bw) was taken from Smith and Baker (1981), and was assumed to 

be spectrally invariant with a value of 0.56^ (Smith and Baker, 1981; Morel, 1988; 

Kyewalyanga et al., 1992).

The total particulate scattering, bp{A, z), is usually expressed as a function of the 

total chlorophyll a (chi a(z)) concentration at depth (Morel et al., 1991). For this 

study, the empirical relationship developed by Morel et al. (1991) which is of the 

form:

bp(X,z) =  0.30[chi a(z ) ] 0'62 ^ " 5“ ^ > (9)

was used to obtain the depth-dependent scattering of light by particulate matter. 

This power function relationship increases particulate scattering as chlorophyll a 

concentration increases. The relationship is expressed relative to the scattering that 

occurs at 550 nm. The total backscattering by particulate materials is also spectrally 

dependent and was included using the empirical formulation developed by Morel 

(1988) which is of the form:

bbpbp(X,z) = 0.30[cfti a(z)] 0.62
(

550
— • ( 10)

IV.3 PH Y T O PL A N K T O N  STATE EQUATIONS

The basic state equation governing phytoplankton dynamics for each algal group 

(AGi) is of the form:

dAGi dAGi d T, dAGi r
~~dt— VW~~dz----- dz dz ~  Lm m VJ‘lli ’ llnuii)\AGi—m.iAGi — IAGiZ s, for i =  1, 5,

( 11)

where the three terms on the left side represent changes in each algal group that are 

produced by local time (t) variations, vertical (z) advection (w), and vertical diffusive 

flux (K z), respectively. The right side of Eq. (11) represents the biological processes
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that provide sources and sinks of each algal group, which includes light- and 

nutrient-limited ( a w J  growth, natural mortality, and losses due to zooplankton 

grazing, respectively. Algal groups 1-4 are grazed by microzooplankton, and algal 

group 5 is grazed by mesozooplankton (Fig. 2). All of the phytoplankton growth 

and loss processes are expressed in terms of carbon. The definitions and units of the 

parameters used in the algal group equations are given in Table 6 .

The realized net growth rate for each algal group, Hi, is the minimum of the 

light- and nutrient-limited growth rates, which limits growth by the least available 

resource (e.g. Walsh (1975)). The basal growth rate on which and P n^  are based 

is determined from temperature (T) using the specific growth relationship given by 

Eppley (1972), which is of the form:

=  H mi ( z , t ) e x p om 33{T(z)~ 27), ( 12 )

where p mti is the temperature-dependent maximum growth rate for each algal group, 

which is calculated for each time and depth interval, and pmi is the maximum growth 

rate at 27°C for each algal group (Table 7). Details of the formulations used to obtain 

Pu{ and pnuit are given in sections 4.4 and 4.5, respectively.

Because ~80% of the daily production of algal groups 1-4 is removed by grazing 

in the equatorial Pacific (Landry et al., 1995), natural mortality is assumed to have 

no effect on these algal groups (Table 7). The natural mortality rate for algal group 

5 (Table 7) is such that 15% of these phytoplankton cells are removed in one day. 

This rate is consistent with those measured by Dam et al. (1995) for large diatoms 

in the equatorial Pacific.

Losses due to grazing by microzooplankton (algal groups 1-4) and mesozooplank­

ton (algal group 5) are obtained using the formulation given by Franks et al. (1986) 

which is of the form:

i A G ^ g A o M G i i l - e - ^ ) ,  (13)

where <^Gi is the maximum grazing rate of zooplankton on each algal group
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Table 6
Definitions and units of variables or parameters used in the equations that describe 
the dynamics of phytoplankton particulate carbon, nitrogen, iron, and silicate for 
each algal group

Symbol Definition Units

jj,u Light-limited carbon specific growth rate hr ' 1

P n u i  Nutrient-limited carbon specific growth rate hr ' 1

m  Phytoplankton specific death rate hr ' 1

p Realized net carbon specific growth rate hr ' 1

Hmt Maximum, temperature dependent carbon hr ' 1

specific growth rate 

pm Maximum carbon specific growth rate d ' 1

at 27°C

Pag Phytoplankton specific grazing coefficient d ' 1

A Ivlev coefficient of grazing (mmol C m ' 3 ) ' 1

pNO- Absolute nitrate transport flux //mol N l ' 1 d ' 1

P n h +  Absolute ammonium transport flux //mol N I- 1  d ' 1

PFe Absolute iron transport flux nmol Fe l' 1 d" 1

Psi Absolute silicate transport flux //mol Si l' 1 d ' 1

a  Photosynthetic efficiency (//mol quanta m - 2 ) ' 1

E0 Scalar irradiance at depth 2  //mol quanta m ' 2 s' 1

E0cp Compensation irradiance //mol quanta m ' 2 s' 1

dr The coefficient of exponential decay of (//mol quanta) ' 1

light-limited growth rate 

E0inb Inhibiting light level //mol quanta m ' 2 s' 1

(j)m Maximum quantum yield //mol C (//mol quanta) ' 1

a*h Photosynthetic absorption coefficient m ' 1

K sNO- Half saturation constant for nitrate uptake //mol NO^ l' 1

ip Nitrate uptake repression exponent (//mol NH^“ l ' 1) ' 1

K sNH+ Half saturation constant for ammonium //mol NO3 l ' 1

uptake

K spe Half saturation constant for iron uptake nmol Fe l ' 1

K sSi Half saturation constant for silicate uptake //mol Si l ' 1
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Table 6 continued.

Symbol Definition Units

K q n Subsistence quota for nitrogen-limited 

growth

//mol N (//mol C) - 1

Qn Cellular nitrogen status of the algal group //mol N (//mol C) - 1

K Q F e Subsistence quota for iron-limited growth nmol Fe (//mol C ) - 1

Q F e Cellular iron status of the algal group //mol Fe (//mol C) - 1

K q s i Subsistence quota for silicate-limited 

growth

//mol Si (//mol C) - 1

Qsi Cellular silicate status of the algal group //mol Fe (//mol C)~:

QNmax Maximum allowed nitrogen to carbon ratio 

in each algal group

//mol N (//mol C ) - 1

QFemax Maximum allowed iron to carbon ratio in each 

algal group

nmol Fe (//mol C) - 1

QSimax Maximum allowed silicate to carbon ratio 

in each algal group

//mol Si (//mol C) _1

A Growth rate at maximum cellular 

nutrient concentrations

d ' 1

(Table 7) and A is the Ivlev (1955) coefficient for zooplankton grazing (because A 

is a variable that is specific to zooplankton, its value is given in Table 1 2 ). This 

particular parameterization for zooplankton grazing losses provides model solutions 

that are stable for a wide range of parameter values (Franks et al., 1986).

Phytoplankton particulate nitrogen is an integral component of the dynamics 

governing each algal group because the nitrogen uptake and nitrogen-limited growth 

rate of each algal group are estimated as a function of particulate nitrogen (AGNi) 

as:

dAGNi dAGNi 8 „  dAGNi
~ a r + w - d ^ - T A ‘ - a r -  =

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

pNOsi +  pNHii ~ niiAGNi -  I AGN.Zs+i, (14)

where the terms on the left side of Eq. (14) represent the same physical processes 

included in Eq. (11). The first two terms on the right side of Eq. (14) represent 

increases in algal group particulate nitrogen that occur as a result of nitrate and 

ammonium uptake, respectively. The third and fourth terms represent losses from 

the particulate nitrogen pool by natural mortality of each algal group and grazing 

by microzooplankton and mesozooplankton, represented by Details of the

approach used to obtain nitrate and ammonium uptake rates are given in section 

4.5.

The iron concentration within the five algal groups (AGFei) is obtained using an 

equation of the form:

dA G F a  d A G F a  d dAG Fei
Ft Fz Fz z Fz -

pFei ~  rriiAGFei — lAGFeiZ(s+i), (15)

where the physical processes governing iron concentration are given by the terms on 

the left side of Eq. (15). The biological source and sink terms on the right side of Eq. 

(15) represent uptake of iron by each algal group, loss of iron by natural mortality 

of the algal groups, and removal of iron via zooplankton grazing, respectively. The 

formulation used to parameterize iron uptake by the individual algal group is given 

in section 4.5.

Of the algal groups included in the model, only algal group 5, the diatoms, depend 

on silicate for growth (cf. Fig. 2 ). The effect of silicate on the dynamics of algal group 

5 was modeled using an equation of the form:

dAG Si5 dAG Si5 d „  dAGSi5
~ a t  + w ~ d z  T z K - ~ d ^  =

Psi5 ~  m 5AG Si5 — IagsuZ i, (16)

where the terms on the left side represent physical processes similar to those in Eq.

(1 1 ) and the terms on the right side represent the biological processes of silicate
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Table 7
Values of parameters, defined in Table 6 , used in the equations describing the dy­
namics of each algal group (AG)

Parameter AG  1 AG2 AG3 AG4 AG5
m O1 O1 O1 O1 0.151
d"m 0.582’3 0.562’3 0 .8 2’4,5 1 .2 6 1 .6 6 6

9 a g
47,8 47,8 47,8 47,8 5 9 4 0

E 0 c p 1 .0 2 6 2 6 2 1 0 11’12 8 11

dr 0 .1 13 0 .0 0 1 13 — — —

E 0 inb 402 1052 — — —

0.08333 0.08333 0.083314 0.083314 0.083314

E sno$ 0 .1 15 0 .1 15 0.16716 0.41716 2.2917
1 0 0 0 16 1 0 0 0 16 6.516 2 .6 16 1.46218

K snh4 0.0515 0.0515 0.08316 0.20816 2.1817
K sFe 0 .0 1 16 0 .0 1 16 0 .0 1 16 0.026 0 . 1219,20
K s S i — — — — 1.221

E qn 5.665 5.66s 5.66s ^ 0 0 1 1 ,2 2 ,2 3 ,2 4 16.625
K QFe 2 IO- 36 2 IO- 36 2  IO- 36 3.0 IO- 36 5.5 IO- 36

K QSi — — — ---- 0.1826
Q Emax 3.425 3.42s 3.42s 5 ^11,22,23,24 6.2525
QFemax 31 IO- 36 31 IO- 36 31 IO- 36 50 IO- 36 50 IO- 36

QSimax — — — — 0.31526

Superscripts refer to the references that provide the source for the parameter value 

given in the table, and the citation is provided below. The parameters that are not re­

quired by a particular algal group are indicated by —. 1Leonard et al. (1999); 2Moore 

et al. (1995); 3Partensky et al. (1993); 4Cuhel and Waterbury (1984); 5Kana and 

Glibert (1987a); 6Sunda and Huntsman (1995); 7Landry et al. (1995); 8Verity et al. 

(1996); 9Dam et al. (1995); 10Roman and Gauzens (1997); n Richardson et al. (1983); 

12Sakshaug et al. (1987); 13Bissett et al. (1999b); 14Sakshaug et al. (1991); 15Harrison 

et al. (1996); 16See text for calculations; 17 Zhang and Zou (1997); 18Wroblewski 

(1977); 19Coale et al. (1996b); 20Fitzwater et al. (1996); 21Nelson and TYeguer (1992); 

22Laws and Bannister (1980); 23Sakshaug et al. (1989); 24Flynn et al. (1994); 25Geider 

et al. (1998); 26Takeda (1998).
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uptake by diatoms, and losses of silicate from cell natural mortality and grazing by 

mesozooplankton (Zi), respectively. The formulations for silicate uptake is given in 

section 4.5.

IV .4 FORM ULATION OF ALGAL G RO UP LIGHT-LIM ITED  

GROW TH

The light-limited growth rate for each phytoplankton algal group (/q;;) is assumed 

to be governed by a hyperbolic tangent function (Jassby and Platt, 1976) that relates 

growth rate and irradiance as:

Aliii (z ) =  tanh
ati(E0(z) -  E 0cpi)

l^mti {%)

where a* and fj,mt. are the photosynthetic efficiency and temperature-dependent 

growth rate (obtained from Eq. (12)) for each algal group, respectively. The scalar 

irradiance at a depth z  (E 0(z)) is obtained by spectrally-integrating the downwelling 

spectral irradiance (Ed(A, z)) obtained using the irradiance model described in sec­

tion 4.2.2. The compensation light flux (E 0cpi), which is the irradiance value at 

which net growth is zero, is obtained for each algal group from experimental studies 

(Table 7). This value sets a depth limit on algal group production.

The exponential portion of Eq. (17) allows for light inhibition of algal growth, 

which occurs at a rate given by The formulations used for light-dependent growth 

are such that light inhibition affects only algal groups 1 and 2 (Table 7). Experimental 

studies (Moore et al., 1995) show that the growth of these phytoplankton cells is 

limited by high-light environments. Algal groups 3 to 5 do not exhibit similar growth 

inhibition in high-light regimes (Anderson and Roels, 1981; Falkowski et al., 1985; 

Post et al., 1985; Kana and Glibert, 1987a,b; Sakshaug et al., 1989; Iriarte and Purdie, 

1993; Moore et al., 1995).

The photosynthetic efficiency for each algal group (cq) is obtained from scaling the 

spectrally-integrated specific absorption coefficient of the photosynthetically active
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pigments for each algal group, a*hpi, by a maximum quantum yield of photosynthesis 

for each group (0mj) (Kirk, 1994) as

= Kia*phpi{z)- (18)

The value of <f>m represents the moles of carbon that are fixed per mole quanta of 

light (Table 7). For this study, a value of 12 mole quanta needed to fix one mole 

carbon (<^*) was use(l (Partensky et ah, 1993), which gives a value of 4>m of 0.083 

(Table 7). This value was experimentally determined and represents a conservative 

estimate of maximum photosynthesis quantum yield.

The spectrally-integrated specific absorption coefficient for the photosyntheti- 

cally active pigments for each algal group is obtained by integrating the spectrally- 

dependent absorption spectra (oy^A, z), discussed in section 4.2.3) over the PAR 

portion of the irradiance spectrum (400-700 nm) as:

f~\  _  J400 
aphpi \ z ) ~  F7oo"TT71 TTi 5

JjocT feC M lfijQ .z ) d \  
C  Ed(\, z) d \

where Ed(X,z) is the spectral irradiance for each wavelength (A) at depth (z) and 

is obtained from the underwater light model described in section 4.2.2. The value 

of the spectrally-integrated specific absorption coefficient is calculated at each depth 

for each algal group.

IV .5 FORM ULATION OF ALGAL G RO U P N U TR IEN T-LIM ITED  

GROW TH

The specific rates of phytoplankton nutrient uptake and growth can be uncou­

pled depending upon the nutritional status of the phytoplankton cell (Droop, 1973; 

Goldman, 1980, 1982; Goldman and Glibert, 1983). Thus, use of a parameterization 

that assumes that phytoplankton growth is a direct function of nutrient uptake is ap­

propriate only for population growth at maximal rates (Goldman and Glibert, 1983) 

and does not allow for phytoplankton species assemblages to shift in relative abun­

dance of the different algal groups in response to differential nutrient uptake rates,
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cell physiology, and environmental variability. This study has objectives that focus 

on understanding the effects of physical and biological processes on phytoplankton 

community composition in the equatorial Pacific. Therefore, the nutrient limited 

growth rate (unuk in Eq. (11)) was formulated using separate parameterizations for 

nutrient uptake and growth rates as follows.

The rate at which the different algal groups remove nitrate (first term, right side 

of Eq. (14)) is related via a hyperbolic function to the ambient nitrate concentration 

as

where the maximum rate of uptake is determined by the temperature-dependent 

specific growth rate t), Eq. (12)), and the nitrate concentration at which one-

half the maximum rate is obtained as given by K ^ q-^  Values of K sNO~i measured 

for each algal group are given in Table 7. The uptake of nitrate is inhibited by the 

presence of ammonium (Wroblewski, 1977; Flynn, 1991; Price et al., 1994), and this 

process is represented by the exponential term in Eq. (20). The degree to which 

nitrate uptake is inhibited by ammonium is given by ^  and values for this coefficient 

for each algal group are given in Table 7. The inhibition value for diatoms, algal 

group 5, is similar to that used in other models that include this phytoplankton 

group (Wroblewski, 1977). The inhibition parameter values for algal groups 3 and 4 

reflect the lower half saturation constants measured for these phytoplankton (Table 

7). These nitrate uptake inhibition parameter values are estimated from the value 

used for diatoms by assuming an inverse relationship with nitrate uptake inhibition 

and cell size. This gives a nitrate uptake inhibition parameter value for algal groups 

1 and 2 (Table 7) that prevents nitrate uptake by these phytoplankton. This is 

supported by studies that have shown that Prochlorococcus spp. are incapable of 

using nitrate as a nitrogen source (Miller and Castenholz, 2001; Moore et al., 2002b; 

Rocap et al., 2002; Scanlan and West, 2002).

PNO,i(z > = hmti (z, t)AGNi —-------
l n sNO^i

3 (20)
+ JVOJ
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The rate of nitrate uptake is also modified by the particulate nitrogen concentra­

tion of each algal group (AGNi). Thus, Eq. (20) represents a nitrate transport flux 

into each algal group.

The uptake of ammonium is obtained for each algal group using a similar hyper­

bolic relationship of the form:

where the parameter definitions are similar to those in Eq. (20) and are given in

The total nitrogen transfer flux for each algal group is given by the sum of the 

nitrate and ammonium fluxes (pNO~i{z A ) +  P n h + i ( z >̂ )) an(  ̂ t h i s  determines the 

increase in algal group particulate nitrogen produced by ambient nutrient concentra­

tions (first term right side of Eq. (14)).

The uptake of iron by each algal group is assumed to also follow a hyperbolic 

relationship with iron concentration:

where AGFei  is the cell iron content given by Eq. (15). Values for the iron uptake 

parameters are given in Table 7.

Similarly the uptake of silicate by algal group 5 is given by

where the cellular silicate concentration, A G Si5, is given by Eq. (16). The silicate 

uptake parameter values are given in Table 7.

The ability of phytoplankton to take up excess nutrients for use at a later time, 

termed luxury consumption, is related to cell size, with large cells having a greater 

capacity for nutrient storage (Wheeler, 1983). For the algal groups included in this 

study, diatoms have the largest potential for luxury consumption, followed by the 

autotrophic eukaryotes and finally the smaller Synechococcus and Prochlorococcus

PNHfi(ZA)  Pmti(z  V) A G  -/V\
NH+

(2 1 )
NH+i

Table 7.

pFei{z,t) =  pmti(z, t)AGFei
Fe

(2 2 )
K sFe% + Fe  J ’

Si
(23)

KsSis F Si
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spp. Luxury uptake and storage of iron is also valid, and the largest luxury uptake 

occurs in the diatoms (Sunda and Huntsman, 1995, Table 7).

The effect of cellular nutrient concentrations in modifying the nutrient-limited 

growth rate {pnuii{z,t)) was included using a Droop (1973) equation which provides 

a realistic mathematical representation of growth under nutrient limiting conditions 

(Marra et al., 1990; Haney and Jackson, 1996) and is of the form:

1 K QNi
QNi (z , t)

1 _  K QFei
QFei {z , t)

1 _  K QSi5
Qsi$ {z, t) _

(24)

where /q(z, t) is the algal group growth rate that occurs at maximum ratios of al­

gal group particulate nitrogen to carbon (AGNpAGi), particulate iron to carbon 

(.AGFep.AGi), and particulate silicate to carbon (AGSi^.AGs) ratios. The actual al­

gal group particulate nitrogen (nitrate +  ammonium) to carbon, particulate iron 

to carbon and particulate silicate to carbon ratios are represented by QNi(z , t ), 

QFei(z, t ) , and QSi&{z,t) (note that silicate is only limiting for AGb), respectively. 

The subsistence algal nitrogen, iron, and silicate to carbon ratios are given by K q^ i, 

KQFei, and K qSz5, respectively. These subsistence quotas define the algal particu­

late nitrogen, iron, and silicate to carbon ratios (QNi(z,t), QFei(z,t),  and Qsi5 

where zero growth rate for each algal group occurs (Droop, 1973), and values for 

these are given in Table 7.

The actual cellular nitrogen to carbon ratio that controls the nitrogen-based algal 

growth rate is obtained from

A G N i  T PprQ—j T Pfju+i  
QNt(z,t) = ----------------------- lNH*1. (25)

The cellular nutrient ratios controlling iron- and silicate-based growth are similar:

AGFei + pFe AG Si5 + psi5 , .
QFei{z,t) = ------ — ------  and QSis(z,t) = ---------------------------- (26)

The actual growth rate (pmt, Eq. (12)) uses a true maximum growth rate (jq) which 

is reached when the algal group particulate nitrogen to carbon, particulate iron to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

carbon, and particulate silicate to carbon ratios are maximized. Because fj,mt changes 

with time and depth, fli is calculated for each time and depth from

Abnt; (^T)
K,QNi

QN,maxi m

- 1

1 -

K,QFei
- 1 K,QSi*,

QSi m a x  5

- 1

(27)
QFe m a x i  J

which is a modified form of Eq. (24) in which nmti(z , t ) replaces ) and the

maximum particulate nitrogen to carbon, iron to carbon, and silicate to carbon ra­

tios for each algal group are used, which are given by QNmax., QFemaXi, QSimaXi, 

respectively. Unlike the actual ratios calculated by using Eqs. (25) and (26), these 

are constant ratios and values for each group are given in Table 7.

IV .6 C A R B O N  TO CHLOROPHYLL a RATIOS A N D  THE PIG ­

M EN T C O N C EN TR A TIO N S OF EACH ALGAL G RO UP

IV .6.1 Carbon to  chlorophyll ratios

The chemical composition of phytoplankton cells changes in response to variabil­

ity in environmental conditions. This adjustment of cellular physiology is termed 

acclimation. Its importance to phytoplankton growth rate is indicated by variations 

of pigment to biomass ratios observed in vertical profiles (Cullen, 1982; Campbell 

et al., 1994). The assumption that biochemical composition (e.g. carbon to chloro­

phyll a ratio) is actively adjusted by phytoplankton cells to acclimate to prescribed 

environmental conditions (Geider and Osborne, 1987; Langdon, 1988; Cloern et al., 

1995; Geider et al., 1998) is applied in the development of the present model. The 

carbon to chlorophyll a ratios of each algal group are not fixed in the model, rather 

these vary as a function of light- or nutrient-limitation.

The carbon to chlorophyll a ratio of each algal group, 6i, is allowed to vary 

between some maximum and minimum value. The determination of the ratio at 

each time and depth depends on an optimal carbon to chlorophyll a ratio and a rate 

of change from the previous carbon to chlorophyll a ratio. For light-limited growth,
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the optimal carbon to chlorophyll a ratio, 0optlli, versus irradiance is described as a 

linear function of irradiance (Geider et al., 1986a; Geider and Osborne, 1987) as:

doPtui{z, t) = 0Olli + SguiE 0(z). (28)

The intercepts, 9oui (9 d-1), and slopes, Sgni (//mol quanta m- 2s-1)^1), used in Eq. 

(28) and the ranges of carbon to chlorophyll a for each algal group are given in Table 

8 .

Table 8

Values of parameters used to estimate light-limited carbon to chlorophyll a (C:chl a) 
ratios for each algal group (AG) included in the lower trophic level ecosystem model

AG C:chl a 

(.9 r 1)

Irradiance 

(//mol quanta m_2s_1)
6ou s*(; Reference

1 2 0 - 1 0 0 0 - 1 0 0 2 0 0 . 8 1 , 2

2 15-150 0-450 15 0.30 1 , 2

3 30-160 0-1330 30 0 . 1 0 2,3,4

4 25-60 0-300 25 0 . 1 2 5,6,7

5 2 0 - 1 0 0 1 2 - 1 2 0 0 2 0 0.067 8

The references from which the values were obtained are indicated in the last column, 

and the citations are as follows: 1. Partensky et al. (1993); 2. Moore et al. (1995) ; 

3. Kana and Glibert (1987b) ; 4. Kana et al. (1992) ; 5. Laws and Bannister (1980); 

6 . Geider and P latt (1986b); 7. Geider and Osborne (1987); 8 . Geider et al. (1998).

Similar linear equations are used to estimate the nitrogen-limited carbon to 

chlorophyll a ratios, 90ptnii, and iron-limited carbon to chlorophyll a ratios (Sakshaug 

et al., 1989; Sunda and Huntsman, 1995). However, for these ratios, the indepen­

dent variables are the carbon to nitrogen ( j  and carbon to iron j  ratios,

respectively, rather than irradiance:
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9optnii { z , t ) — 9on[i +  Sgnli (29)

@optFei i ( z , t )  ~  #0 Feii +  SgFeli (30)

The slopes and intercepts for the nitrogen- and iron-limited carbon to chlorophyll a 

ratios for each algal group are given in Tables 9 and 10, respectively.

Table 9
Values of parameters used to estimate nitrogen-limited carbon to chlorophyll a ratios
(C:chl a) for each algal group {AG) included in the lower trophic level ecosystem
model

AG C:chl a 

(.9 9~l)

C:N 

(mol mol-1)
doni s*Bl Reference

1 No change — — — 1

2 No change — — — 1

3 No change — — — 2,3

4 60-150 6.625-14 - 2 0 1 2 . 2 4

5 100-250 5.8-14.6 1 . 1 17 5

The references from which the values were obtained are indicated in the last column 

and the citation is provided below. The parameters that are not required by a 

particular algal group are indicated by —. 1 . Moore et al. (1995); 2 . Kana et al. 

(1992); 3. Glibert and Ray (1990); 4. Laws and Bannister (1980); 5. Geider et al.

(1998).

The maximum of the light-, 9optlli(z,t),  nitrogen-, 9optnli(z,t),  and iron-limited, 

9optFeli{z,t) carbon to chlorophyll a ratios is assumed to be the carbon to chlorophyll 

a ratio that the algal group strives to achieve. The change in the actual carbon to 

chlorophyll a ratio, 9i, towards the optimal carbon to chlorophyll a ratio is determined 

by the growth rate, fii{z, t), calculated for the current time step for each algal group 

(Falkowski and Wirick, 1981):
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Table 10
Values of parameters used to estimate iron-limited carbon to chlorophyll a ratios 
(C:chl a) for each algal group (AG) included in the lower trophic level ecosystem 
model

AG C:chl a

(9 9- l)

Fe:C (xlO -5) 

(mol mol-1)
@oFei Reference

1 No change — — ---

2 No change — — ---

3 236-336 1.49-3.8 400.16 -4.32xl06 1

4 35-75 0.37-3.32 63.58 -0.939517xl06 2

5 35-105 1.31-33.3 58 -0.9502xl06 2

The references from which the values were obtained are indicated in the last column 

and the citation is provided below. The parameters that are not required by a 

particular algal group are indicated by —. 1. Kudo and Harrison (1997); 2. Sunda 

and Huntsman (1995).

dR
=  /J-i(z, t )(Rwi(z, t )  -  R i ( z , t ) ) ,  (31)

where

Ruii (z, t) \rn<ix\00ptlti(z, t ) , 90ptnli(z, t ) , 9optFeli(z, £)]}

and

Ri(z,t)  = 9 ^ ( z , t )

in which R i ( z , t ) is the chlorophyll a to carbon ratio (chi a:C), 9^1(zG)-> Rwi(z, t) is 

the optimal chlorophyll a to carbon ratio which the phytoplankton try to obtain, and 

Hi is the realized growth rate of each algal group, which is equal to the minimum of 

either the light- or nutrient-limited growth rate (section 4.3).
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IV .6.2 A lgal group pigm ent concentrations

The changes in accessory pigments are defined by their relationship to chlorophyll 

a (Table 11) and as a result co-vary with changes in chlorophyll a. The accessory 

pigment ratio is assumed to be a linear function of the carbon to chlorophyll a ratio 

in each algal group. The minimum and maximum accessory pigment to chlorophyll a 

values in Table 11 correspond to the maximum and minimum carbon to chlorophyll 

a ratio of each algal group that are given in Tables 8 , 9, and 10. For example the 

chlorophyll b (chi b) concentration of algal group 1 is estimated as:

chi b = -0.020 AGi  +  2.4 chi a, (32)

where AG\  and chi a represent the carbon and chlorophyll a concentrations, respec­

tively, in algal group 1. The values of the slope (-0.020) and the intercept (2.4) are 

from Table 11. Other pigments in each algal group are estimated in a similar way.

Because t ) has to be greater than zero to affect a change in the chlorophyll a 

to carbon ratio (Eq. 31), pigment changes only occur when there is sufficient light or 

nutrients to support growth of the algal groups. Also because changes in chlorophyll 

a concentrations are dependent on the total light intensity without any spectral 

dependence (Eq. 18), changes in accessory pigments are only a function of the total 

photon flux which is consistent with observations (Jeffrey and Vesk, 1977; Glover 

et al., 1987; Hooks et al., 1988; Olson et al., 1988; Moore et al., 1995).

IV .7 ZO O PLANK TO N STATE EQUATIONS

The governing equation for microzooplankton (Zs) is assumed to be of the form:

r ! 7  r ) 7  r) r ) 7  _ 4

~ W  + W' d f ~ d z K z ~ d f  = ^ A*Ip iZ s^ I z s Z l ~ 6sZs~ mZsZs’ fo ri =  1’4’ (33 )
i= l

where the terms on the left side represent changes in concentration that are produced 

by local time variations, vertical advection, and vertical diffusion, respectively. The 

biological processes that provide gains and losses to the microzooplankton biomass,
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Table 11
The values of accessory pigment to chlorophyll a ratios that correspond to the max­
imum and minimum carbon to chlorophyll a ratio of each algal group (AG) from 
Tables 8 , 9, and 10

AG chi fochl a chi c:chl a PSCxhl a PPCxhl a PExhl a Ref

1 2 .4-0. 8  

slope=-0 . 0 2 0

— — 0.3-1.4 

slope=0.014

— 1

2 0.2-0.06

slope=-0 . 0 0 1

— — 0.3-2.5 

slope=0.016

— 1

3 — — — 0.3-1.5 

slope=0.009

20-3

slope=-0.13

1,2,9

4 — 0.34-0.17 2 .0 -0 .5 0 . 1 0 — 3,4,5,

slope=-0.005 slope=-0 . 0 1 2 constant 6,7,8

5 — 0.96-0.13 0.88-0.14 — 8

slope=-0.0037 slopes -0.0033

The pigments include chlorophyll a (chi a), chlorophyll b (chi b), chlorophyll c (chi 

c), photosynthetic carotenoids (PSC), photoprotective carotenoids (PPC), and phy- 

coerythrin (PE). For algal group 5 the sum of the carotenoids (PSC+PPC) are for­

mulated as a function of chlorophyll a. The references (Ref) from which the values 

were obtained are indicated in the last column and the citation is provided below. 

The parameters that are not required by a particular algal group are indicated by —. 

1. Moore et al. (1995) ; 2. Kana and Glibert (1987b) ; 3. Jeffrey (1976); 4. Perry 

et al. (1981); 5. Haxo (1985) ; 6 . Cleveland and Perry (1987) ; 7. Schofield et al. 

(1990) ; 8 . Hoepffner and Sathyendranath (1992) ; 9. Barlow and Alberte (1985).
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represented by the terms on the right side of Eq. (33), are assimilated ingestion of the 

grazed phytoplankton biomass, grazing on microzooplankton by mesozooplankton, 

excretion, and mortality, respectively.

Microzooplankton graze algal groups 1 to 4 and the assimilated ingestion repre­

sents the sum of the biomass grazed from these four algal pools. The efficiency at 

which the grazed algal biomass is assimilated is given by A*, which has the same 

value for all algal groups (Table 12).

Removal of microzooplankton by mesozooplankton grazing (Izs) is parameterized 

similar to what was done for grazing on phytoplankton (Eq. (13)). The values used 

for the microzooplankton specific grazing rate (gZs) and Ivlev constant (A) are given 

in Table 12.

The microzooplankton excretion loss rate is given by es and the value of this 

coefficient is given in Table 1 2 . The microzooplankton mortality includes natural 

as well as predation mortality. This rate at which mortality occurs (m Zs, Table 1 2 ) 

is such that 50% of the microzooplankton biomass is removed each day, which is 

consistent with observations (Dam et al., 1995; Zhang et al., 1995).

The equation governing the mesozooplankton (Zt) dynamics is similar to Eq. (33) 

and is of the form

dZ  BZ d dZ
+  W~Q^ ~ ~dzK z ~dz = ^ *Ipi Zl +  Izs Zl ~  ClZl ~  mz‘Zl'

Increases in mesozooplankton biomass are supported by grazing on diatoms (algal 

group 5) and microzooplankton. The grazed biomass is assimilated with an efficiency 

given by A* (Table 1 2 ). Losses to the mesozooplankton biomass occur via excretion 

and mortality, and values for the rates at which these processes occur are given in 

Table 12.

IV .8 N U T R IE N T  STATE EQUATIONS

The ambient nutrient concentrations are an integral component of the dynamics 

governing the nutrient uptake by each algal group as described in section 4.5. The
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Table 12
Definitions, values, and units of the parameters used in the microzooplankton, meso­
zooplankton, nutrient, large detritus, and small detritus governing equations

Symbol Definition Value Units

A Ivlev coefficient of grazing l 1 (mmol C m ' 3 ) ” 1

A* Zooplankton assimilation efficiency 0.751 unitless

e s Mesozooplankton excretion rate 0 .1 2’3 d ” 1

m z3 Mesozooplankton death rate 0 . 6 d - 1

ei Microzooplankton excretion rate 0 .1 2,3 d” 1

m Zl Microzooplankton death rate 0.5 d - 1

9zs Mesozooplankton specific grazing 

coefficient

154 d" 1

< Remineralization rate of detritus 

to ammonium

0.055 d - 1

CFe Remineralization rate of detritus to iron 0 .1 5 d ” 1

FFe Aeolian iron deposition at the surface estimated nmol I- 1  d _1

f e soi Soluble fraction of aeolian iron 0 .1 6 unitless

fesca Particle scavenging loss term for iron estimated nmol I- 1  d _1

C*Si Dissolution rate of detritus to silicate 0 .1 7 d ” 1

Ŝ des Small detritus sinking rate 1 0 5 m d" 1

SCdel Large detritus sinking rate 2 0 5 m d " 1

C* Remineralization rate of detritus 

to carbon

0 .1 5 d” 1

Superscripts refer to the references that provide the source for the parameter value 

and the citations are as follows: xLeonard et al. (1999); 2Landry et al. (1996); 

3Hutchins and Bruland (1995); 4Dam et al. (1995); 5Laws et al. (2000); 6Duce and 

Tindale (1991); 7Nelson et al. (1995).
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nitrogen is partitioned into two components, recycled nitrogen, ammonium, and new 

nitrogen, nitrate. The basic state equation governing nitrate dynamics is of the form:

dNOs d N O i  d ^  dNOs ^  
- 3 T + w ^ r - i h K ‘ n ) r - - ^ o ; ,  (35)

t= 1

where the three terms on the left side represent changes in nitrate concentration 

that are produced by local time variations, vertical advection, and vertical diffusion, 

respectively. The only biological loss term for nitrate is uptake by each phytoplankton 

algal group (section 4.5), which is represented by the term on the right side of Eq. 

(35).

The basic state equation of ammonium is of the form:

8NH+ d N H f  d „  d N H f
- d r + w - § r ~ T z K ’ ~ i ) r  =

'Sy'A~PNH+) +  esZs f  — j + eiZi ( —  j + caDesN  + caDeiN, (36)
i= 1 * '  '  Z s \  /  Zt

where the three terms on the left represent the same physical processes included in the 

nitrate equation (Eq. (35)). The biological processes that provide gains and losses to 

the ambient ammonium concentration, represented by the terms on the right side of 

Eq. (36), are uptake by each algal group, excretion by microzooplankton, excretion 

by mesozooplankton, and remineralization of small detrital nitrogen (DesN ) and 

large detrital nitrogen (DeiN ).

The loss term for ammonium represents the uptake by each phytoplankton algal 

group (section 4.5). The excretion losses by microzooplankton (esZ s) and mesozoo­

plankton (esZs), which are described in section 4.7, are assumed to directly enter 

the ammonium pool. The particulate carbon pools of each zooplankton group are 

converted to a nitrogen equivalent using a nitrogen to carbon ratio ( ^ ) ,  for each 

group to estimate the amount of nitrogen in the excretion. This ratio is estimated 

by tracking the nitrogen to carbon ratio in the phytoplankton grazed by each zoo­

plankton group, and it is calculated at each time and depth. Thus, this ratio is a 

dynamically evolving quantity rather than being a fixed constant value.
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The other source for ammonium is the remineralization of small (DesN ) and 

large detrital nitrogen (DeiN ) (Laws et al., 2000), which is described in section 4.9. 

The remineralization rate of detrital nitrogen to ammonium, ca(z), is assumed to be 

modified by temperature as:

°a(z) = c*aTfunc(z), (37)

where

r / „ c (^ ) =  e ("0967|T(' | - 25|), (38)

where T(z)  is water temperature in °C at depth (2 ). The temperature function 

( T f u n c ( z ) )  f°r the equatorial Pacific is obtained from Christian and Karl (1995). The 

value used for remineralization rate of detrital nitrogen at 25°C, c*, is given in Table 

12 .

The iron dynamics are assumed to be governed by an equation that is similar to 

that used for ammonium except for a surface deposition term (FFe) and a scavenged 

iron term (fesca):

d Fe dFe d dFe 
~ d f  +  Wl h  ~ dz' z l h ~  ~

P ~ l , F K ) + e ‘ z ' { ^ ) z , + c , z ‘ ( ^ ) z , +

cFeDesFe + cFeDe{Fe + 5 ( z )F F e fe sot -  fesca(z),

(39)

where the three terms on the left represent the physical processes. The biological

processes that provide gains and losses to the ambient iron concentration, represented

by the terms on the right side of Eq. (39), are uptake by each algal group, excretion by 

microzooplankton, excretion by mesozooplankton, remineralization of small detrital 

iron (DesFe ) and large detrital iron (DeiFe), aeolian iron deposition, and scavenging 

of iron.

The particulate carbon pools of each zooplankton group are converted to an iron 

equivalent using an iron to carbon ratio ( ^ )  for each group to estimate the amount
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of iron produced by excretion. This ratio is estimated by tracking the iron to carbon 

ratio in the phytoplankton grazed by each zooplankton group, and it is calculated 

at each time and depth. The remineralization rate of detritus to iron, cpe(z), is 

also assumed to vary as a function of temperature (c*FeTfunc(z)). The value used for 

remineralization rate of iron at 25°C, c*Fe, is given in Table 1 2 .

The aeolian iron deposition (FFe)  is simulated using the Kronecker delta 

(5[z=0]=l; S[z >0]=0) to ensure that the atmospheric iron flux is applied at the 

air-sea interface only. The value for the soluble iron fraction of the aeolian input 

( f e soi, section 4.10) is given in Table 12.

The particle scavenging iron loss term (fesca(z)) is adopted from Moore et al. 

(2002a). It is assumed that at low iron concentrations (< 0.6 nM) most dissolved 

iron is bound to organic ligands, but is still weakly particle reactive and at iron 

concentrations above 0.6 nM particle scavenging rates increase rapidly with increasing 

iron concentrations. For these assumptions, the iron scavenging can be modeled as:

fesca(z) = 2.74 10~ 5 Fe(z) for Fe(z) < 0.6 nM, (40)

and

Fc3 (z} — 0  6
fesca{z) =  1.644 l(T 5+0.0274(Fe(,2)-0.6) —  r r  for Fe(z)  > 0.6 nM, (41)

Fe(z)  +  1.4

the scavenged iron is added to the small detrital pool which may remineralize during 

sinking.

The basic state equation of silicate, which is only used by algal group 5, the 

diatoms, is of the form

d Si  dSi  d dSi
~ d r + w ~3 i ' ~ ¥ z K ‘ ~d7  = ~ Ps,' + C S iD e ‘s ’- (42)

The physical and biological processes that affect silicate processes are similar to those

included in the nitrate equation (Eq. (35)) except for the addition of silicate through

dissolution of large detritus silicate (cSiDeiSi) (Nelson et al., 1995).
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The loss term for silicate is via uptake by algal group 5 only, as represented by 

the first term on the right side of Eq. (42). The dissolution rate of detrital silicate, 

c s i ( z ) ,  is assumed to follow the temperature function given by Eq. (38) {c Si^'func{z ) ) i  

and the value used for dissolution rate of silicate at 25°C, c*S i, is given in Table 1 2 .

IV .9 D ETR ITU S STATE EQUATIONS

The governing equation for small detrital carbon (Des) is assumed to be of the 

form:

dDes ,d D es d dDes
— —  +  [ w  +  s c des) — r--------- — K z — —  =

a t oz oz oz
4

y :  [rriiPi +  (1 -  A*)IPiZs] + (es +  m Zs)Zs -  ccDes, (43)
i= 1

where the three terms on the left side represent changes in Des that are produced 

by local time variations, vertical advection and sinking (scdes), and vertical diffusive 

fluxes, respectively. Sinking of the small detritus pool is assumed to occur at a 

constant rate. The right side of Eq. (43) represents the biological processes that 

provide sources and sinks of Des, which includes a source term through the death 

and unassimilated grazed fraction of algal groups 1 to 4, excretion and mortality 

of microzooplankton, and a loss term due to remineralization of Des, respectively. 

Remineralization of small detritus carbon is modified by temperature (c*cTjunc(z)) 

similar to what was done for remineralization of nitrogen (Eq. 37). The definitions, 

values, and units of the parameters used in the Des equations are given in Table 12.

The equation governing the large detrital carbon (Dei) dynamics is similar to Eq.

(43) and is of the form:

dD(s T~)fi Q
—— [-(w+SCdel)— ~dz^Z dz ~  mb^>bJr̂ ~ ^ * ^ ^ P̂ Jr^Ẑ ‘̂ lJr êiJrTnzl^ l~ Cĉ ei'

(44)

where increases in large detrital carbon are supported by mortality of algal group 5, 

the unassimilated fraction (1-A*) of algal group 5 and the microzooplankton biomass

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55

that are grazed by mesozooplankton, and excretion (e{) and mortality (mZi) by meso- 

zooplankton, respectively. Loss from the large detrital carbon occurs via remineral­

ization (cc) which is assumed to occur in a similar manner to small detrital carbon. 

The values for the rates at which these processes occur are given in Table 12.

The state equations for detrital nitrogen, iron, and silicate are similar to Eqs. (43) 

and (44) except that scavenged iron is assumed to transfer into the small detrital 

iron pool, and only the large detrital pool is available to provide input to the silicate 

pool via remineralization (Fig. 2).

IV. 10 M ODEL IM PLEM ENTATIO N  

IV .10.1 Num erical m ethods

The one-dimensional lower trophic level model was implemented with a coordi­

nate system with the origin at the sea surface and the vertical coordinate positive 

downward. The model domain extends from the sea surface to 120 m, which is be­

low the 1% light level. This is sufficiently deep to include the total phytoplankton 

production in the upper waters of the equatorial Pacific.

The system of equations describing the physical and biological dynamics of the 

state equations (Eqs. 1 1 , 14-16, 33-36, 39, 42-44) was solved numerically using a 

Crank-Nicholson scheme (Crank, 1956). This numerical integration scheme is uncon­

ditionally stable for the parameter ranges used in this study. The vertical coordinate 

was represented at 1 -m intervals, which is sufficient resolution to define features such 

as the deep chlorophyll maximum that occurs in equatorial Pacific waters (Lindley 

et al., 1995). A one-hour interval was used for the time integration, which allows 

resolution of the diurnal periodicity in phytoplankton growth kinetics.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

IV .10.2 Surface and bottom  boundary conditions for Cold Tongue 

sim ulations

Surface boundary conditions were specified as no flux conditions (i.e. Neumann 

conditions) for all model state variables except for iron. For iron, the daily atmo­

spheric dust flux in g m ~ 2 hr-1, obtained from Ginoux et al. (2001), was used to 

specify an input. This input was specified from the sum of four dust size classes 

(0.1-1, 1-2, 2-3 and 3-6 /mi). The mass fraction of iron in the mineral dust aerosol 

was assumed to be 0.05 for the first size class and 0.012 for the remaining size classes 

(Fung et al., 2000). The soluble iron fraction (f e soi, Eq. (39)) was taken to be 0.1 

(Duce et al., 1991; Duce and Tindale, 1991). The dust flux in g m " 2 hr - 1  was con­

verted to a flux in nmol I- 1  hr- 1  (FFe  in Eq. 39) by using appropriate scaling factors. 

It was assumed that the dust deposited on 1 m - 2  at the sea surface was introduced 

to a 1 m - 3  water volume.

The bottom boundary conditions for nitrate, silicate and iron were specified using 

a temperature-nutrient relationship. The nitrate (N O ^) and iron (Fe) dependencies 

on temperature (T) were taken from Barber and Chavez (1991) and Leonard et al.

(1999), respectively, and are given as

N O ^iz ,  t ) =  66.69 -  3.89 T(z, t ) +  0.06 T(z, t)2, (45)

Fe(z, t ) =  0.499 -  0.019 T(z, t), (46)

where N O $ and Fe are in /irnol I- 1  and nmol l-1 , respectively. The depth and time

varying temperature was obtained from the time series measured at TAO mooring

arrays (Chapter 3).

A silicate (Si) to temperature (T) regression was developed using data from four 

1992 JGOFS EqPac cruises:

Si(z,  t ) =  26.3462 -  0.895590 T(z, t). (47)
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An ammonium to temperature relationship does not exist and therefore the Christian 

et al. (2 0 0 2 a) simulation was used to set the ammonium bottom boundary conditions 

at 120 m. The time interval of the Christian et al. (2002a) simulation was 6  days, 

so these values were linearly interpolated to 1 -hour time intervals, to be consistent 

with the time integration of the model used in this study.

IV .10.3 Initial vertical profiles

Initial profiles of phytoplankton, small and large zooplankton and detritus, and 

ammonium were obtained from the Christian et al. (2002a) simulation at 20 depth 

intervals and linearly interpolated to 1-m depth intervals. The small and large phy­

toplankton compartments obtained from the Christian et al. (2002a) simulation were 

partitioned into 5 algal groups based on the relative ratios of these algal groups 

measured during the JGOFS cruises (Landry et al., 1996; Iriarte and Fryxell, 1995). 

The initial profiles of nitrate, iron, and silicate were estimated using the nutrient to 

temperature relations. Very small (0.0001 /imol C I-1) threshold values were set for 

the phytoplankton and zooplankton state variables, so that these concentrations do 

not become zero, this provides a refuge for these ecosystem components so they can 

respond when conditions become favorable for growth.

IV .10.4 Boundary conditions for the Warm Pool

The nitrate to temperature and silicate to temperature regressions at 120 m are 

estimated using the climatological data at 0°N, 165°E from Conkright et al. (2002) 

as

jVOg- (z, t) = 35 .3 9 - 1.18 T(z , t )  (48)

and

Si(z,  t) = 15.9 — 0.50 T(z, t), (49)

where NO% and Si are in pmol I-1 .
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The iron to temperature regression is the modified form of the iron to temperature 

regression developed for 0°N, 140°W. For 0°N, 165°E, the regression is substituted 

to match the corresponding temperatures at 1 2 0  m as

Fe(z, t) =  0.499 — 0.013 T(z, t), (50)

where Fe  is in nmol l” 1.

Because an ammonium to temperature relationship does not exist, the results 

of the Christian et al. (2002a) simulation are used to set the ammonium bottom 

boundary conditions at 1 2 0 .

IV .10.5 N utrient and light lim itation conditions

Nutrient uptake is calculated separately from carbon growth and all nutrients 

taken up by phytoplankton are added to the particulate nutrient pool of each algal 

group (see section 4.3). During light limitation, the nutrient uptake rate can greatly 

exceed that of the light-limited carbon growth rate. For example, the cellular nitrogen 

to carbon (AGN\\AG i) ratio and cellular iron to carbon (AGFei'.AGi) ratio for algal 

group 1 are allowed to drop to minima of 5.5 pmol N (pmol C) - 1  and 0.031 nmol 

Fe (//mol C)” 1, respectively, during uptake of nitrogen and iron (Table 7). Nutrient 

uptake continues over 24 hours and is subject to the minimum carbon to nutrient 

ratios. The minimum carbon to nutrient ratios of each AG  and for each limiting 

nutrient are given in Table 7 in the form of maximum nutrient to carbon ratios (e.g., 

QNmax f°r nitrogen to carbon ratio).

Light begins to inhibit algal group 1 and algal group 2 at 40 and 105 //mol 

quanta m - 2  s '-1, and a zero growth rate is reached at 110 and 10300 //mol quanta 

m - 2  s-1 , respectively (Moore et al., 1995). The zero growth light intensities were 

determined by extrapolating the log-linear plot of growth versus irradiance given 

in Moore et al. (1995) to its zero intercept. Inhibition is assumed to exponentially 

reduce the maximum growth rate (see section 4.4).
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CHAPTER V 

RESULTS

V .l  R EFER EN C E SIM ULATION

The ecosystem model described in the previous section was first used to establish 

a reference simulation that provides the basis for comparisons with other simulations 

that are designed to test model sensitivity to variations in processes and parameter 

values. The reference simulation is for one year, 1992, and for a site at 0°N, 140°W. 

This time and location corresponds to the U.S. JGOFS EqPac cruises (Murray et al., 

1995). The observations from these cruises (Table 2, Chapter 3) provide verification 

of the results obtained from the reference simulation. The time period of the reference 

simulation includes an El Nino event and the transition from El Nino to non-El Nino 

(normal) conditions (Murray et al., 1992).

The environmental time series input to the ecosystem model are described in 

the following section. This is followed by descriptions of the simulated depth-time 

distribution of the state variables and of the derived quantities obtained from the 

reference simulation.

V.1.1 Reference sim ulation forcing

The surface temperature time series (Fig. 4A) obtained at 0°N, 140°W from the 

TAO mooring shows values of 28 to 29°C from January to about May 1992 which 

is indicative of El Nino conditions (Murray et al., 1992). The range of temperature 

variability during this time is small, being less than 2°C. In May 1992, the surface 

temperature decreases by about 4°C over two months to about 25°C. This decrease 

is associated with the transition from El Nino to non-El Nino conditions. For the 

remainder of 1992 surface temperature remains around 25°C, which is reflective of 

the cooler temperatures associated with non-El Nino conditions in this part of the 

equatorial Pacific (Philander, 1990). The latter portion of the surface temperature 

time series (Fig. 4A) shows some high frequency variability, such as the events that
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occur at Year Day (YD) 210, YD260, and YD310. This variability, which occurs 

with about a 20-day time scale, is associated with TIWs (Qiao and Weisberg, 1995; 

Yu et al., 1995; Friedrichs and Hofmann, 2001).

The subsurface temperatures at 120 m started to drop by the end of February, 

indicating the waning of El Nino conditions. Wunsch and Gill (1976) and Friedrichs 

and Hofmann (2001) show that physical variability in the central equatorial Pacific 

is also present at frequencies shorter than the 2 0 -day events, and that these short 

period events produce subsurface temperature oscillations of 2-4°C, with periods of 

6 -8 -days (Fig. 4A). These temperature oscillations are consistent with the period of 

the IGWs (Wunsch and Gill, 1976).

The vertical velocity time series used to force the ecosystem model (Fig. 4B) was 

calculated from the TAO mooring temperature observations as described in section

3.1. The vertical velocities during the first three months of 1992 show the passage of 

a low frequency wave with a period of 60 days which is associated with a Kelvin wave 

(Kessler et al., 1995). During the same time vertical velocities show periods of strong 

upwelling and downwelling, with maximum magnitudes of ±30 m d " 1. These strong 

upwelling/downwelling velocities are associated with IGWs. From about YD100 

through the transition to non-El Nino conditions at about YD200 (late summer) 

the magnitude of the vertical velocity is reduced ( ± 1 0  m d-1) and is characterized 

by variability that occurs at a 6 -8 -day interval, which is associated with IGWs. The 

latter portion of the vertical velocity time series (YD210 onwards) is characterized by 

higher vertical velocities (10-20 m d-"1), and 7 strong upwelling/downwelling events, 

which occurred with a frequency of ~20-days. These events are associated with the 

passage of TIWs (Qiao and Weisberg, 1995; Friedrichs and Hofmann, 2001).

The mixed layer depth time series (Fig. 4C) computed from temperature mea­

surements as described in section 3.1, shows depths in excess of 100 in during El Nino 

conditions. These depths are consistent with the deeper mixed layers that occur in 

the eastern equatorial Pacific during El Nino conditions, which were measured during 

the SI and TS1 cruises (not shown). As the eastern Pacific transitioned to non-El 

Nino conditions, mixed layer depths decreased and remained between 20 and 40 m
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Fig. 4. Time series of (A) surface temperature (thick solid line) and temperature 
at 120 m (thin solid line), (B) vertical velocity (u;) at 40 m, (C) mixed layer depth 
(MLD), and (D) vertical diffusivity coefficient (Kz) at 25 m estimated from obser­
vations obtained from the TAO mooring at 0°N, 140°W as discussed in Chapter 3. 
Shaded regions denote the El Nino season.
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for most of the remainder of 1992. The higher frequency variations in mixed layer 

depth observed from about YD100 to YD330 are associated with the passage of TIWs 

and IGWs. The extended period of relatively shallow mixed layer depths from about 

YD150 to YD190 is the result of isotherm shoaling during the transition period. The 

rapid deepening of the mixed layer to 100 m at about YD330 is associated with a 

period of strong downwelling (Fig. 4B).

The time series of the vertical diffusivity coefficient (Kz) at 25 m (Fig. 4D), which 

is computed as described in section 3.1, shows high values from about YD20 to YD75 

that correspond to the time of maximum downwelling velocities (Fig. 4B) and mixed 

layer depth (Fig. 4C). The maximum value for this coefficient is 36 m2d_1, that 

is set in the Pacanowski and Philander (1981) formulations. The maximum value 

of K z is reached when the shear of the horizontal currents (u , v) is high. From 

about YD110 to YD150, during the transition to non-El Nino conditions, the vertical 

diffusivity coefficient remains relatively high because of high current shear. From 

YD150 throughout the remainder of 1992, the value of K z fluctuates between near 

zero and about 20 m2 d-1, with only occasional higher values. The high frequency 

variations in K z during the latter portion of the time series are produced by TIWs 

and IGWs. The values of K z derived from the TAO mooring observations using the 

Pacanowski and Philander (1981) formulations are consistent with those reported in 

other studies of the mixing dynamics of the equatorial Pacific (Peters et al., 1981).

The simulated downwelling irradiance just below the sea surface changes between 

50 and ~500 /rmol quanta m2 s- 1  during the first five months of 1992 (Fig. 5A). The 

large fluctuations and reduced irradiance during this time result from extensive cloud 

cover that is characteristic of El Nino conditions in the eastern equatorial Pacific 

(Philander, 1990). After transition to non-El Nino conditions, fluctuations in the 

simulated irradiance just below the sea surface are dampened and the high frequency 

fluctuations that occur are consistent with the clear skies and reduced cloudiness 

that occurs when these conditions prevail (Philander, 1990). The irradiance level 

increases during the spring and into the summer, reaching a maximum of about 

500 n mol quanta m2 s- 1  in late summer to early Fall. The decrease of about 50
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//mol quanta m2 s- 1  in late Fall to early winter is produced by seasonal decreases 

in solar radiation at this location (Foley et al., 1997). The pattern of the simulated 

irradiance at various depths throughout the upper 100 m of the water column (Fig. 

5B) is similar to that just below the surface (Fig. 5A). However, the magnitude of 

irradiance is diminished, essentially nearly zero at 100 m (Fig. 5B). In general, the 

10% and 1% light levels are located between 70-90 m and 100-120 m, respectively, 

throughout 1992. These values are consistent with other estimates of euphotic zone 

depths for this region (Walsh et al., 1995).

Yeor Doy 1992

Yeor Day 1992

Fig. 5. Time series of (A) simulated daily integrated downwelling irradiance (PAR) 
just below the surface and simulated daily integrated downwelling irradiance arriving 
at (B) 20 m (solid line), 60 m (dashed line), and 100 m (dotted line). The depth- 
dependent irradiance values are obtained from the irradiance model described in 
section 3.2. Shaded regions denote the El Nino season.
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V .1.2 Sim ulation of algal groups

The simulated depth-time distributions in the upper 100 m of the five algal groups 

at 0°N, 140°W for 1992 show the general features of low biomass during the first 

100 days followed by increased biomass from about YD120 on and persisting for the 

remainder of 1992 (Fig. 6 ). The initial low biomass corresponds to El Nino conditions 

(see previous section) and deep mixed layers (Fig. 4C). Throughout the latter part of 

the simulations each algal group shows episodic increases/decreases in biomass, with 

these events lasting for 6  to 20 days. The integrated annual biomass in the upper 120 

m of the ocean estimated from these simulated algal group distributions was 61,667 

mmol C m “ 2 (Table 13).

The simulated depth-time distribution of the low light-limited Prochlorococcus 

(Fig. 6 A) shows that this algal group has very low concentrations during El Nino 

conditions and blooms only after the transition to non-El Nino conditions. The 

biomass maximum for this algal group occurs below the mixed layer at depths greater 

than 40 m (Fig. 6 A). The maximum concentration obtained for this algal group 

during the one-year simulation was 0.34 //mol C I" 1 and occurred at 50 m on YD117.

The high-light adapted Prochlorococcus occurs in the upper water column, gen­

erally above 40 m (Fig. 6 B). The simulated depth-time distribution for this algal 

group shows a large bloom, maximum concentration of 0.47 //mol C l-1 , that per­

sists from about YD115 to YD180. This bloom occurs just after the transition from 

El Nino to non-El Nino conditions (Fig. 5). Throughout the latter portion of the 

simulation, algal group 2  shows episodic blooms, but the magnitude is less than the 

first large bloom. A small duration, but relatively high biomass bloom, occurred at 

the end of the simulation between YD320 and YD330.

The simulated depth-time distribution for algal group 3, Synechecoccus, shows 

the most variability of all five algal groups (Fig. 6 C). This algal group blooms repeat­

edly over the course of the one-year simulation. The blooms are of short duration, 

10 to 2 0  days, and are characterized by biomass greater than 0.3 //mol C l-1. The 

maximum simulated biomass for this algal group was 0.39 //mol C I- 1  which occurred
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Fig. 6 . Simulated depth-time distributions of daily-averaged algal biomass (/^mol C 
I-1) of (A) low light-adapted Prochlorococcus (algal group 1 ), (B) high light-adapted 
Prochlorococcus (algal group 2 ), (C) Synechococcus (algal group 3), (D) autotrophic 
eukaryotes (algal group 4), and (E) large diatoms (algal group 5). Overlaid solid 
white line represents the mixed layer depth, which is obtained as described in section
3.1. Lighter colors indicate higher concentrations.
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Table 13
Annual integrated carbon biomass (Biomass, mmol C m~ 2 yr_1), percentage of total 
biomass, annual integrated primary production (PP, mmol C m - 2  yr-1), and per­
centage of total primary production for each algal group (AG ) calculated from the 
reference simulation done at 0°N, 140°W for 1992

Biomass Total biomass 

(%)

PP Total PP

(%)
AG1 4,888 8 390 2

AG2 10,831 18 2,597 1 2

AG3 7,527 13 2,634 1 2

AG4 31,060 50 15,689 69

AG  5 7,358 1 2 1,166 6

on YD117 in the upper 10 m of the water column (Fig. 6 C). However, despite the 

numerous episodic blooms of this algal group, the biomass integrated over 1 2 0  m for 

Synechecoccus ( 2 1  mmol C m-2) is less than that for Prochlorococcus (43 mmol C 

m - 2).

The simulated biomass for algal group 4, the autotrophic eukaryotes, is the highest 

of all five algal groups (Fig. 6 D, Table 13). This algal group showed 12 intense blooms 

during the one-year simulation (Fig. 6 D), which are at least double the background 

biomass concentration of this group. The highest biomass (2.27 fimol C I-1) was 

associated with the bloom that occurred between YD300 and YD330. The majority 

(52%) of the biomass of algal group 4 occurs in the mixed layer at depths shallower 

than 45 m.

The simulated biomass of algal group 5, the large diatoms, occurred mostly below 

the mixed layer (Fig. 6 E). Maxima in biomass are confined to short duration ( 8  days) 

intense (e.g., 0.54 pmol C I- 1  on YD117) blooms, the majority of which occurs during 

the first 210 days of the simulation. The contribution of this algal group to the overall 

water column biomass is only 12% (Table 13) over the one-year simulation. Similar 

to algal group 1 , the diatoms are essentially not present during the initial part of 

1992 when El Nino conditions prevail.
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C hlorophyll a d is tr ib u tio n s

The simulated time-depth distribution of chlorophyll a concentrations obtained 

from the sum of all five algal groups (Fig. 7) shows patterns that are similar to those 

for the simulated biomass distributions. A deep chlorophyll maximum always exists 

during the year, but it is lower and deeper during the El Nino period compared to 

the rest of the year.

1 30 60 90 120 150 180 210 240 270 300 330 360
Yeor Doy 1992

Fig. 7. Simulated depth-time distribution of daily-averaged chlorophyll a (fig I-1) 
obtained from the sum of all five algal groups. Overlaid solid white line represents 
the mixed layer depth, which is obtained as described in section 3.1. Lighter colors 
indicate higher concentrations.

The simulated chlorophyll a concentrations show a non-homogeneous distribution 

in the mixed layer. At the surface, chlorophyll a concentrations are low and then 

increase towards the bottom of the mixed layer. The deep chlorophyll maximum is 

generally located just below the mixed layer during most of the year, but during 

periods of extensive deepening of the mixed layer (YD25-40 and YD340-350) it is 

situated above the mixed layer. At around 100 m, chlorophyll a concentrations drop 

below 0.15 fig l” 1.

During the first three months of the year chlorophyll a concentrations are lower in
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the mixed layer compared to the rest of the year. A weak deep chlorophyll maximum 

is observed around 80 m during this time; whereas, during the rest of the year it 

is stronger with a maximum value of 0.75 //g I- 1  on YD127 at 35 m. Throughout 

the year, there are three periods (YD120-140, YD200-240, YD300-330) when the 

deep chlorophyll maxima is well developed and is characterized by high chlorophyll 

a concentrations.

S i m u l a t e d  a lg a l g r o u p  r a te s  

Prim ary production

The simulated depth-time distribution of primary production for the five algal 

groups (Fig. 8 ) shows patterns that are similar to those for the simulated biomass 

distributions. Primary production is low during El Nino conditions, increases dur­

ing non-El Nino conditions and occurs in episodic events of varying duration. The 

primary production patterns (Fig. 8 ) are vertically less dispersed compared to the 

vertical biomass distributions (Fig. 6 ).

The simulated primary production for algal group 1 (Fig. 8 A) occurs in a narrow 

band below the mixed layer between 45 and 70 m. Maximum production occurs be­

tween YD80 and YD160, with the maximum value of 0.065 //mol C l- 1  d - 1  on YD116 

at 49 m. Overall, algal group 1 accounted for only 2 % of the annual integrated pri­

mary production at 0°N, 140°W (Table 13). In contrast, primary production of the 

high-light adapted Prochlorococcus occurs at shallower depths (with maximum con­

centration of 0.23 //mol C I- 1  d” 1 at 16 m on YD130), mainly above 40 m throughout 

the one-year simulation (Fig. 8 B). The most intense primary production event by this 

algal group, however, occurred between YD120 and YD150. This one event accounts 

for 20% of the simulated primary production of the algal group for 1992.

The simulated primary production for algal groups 3 and 4 is confined to the 

upper 20-40 m and occurs in several episodic events during the one-year simulation. 

The timing of the maxima in primary production for the two algal groups is similar. 

However, the primary production of algal group 4 is considerably higher than that of 

algal group 3, 15,689 mmol C m - 2  yr- 1  versus 2,634 mmol C m - 2  yr” 1, respectively 

(Table 13).
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Fig. 8 . Simulated depth-time distributions of daily-averaged algal primary produc­
tion (//mol C I- 1  d-1) of (A) low light-adapted Prochlorococcus (algal group 1 ), (B) 
high light-adapted Prochlorococcus (algal group 2), (C) Synechococcus (algal group 
3), (D) autotrophic eukaryotes (algal group 4), and (E) large diatoms (algal group 
5). Overlaid solid white line represents the mixed layer depth, which is obtained as 
described in section 3.1. Lighter colors indicate higher rates.
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The primary production associated with algal group 5 occurs in a band that 

is centered about 40 m. The highest primary production by this group occurs on 

YD155 at 30 m. The only appreciable primary production by this algal group above 

40 m occurs in a short duration pulse at YD112. The overall pattern of primary 

production for this algal group is one of short duration intense pulses, and as such 

differs from what is observed for the other algal groups. As a result, the contribution 

of this algal group to the integrated annual primary production is only 6 % (Table 

13).

Growth rates

The maximum daily growth rates for each algal group occur at different depths 

and days (Figs. 9A-E, 10A-E, 11A-E). All groups reach their maximum actual growth 

rates during the first half of the year (Table 14) and the highest and the lowest light- 

limited growth rates for all algal groups occur when El Nino conditions prevail (Figs. 

9A-E). The narrow bands of low light-limited growth rates are distributed among high 

light-limited growth rates during this part of the year, resulting in a high variability 

in light-limited growth rates (Figs. 9A-E). The highest nutrient-limited growth rates 

are also observed during El Nino conditions (Figs. 10A-E), but these high growth 

rates generally occur below the mixed layer, except for algal group 1. Within the 

mixed layer, all algal groups, except algal group 1 are nutrient-limited (Figs. 10A-E) 

and the levels of nutrient limitation experienced by each algal group show temporal 

variability.

The simulated depth and time distribution of the light-limited growth rate for 

algal group 1 increases from a value of zero at the surface to a maximum value 

between 40 and 60 m, after which it decreases (Fig. 9A). There are short periods of 

high light-limited growth rates reached by this group, that occur at shallow depths 

(i.e. 20 m). These periods are especially common during El Nino conditions, such 

as the event on YD60-YD75 at ~20 m. The simulated distribution of the nutrient- 

limited growth rate of this group shows little variation over the one-year simulation 

(Fig. 10A). In the surface waters, algal group 1 is strongly light inhibited and nutrient
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Fig. 9. Simulated depth-time distributions of daily averaged light-limited growth 
rates (d-1) of (A) low light-adapted Prochlorococcus (algal group 1), (B) high light- 
adapted Prochlorococcus (algal group 2), (C) Synechococcus (algal group 3), (D) 
autotrophic eukaryotes (algal group 4), and (E) large diatoms (algal group 5). Lighter 
colors indicate higher rates.
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Fig. 10. Simulated depth-time distributions of daily averaged nutrient-limited 
growth rates (d-1) of (A) low light-adapted Prochlorococcus (algal group 1 ), (B) 
high light-adapted Prochlorococcus (algal group 2 ), (C) Synechococcus (algal group 
3), (D) autotrophic eukaryotes (algal group 4), and (E) large diatoms (algal group 
5). Overlaid solid white line represents the mixed layer depth, which is obtained as 
described in section 3.1. Lighter colors indicate higher rates.
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Fig. 11. Simulated depth-time distributions of daily averaged actual growth rates 
(d-1) of (A) low light-adapted Prochlorococcus (algal group 1), (B) high light- 
adapted Prochlorococcus (algal group 2 ), (C) Synechococcus (algal group 3), (D) 
autotrophic eukaryotes (algal group 4), and (E) large diatoms (algal group 5). Over­
laid solid white line represents the mixed layer depth, which is obtained as described 
in section 3.1. Lighter colors indicate higher rates.
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Table 14
Maximum (Max) actual growth rate, day of occurrence, and depth of occurrence for 
each algal group

Max growth rate 

(d -1)

Time of occurrence 

(YD)

Depth

(m)

AG1 1.32 38 75

AG2 1.56 113 13

AG3 2.18 113 surface

AG4 3.9 64 surface

AG5 1.77 109 59

Maximum rates were obtained from the reference simulation done at 0°N, 140°W for 

1992.

limitation has a very weak effect on this algal group (Figs. 9A and 10A). As a result, 

the actual growth rate of algal group 1 is similar to the light-limited growth rate 

distribution (Figs. 11 and 9A) for this group. This indicates that the growth of this 

group is controlled mainly by light.

In the surface waters, the light-limited growth rate of algal group 2 is below its 

maximum value due to light inhibition and it reaches its maximum value between 

10-30 m (Fig. 9B). Similar to algal group 1 , short periods of high light-limited growth 

rate values of this algal group occur at shallow depths when El Nino conditions are 

present. Nutrient limitation on the growth rate of algal group 2 occurs for short 

periods during YD70-YD100, YD180-YD200, and YD250-YD260 in the mixed layer. 

As a result, the combined effects of light inhibition (Fig. 9B) and nutrient limitation 

(Fig. 10B) control the growth rate of algal group 2, and the actual growth rate (Fig. 

11B) of this group reflects the effects of both processes.

The effect of light limitation on the growth rates of algal groups 3 to 5 is similar 

(Figs. 9C-E). These groups do not experience any light limitation in the surface wa­

ters and their growth rates gradually decline below 2 0  m, dropping to zero around
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80 m. The influence of nutrient limitation on growth is less on algal group 3 com­

pared to algal groups 4 and 5 (Figs. 10C-E). Algal group 5 is most strongly limited 

by nutrients compared to the other algal groups. The combined effect of light and 

nutrients on algal groups 3 to 5 is such that the daily-averaged actual growth rates 

of these algal groups are mainly controlled by nutrient limitation in the mixed layer 

and by light limitation below the mixed layer (Figs. 11C-E).

Algal group cellular nutrient ratios

Cellular nutrient to carbon ratios of the algal groups are good indicators of 

nutrient-limited growth. The simulated cellular nitrogen to carbon ratios stay at 

their maximum values for all algal groups except algal group 2  (Figs. 12A-E). This 

indicates that only algal group 2 is limited by nitrogen during the year. The cellular 

nitrogen to carbon ratios for this group show considerable temporal variability during 

the year and that nitrogen limitation occurs primarily in the mixed layer. During 

the warm El Nino period the cellular nitrogen to carbon ratios are at or close to 

their maximum values and stay below maximum values for the rest of the year. The 

cellular nitrogen to carbon ratios of algal group 2  are homogeneous within the mixed 

layer, and they reach their maximum values just below the mixed layer.

The cellular iron to carbon ratios of all groups are homogeneous within the mixed 

layer and begin to increase at the bottom of the mixed layer, reaching their maximum 

values 5 to 30 m below the mixed layer (Figs. 13A-E). The cellular iron to carbon 

ratios of algal group 1 are always at their maximum values (Fig. 13A), which indicates 

that this group is not iron limited. Cellular iron to carbon ratios of algal groups 2 

and 3 remain lower than their maximum values within the mixed layer except for 

YD60-75, YD210-225, and YD310-320 (Figs. 13B and C). The cellular iron to carbon 

ratios for algal groups 4 and 5 are at their minimum values within the mixed layer 

during most of the year (Figs. 13D and E). For these groups, the cellular iron to 

carbon ratios never reach their maximum value within the mixed layer, with the 

exception of algal group 4, which reaches its maximum ratio value at YD307.

In the model, only algal group 5 has a cellular silicate compartment (Fig. 2). The
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Fig. 12. Simulated depth-time distributions of cellular nitrogen to carbon ratios 
(//mol N l_1///mol C I-1) of (A) low light-adapted Prochlorococcus (algal group 1 ), 
(B) high light-adapted Prochlorococcus (algal group 2 ), (C) Synechococcus (algal 
group 3), (D) autotrophic eukaryotes (algal group 4), and (E) large diatoms (al­
gal group 5). Overlaid solid white line represents the mixed layer depth, which is 
obtained as described in section 3.1. Lighter colors indicate higher ratios.
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Fig. 13. Simulated depth-time distributions of cellular iron to carbon ratios (nmol 
Fe \~x /  ixmol C l-1) of (A) low light-adapted Prochlorococcus (algal group 1 ), (B) 
high light-adapted Prochlorococcus (algal group 2 ), (C) Synechococcus (algal group 
3), (D) autotrophic eukaryotes (algal group 4), and (E) large diatoms (algal group 
5). Overlaid solid white line represents the mixed layer depth, which is obtained as 
described in section 3.1. Lighter colors indicate higher ratios.
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cellular silicate to carbon ratios (not shown) for this algal group are always at their 

maximum value, indicating that this group is not silicate limited.

V .1.3 Zooplankton

The simulated depth-time distributions show little temporal variability in mi- 

crozooplankton biomass concentration throughout the year (Fig. 14A). However, in 

contrast, considerable temporal variability occurs in the mesozooplankton concentra­

tion (Fig. 14B). The distribution of mesozooplankton shows the general features of 

low biomass during the first 1 0 0  days, followed by increased biomass which persists 

for the remainder of 1992. The initial low mesozooplankton biomass corresponds to 

El Nino conditions and deep mixed layers. Throughout the latter part of the year, 

the micro- and mesozooplankton show episodic increases/decreases in biomass, al­

though these fluctuations are very weak for microzooplankton. These events persist 

for 6  to 2 0  days.

The simulated depth-time distribution of microzooplankton concentrations re­

mains relatively constant (~0.3 //mol C l-1) in the upper 50 m and rapidly drops 

below 0.05 //mol C I- 1  between 50 and 80 m. In the mixed layer, the highest peak 

in microzooplankton concentration occurs on YD65 (0.6 //mol C I-1) and during the 

rest of the year variability in the microzooplankton biomass is low (±1 //mol C I-1).

Mesozooplankton are more confined to the surface waters compared to the mi­

crozooplankton (Fig. 14B). Their concentration drops from an average of 0.4 //mol C 

M1 to below 0.1 //mol C I-1, right below the mixed layer. The peak concentrations 

of mesozooplankton are correlated with peaks in algal primary production (Fig. 8 ), 

showing a maximum value of 1.5 //mol C I- 1  on YD315.

V .1 .4  N u trien ts

The simulated depth-time distributions of nitrate, iron, and silicate concentra­

tions in the upper 1 0 0  m show the general features of low nutrient conditions during 

the first 100 days, which correspond to El Nino conditions, followed by increased
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Fig. 14. Simulated depth-time distributions of biomass (/imol C I-1) of (A) microzoo­
plankton, and (B) mesozooplankton. Overlaid solid white line represents the mixed 
layer depth, which is obtained as described in section 3.1. Lighter colors indicate 
higher concentrations.
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Fig. 15. Simulated depth-time distributions of concentrations of (A) nitrate (//mol 
I-1), (B) ammonium (//mol l" 1), (C) iron (nmol D 1), and (D) silicate (//mol 1~L). 
Overlaid solid white line represents the mixed layer depth, which is obtained as 
described in section 3.1. Lighter colors indicate higher concentrations.

concentrations at about YD120, which persists for the remainder of 1992 (Figs. 15A, 

C and D). The simulated ammonium distribution (Fig. 15B) differs from the other 

nutrients in that its concentration is higher between YD70 and YD180 compared 

to the rest of the year. Distributions of all nutrients are homogeneous within the 

mixed layer. All nutrients increase with depth except for ammonium which forms 

a maximum below the mixed layer between 70-100 m, after which it decreases with 

depth.
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The simulated nitrate concentrations are lower during El Nino conditions, al­

though this nutrient is never depleted (>2 //mol l-1) within the water column (Fig. 

15). The minimum nitrate concentration in the mixed layer was 2 //mol I- 1  on YD197, 

which corresponds to an extended period of low nitrate values between YD165 and 

YD220 (Fig. 15A). The temporal variability in nitrate concentration is low (±5 //mol 

I-1) within the mixed layer, but the variability increases towards 120 m (±15 //mol-1). 

Increases in nitrate concentration coincide with episodic upwelling events that persist 

for 6  to 20 days (Fig. 4).

Simulated ammonium is depleted (<0.1 //mol l-1) within the mixed layer (Fig. 

15B) where phytoplankton demand for this nutrient is high. The ammonium max­

imum occurs below the mixed layer where the majority of nitrogen regeneration 

occurs. The peaks in simulated ammonium concentration follow increases in algal 

group primary production (Figs. 8 A-E). Ammonium concentrations are higher during 

the first half of the year with maximum values of 1 . 1  //mol I- 1  between YD 130 and 

YD175. These maxima follow persistently high primary production values observed 

during YD105-165 (Fig. 8 ).

Simulated iron concentrations are lower during El Nino conditions (Fig. 15C). 

Similar to ammonium, iron is also depleted in the mixed layer (<0.03 nmol I-1). 

Iron concentrations are higher during the second half of the year below the mixed 

layer, showing a maximum value of 0.195 nmol I- 1  on YD308 at 120 m. Simulations 

show that the strongest injection of iron into the mixed layer occurs around YD315.

Silicate follows a similar trend to nitrate (Fig. 15D). Silicate is never depleted 

within the water column and attains a minimum value of 1.8 //mol l- 1  on YD43.

V.1.5 Particulate carbon fluxes

The flux of organic particulate carbon is obtained from the sum of the small 

and large detrital carbon fluxes at 120 m (section 4.9) and is used to determine the 

carbon export out of the upper 120 m at 0°N, 140°W. Daily particulate carbon fluxes 

through the model bottom boundary at 1 2 0  m show high temporal variability during 

the year (Fig. 16). Similar to primary production, carbon export is also lower during
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Fig. 16. Simulated time distribution of organic particulate carbon fluxes (mmol 
C m - 2  d-1) at 120 m. Positive values indicate that the flux is towards the ocean 
bottom and the negative values indicate that the flux is towards the ocean surface. 
The carbon fluxes at 120 m (A) measured during the two U.S. JGOFS EqPac survey 
cruises, SI and S2 , are shown for comparison.

the El Nino period.

The export carbon fluxes are highest when a downwelling event (Fig. 4B) follows 

a period of high primary production, such as the events that occur on YD15-30, 

YD75-90, YD 120-170, YD220-240, and YD300-320 (Fig. 8 ). The latter two peaks in 

export production, which occur during the second part of the year, are considerably 

higher than the three peaks that occur during the first part of the year. The annual 

integrated particulate carbon flux past 120 m is 10,416 mmol C mT2 yr-1. A similar 

calculation for the carbon flux past 50 m yields an annual value of 10,735 mmol C 

m - 2  yr - i  smau decrease in these estimated carbon fluxes indicate the effect of

remineralization processes on the vertical flux of particulate carbon.

V .1.6 Sim ulated upper water colum n carbon budget

Analyses of the distributions obtained from the reference simulation indicate that 

microzooplankton grazing of algal groups 2-4 (^40 mmol C m “ 2 d” 1) provides the 

primary pathway for carbon transfer between the primary and secondary produc­

ers (Fig. 17). The removal of small phytoplankton by micrograzers is 71%, which 

is consistent with observations (Landry et ah, 1995) which show 53-83% of small
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phytoplankton grazed by microzooplankton. Dam et al. (1995) reported that meso­

zooplankton only removed 1 -1 2 % of the daily primary production, almost all due to 

grazing on diatoms (Bidigare and Ondrusek, 1996). The simulated mesozooplank­

ton grazing removes only 4% of the daily production as diatoms which is consistent 

with observations. The simulated microzooplankton contribution to mesozooplank­

ton grazing is ~80% (19 mmol C m - 2  d-1) and Zhang et al. (1995) reported that 

small animals (200-500 /mi) contributed more than 50% (range 34-80%) of total 

mesozooplankton grazing.

The simulated carbon transfer between the two zooplankton compartments and 

the two detritus compartments are similar ( 29 mmol C m 2 d *) (Fig. 17). The 

removal of particulate carbon through remineralization comprises a major part of 

both small and large detrital carbon pools. About 72% of the simulated small detrital 

carbon and 50% of the simulated large detrital carbon are converted to dissolved 

organic carbon in the euphotic zone (0 - 1 2 0  m).

The simulated annual-averaged vertical distributions of carbon production and 

removal suggest that microzooplankton grazing exceeds algal group 1 production 

above 40 m (Fig. 18A), thereby removing all the daily production, because the growth 

rate of this group is inhibited by light at the surface (Fig. 9A). Between 40 and 80 

m the daily production exceeds grazing removal, although most (6 6 %) of the daily 

production by this algal group is removed by microzooplankton. Below 80 m, grazing 

again exceeds primary production because of low algal growth rates due to light 

limitation (Fig. 9A).

Except in the top ~3 m, the simulated production rate of algal group 2 is higher 

than its removal by microzooplankton grazing throughout the upper 60 m (Fig. 18B). 

This group is much less inhibited by light at the surface compared to algal group 

1 (Figs. 9A and B). However, below 60 m grazing removal exceeds algal group 2 

production due to light limitation (Fig. 9B).

The simulated primary production and grazing removal characteristics are similar 

for algal groups 3 and 4 (Figs. 18C and D). From the surface to about 50 m, the 

simulated daily production exceeds the micrograzer removal of production. However,
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Fig. 18. Simulated profiles of annual-averaged carbon production (solid line) 
and removal of carbon production by grazing (dashed line) (mmol C I- 1  d -1) 
of (A) low light-adapted Prochlorococcus (algal group 1), (B) high light-adapted 
Prochlorococcus (algal group 2), (C) Synechococcus (algal group 3), (D) autotrophic 
eukaryotes (algal group 4), (E) large diatoms (algal group 5) and (F) microzooplank­
ton. Microzooplankton grazes algal groups 1-4 and mesozooplankton grazes algal 
group 5 and microzooplankton, as explained in section 4.1. Abbreviations used are: 
PP- primary production by algal groups; SP- secondary production by microzoo­
plankton.
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~60% of algal group 3 and 4 production is lost to grazing at the surface and this 

value gradually increases to 100% towards 50 m. Below 50 m, growth becomes light 

limited (Figs. 9C and D) and all the daily production is removed by micrograzers.

Only mesozooplankton graze on algal group 5 (Fig. 2), which results in the pro­

duction and removal of carbon resulting from this interaction different from that 

obtained for (Fig. 18E) algal groups 3 and 4 (Figs. 18C and D). Grazing removes all 

the daily algal group 5 production in the upper 45 m (Fig. 9E), although the growth 

of this group is not inhibited by light over this depth range as is the case for algal 

groups 1 and 2. However, nutrient limitation is a strong effect on this algal group 

in the surface waters (Fig. 10E), which extensively reduces growth rates. Between 

40 and 70 meters nutrient limitation is less, which allows algal group 5 production 

to exceed removal by mesozooplankton. Below 80 m, all of the algal group 5 daily 

production is removed by grazers, similar to other groups.

The simulated mesozooplankton production is supported by grazing of algal group 

5 as well as by grazing of microzooplankton (Fig. 2). The simulated profiles show that 

daily microzooplankton secondary production exceeds removal by mesozooplankton 

throughout the whole water column (Fig. 18F). Both microzooplankton production 

and grazing removal decrease uniformly towards 1 2 0  m, and grazing removal corre­

sponds to ^65% of daily secondary production by microzooplankton throughout the 

water column.

V .1.7 M odel-data comparison

The biogeochemical data available from the U.S. JGOFS EqPac field studies 

(Murray et al., 1994, 1995) provide measurements of many of the variables included 

in the lower trophic level ecosystem model (Table 2). These measurements are used 

for comparison with the simulated distributions for specific days and depths, as 

well as for comparisons on a depth-integrated basis. No direct measurements of 

phytoplankton biomass are available from the field studies. Thus, the cell count 

data obtained during the cruises (Table 2) were converted to algal group biomass as 

explained in Chapter 3 for comparison with model results.
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Some of the estimated physical and optical terms used in the simulations were 

also compared with cruise data. The mixed layer depth and underwater spectral 

irradiance values obtained at the nominal wavelengths (410, 441, 488, 520, 550, 560, 

589, 633, 656, 671, 683, 694 nm) during TS1 and TS2  cruises compare well with the 

simulated values (not shown).

The simulated mixed layer biomass concentrations of each algal group (Fig. 19A) 

and the 120-m integrated values (Fig. 19B) agree well with the corresponding concen­

trations calculated for the same time period from the U.S. JGOFS EqPac cruise data. 

The simulated distribution shows three blooms of Prochlorococcus (algal groups 1 

and 2 ) between YD110-YD160, YD200-YD255, and YD300-YD320, for which the 

biomass is as high as measured biomass during TS2.

The simulated time distribution of the algal groups shows a wide range of tempo­

ral variability, including a strong 6 -8 -day periodicity. This high frequency variability 

is not captured in cruise observations. However, general features observed during the 

cruises are reproduced by the simulations. The observations and simulation results 

show that the phytoplankton biomass is dominated by algal group 4 throughout the 

year, with algal group 1 +  2 being secondary in dominance (Figs. 19A and B). Early 

in the year, during El Nino conditions, the simulated and observed distributions 

show that the biomass associated with algal group 4 (autotrophic eukaryotes) and 

algal group 1 +  2 are similar and that algal group 3 dominates over algal group 5. 

Both observations and model results show that during the latter part of the year, 

the biomass of algal group 4 is double that of algal group 1 +  2 . Also, the observa­

tions and simulations show increases in the biomass of algal groups 3 and 5 during 

the second part of the year and the magnitude of this increase is comparable for 

both groups. The simulated distributions show that the temporal variability in the 

biomass of algal group 5 is higher than that for algal group 3 and that algal group 

5 dominates over algal group 3 occasionally. Measurements from the second U.S. 

JGOFS time series cruise on YD295 showed exceptionally high diatom concentra­

tions compared to other measurements on this cruise (1 versus 0.2 //mol C U 1 in 

the mixed layer). This single large increase in diatom biomass (algal group 5) is not
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Fig. 19. Simulated time distribution of the combined low light-adapted and 
high light-adapted Prochlorococcus (dotted line), Synechococcus (dashed line), au- 
totrophic eukaryotes (thick solid line), and large diatoms (thin solid line) in (A) the 
mixed layer (^mol C I-1), and (B) integrated (mmol C m~2) from the surface to 
120 m. The corresponding measurements for each algal group from the four U.S. 
JGOFS EqPac cruises are shown by A, *, x , and □, respectively. Measurements 
from the cruises do not distinguish between the two ecotypes of Prochlorococcus 
spp. Therefore, the simulated biomass values of algal groups 1 and 2  are summed up 
for comparison with the cruise measurements.
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Fig. 20. Simulated time distribution of daily-averaged primary production (A) in the 
mixed layer (pmol C l- 1d-1) and (B) integrated (mmol C m- 2d-1) from the surface 
to 120 m. The corresponding measurements from the four U.S. JGOFS EqPac cruises 
are shown with +.

reproduced in the simulation.

The simulated mixed layer and integrated primary production underestimates 

measured values from the U.S. JGOFS cruises (Figs. 20A and B). However, the 

simulated primary production values do reproduce the relative increase in primary 

production observed during the TS2  cruise which occurred during the latter part 

of the year. Primary production goes through several maxima/minima cycles dur­

ing the year with the maximum rate of 2.62 /imol C I- 1  d - 1  occurring on YD315. 

The simulated maxima in primary production on YD115-Y160, YD200-YD255, and 

YD300-YD315 are comparable to the primary production rates measured during the 

TS2 cruise.
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The simulated and observed accessory pigments in the mixed layer are in rea­

sonable agreement (Fig. 21 A). Comparison between the simulated and observed in­

tegrated accessory pigments (Fig. 21B) shows that the model-derived chlorophyll a 

overestimates the concentrations measured during the cruises (SI and TS1) in the 

first part of the year. Observations indicate that below 60 m chlorophyll a and 

other pigment concentrations were higher during the SI and TS1 cruises compared 

to S2  and TS2  cruises, whereas surface values were slightly lower during SI and TSl. 

The model successfully reproduces this difference in the chlorophyll a and pigment 

concentrations between two seasons (Figs. 21A and B).

The vertical profiles of chlorophyll a measured during the two U.S. JGOFS time 

series cruises provide an additional comparison for the simulated chlorophyll a values 

(Figs. 22A and B). The measured chlorophyll a profiles show a deep chlorophyll 

maximum between 50 and 80 m during the first cruise (YD83 to YD98), which is 

deeper than the chlorophyll maximum observed during the second cruise (YD272 to 

YD284) which occurred between 45 and 65 m. The simulated chlorophyll a profile 

reproduces the change in depth and the magnitude of the deep chlorophyll maxima 

observed between the two cruises. The chlorophyll a concentrations obtained during 

the TSl cruises show that chlorophyll a concentrations below 80 m are as high as 

the surface values, which are underestimated by the model (Fig. 22A).

The simulated concentrations of nitrate and ammonium compare well with con­

centrations measured during the U.S. JGOFS EqPac cruises (Figs. 23A and B). 

However, the simulated mixed layer silicate concentrations overestimated observed 

silicate concentrations. Below the mixed layer, the decrease in ammonium concen­

trations seen in the TS2 cruise data is reproduced in the simulated distributions.

The measured iron concentrations (Fig. 24A) in the surface waters were typically 

below the detection limit for this micronutrient. The simulated surface water iron 

concentration was near zero throughout the year. The simulated iron concentrations 

at 120 m (Fig. 24B) was within the range measured during the U.S. JGOFS time 

series cruises.

The simulated micro- and mesozooplankton biomass and distribution are difficult
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Fig. 21. Simulated time distribution of daily-averaged chlorophyll a (solid black line), 
chlorophyll b (dashed black line), chlorophyll c (dotted black line), photoprotective 
carotenoids (dashed lighter color (light blue) line), photosynthetic carotenoids (solid 
lighter color (orange) line), and phycoerithyrin (dashed and dotted black line) (A) 
in the mixed layer (p,g I-1) and (B) integrated (mg l-2) from surface to 120 m. The 
corresponding pigment measurements from the four U.S. JGOFS EqPac cruises are 
shown with black A, *, □ , + , lighter color (orange) A and x, respectively.
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Fig. 22. Simulated profiles of chlorophyll a (/ig I"1) for (A) YD83-YD98 and (B) 
YD272-YD284. The corresponding chlorophyll a measurements (A) from the two 
U.S. JGOFS EqPac time series cruises are shown for comparison.

to verify with measurements. However, some limited data are available (Table 2, 

Chapter 3). The simulated micro- and mesozooplankton concentrations are almost 

double the values measured during the U.S. JGOFS cruises (~18 versus ~10 mmol 

m~2 for microzooplankton and ~25 versus ~ 1 2  mmol m ” 2 for mesozooplankton). 

Direct comparison of the simulated and observed zooplankton biomass is problematic 

because they do not necessarily represent the same quantity. Thus, agreement within 

a factor of 2  is taken to be acceptable.

Similarly, little data are available for comparison with the simulated surface car­

bon fluxes (Fig. 16). The limited measurements that are available can be subject 

to considerable experimental error (Dunne and Murray, 1999). However, comparison 

of the simulated organic particulate carbon flux to measurements made during the 

U.S. JGOFS EqPac cruise is promising (Fig. 16). The simulated fluxes overestimate 

the measured fluxes, but direct comparisons between the two are difficult because 

the measured and simulated fluxes may not represent the same quantities. The
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Fig. 23. Simulated time distribution of daily-averaged nitrate (thick solid line), 
ammonium (thin solid line), and silicate (dotted line) (A) in the mixed layer (//mol 
I-1) and (B) integrated (mmol m^2) from the surface to 120 m. The corresponding 
measurements for nitrate (x),  ammonium (□), and silicate (A) from the four U.S. 
JGOFS EqPac cruises are shown for comparison. Ammonium concentrations are 
scaled by a factor of 1 0  for comparison purposes.
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Fig. 24. Simulated time distribution of daily-averaged iron (A) in the mixed layer 
(nmol I-1) and (B) at 120 m. The corresponding iron measurements (x) from U.S. 
JGOFS EqPac cruises are shown for comparison. Measured iron concentrations that 
are below the detection limit for iron (0.03 nmol I-1) are indicated by A.

simulated and observed organic particulate carbon fluxes show an increase in the lat­

ter part of 1992.

V .2 MODEL SEN SITIV IT Y  TO M ODEL STR U C TU R E

V.2.1 Algal group effect

To investigate the effect of each algal group on the structure and function of 

the lower trophic level ecosystem, simulations were done in which particular algal 

groups were eliminated from the model structure. The simulated annual integrated 

biomass, primary production, and annual carbon flux were calculated for each of 

these simulations and compared to the equivalent values obtained from the reference 

simulation. This provides a measure of the relative effect of each algal group.

The absence of algal group 4 has the most effect on the annual integrated biomass
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10

Fig. 25. Change (%) in annual integrated biomass, primary production (PP), and 
carbon fluxes (C flux) at 120 m produced when each algal group is removed from the 
model structure. The bars show the difference between the reference simulation and 
simulations with the modified model structure. The primary production and carbon 
flux changes are of similar magnitudes and are shown by a single bar.

relative to the biomass obtained from the reference simulation (Fig. 25). Without 

algal group 4, the annual integrated biomass is 20% less compared to the reference 

simulation results. The absence of algal groups 1, 2, 3, and 5 results in a reduction 

in the annual integrated biomass of 10% or less. The main characteristics of algal 

group 4, which gives it an advantage over other groups, is that it can adapt well to 

low nutrient conditions, contrary to algal group 5, and it can avoid grazing pressure 

better compared to smaller forms (i.e. algal groups 1-3) as explained in Chapter 4.

Removal of algal group 4 results in a 45% decrease in annual integrated primary 

production relative to the reference simulation. Considering that the reference sim­

ulation results indicate that this group is responsible for 69% of the annual primary 

production (Table 13), this results indicate that other groups replace 35% of carbon 

originally produced by this group. The absence of algal groups 2, 3, and 5 results in 

reductions in integrated primary production of 5% or less. Removal of algal group 

1 actually results in an increase in integrated primary production of about 1%. The 

effect of the absence of each algal group on carbon fluxes is similar in magnitude to 

the effect on primary production (Fig. 25).

■  Biomass

-50 -40 -30 -20 -10 0

Change (%)
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V .2.2 N utrient uptake

A unique characteristic of the lower trophic level ecosystem model is that 

Prochlorococcus spp., algal groups 1 and 2, do not take up nitrate but only use 

ammonium (Moore et al., 2002b). Modifications of the model structure to allow 

these algal groups to use nitrate results in increased Prochlorococcus spp. primary 

production of 17%, which corresponds to an increase of 7% in the primary production 

of the whole algal community. This modification in Prochlorococcus spp. nutrient 

uptake dynamics does not cause a significant change in the primary production of 

the other algal groups.

V.3 M ODEL SEN SITIV ITY  TO MODEL DYN AM IC S  

V.3.1 Iron concentration

The response of the lower trophic level ecosystem to changes in iron concentra­

tion was examined by doubling or halving the iron concentration at the base of the 

euphotic zone. Doubling the iron concentration at the base of the euphotic zone does 

not produce an iron replete upper ocean. Iron concentration in surface waters still 

remains below the detection limit of 0.03 nmol I-1. The increased iron at the base 

of the euphotic zone only affects the iron concentration during upwelling of waters 

from 120 m. It has little influence during downwelling periods.

Annual integrated primary production increases by 33% when the iron concen­

tration at the base of the euphotic zone is doubled. Algal group 4 shows the largest 

response to increased iron, with a primary production increase of 46% (Fig. 26). Al­

gal groups 2 and 3 show increased primary production of 7% and 5%, respectively 

(Fig. 26). Increased iron results in reduction of the integrated primary production 

of algal groups 1 and 5 of 12% and 10%, respectively (Fig. 26).

The increased iron concentration at 120 m results in only a 10% increase in the 

annual integrated biomass of the phytoplankton community. The increases in annual 

integrated biomass of algal groups 3 and 4 are less than the increases in their primary 

production values (Fig. 26). Increased iron concentration does not affect algal group

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



97

AGS

AG4

AG3

AG2i p p

I  Biomass AG 1
-20 -10 0 10 20 30 40 50

Change (%)

Fig. 26. Change (%) in annual biomass and primary production (PP) of each algal 
group (AG)  in response to doubling the iron concentrations at 120 m. The bars show 
the percent difference between the reference simulation and the modified model run.

2 biomass, but produces a decrease in the biomass of algal groups 1 and 5, that is 

larger than the decrease in their primary production.

The magnitude of response of the lower trophic levels to a 50% reduction in iron 

concentration at the base of the euphotic zone is less than their response to a 2  fold 

increase in iron (Fig. 27). The reduction in iron concentration gives a decrease in 

annual primary production of 2 1 %, and a decrease in annual integrated biomass of 

6 %. Algal group 4 is the most affected by decreased iron, with a 27% decrease in 

primary production.

Unlike the macronutrients, iron can be provided by atmospheric deposition and 

removed by particle scavenging. Elimination of the atmospheric iron flux results in 

a 16% decrease in annual integrated primary production and carbon fluxes (Fig. 27). 

Algal group 4 responds most strongly to the loss of this iron source, with reductions in 

primary production rate and biomass of 11% and 19%, respectively. Iron scavenging 

by particles, in contrast, does not have an appreciable effect on primary production, 

producing only a 4% decrease when not active (Fig. 27). This result agrees well with
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Fig. 27. Change (%) in annual integrated biomass, primary production (PP), and 
carbon flux (C flux) at 1 2 0  m in response to modifications in the manner in which 
iron is supplied. The bars show the percent difference obtained between the reference 
simulation and simulations in which iron (Fe) concentrations at 120 m are doubled 
(Fe x 2 ), reduced by 50% (Fe x 0.5), no iron scavenging (scav), no atmospheric 
(atm) iron deposition and no remineralization (remin)..

observations, that show that at low iron concentrations (< ~0.6 nM) most (>99%) 

of the dissolved iron is bound to organic ligands and is not strongly particle reactive 

(Van den Berg, 1995; Rue and Bruland, 1995, 1997). Overall, comparison of the 

effects of the different modifications to the iron sources (Fig. 27), shows that the 

changes in primary production and carbon fluxes are always greater than biomass 

changes.

V .3.2 Silicate concentration

The reference simulation results indicate that algal group 5 is not silicate limited 

because silicate values were rarely below 3 //mol I-1 . To test the response of the 

algal groups to reduced silicate concentrations, silicate at the bottom of the euphotic 

zone was reduced by 50%. This reduction resulted in a ^50% decrease in integrated 

silicate concentration (not shown). However, reducing silicate at the bottom of the 

euphotic zone mainly reduces the high silicate concentrations that occur during up- 

welling events and does not affect the low silicate values during downwelling periods.

' ..
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Therefore, only a slight decrease of 1 % in primary production of algal group 5 results 

from reduced silicate concentrations.

Y .4 PA R A M ET ER  SEN SITIV ITY

Many of the parameters used in marine ecosystem models are not well constrained 

by measurements (Doney, 1999). Information on zooplankton grazing rates is very 

limited (Armstrong, 1994). Little information is available on cellular nutrient con­

centration ratios of different algal groups (Sunda and Huntsman, 1995; Geider et al., 

1998; Takeda, 1998). Also, there are still many unanswered questions concerning the 

recycling (remineralization) of iron in oceanic surface waters (Bruland et al., 1994; 

Wells et al., 1995; Johnson et al., 1997; Fung et al., 2000; Jickells and Spokes, 2002).

In this study, the sensitivity of the model solutions to variations in zooplankton 

grazing rates, cellular nutrient concentration ratios, and iron remineralization was 

tested. In previous studies Friedrichs and Hofmann (2001) used ±25% difference of 

original parameter values and Fennel et al. (2003) used a difference of ±50%. In this 

study a difference of ±25% is preferred, because this difference is within the vari­

ance of environmental conditions for the grazing rates (Landry et al., 1995; Verity 

et al., 1996), cellular nutrient concentrations Sunda and Huntsman (1995) and iron 

remineralization (Bruland et al., 1994; Johnson et al., 1997). The effect of variations 

in these parameters was assessed using yearly primary production, vertical carbon 

fluxes at 120 m, carbon biomass of the 5 algal groups, and the concentrations of 

nutrients as diagnostics.

G r a z in g

At 0°N, 140°W in the equatorial Pacific grazers, particularly microzooplankton, 

remove most of the daily production of phytoplankton biomass (Landry et al., 1997). 

To explore the influence of grazing on primary production and biomass, grazing rates 

of microzooplankton and mesozooplankton were varied by ±25% of their value used 

in the reference simulation (cf. Tables 7 and 12).
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Simulation results show that the magnitude of the phytoplankton biomass de­

pends strongly on the grazing parameters. Variation of the microzooplankton grazing 

rates of ±25% produces ~±19%  changes in primary production and biomass. This 

magnitude of change is indicative of an ecosystem under top-down control (Klein 

and Steele, 1985). A similar change in primary production and biomass is observed 

when the grazing rates of mesozooplankton are varied, but the nature of the change 

is complex. For example, reduced grazing pressure on microzooplankton by mesozoo­

plankton results in increased grazing pressure on phytoplankton by microzooplankton 

which reduces the phytoplankton biomass. Variations in the mesozooplankton graz­

ing rate have the strongest influence on algal group 5, because this group is directly 

grazed by mesozooplankton. A 25% decrease in the mesozooplankton grazing rate 

resulted in a 27% increase in algal group 5 annual primary production and biomass 

and produced a shift towards a diatom-dominated phytoplankton community.

Cellular iron to carbon ratios

In the model, growth rates of the algal groups are estimated as a function of 

cellular nutrient concentrations (section 4.5). Specified minimum cellular nutrient to 

carbon ratios set the limit for zero growth rate. Because iron is the primary nutrient 

limiting phytoplankton growth at 0°N, 140°W, only variations in the cellular iron to 

carbon ratio (KQFei, Table 7) were tested.

Perturbing minimum cellular iron to carbon ratios by ±25% results in a ±11% 

variation in primary production and export flux and no significant effect in biomass 

relative to the reference simulation. The effect of changing the iron to carbon ratio 

is greatest for algal groups 4 and 5 compared to the other algal groups. For example, 

decreasing the minimum limit of iron to carbon ratios by 25% results in an increase 

of 20% in algal group 4 primary production, and essentially no effect on algal group 

1 .

Iron  rem inera liza tion

Recycled iron via remineralization is responsible for 40% of the simulated annual
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primary production and about 3% of the annual integrated biomass (Fig. 27). The 

effect of recycled iron on the primary production differs for each algal group. Al­

gal group 4 responds most strongly, with its production reduced by half when iron 

remineralization is not active. The primary production of algal groups 2 and 3 also 

decrease (30 and 37% decrease, respectively). However, the absence of iron reminer­

alization enhances the primary production of algal groups 1 and 5 by 20 and 30%, 

respectively.

V.5 M ODEL SEN SITIV ITY  TO PH Y SIC A L FORCING

Effects o f  modified physical forcing fields

To investigate the effects of variations in environmental forcing on the lower 

trophic levels, the model was forced with time series of vertical velocity (w), dif- 

fusivity coefficient (Kz), mixed iayer depth, temperature (T), and light that were 

modified relative to the ones used in the reference simulation. Temperatures at 120 

m determine the concentrations of nutrients, which are carried into surface waters 

via upwelling, mixing in the mixed layer, and diffusion. The light field is one of 

the main driving mechanisms for algal growth (section 4.4). The effect of the modi­

fied environmental time series was assessed by comparing the annual phytoplankton 

biomass and primary production estimates and carbon fluxes at 1 2 0  obtained from 

the simulations.

Primary production is most sensitive to decreased vertical velocity (Fig. 28), with 

a 50% decrease in vertical velocity producing a 46% decrease in annual primary pro­

duction. The response of the annual integrated phytoplankton biomass to reduced 

vertical velocities is less, with only an 11% reduction. Increasing vertical velocities 

by 50% results in a 32% increase in annual primary production (Fig. 28). Annual 

biomass increases by 1 0 %, indicating a decoupling in the responses of primary pro­

duction and biomass. The change in carbon flux resulting from decreased vertical 

velocity is similar to what is seen for primary production, with a 58% decrease at 

120 m. Increasing vertical velocity produces only a 15% increase in carbon flux at
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Fig. 28. Change (%) in annual biomass, primary production (PP), and carbon fluxes 
(C flux) at 120 m in response to modifications in the vertical velocity time series that 
is input into the model. The bars show the percent difference between the reference 
simulation and simulations in which the vertical velocities (w) at 1 2 0  m were doubled 
(2 x w) and reduced by 50% (0.5 x w ).

120 m.

Changes in the vertical velocity fields produce changes in the amount of nutrients 

injected into the upper ocean, which in turn affects the relative abundance of the 

five algal groups. Decreased vertical velocities favor algal groups 1 and 5 (Fig. 29). 

Algal group 5 is diminished somewhat by decreased vertical velocities, but less so 

than algal groups 2  to 4. Algal group 4 annual primary production is reduced by 

~50% by a 50% reduction in vertical velocities.

Increased vertical velocities shift the phytoplankton community assemblage to­

wards larger algal groups, with the primary production of algal groups 4 and 5 

increasing by 43% and 2 2 %, respectively. Although the primary production of algal 

group 5 increases considerably, its biomass is essentially unchanged from that in the 

reference simulation. Primary production associated with the other groups is only 

slightly modified by increased vertical velocities (Fig. 29).

Fixing the mixed layer at 44 m produces a shallower mixed layer during El Nino 

conditions and a deeper mixed layer later in the year (cf. Fig. 4C). The deeper mixed 

layer post-El Nino results in an annual increase in primary production of 17%. A

C flux
■ PP
■ Biomass
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Fig. 29. Change (%) in annual primary production of each algal group in response 
to modifications in the vertical velocity time series that is input into the model. The 
bars show the percent difference between the reference simulation and simulations in 
which the vertical velocities (w) at 120 m were doubled (2 x w) and reduced by 50% 
(0.5 x w).

deeper mixed layer favors all of the groups, except algal group 1. A deeper mixed 

layer results in these phytoplankton cells being moved into the high-light surface 

waters, which produces light inhibition of growth.

A constant minimal vertical diffusive flux (Kz) of 0.036 m2 d - 1  decreases the 

annual primary production and carbon flux by 13% and 14%, respectively. The 

effect of diffusive fluxes on each algal group differs. A reduced vertical diffusive flux 

results in a decrease in primary production for algal groups 2 to 4, with algal group 

4 being the most affected group with a decrease in primary production of 15%. The 

primary production of algal group 1 increases by 28% in response to reduced vertical 

diffusion, and primary production of algal group 5 increases slightly (1%).

Decreased vertical diffusive fluxes result in a decrease in total annual algal 

biomass, although this decrease (5%) is much less than the decrease in annual inte­

grated primary production. The change in algal group biomass to decreased vertical 

diffusivity is small relative to the change in their primary production. Algal group 

1 is the most affected group, with a 17% increase in biomass. The biomass of the
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other algal groups decreases with algal group 5 being the most affected group (11% 

decrease in biomass).

Temperature not only determines the nutrient levels at the bottom of the model 

domain (section 4.10), but it also affects the growth rates of algal groups (section 4.3). 

Thus, a 5°C increase in temperature results in a decrease in nutrient concentrations 

and an increase in phytoplankton growth rates. The opposite occurs for a decrease 

in temperature. Simulations in which the temperature was decreased or increased by 

5°C resulted in a small (5%) decrease in total annual primary production.

The effect of cloud cover on photosynthetic potential of the algal groups was 

investigated with simulations that did not include cloud reduction of the surface ir- 

radiance (i.e. clear sky). These simulations show that the effect of cloud cover on the 

total annual primary production is small (4% increase) for 1992 because the cloud 

cover in the region was not extensive for this time. Comparison of the simulations 

with and without clouds, however, shows that clouds can inhibit or dampen phy­

toplankton blooms. For example, with clear sky conditions a phytoplankton bloom 

occurs between YD60 and YD90, which is not present in the simulations that include 

cloud cover.

The effect of cloud cover on each algal group also differs with small groups (algal 

groups 1 to 3) being the most affected groups. The removal of cloud cover results 

in an increase in primary production of algal groups 1 to 3 by ~ 8 %; whereas, the 

increase in primary production of algal group 4 is less (1%) and primary production 

by algal group 5 is decreased by 3%.

Relative effects o f  physical forcings at different frequencies

The environmental time series used to force the reference simulation exhibit vari­

ability over a wide range of time scales. To investigate the effect of variability at the 

different time scales, the model was forced with a constant mean vertical velocity for 

1992 (1.6 m d_1), time series that were 40-day low-pass filtered (Figs. 30A-D), which 

retain low frequency motions such as Kelvin waves, and time series that were 20-day 

high-pass filtered (Figs. 31A-D), which retain high frequency motions such as TIWs
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and IGWs.

For a constant positive vertical velocity (upwelling) recycled iron is not removed 

from the surface waters and as a result accumulates below the mixed layer. This 

artificial accumulation of iron results in a 25% increase in phytoplankton primary 

production. A constant vertical velocity removes the high frequency variability in 

the phytoplankton biomass and increases the difference in biomass between the first 

and latter parts of 1992.

Modification of the vertical velocity field by filtering out high or low frequency 

motions reduces the advective input of recycled iron from the lower boundary of the 

model, which artificially accumulates iron below the mixed layer. As a result, the 

high and low-pass filtered vertical velocity fields yield increased primary production 

of 47% and 15%, respectively.

Analysis of the frequencies of the motions in the vertical velocity fields shows 

that in 1992 motions with periods of 42-75 days dominated, which is reflected in 

the phytoplankton distributions obtained from the reference simulation (Fig. 19). 

The 40-day low-pass filtered time series (Figs. 30A-D) produces periodicity in the 

simulated algal groups with frequencies of 42-75 days (Figs. 32A and B). Moreover, 

the low frequency motions are responsible for the sustained (~40 days) decreases 

in algal biomass, such as those that occur during YD30-YD60, YD70-YD120, and 

YD160-YD220 (Figs. 32A and B). The amplitudes of the fluctuations in biomass are 

larger than those seen in the reference simulation. For example, the biomass of algal 

group 4 in the mixed layer increases by a factor of 5 between YD102 and YD123 

(Fig. 32A); whereas, the reference simulation shows a tripling in biomass for this 

algal group during the same time period (Fig. 19A). A similar trend is also observed 

for algal group 5.

The time series analysis of the vertical velocities also showed significant vari­

ability at frequencies of 8-26-days, which includes TIWs (20-day period, Qiao and 

Weisberg, 1995; Yu et al., 1995) and IGWs (6 -8 -day period, Wunsch and Gill, 1976; 

Friedrichs and Hofmann, 2001). Input of the high-pass filtered environmental time 

series (Figs. 31A-D) shows that these high frequency motions produce fluctuations
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Y ear Day 1992
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Y ear Day 1992
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Y ear Day 1992

Fig. 30. Time series of 40-day low-pass filtered (A) surface temperature (thick solid 
line) and temperature at 120 m (thin solid line), (B) vertical velocity (w ) at 40 
m, (C) mixed layer depth (MLD), and (D) vertical diffusivity coefficient (Kz) at 
25 m estimated from observations obtained from the TAO mooring at 0 °N, 140°W 
as discussed in Chapter 3. Fast Fourier Transform (FFT) is used to determine the 
frequency spectra and to low-pass filter the time series. By using the FFT the high 
frequency motions with periods lower than 40 days are removed. Shaded regions 
denote the El Nino season.
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Fig. 31. Time series of 20-day high-pass filtered (A) surface temperature (thick 
solid line) and temperature at 120 m (thin solid line), (B) vertical velocity (to) at 40 
m, (C) mixed layer depth (MLD), and (D) vertical diffusivity coefficient (Kz) at 25 
m estimated from observations obtained from the TAO mooring at 0 °N, 140°W as 
discussed in Chapter 3. Fast Fourier Transform is used to determine the frequency 
spectra and to high-pass filter the time series. By using the FFT the low frequency 
motions with periods higher than 20 days are removed. Shaded regions denote the 
El Nino season.
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Fig. 32. Same as Fig. 19, but using the 40-day low-pass filtered environmental time 
series shown in Figs. 30A-D.

in phytoplankton biomass that have smaller amplitudes than those produced by the 

low frequency time series (Fig. 33A and B). Also, the amplitude of the variability 

is smaller compared to the biomass distributions obtained from the reference simu­

lation. Total phytoplankton biomass is higher than observations (Fig. 33), and the 

difference in biomass (relative to the reference simulation) between the El Nino part 

of the year and the rest of the year decreases.

The highest simulated algal biomass occurs on YD285 (Fig. 33B) which happens 

to coincide with the time of observations made during the U.S. JGOFS TS2  cruise. 

The algal biomass for the rest of the simulations is lower, which is in contrast to the 

reference simulation results which show three other periods with algal biomass that 

is higher than observed during the TS2 cruise. The high frequency environmental 

time series result in increases in the biomass of algal groups 4 and 5 during the El 

Nino period relative to the other groups.

The accumulation of iron below the mixed layer that occurs in response to the
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Fig. 33. Same as Fig. 19, but using the 20-day high-pass filtered environmental time 
series shown in Figs. 31A-D.

high or low-pass filtered environmental time series was eliminated by setting the iron 

remineralization rate to a very low value (0.01 d-1). For comparison, an equivalent 

simulation was done with the reference model. Without the effect of iron accumula­

tion, the annual phytoplankton primary production and annual carbon flux decrease 

by ~5% in response to low frequency events. High frequency motions increase the 

annual primary production and the annual carbon flux increases by ~30%.

V.6 LONG TERM  SIM ULATIONS (1991-1999)

The ecosystem model described in chapter 4 was used to do a ~ 8 -year simulation 

(1991-1999) at 0°N, 140°W (the Cold Tongue region). The TAO data that are used 

to construct the environmental time series that are input to the model are almost 

continuous during this time. More important for this study, the 1990s were character­

ized by three El Nino events (1991-1993, 1994-1995, and 1997-1998) and two La Nina

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110

events (1995-1996 and 1998-1999). This period also featured the strongest El Nino of 

the century (1997-1998) (McPhaden, 1999), as well as two consecutive periods of El 

Nino conditions during 1991-1995 without an intervening cold episode. Equivalent 

9-year simulations were done for the Warm Pool (0°N, 165°E) as comparison. The 

Southern Oscillation Index (SOI), which is a measure of large-scale fluctuations in 

air pressure between the western and eastern tropical Pacific (Trenberth and Hoar, 

1996), is used to determine the warm and cold ENSO phases for 1991-1999.

V .6.1 Cold Tongue environm ental tim e series

The temperature time series (Fig. 34A) obtained at 0°N, 140°W from the TAO 

mooring shows prolonged periods of negative SOI values that coincide with abnor­

mally warm (>28°C, at the surface) ocean waters, which are conditions that are 

typical of El Nino events (Philander, 1990). Conversely, prolonged periods of posi­

tive SOI values coincide with abnormally cold (<24°C, at the surface) ocean waters, 

which is typical of La Nina conditions. The time series of the SOI and sea surface 

temperatures (Fig. 34A) indicate that the ENSO cycle (El Nino to La Nina) has an 

average period of about four years at 0°N, 140°W.

The temperature and SOI time series (Fig. 34A) show that a warm event (El 

Nino) starts to develop in September 1991 which persists until the end of April 1992. 

After April 1992, the system shifts into a cold phase with SOI values being close 

to zero. This cold phase is sustained until the beginning of 1993 when the SOI 

becomes negative and stays negative until the end of the year. During 1993 the 

warm waters (28°C) are confined to the surface between March and June and do 

not penetrate below 60 m. Towards the end of 1993 the system shifts into a cold 

phase with the SOI index being close to zero. This is followed by the 1994-1995 

El Nino which persists until mid-1995. The first La Nina of the decade is observed 

when surface water temperatures drop to 22°C at the end of 1995. The SOI stays 

positive until February 1997 after which the strongest recorded ENSO occurs. The 

SOI stays negative until the beginning of 1998, and the surface waters remain near 

30°C for almost a year. During this period the surface ocean is completely stratified

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I l l

EN EN LN EN LN

1991 1992 1993  1994 1995  1996  1997 1998

1991 1992 1993 1994 1995  1996  1997 1998
Yeor

0.006

0.004

0.002

0.000
1991 1992 1993  1994  1995  1996 1997 1998

Yeor

Fig. 34. (A) Depth-time distribution of temperature, time series of (B) esti­
mated mixed layer depth (MLD) and, (C) aeolian iron flux (Ginoux et ah, 2001) 
for 1991 to 1999. The temperature and mixed layer depth arc from the TAO 
mooring at 0 °N, 140°W. The Southern Oscillation Index (SOI), obtained from the 
U.S. Department of Commerce National Oceanic and Atmospheric Administration 
(http://www.elnino.noaa.gov/) is shown, by the white line and the black line indi­
cates the zero SOI. The time periods of El Ninos (EN, red) and La Ninas (LN, blue) 
are shown. Lighter colors indicate higher temperature.
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with warm (30°C) waters extending to 1 2 0  m. Towards the end of 1997 the system 

starts to shift into a La Nina phase, and the coldest surface temperatures (~20°C) 

of the decade are observed during 1998.

The buildup and waning of 1991-1992 and 1997-1998 El Ninos show similar char­

acteristics. At the beginning of the 1991-1992 and 1997-1998 El Ninos the warming 

of the surface waters occurred rapidly and warm waters immediately penetrated to 

100 m deep. However, cooling is more gradual, and the subsurface waters, around 

120 m, start to cool in the middle of the El Nino event and cold waters reach ~60 

m before the buildup of the cold episodes.

The time series of temperature (Fig. 34A) at the bottom of the model domain 

can also give indications about the state of the EUC. Equatorial Under Current is 

generally indicated by temperatures between 15°C and 20°C in the equatorial Pacific 

(Halpern, 1980; Tomczak and Godfrey, 1994). The temperature time series show 

that EUC is missing within the euphotic zone during the three El Nino events (1991, 

1994, and 1997). However, during the cold phases of the ENSO, the temperatures 

at 120 m are below 20°C indicating the intrusion of EUC into the euphotic zone. In 

particular during the 1997 La Nina the 20°C isotherm is lifted up to the sea surface, 

indicating that during this period, EUC is reaching the sea surface.

The mixed layer depth time series (Fig. 34B), which is computed from temper­

ature measurements as described in section 3.1, shows depths in excess of 100 m 

during the El Nino episodes. During the cold phases, the mixed layer depths are 

shallow, averaging 30 m. The shoaling of mixed layer depths during the cold phases 

is the result of shoaling of the isotherms during these periods.

The mixed layer depths are persistently shallow throughout 1998, which corre­

sponds to the strong La Nina episode. A sharp decrease in mixed layer depth occurs 

towards the end of 1997, and during 1998 the mixed layer depth stays at ~20 m, and 

shows little variation at depth.

The aeolian iron flux obtained from Ginoux et al. (2001) indicates a strong an­

nual variability in iron deposition (Fig. 34C). The lowest deposition occurs during
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Fig. 35. Time series of simulated (A) integrated downwelling irradiance (PAR) 
just below the surface and (B) daily integrated downwelling irradiance arriving 
at 20 m (solid line), 60 m (thin solid line), and 100 m (dotted line). These re­
sults are obtained for the Cold Tongue region at 0°N, 140°W from the model de­
scribed in section 4.2. The Southern Oscillation Index (SOI), obtained from the 
U.S. Department of Commerce National Oceanic and Atmospheric Administration 
(http://www.elnino.noaa.gov/) is shown by the dashed grey line and the solid grey 
line indicates the zero SOI.

February-April and the highest during August-October. Years 1991 and 1996 cor­

respond to a high dust deposition period and in 1992 and 1998 iron deposition is 

low.

The simulated downwelling irradiance field shows that the effect of cloud cover 

is correlated with the SOI in the Cold Tongue region (Figs. 35A and B). During 

times of strong negative SOI, cloud cover can reduce the intensity of the surface 

irradiance by 80%. The strongest effect of cloud cover on the downwelling irradiance 

was observed during the 1992 and 1997-1998 El Nino events. While the cloud cover 

can significantly reduce the irradiance, its effect on the depth of the euphotic zone 

is minimal, producing only a 3 m decrease in the euphotic zone depth during high 

cloud cover periods.
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Fig. 36. Simulated time distribution of primary production (A) in the mixed layer, 
and (B) integrated over the water column (120 m) in the Cold Tongue. Shaded 
regions denote the peak periods of the negative phases of the Southern Oscillation 
Index (SOI).

V .6.2 Phytoplankton

The simulated time evolution of primary production at 0°N, 140°W for 1991 to 

1999 (Fig. 36) shows that the transition periods between El Nino and La Nina events 

are the times of greatest change in primary production. The times of negative change 

in the SOI coincide with low simulated primary production values (Figs. 36A and 

B). The lowest primary production values occurred during the 1997 (10 mmol C m - 2  

d^1), 1992 (12 mmol C m - 2  d” 1), and 1995 (20 mmol C m " 2 d-1) El Nino events. 

Once the SOI starts to shift towards positive, the simulated primary production 

begins to increase and reaches values that are about a factor of 6  greater than those 

during the negative SOI phase.

The recovery from El Nino conditions begins prior to full development of La Nina 

conditions. Observations show that the intrusion of cold waters into the euphotic zone
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starts ~4  months before the SOI turns positive (Fig. 34A). During this period the 

estimated mixed layer depth is still deep compared to the post El Nino phases (Fig. 

34B). This combination of cold water intrusion with deep mixed layers introduces 

nutrients, especially iron in the surface waters, and results in the simulated La Nina 

bloom at the time when the SOI shifts towards positive (Figs. 36A and B). During 

periods of persistently high SOI, such as during 1996 and early 1997, the algal groups 

can sustain high primary production rates (Fig. 36).

The simulated depth-time distributions of the five algae groups at 0°N, 140°W 

for 1991-1999 (Figs. 37A-E) show that algal groups 2  to 4 bloom during the end of 

the negative phases of SOI. The times of highest biomass of algal groups 1 and 5 

coincide with low biomass periods of other groups.

Algal group 4 dominates the algal biomass at all times (Fig. 37) and undergoes 

large blooms in May-August 1993, April 1994, May-June 1995, April 1996-March

1997, and February-April 1998. The biomass of algal groups 2 and 3 is also high 

during these times, but show less temporal variability than algal group 4. The 

largest blooms of algal group 1 and 5 are in April-June 1995 and February-August

1998. During April-May 1998 the biomass of algal group 5 is similar to the biomass 

of algal group 4.

The spatial and temporal variations in the algal groups seen in the one-year 

reference simulation (Figs. 6 A-E) also occur at interannual scales. In the 9 -year 

simulation, maxima in biomass of algal group 1 occur below the mixed layer (Fig. 

37A) and maxima of algal group 2 occur in the mixed layer (Fig. 37B). Synechococcus 

spp. (algal group 3) is less abundant compared to Prochlorococcus (algal group 2 +  

3, Fig. 37C), with the average water column biomass of the two being 2 1  mmol C 

m ~ 3 and 41 mmol C m-3, respectively. The majority of the biomass of algal group 4 

is at depths shallower than 45 in (Fig. 37D) and that for algal group 5 is at depths 

deeper than 45 m (Fig. 37E).

The simulated time-depth distribution of chlorophyll a concentrations obtained 

from the sum of all five algal groups (Fig. 38) shows that chlorophyll a in the mixed 

layer varies from 0.3 to up to 1.0 pg I- 1  on interannual time scales. A deep chlorophyll
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Fig. 37. Simulated depth-time biomass (pmol C l'_1) distributions of (A) low light- 
adapted Prochlorococcus (algal group 1), (B) high light-adapted Prochlorococcus 
(algal group 2 ), (C) Synechococcus (algal group 3), (D) autotrophic eukaryotes 
(algal group 4), and (E) large diatoms (algal group 5) in the Cold Tongue re­
gion at 0°N, 140°W. The Southern Oscillation Index (SOI) obtained from the 
U.S. Department of Commerce National Oceanic and Atmospheric Administration 
(http://www.elnino.noaa.gov/) is shown by the white line and the red line indicates 
the zero SOI. Lighter colors indicate higher concentrations.
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Fig. 38. Simulated depth-time distribution of chlorophyll a (pg I-1) at 0°N, 140°W 
obtained from the sum of all five algal groups. Lighter colors indicate higher concen­
trations.

maximum is always present at 0°N, 140°W even during the 1997 El Nino period, when 

surface chlorophyll a values are particularly low (<0.2 pg I-1). During the nine-year 

simulation there were 1 0  periods where the surface chlorophyll a values are above 0 . 6  

pg I- 1  (e.g., May-July 1993, March 1998) (Figs. 38 and 39). The deep chlorophyll 

maximum concentrations at these times are ~0.8 pg I- 1  (Fig. 38). Also, there are 

periods with subsurface chlorophyll a values of ~ 0 . 8  fig I-1 , which correspond to 

surface chlorophyll a values below 0.4 pg I- 1  (e.g., April 1998, Fig. 38).

The comparison of simulated chlorophyll a versus SeaWiFS chlorophyll a (Fig. 

39) shows that the simulated La Nina bloom occurs earlier than the observed bloom 

but with a similar magnitude. The observed sharp decrease in chlorophyll a after 

La Nina bloom and the peak at the end of 1998 are reproduced by the simulated 

chlorophyll distribution. The high frequency oscillations that occur with 6-20-day 

periodicity in the simulated chlorophyll a fields are also consistent with the SeaWiFS 

chlorophyll a observations.

V .6.3 N utrients

The simulated depth-time concentration distributions in the upper 120 m of the 

three macronutrients and one micronutrient at 0°N, 140°W are low during the El 

Nino periods and high during the La Nina periods (Figs. 40 A-D). The lowest nutrient
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Fig. 39. Comparison of simulated chlorophyll a (black) with chlorophyll a derived 
from Sea-viewing Wide Field of view Sensor (SeaWiFS) measurements (grey) at at 
0°N, 140°W. The SeaWiFS data set begins in Fall 1997.

concentrations occur during the middle of the warm El Nino periods (negative SOI) 

after which they increase towards the end of the negative phase of SOI. All nutrients 

are close to depletion during the 1997 El Nino and concentrations are especially low 

during the 1991 and 1994 El Nino periods (Figs. 40 A-D). Nitrate, iron, and silicate 

reach their highest values during the initial part of the positive SOI phases. The 

highest simulated nutrient concentrations at 120 m occur during the 1998 La Nina. 

During the 1997-1998 ENSO, nutrient concentrations start to increase at the end of 

the SOI negative phase.

Simulated nitrate concentrations are particularly low during the three El Nino 

periods (1991, 1994, and 1997, Fig. 40A) and decrease to a minimum of ~ 2  /xg I- 1  in 

1997. The highest nitrate concentrations occur in mid-1998 in association with the 

1998 La Nina.

Ammonium is generally depleted (<0.1 /xmol I-1) within the mixed layer during 

most of the decade (Fig. 40A). The ammonium concentrations reach maximum values 

during the last 4 months of the negative SOI phase (March 1992, June 1993, March 

1995, and February 1998).

Similar to ammonium, iron is also depleted in the mixed layer (<0.03 nmol l-1).
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Fig. 40. Simulated depth-time distributions of the concentrations of (A) nitrate, (B) 
ammonium, (C) iron, and (D) silicate in the Cold Tongue. The Southern Oscillation 
Index (SOI), obtained from the U.S. Department of Commerce National Oceanic 
and Atmospheric Administration (http://www.elnino.noaa.gov/) is shown by the 
white line and the red line indicates the zero SOI. Lighter colors indicate higher 
concentrations.
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Simulated iron concentrations are almost completely depleted within the whole water 

column during the three El Nino periods (1991, 1994, and 1997). High iron values 

coincide with both high nitrate and high ammonium values. For example, at the 

beginning of 1998, similar to ammonium, an iron maximum (0.25 nmol I-1) occurs 

around 80 m. The highest iron concentrations (0.3 nmol I-1) occur at 120 m in 

mid-1998, similar to the nitrate concentrations.

The simulated silicate distribution follows a pattern similar to nitrate (Fig. 40D). 

Simulated silicate concentrations are low during the three El Nino periods (1991, 

1994, and 1997), although concentrations are never depleted during the 1991 and 

1994 El Ninos. Contrary to nitrate, silicate is completely depleted (~0 pg I-1) in the 

upper 100 m during the 1997 El Nino. The highest silicate concentrations also occur 

during mid-1998, associated with the 1998 La Nina.

Im pact o f  t im e  variable iron deposition  on p r im a ry  production

Using a mean constant aeolian iron deposition instead of using the time variable 

iron deposition (Fig. 34C) does not change the integrated annual primary production 

in the Cold Tongue region. The maximum difference in primary production between 

the two model runs is 0.5 pmo\ C I- 1  d - 1  (Fig. 41A). This small difference indicates 

that the time variability in aeolian iron deposition is not strong enough to significantly 

alter the annual integrated production of phytoplankton blooms in the Cold Tongue 

region (Fig. 36A).

The effect of a time invariant iron deposition is shown best by the difference 

in primary production obtained from the reference simulation and the constant iron 

source simulation (Fig. 41 A). The largest difference occurs during years 1995 and 1996 

when iron deposition is particulary high (Fig. 34C). However the percent difference 

in primary production between the two models runs (Fig. 4IB) does not follow this 

pattern. Variable iron deposition increased primary production up to 40% during 

year 1995 and also decreased primary production up to 100% in 1998 (Fig. 41B). 

The difference in primary production for 1995 and 1998 is high (Fig. 41B), although 

the actual reduction in primary production is small (Fig. 41 A). During these periods 

the actual simulated primary production is low (Fig. 36A). The large percent change
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Fig. 41. Change in primary production in the Cold Tongue mixed layer in response to 
setting the aeolian iron deposition to a mean value of 0.013 nmol l - 1  h -1. Actual (A) 
and percent (%) (B) difference between the reference simulation and the simulation 
in which a constant (time invariant) aeolian iron deposition is used. Straight solid 
lines in both panels indicate the zero difference between two model runs.
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due to variations in the iron input source suggests that aeolian iron deposition is 

responsible of a major part of primary production during these seasons.

V .7 DIEL VARIATIONS IN M IXED LAYER D E PT H

The deepest seasonal mixed layers (^120 m) occur during the El Nino periods 

(Fig. 34B) and the shallowest (10-30 m) occur during La Nina conditions in the Cold 

Tongue region. Superimposed on the seasonal change is strong diurnal variability in 

mixed layer depth (Fig. 42), which is caused by the diurnal heating of the surface 

waters. Heating stratifies the surface waters during the day, and convective cooling 

mixes the water at night (Price et al., 1986; Schudlich and Price, 1992). Recently, by 

using a neutrally buoyant float in the northeast Pacific Ocean D’Asaro et al. (1996) 

proved that the depth of the active mixing shows variability between day and night.

In the equatorial Pacific Ocean variations in the depth of the diel mixed layer
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Fig. 42. Mixed layer depth (MLD) during the first 10 days of year 1997 estimated 
from temperature measurements from the TAO mooring at 0°N, 140°W. The up­
per and lower solid lines indicate the nighttime and daytime mixed layer depths, 
respectively.

using the 1°C difference from the SST criterion, are up to 110 m during El Nino 

periods, but are seldom over 25 m during La Ninas. The strongest diel fluctuations 

in the mixed layer depth are estimated for the 1997-1998 El Nino, which are as great 

as 1 1 0  m.

Night-time mixed layer deepening entrains nutrient-rich waters into the mixed 

layer and dilutes the phytoplankton biomass. Daytime shoaling of the mixed layer 

confines these nutrient-rich waters to a high light environment that accelerates bi­

ological production. Simulations that use a mixed layer depth that undergoes a 

diurnal deepening and shallowing show that this process can significantly affect the 

distribution of chlorophyll a, and influence primary production by pumping nutrients 

upward and by controlling light levels experienced by phytoplankton (not shown). 

Many of the biochemical pools included in the lower trophic level model have strong 

gradients in the upper 1 0 0  m of the ocean and high frequency oscillations in the 

depth of mixing can be important in enhancing vertical exchange in surface waters. 

Those components of the lower trophic level ecosystem with high surface concentra­

tions (i.e. phytoplankton and zooplankton) are mixed downwards, while those with 

concentrations that increase with depth (i.e. nutrients) are pumped upward.

Inclusion of a diurnally-varying mixed layer depth increases the simulated annual
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primary production by 9% compared to using only a daytime (minimum) mixed layer 

depth. The night-time (maximum) mixed layer depth produces only a 1.4% increase 

in annual primary production, relative to the value obtained using a variable mixed 

layer depth.

The diurnal dilution of phytoplankton biomass provides a mechanism for trans­

porting particulate m atter downward and out of the surface layer. However, the 

simulation results suggest that this may not be a significant contributor to export 

fluxes, consistent with observations (Gardner et al., 1999). The simulated carbon 

flux at 120 m is 9% higher for a diurnally varying mixed layer relative to the value 

obtained from simulations that used the daytime (minimum) mixed layer depth.

V .8 CO M PARISO N OF TW O ECOSYSTEM S, COLD TO N G U E V E R ­

SUS W ARM  POOL 

V .8.1 Warm Pool environm ental tim e series

The effect of the SOI on the Warm Pool differs from that observed for the Cold 

Tongue region. The water temperatures at 120 m begin cooling right after the SOI 

switches to the negative phase (El Nino) and continue to decrease during the nega­

tive phase (Fig. 43A) unlike the Cold Tongue where El Nino conditions correspond 

to anomalously warm waters. During the positive phases of SOI (La Nina) water 

temperatures in the Warm Pool region are warmer than usual (Fig. 43A).

The surface waters in the Warm Pool stayed around 29°C throughout the decade 

of the 1990s, except for two cold periods (27°C) at the end of 1995 and during 1998 

(Fig. 43A). The warmest waters at 120 m are observed during the end of the 1995- 

1996 La Nina which corresponds to a cool period in the Cold Tongue. The coldest 

waters are observed towards the end of the 1997 El Nino; whereas, during this period 

anomalously warm waters extend down to 100 m in the Cold Tongue region. The 

other cold period is during 1995, which corresponds to the end of the 1994-1995 El 

Nino.

The estimated mean mixed layer depths in the Warm Pool region are deeper
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Fig. 43. Depth-time distribution of (A) temperature, (B) estimated mixed layer 
depth (MLD) and, (C) aeolian iron flux (Ginoux et al., 2001) for 1991 to 1999 for 
the Warm Pool (0°N, 165°E) region. The temperature and MLD arc from the TAO 
mooring at 0°N, 165°E. The Southern Oscillation Index (SOI), obtained from the 
U.S. Department of Commerce National Oceanic and Atmospheric Administration 
(http://www.elnino.noaa.gov/) is shown by the white line and the black line indicates 
the zero SOI. The time periods of El Ninos (EN, red) and La Ninas (LN, blue) are 
shown. Lighter colors indicate higher temperature.
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Fig. 44. Time series of simulated (A) integrated downwelling irradiance (PAR) just, 
below the surface and (B) daily integrated downwelling irradiance arriving at 20 m 
(solid line), 60 m (thin solid line), and 100 m (dotted line). These results are obtained 
for the Warm Pool region at 0°N, 165°E from the model described in section 4.2. The 
Southern Oscillation Index (SOI), obtained from the U.S. Department of Commerce 
National Oceanic and Atmospheric Administration (http://www.elnino.noaa.gov/) 
is shown by the solid grey line and the dashed grey line indicates the zero SOI.

than those estimated for the Cold Tongue region (average depth of 59 versus 44 in). 

Unlike in the Cold Tongue region, the estimated mixed layer depths associated with 

the La Nina episodes are deeper than those that occur during the El Nino events in 

the Warm Pool (Fig. 43B). During the El Nino periods of 1994 and 1997 mixed layer 

depths stay particularly shallow (~30 m). The mixed layer depth extends to 120 m 

at the beginning of the 1997 El Nino and shoals afterwards as the event develops.

The aeolian iron flux obtained from Ginoux et al. (2001) for the Warm Pool 

indicates a strong annual variability in iron deposition similar to what is obtained for 

the Cold Tongue region (Fig. 43C). The least iron deposition occurs during February- 

April and the highest during August-October. Year 1996 corresponds to a high dust 

deposition period.
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The annual cycle of the irradiance in the Warm Pool is similar to the Cold Tongue, 

and the variability in annual irradiance is low in both regions (±50 ^mol quanta m2 

s_1). The general cloud cover is higher in the Warm Pool compared to the Cold 

Tongue. There is no linear correlation between the SOI and the cloud cover in the 

Warm Pool. The start of the high cloud cover occurs towards the end of the positive 

phase of SOI and continues as the SOI switches to negative (Figs. 44A and B). During 

the 1990s cloud cover was consistently high in the region except for the second part 

of 1995.

V .8.2 Phytoplankton

The simulated annual integrated primary production in the Warm Pool is 20% 

lower than that obtained for the Cold Tongue. However, there is only a small dif­

ference (5%) in integrated algal biomass between the two regions, although the dis­

tribution of each algal group biomass shows distinct differences between the two 

regions.

The simulated depth-time distributions of the five algae groups at 0°N, 165°E for 

1991-1999 indicate that in the Warm Pool the highest algal group biomass concen­

trations occur during the El Nino phases (Figs. 45A-E) contrary to what happens in 

the Cold Tongue region (Figs. 37A-E). Algal group 4 dominates the phytoplankton 

community assemblage in the Warm Pool (Figs. 45A-E), but this dominance is not 

continuous as it is in the Cold Tongue (Figs. 37A-E). During cold periods algal group 

4 becomes dominant and during warm periods the biomass of Prochlorococcus spp. 

(algal group 1 +  2) is as high as that of algal group 4.

The annual biomass of algal group 1 in the Warm Pool is 60% higher than its 

biomass in the Cold Tongue. The highest algal group 1 biomass corresponds to 

the negative SOI phases, and the lowest biomass values for this group correspond 

to the beginning of the 1997 El Nino (Fig. 45A). The simulated annual biomass of 

algal groups 2 and 3 is slightly higher and lower, respectively, relative to the values 

obtained from the Cold Tongue simulations.

The biomass distribution patterns of algal groups 2-4 are similar and these groups

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig. 45. Simulated depth-time biomass (/rmol C D 1) distributions of (A) low light- 
adapted Prochlorococcus (algal group 1), (B) high light-adapted Prochlorococcus 
(algal group 2), (C) Synechococcus (algal group 3), (D) autotrophic eukaryotes 
(algal group 4), and (E) large diatoms (algal group 5) in the Warm Pool re­
gion at 0°N, 165°E. The Southern Oscillation Index (SOI) obtained from the 
U.S. Department of Commerce National Oceanic and Atmospheric Administration 
(http://www.elnino.noaa.gov/) is shown by the white line and the red line indicates 
the zero SOI. Lighter colors indicate higher concentrations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.elnino.noaa.gov/


128

show episodic blooms from 1991 to the end of 1995, which corresponds to a period of 

negative SOI (Fig. 45B-D). The biomass of these groups are at their lowest during the 

1995-1996 La Nina, and they bloom during the 1997 El Nino. Towards the beginning 

of the 1998 La Nina, a substantial decrease in the biomass of these algal groups 

occurs, which is followed by another bloom in the middle of the 1998 La Nina period.

The maximum biomass of algal group 5 coincides with the times and depths at 

which the biomass of other groups are low (Fig. 45E), similar to what occurs in the 

Cold Tongue simulations (Fig. 37E). The highest biomass of this group generally 

occurs below the mixed layer depth (mid-1992, 1994, and 1998). The exception 

occurs at the end of the 1996, which corresponds to the end of 1996 La Nina, when 

the total algal biomass is particularly low. The deep mixed layer occurring during 

this period uniformly distributes the biomass in the water column (Fig. 34B). A 

second surface bloom by algal group 5 occurs during the 1998 La Nina.

Simulations indicate that the deep chlorophyll maximum in the Warm Pool (Fig.

46) is in general deeper than the deep chlorophyll maximum in the Cold Tongue (Fig. 

38) (~50 m versus ~65 m). The surface chlorophyll a values in the Warm Pool are 

low, with a mean concentration of 0.25 jig I-1. During the warm periods chlorophyll 

a concentrations are below 0.2 jig l- 1  and increase to 0.4 jig I- 1  during the cold 

periods. The highest simulated chlorophyll a values (1.1 jig I-1) are at 40 m during 

1995, which corresponds to the end of the 1994-1995 El Nino when cold waters reach 

the surface (Fig. 43A). During this period the highest surface values are 0.8 jig I- 1  

(Fig. 47).

The comparison of simulated chlorophyll a versus SeaWiFS chlorophyll a (Fig.

47) shows that the simulated bloom associated with El Nino conditions occurs earlier 

than observed, similar to what was seen in the simulated chlorophyll distributions for 

the Cold Tongue region (Fig. 39). The magnitude of the simulated bloom is similar 

to the observed values.
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Fig. 46. Simulated depth-time distributions of chlorophyll a (pg I-1) obtained from 
the sum of all five algal groups in the Warm Pool at 0°N, 165°E for 1991-1999. 
Lighter colors indicate higher concentrations.
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Fig. 47. Comparison of simulated chlorophyll a (black) with chlorophyll a derived 
from Sea-viewing Wide Field of view Sensor (SeaWiFS) measurements (grey) at 0°N, 
165°E. The SeaWiFS data set begins in Fall 1997.
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V .8.3 N utrients

The simulated depth-time concentrations in the upper 120 m of the four nutrients 

in the Warm Pool at 0°N, 165°E are low during La Nina periods and high during 

El Nino periods (Figs. 48 A-D). The highest nutrient concentrations occur during 

the negative phases of SOI and the lowest concentrations occur during La Nina 

(positive SOI) periods. During the 1995-1996 La Nina, the lowest concentrations of 

all nutrients occur. Nitrate, ammonium and iron were completely depleted above 80 

m during 1996 and the silicate concentrations gradually decrease from 4 //mol I- 1  to 

below 1 //mol I- 1  during this year.

The simulated distributions indicate that surface nitrate levels in the Warm Pool 

are much lower (annual mean of 1 . 2  //mol l-1, Fig. 48A) than those in the Cold 

Tongue (annual mean of 8.9 //mol I-1, Fig. 40A). The highest nitrate levels occur in 

the Warm Pool during the 1997-1998 and 1991-1993 El Ninos. During the rest of the 

decade nitrate is depleted ( < 1  //mol I-1) in the surface waters.

In general ammonium concentrations are very low (<0.1 //mol I-1) above 40 m. 

There is a strong (~1 //mol I-1) ammonium maximum centered at ~80 m (Fig. 48B), 

which persists throughout the 1990s, except for the 1995-1996 La Nina period. The 

strength of this ammonium maximum differs from that seen in the Cold Tongue 

simulations where ammonium maxima values rarely reached 1 //mol I- 1  (Fig. 40B).

The Warm Pool simulations show that this region is also iron depleted (Fig. 48C), 

similar to what was found for the Cold Tongue (Fig. 40C). The iron concentrations 

are also very low above 40 m (<0.1 nmol l-1), although the mean surface iron con­

centration is more than double the mean iron concentration in the Cold Tongue 

(0.07 versus 0.03 nmol l-1, respectively). The highest simulated iron concentrations 

occurred during the 1994-1995 El Nino.

The simulated silicate concentrations in the Warm Pool (Fig. 48D) are lower than 

those obtained for the Cold Tongue (Fig. 40D). However, silicate concentrations in 

the Warm Pool are never depleted, except at the beginning of 1997 (~0.5 //g I-1), 

which corresponds to the end of the 1995-1996 La Nina. For a persistent negative
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Fig. 48. Simulated depth-time distributions of the concentrations of (A) nitrate, (B) 
ammonium, (C) iron, and (D) silicate in the Warm Pool. The Southern Oscillation 
Index (SOI), obtained from the U.S. Department of Commerce National Oceanic 
and Atmospheric Administration (http://www.elnino.noaa.gov/) is shown by the 
white line and the red line indicates the zero SOI. Lighter colors indicate higher 
concentrations.
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Comparison of simulated nitrate (NO^~), ammonium (NH4 ), silicate (Si(OH)4), and 
primary production (PP) values with their corresponding values measured during 
the 1994 FLUPAC and 1996 Zonal Flux cruises

U nit Time Observed Modeled
NO3 surface (0-30 m) Hmol I- 1 29/9/1994 0.003 0 . 0 0 2

N O j total (0-120 m) mmol m ~ 2 29/9/1994 172 499
NO3 surface (0-30 m) //mol I- 1 22/4/1996 2.61 0.82
NO3 total (0 - 1 2 0  m) mmol m - 2 22/4/1996 313 265
NH4 surface (0-30 m) //mol I- 1 29/9/1994 0.01 0 . 0 1

NH4 total (0-120 m) mmol m - 2 29/9/1994 3.6 62
N H | surface (0-30 m) //mol I- 1 22/4/1996 0.9 0 . 0 1

NH4 total (0-120 m) mmol mT2 22/4/1996 94.4 1 1

Si(OH) 4 surface (0-30 m) //mol D 1 29/9/1994 1.7 3.5
Si(OH) 4 total (0-120 m) mmol m ~ 2 29/9/1994 325 470
Si(OH) 4 surface (0-30 m) //mol l- 1 22/4/1996 4.75 3.14
Si(OH) 4 total (0-120 m) mmol m - 2 22/4/1996 480 334
PP surface (0-30 m) //mol I- 1  d - 1 3/10/1994 0.85 2

PP total (0-120 m) mmol m - 2  d - 1 3/10/1994 74 95.57
PP surface (0-30 m) //mol I- 1  d _1 22/4/1996 1.5 0.3
PP total (0-120 m) mmol m ~ 2 d - 1 22/4/1996 93.8 47

SOI, which corresponds to upwelling of cold waters at 120 m and surface stratification 

(Fig. 43A), silicate tends to accumulate in the mixed layer. During the 1991-1993 El 

Nino when these conditions prevailed in the Warm Pool region, the simulated silicate 

concentrations are above 8  nmol I- 1  in the mixed layer.

V .8.4 M odel-data comparison

The lower trophic level ecosystem model was not explicitly developed for the 

Warm Pool, and as a result the Warm Pool simulations provide additional model 

sensitivity studies. The simulated distributions are compared with measurements 

made during two cruises that took place in the Warm Pool to provide an assessment 

of the general applicability of the model structure (Table 15). The details of the 

data collected during the 1994 FLUPAC and 1996 Zonal Flux cruises are described 

in Chapter 3.

Overall, the simulated nutrient and primary production values compare well with
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Fig. 49. Vertical distribution of iron concentration (nM) along the equator in the Pa­
cific Ocean. The section was constructed from two iron profiles reported by Nakayama 
et al. (1995) at 150°E and 158°W, EqPac measurements reported by Gordon et al. 
(1997) at 140°W and PlumEx profiles reported by Gordon et al. (1998) at 93°W 
(adapted from Johnson et al. (2002)). Sampling locations where iron was measured 
are indicated by circles.

measurements, but these comparisons are not strong when done for specific days 

(Table 15). However, it should be noted that the measurements have poor space 

and time resolution and as a result may not be directly comparable to the simulated 

values.

The observed and simulated surface concentrations of nitrate and ammonium 

compare well during the 1994 FLUPAC cruise, which corresponds to an El Nino 

period. The observed surface silicate concentrations are lower than the simulated 

values during this time. The model overestimates the 120-m integrated nutrient val­

ues compared to those obtained from nutrient measurements made during the 1994 

FLUPAC cruise. The model underestimates both the surface and integrated nutrient 

concentrations compared to measured values from the 1996 Zonal Flux cruise, which 

corresponds to the 1995-1996 La Nina period. As a result of this mismatch in the nu­

trient concentrations, the simulated primary production values for 1994 overestimate 

the values measured in 1994 and underestimate the 1996 measured values.
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No direct iron measurements are available for 0°N, 165°E. However, some his­

torical data for this region are available (Johnson et al., 2002). Comparisons of the 

simulated iron concentrations to the historical iron measurements show that the sim­

ulated values are realistic in that iron levels above 80 m are less than 0 . 1  nmol I- 1  

(Fig. 49 vs. Fig. 48C). Observed iron concentrations at 120 m are about 0.2 nmol 

I- 1  (Fig. 49), which is also consistent with simulated concentrations.

V .8.5 Iron dynamics

To test the effect of iron on limiting production in the Warm Pool a simulation 

was done using the iron-temperature relationship developed for the Cold Tongue 

(Eq. 46). The resultant annual primary production values are about 50% of those 

obtained for the Cold Tongue region (27,022 versus 14,338 mmol C m “ 2 yr_1). The 

iron-temperature relationship developed for the Warm Pool (Eq. 50) results in an 

increase of annual primary production by almost 75%, but this value is still 22% 

lower than the annual primary production estimated for the Cold Tongue.

The pattern of aeolian iron deposition differs between the two regions (Fig. 34C 

versus 43C), but the mean hourly deposition in both regions is almost the same 

(~0.038 nmol I- 1  hr-1). The simulations indicate that the effect of aeolian iron 

deposition on the Warm Pool ecosystem is somewhat stronger than its effect on the 

Cold Tongue ecosystem. Elimination of iron via aeolian deposition decreases the 

annual primary production of the Warm Pool by 20% and that of the Cold Tongue 

by 17%. Algal group 4 in the Warm Pool ecosystem is the most affected by no aeolian 

deposition, showing a 24% decrease in annual primary production.

The simulated iron remineralization has a substantial influence on the Warm Pool 

carbon production, accounting for 50% of the annual primary production. This is 

higher than the 40% annual primary production in the Cold Tongue that is supported 

by iron remineralization.
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Fig. 50. Simulated time distribution of particulate carbon export fluxes at 120 
m in the Cold Tongue. The Southern Oscillation Index (SOI), obtained from the 
U.S. Department of Commerce National Oceanic and Atmospheric Administration 
(http://www.elnino.noaa.gov/) is shown by the lighter color (green) line and the 
dashed (red) line indicates the zero SOI.

V .8.6 Export production

The simulated annual carbon fluxes at the base of the euphotic zone (120 m) in 

the Warm Pool are 22% lower than the equivalent carbon flux calculated for the Cold 

Tongue. These results are consistent with observations, which showed that the mean 

POC flux in the Warm Pool is ~15% lower than that in the Cold Tongue region 

(Dunne et al., 2000).

The simulated particulate carbon export fluxes in the Cold tongue are correlated 

with the SOI (Fig. 50). During the cold (positive) phases of SOI the carbon export 

is high compared to the warm (negative) phases of SOI, except at the beginning of 

1997, when high export production is seen in the simulated time series (Fig. 50). In 

contrast, there is no apparent correlation between export carbon production and the 

SOI in the Warm Pool (Fig. 51). The periods of highest simulated export carbon 

production coincide with the negative phases of SOI. During 1996, when the SOI is 

persistently positive, the export carbon production in the Warm Pool is near zero.

In both regions export carbon production values are variable. For example, in the 

Cold Tongue (Fig. 50) the export carbon fluxes are ~3 times higher during the 1995- 

1996 La Nina than those during the 1994 El Nino. In the Warm Pool low frequency 

variability dominates the simulated export carbon flux (Fig. 51), whereas the Cold 

Tongue export carbon flux shows more influence from high frequency motions (Fig. 

50). In the Warm Pool, the difference in the simulated export carbon flux between
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Fig. 51. Simulated time distribution of particulate carbon export fluxes at 120 
m in the Warm Pool. The Southern Oscillation Index (SOI), obtained from the 
U.S. Department of Commerce National Oceanic and Atmospheric Administration 
(http://www.elnino.noaa.gov/) is shown by the lighter color (green) line and the 
dashed (red) line indicates the zero SOI.

the cold and warm phases can increase by a factor of five.
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CHAPTER VI 

DISCUSSION

The modeling approach used in this study provides a framework for testing 

in a quantitative manner the understanding of factors that control phytoplankton 

biomass, growth rate, primary production, and export production in the equatorial 

Pacific Ocean. The simulated model state variables and ratios show the importance 

of interaction between the algal groups in defining the composition of the phyto­

plankton community and its primary production and carbon flux. In this section, 

the performance of the algal group-based ecosystem model is discussed as well as 

the results of the model sensitivity simulations that are described in Chapter 4. 

Specifically, the discussion focuses on the cause and effect of the patterns seen in 

the simulated distributions, interprets the nonlinear interactions that occur between 

biomass, primary production, and carbon fluxes, discusses the influence of the envi­

ronment on carbon production and export, and analyzes the implications of climate 

variability for the lower trophic level ecosystem. In section 6.5 the differences in 

ENSO effects on the Cold Tongue and the Warm Pool ecosystems are discussed.

VI. 1 CAUSE A N D  EFFECT OF PATTERNS IN  M ODEL STATE 

VARIABLES A N D  D ER IV ED  FIELDS

V I.1.1 Phytoplankton structure

Many of the ecosystem models developed for the equatorial Pacific Ocean (e.g., 

Chai et al., 1996; Loukos et al., 1997; Leonard et al., 1999; McClain et al., 1999; 

Friedrichs and Hofmann, 2001; Christian et al., 2002a) include one or two species of 

plankton (i.e. nanoplankton and netplankton) which underrepresents the dynamics 

of the phytoplankton community. For example, in the two-species models that in­

clude iron (e.g., Leonard et al., 1999; Christian et al., 2002a), it is assumed that the 

large phytoplankton growth rates are strongly limited by iron and that the maximal 

rates of grazing mortality are less for these cells than for the small phytoplankton.
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These assumptions allow the netplankton to escape grazing control under strong up- 

welling conditions and become dominant because the small phytoplankton remain 

under strong grazer control. However, in the equatorial Pacific the netplankton 

(e.g., diatoms) do not exceed 15% of the total biomass even under strong upwelling 

conditions (Chavez, 1989; Iriarte and Fryxell, 1995; Bidigare and Ondrusek, 1996). 

Moreover, Bidigare and Ondrusek (1996) suggested that in the equatorial Pacific re­

gion some nanoplankton do not experience strong grazer control and that they bloom 

during strong upwelling conditions.

The multiple algal group model (section 4.1) used in this study avoids these 

limitations in dynamics by including algal group 4 (i.e. autotrophic eukaryotes), 

which falls between the large and small phytoplankton groups used in other models 

(e.g., Christian et al., 2002a), and by inclusion of three smaller forms (algal groups 

1 to 3). Algal group 4 responds strongly to strong upwelling conditions and blooms. 

The biomass of the smaller phytoplankton forms is controlled by microzooplankton. 

Algal group 5 is controlled by mesozooplankton and remains below 15% of the total 

biomass. The choice of the model structure used in this study is also in keeping 

with the current understanding of the lower trophic levels of the equatorial Pacific 

(Chavez, 1989; Iriarte and Fryxell, 1995; Lindley et al., 1995; Bidigare and Ondrusek, 

1996; Coale et al., 1996b; Chavez et al., 1996; Landry et al., 1996; Latasa et al., 1997; 

Higgins and Mackey, 2000; Landry et al., 2000a) and the U.S. JGOFS EqPac results 

(section 5.1.7).

Based on model-derived results, Christian et al. (2002b) concluded that the iron- 

mediated removal of surface nitrate by phytoplankton was such that significant inputs 

of iron were needed to prevent the accumulation of nitrate in surface waters of the 

equatorial Pacific. This result implies that phytoplankton in equatorial waters must 

have small iron quotas (e.g., less than 0.003 nmol Fe (/miol C)-1). However, the 

inclusion of variable cellular nutrient quotas, as done in the model used in this study, 

removes the need for assuming uniformly low cellular iron quotas. The nitrogen to 

carbon ratios of each algal group remain high (Figs. 12A-E), allowing nitrate to be 

deposited in the cells, which in turn allows the cellular iron to carbon ratios to be
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low and variable in the surface waters (Figs. 13A-E). Only the cellular iron quotas 

of algal groups 4 and 5 decrease to 0.003 nmol Fe (//mol C) - 1  (Figs. 13D and E).

Inclusion of multiple algal groups resolves some basic problems associated with 

simulating phytoplankton growth and production. This structure also makes it pos­

sible to analyze the effect of each group on carbon biomass, production, and flux. 

The results of the simulations (section 5.2.1) show that all algal groups have a con­

siderable effect on phytoplankton carbon biomass, but that not all have a strong 

effect on primary production and carbon flux (Fig. 25). This indicates that carbon 

cycle models need to include the few key algal groups that have the primary influ­

ence on primary production and export variability. It is possible to combine algal 

groups 1-3 (low-light adapted Prochlorococcus, high-light adapted Prochlorococcus 

and Synechococcus) under one group (e.g. cyanobacteria group) to form a three 

algal group model for use in carbon cycle models. The first three groups comprise 

a separate group because of their distinctive nutrient utilization characteristics, as 

explained in section 4.1, and because the carbon budget estimations (Fig. 17) show 

that these three groups are responsible for a substantial percentage (27%) of the 

carbon transfer between the primary producers and the higher trophic levels (section 

5.1.6.). A group (i.e. autotrophic eukaryotes) that falls between large diatoms and 

this cyanobacteria group is essential as explained above. Both the sensitivity studies 

(Fig. 25) and the carbon budget estimations (section 5.1.6.) show that algal group 

5 is responsible for ~ 8 % of the carbon export to higher trophic levels, although the 

contribution by this group to carbon export small, because of reduced growth rates 

due to iron limitation. However, this group should be retained in carbon cycle models 

because iron enrichment experiments done in equatorial Pacific waters (Coale et al., 

1996b) showed that large diatoms can be a major contributor to carbon production 

under iron replete conditions.

Algal group b iom ass and p r im a ry  production

The physiological differences in algal groups are also reflected in the vertical dis­

tribution patterns of biomass and primary production rate. The primary production
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resulting from algal group 1 is confined to a narrow band around 60 m (Fig. 8 A), with 

the biomass of this group being more dispersed (Fig. 6 A). Primary production by 

algal groups 2-4 occurs mainly in the upper 60 m of the water column (Fig. 8 B-D), 

but the simulated distributions show that these phytoplankton are also abundant 

below the surface waters (Fig. 6 B-D), which is consistent with observations (Landry 

et al., 1996). The biomass dispersion of these groups occurs by vertical advection 

and diffusion, and mixing in the mixed layer. The primary production of algal group 

5 is confined to the bottom of the mixed layer and is mixed upwards by convection. 

Deepening of the mixed layer can increase the phytoplankton production by pumping 

nutrients into the euphotic zone. However, when the mixed layer extends below the 

euphotic zone, which occurred between YD15-60 in the reference simulation, primary 

production ceases as the cells are moved out of the lighted part of the water column 

(Figs. 8 A-E). Similarly, mixing upwards benefits some algal groups, such as groups 3 

and 4, because of increased light (Figs. 8 C and D). Other algal groups, such as groups 

1 and 2, stop growing because of photoinhibition (Figs. 8 A and B). Light inhibition 

of growth is stronger for algal group 1 compared to algal group 2 , and as a result the 

biomass of algal group 1 in surface waters is lower than its biomass below the mixed 

layer (Fig. 6 A). Algal group 2, in comparison, is abundant within the mixed layer 

(Fig. 6 B).

Within the mixed layer, algal groups 1 to 3 show less temporal variability com­

pared to algal groups 4 and 5, because heavy grazing by microzooplankton on the 

smaller cells buffers the variability in their biomass. The distribution of the simulated 

biomass of algal group 5 is higher below the mixed layer compared to the surface 

waters (Fig. 6 E). Nutrient limitation (especially iron limitation) is stronger for algal 

group 5 compared to the others (Fig. 13E). Although light levels are lower below the 

mixed layer, nutrient concentrations are higher, and this results in optimal growth 

conditions for this algal group. Also, the simulated mesozooplankton are abundant 

in the mixed layer (Fig. 14B) which results in removal of algal group 5 in the mixed 

layer at a rate that is higher than that below the mixed layer. This decrease in 

grazing pressure towards deeper waters contributes to the increase in algal group 5
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biomass towards the bottom of the euphotic zone.

The simulated phytoplankton biomass during YD110-YD160, YD200-YD255, and 

YD300-YD320 was higher than that observed during the U.S. JGOFS EqPac TS2 

cruise (Fig. 19). The TS2 cruise occurred during the passage of a relatively weak TIW 

(Friedrichs and Hofmann, 2001) and the thermocline depth during the TS2 cruise 

was deeper than during the YD110-YD160, YD200-YD255, and YD300-YD320 peri­

ods (Fig. 4A). The highest simulated phytoplankton biomass values occurred during 

YD300-YD320, which corresponds to the passage of strong TIWs which can be seen 

in vertical velocity fields (Fig. 4B). These blooms also correspond to relatively shal­

low mixed layer depths and cold water temperatures representative of high nutrient 

concentrations (Figs. 4B and C).

Towards the end of the El Nino period during YD45-75, three consecutive strong 

IGWs appear in the vertical velocity fields (Fig. 4B) as shifts in velocity from ~20 m 

d - 1  to 0 m d ” 1 over 6 -8 -days. The passage of the IGWs do not trigger phytoplankton 

blooms, because this period also coincides with the passage of a Kelvin wave, which 

produces a deep thermocline and deep mixed layer depths (Figs. 4A and C).

The simulated algal group biomass abundance and distribution are realistic as 

determined from comparison with measurements (section 5.1.7). However, the sim­

ulated primary production values underestimated observed rates (Figs. 20A and B). 

One potential reason for this mismatch is that the simulated and measured primary 

production rates may not represent the same processes. During the U.S. JGOFS Eq­

Pac cruises net daily particulate carbon production resulting from autotrophic and 

heterotrophic processes was estimated (Barber et al., 1996). The simulated primary 

production estimates are based on only production by autotrophic algae. Kirchman 

et al. (1995) argued that the ratio of heterotrophic bacteria production to primary 

production was around 0.15 during the TSl and TS2  cruises. If the observed pri­

mary production rates are reduced by 15%, than the simulated mixed layer primary 

production values (Fig. 20A) fall within the observed limits. However, the simulated 

integrated primary production values are still lower than the observations (Fig. 20B).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



142

Algal group physiology

Algal groups 1 and 2  cannot use nitrate as a nitrogen source (section 4.5), and 

as a result ammonium is depleted in the surface waters (Fig. 15B). However, the 

cellular nitrogen to carbon ratios for algal group 1 stay at their maximum values; 

whereas, those for algal group 2 are below their maximum values (Figs. 12A and B). 

This arises because algal group 1 is not limited by ammonium at the surface, it is 

already light limited. Similarly, the cellular iron to carbon ratios of algal group 1 

are always maximum (Fig. 13A), which indicates that this group is not iron limited 

either. The inability of Prochlorococcus spp. to use nitrate has a considerable effect 

on the simulated primary production and carbon fluxes (section 5.2.2) and implies 

that this level of physiological detail needs to be included in biogeochemical and 

carbon cycling models.

The simulated cellular iron to carbon ratios of algal groups 1-5 indicate that all 

groups, except algal group 1 , are limited by iron, but that the strength of the iron 

limitation varies between species (Figs. 13A-E). Algal group 5 is most limited by 

iron, because the cellular iron to carbon ratios of this group generally stay at their 

minimum value within the mixed layer (Fig. 13E). Algal groups 2 and 3 are less 

iron-limited because their iron to carbon ratios remain above the minimum specified 

iron to carbon ratios of these groups (Figs. 13B and C).

The simulated maximum light-limited (Figs. 9A-E) and nutrient-limited phyto­

plankton growth rates (Figs. 10A and B) are higher during the first five months of 

1992, because higher water temperatures during this time result in higher temper­

ature dependent maximum growth rates (/imt( z ,t)) for each group. This results in 

the maximum growth rates of algal groups 2-5 occurring just below the mixed layer 

during the first five months of 1992, although the nutrient concentrations increase 

towards deeper waters (120 m). Each algal group reaches its maximum growth rate 

at different depths and times (Table 14), which reflects the physiological differences 

among different groups.

The effects of clouds are also reflected in the growth rates of algal groups. The 

effects of clouds on algal groups 1 and 2  are counterintuitive in that cloudy periods
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weaken the effect of light inhibition on these groups. This result was especially signif­

icant during the first four months of 1992 and resulted in an increase in growth rates 

of algal groups 1 and 2 in the surface waters (Figs. 9A and B). However, although 

the cloud cover results in an increase in the surface growth rates of algal groups 1 

and 2, it does not increase the overall primary production rate of these groups. The 

decrease in the irradiance reaching the sea surface means less light inhibition for 

the algal cells at the surface, but results in light limitation of growth occurring at 

shallower depths. This produces an upwards shift in the primary production vertical 

profile of algal groups 1 and 2  without increasing the overall primary production. 

The decrease in irradiance during cloudy times resulted in decreased growth rates 

for the other algal groups which appears in the simulated distribution as vertical 

bands of reduced growth rates (Figs. 9C-E).

N u trien ts

Observations (Martin et al., 1989; Bruland et al., 1994; Johnson et al., 1997) show 

that the vertical profile of iron in the ocean follows a nutrient-type (e.g., nitrate) 

distribution. The simulated vertical iron distributions support these observations 

and suggest that the vertical iron distributions show characteristics of both new- 

(nitrate) and recycled-nitrogen (ammonium) (Figs. 15A and B). The simulated iron 

concentration is high at the bottom of the euphotic zone ( 1 2 0  m) due to upwelling of 

iron-rich waters and is also as high near 80 m due to efficient remineralization of iron 

in sinking particles (Fig. 15C). This is consistent with recent observations that show 

that iron is rapidly recycled in the surface waters (Hutchins et al., 1993; DiTullio 

et al., 1993; Barbeau et al., 1996).

The simulated silicate concentrations are always >2 //mol I- 1  in the upper 120 m 

which is in agreement with observations from the U.S. JGOFS EqPac cruises (Fig. 

15D). The half saturation constant for silicate uptake by diatoms is below this value 

(Nelson and Treguer, 1992). Simulations using a higher silicate half saturation con­

stant (3 //mol I-1) did not differ from the reference simulation. Thus, results for 0°N, 

140°W are counter to the suggestion that low silica inputs to the equatorial upwelling
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system is a primary cause of the low new production of organic carbon (Dugdale and 

Wilkerson, 1998).

Zooplankton

Dam et al. (1995) showed that the bulk of the diet of mesozooplankton in equa­

torial Pacific waters is not phytoplankton, but rather the mesozooplankton may con­

sume most of the microzooplankton production. The simulated distributions support 

this theory and show that 63% (9,790 /rmol C year-1) of the microzooplankton pro­

duction is cropped by mesozooplankton. High mesozooplankton grazing results in a 

low variability in microzooplankton biomass (Fig. 14A), and therefore, the variabil­

ity in phytoplankton concentration is not reflected in the microzooplankton biomass. 

Any increase in microzooplankton concentration is rapidly removed by mesozoo­

plankton. Thus, variability in mesozooplankton biomass has a similar structure to 

phytoplankton primary production (Fig. 14B).

Carbon export

The simulated export carbon fluxes are largely controlled by inputs of subsur­

face nitrate and sinking of particulate matter, as suggested by Eppley and Peterson 

(1979). However, analysis of the factors controlling the export carbon flux indicate 

that the conceptual model of Eppley and Peterson (1979) needs to be expanded to 

include multiple limiting nutrients, such as iron and ammonium. This agrees with 

the results of other modeling studies (Christian et al., 2002a; Moore et al., 2002a).

The simulated particulate carbon fluxes are driven by primary production, down- 

welling vertical velocities, and sinking and they are reduced with depth via reminer­

alization (Fig. 16). Downwelling, increases the transportation of particulate material 

out of the surface waters, therefore the highest carbon export values occur during 

the downwelling periods that follow a high carbon production period (e.g., YD15-30, 

YD75-90, YD120-170, YD220-240, and YD300-320, section 5.1.5).

Moreover, the variability in the simulated carbon fluxes is mainly regulated by 

the vertical velocities rather than being a direct reflection of carbon production. For
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example, the two consecutive peaks in carbon flux that occur between YD300 and 

YD330 (Fig. 16), coincide with two periods of downwelling vertical velocities.

Water temperature also affects the simulated export carbon flux because of the 

dependency of particulate carbon remineralization on temperature. Warm tempera­

tures during the first part of 1992 (Fig. 4A) produce faster particle remineralization, 

thus reducing carbon export. For example during the El Nino period (YD1-120), 

temperatures are such that remineralization rates are almost double the remineral­

ization rates of the cold non-El Nino period.

The model-data comparisons of the export carbon fluxes show that the simulated 

values overestimate the observations (Fig. 16). One possible explanation for this mis­

match is that other macrozooplankton, which are not included in this model, remove 

biogenic material in the surface waters and can increase the removal of particulate 

carbon from the surface waters (Wiebe et al., 1979; Steinberg et al., 2001). Also flux 

feeders (organisms with mucus nets that collect settling particles, Jackson, 1993) 

that graze below the mixed layer and vertically migrating zooplankton can remove 

carbon (Longhurst and Harrison, 1988) from the surface layers. The effect of other 

zooplankton species and vertical migration are not included in the model.

V I.2 M ODEL IN TER A C TIO N S A N D  FEEDBACK S

The competition for light and nutrients and differential grazing by micro- and 

mesozooplankton on each algal group regulate the interactions between algal groups. 

The sensitivity analyses (section 5.2) shows that removal of algal group 4 decreases 

the simulated annual primary production by 45% (Fig. 23). Algal group 4 contributes 

69% of the annual primary production. The other groups replace algal group 4 to a 

certain extent, but their physiological characteristics do not allow complete replace­

ment. Similar results are obtained when the other algal groups were eliminated. 

Algal group 1 is the only group whose absence results in an increase in primary pro­

duction (1%). The nutrients that algal group 1 normally consumes below the mixed 

layer are taken up by other phytoplankton in the mixed layer (i.e. algal group 4),
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resulting in a slightly higher production (Fig. 25).

The simulated phytoplankton biomass is strongly controlled by zooplankton (sec­

tion 5.4). Increases in primary production stimulate zooplankton grazing which pro­

duces increases in zooplankton biomass, resulting in more effective grazing. As pri­

mary production decreases, the zooplankton biomass decreases, releasing the grazing 

pressure on phytoplankton. These interactions between primary production and 

zooplankton grazing lead to a buffering effect on phytoplankton biomass variability 

and the variability in primary production is not directly reflected on phytoplankton 

biomass.

The results from this study support the suggestion that iron regulation and graz­

ing jointly constrain the standing stocks of production (Landry et al., 1997). How­

ever, principal control on the simulated algal biomass is from grazing rather than 

iron, and changes in primary production and carbon export are mainly driven by 

variability in iron concentration. In general, primary production and export carbon 

flux respond more to changes in environmental forcing of biological processes (Fig. 

52) than does phytoplankton biomass; the changes in the two are not linear. The 

exception is modifications in the strength of the grazing rate, which gives an identical 

change in primary production and biomass.

Reducing the sinking rates of the small and large detrital pools provides an ex­

ample of the nonlinear interactions in the lower trophic level model. Reduced sinking 

rates retains detritus in the euphotic zone longer and thus enhances nutrient pro­

duction via remineralization. The export carbon flux is then reduced due to less 

available particulate m atter and lower sinking velocities. However, the increased re­

cycling of nitrogen and iron resulted in unrealistic accumulations of recycled nutrients 

in the euphotic zone (Fig. 53), which results in high carbon production and increased 

particulate carbon concentrations. The net result is that reduced detritus sinking 

rates do not change the export carbon fluxes, but rather result in unrealistically high 

primary production, and ammonium and iron concentrations.
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Fig. 52. Change (%) in annual integrated biomass, primary production (PP), and 
carbon flux (C flux) at 120 meters in response to modifications in model structure. 
The bars show the difference obtained between the reference simulation and the 
simulations in which no iron (Fe) remineralization (remin), no atmospheric (atm) 
iron deposition, iron concentrations at 120 reduced by 50% (Fe x 0.5), the maximum 
cellular iron to carbon (Fe:C) ratios decreased by 25%, vertical diffusion coefficient 
(K z) set to a minimum (min) value, vertical velocity (w) decreased by 50%, model 
run with filtered 40-day low-pass filtered high frequency (freq) forcings and 20-day 
low-pass filtered high frequency forcings and after grazing (graz) rates of micro- 
and mesozooplankton increased by 25%. The primary production and carbon flux 
changes are of similar magnitude and are shown by a single bar.
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Fig. 53. Same as Fig. 15, but using the reduced detritus sinking rates. Lighter 
colors indicate higher concentrations.

V I.3 EN V IR O NM EN TAL EFFECTS

Because the algal group-based ecosystem model is forced with observed time series 

of temperature, vertical velocity, and mixed layer depth it is possible to determine 

the effect of environmental variability on carbon biomass, primary production, and 

export production. In particular, the effects of low- and high-frequency physical vari­

ability on primary production and export production is of interest for the equatorial 

Pacific.

Friedrichs and Hofmann (2001) showed variability resulting from IGWs (6 -8 -d) 

and TIWs (20-d) dominated the vertical velocity fields at 0°N, 140°W. The effect of 

these high frequency motions appears in the MLD, T  and K z time series input to the 

ecosystem model (Figs. 4A-D). The distribution of simulated phytoplankton shows 

a wide range of temporal variability, and the effect of high frequency variability is
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clearly seen on simulated phytoplankton biomass and primary production (Figs. 19B 

and 20B) and this is reflected in the export carbon fluxes (Fig. 16).

Forcing of the ecosystem at 0°N, 140°W with only low-frequency variability (e.g., 

absence of IGWs, TIWs) reduced annual integrated primary production by 5% rel­

ative to the reference simulation because iron flux to the surface waters is underes­

timated (section 5.5). This supports the results in Friedrichs and Hofmann (2001) 

that showed if the IGWs are not resolved by the forcing fields the net effect of IGWs 

and TIWs will need to be parameterized in ecosystem models in order to get realistic 

primary production estimates in the eastern equatorial Pacific.

The high frequency variability in the simulated phytoplankton biomass decreases 

when a mean vertical velocity of 1.8 m s- 1  is input to the ecosystem model. This 

indicates that the vertical velocity field is producing much of the temporal and spa­

tial variability in phytoplankton biomass. However, the increase in phytoplankton 

biomass between the first and latter parts of 1992 arises from the initial deeper ther­

mocline which results in reduced upwelling and reduced nutrients injected into the 

surface. This is consistent with field study results (Barber et al., 1996) that show 

that the biological processes at 0°N, 140°W are sensitive to changes in thermocline 

depth.

Variability in the eastern equatorial Pacific also exists on annual/interannual time 

scales. Recent studies (Chavez et al., 1998; Strutton and Chavez, 2000) demonstrated 

the influence of Kelvin waves on phytoplankton production during the 1997 El Nino. 

The biological response to the Kelvin waves during the 1997 El Nino was a depression 

in primary production. A similar event occurred during 1992 El Nino, the 40-d low- 

pass filtered time series of temperature, vertical velocity and mixed layer depth show 

a low frequency event occurring during the first 75 days of 1992 (Fig. 4A-C), which 

reflects passage of a Kelvin wave associated with an ongoing El Nino. The period 

between YD15-YD50 corresponds to a strong downwelling event, the effect of which 

is low simulated primary production during this time (Figs. 20A and B).
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V I.4 CLIMATE C H A N G E IM PLICATIONS

The results of the simulations that used modified iron and vertical advection con­

ditions provide good proxies for considering the potential effects of climate variability 

in the eastern equatorial Pacific. Inferences from the results of these simulations are 

given in the sections that follow.

C hange in  iro n  in p u t

Sarmiento et al. (2004) suggest that changes in ocean stratification are likely to be 

one of the main effects of climate warming. In the eastern equatorial Pacific, under 

stratified conditions, the thermocline deepens as observed during El Nino conditions 

(Wyrtki, 1975, 1985; Philander, 1990; Hansen, 1990). The observations (Coale et al., 

1996a; Chavez et al., 1999; Strutton and Chavez, 2000; Picaut et al., 2 0 0 2 ) indicate 

that the main effect of the change in thermocline depth is a reduction in the iron 

concentrations at the base of the euphotic zone.

The simulations show that a decrease in iron concentration at the base of the 

euphotic zone shifts the phytoplankton community assemblage towards small algal 

forms (algal groups 1-3) and algal group 5 (section 5.3) and that the primary produc­

tion of algal groups 2 , 3, and 4 decreases. Algal group 4 experiences a large decrease 

in primary production for reduced iron conditions. Algal groups 1-3 adapt better to 

low iron concentrations in the simulations, which is consistent with observations that 

indicate that these groups are more efficient at iron uptake under low iron conditions 

compared to the larger algal groups (Sunda and Huntsman, 1995, 1997). The pri­

mary production of algal group 1 showed a 9% increase under low iron concentration 

conditions, because the decrease in pigment concentrations in the mixed layer due 

to reduction in biomass of the other algal groups resulted in increased downwelling 

irradiance. Also, the nutrient concentrations are higher and grazing pressure is lower 

below the mixed layer and algal group 1 can take advantage of these conditions (Figs. 

11A-E).

There is no evidence that the climate change can increase iron concentrations
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in the deep ocean, however Wells et al. (1999) reported that in the geological past 

the tectonic processes could have an influence on periodic iron inputs into the east­

ern equatorial Pacific Ocean. Cycles of plankton productivity recorded in eastern 

equatorial Pacific sediments may therefore reflect the influence of tectonic processes 

superimposed on the effects of global climate forcing. The simulations show that in­

creasing iron at the base of the euphotic zone ( 1 2 0  m) can result in increased primary 

production and carbon flux (33%) even when there is no change in environmental 

conditions (e.g., vertical velocities). Increasing iron at 120 m without changing the 

vertical advection results in an increase in primary production during upwelling pe­

riods only, which shows that phytoplankton at 0 °N, 140°W are strongly iron limited 

even during upwelling periods.

An increase in iron concentrations at the bottom of the euphotic zone shifts 

the phytoplankton community assemblage towards algal group 4 (section 5.3.1, Fig. 

26). This is consistent with the results of iron enrichment experiments (Landry 

et al., 2 0 0 0 a) which show that iron fertilization produces only a small increase in 

the biomass of Prochlorococcus spp. and Synechococcus and a large increase in 

the biomass of autotrophic eukaryotes. Landry et al. (2000a) also suggested that 

the relative constancy of the smaller-size forms might be the effect of grazers. The 

simulation results support this suggestion and show that for increased iron conditions 

the primary production of algal groups 2 and 3 increases ~10%, but that the increase 

in biomass is insignificant (Fig. 26).

Increased iron concentration actually decreases the simulated primary produc­

tion of algal group 5. The model structure is such that increased production of algal 

groups produces increases in mesozooplankton and hence increased grazing pressure 

which decreases production of this algal group 5. This is not consistent with re­

sults from iron enrichment experiments that show that microzooplankton biomass 

increases with increased iron concentrations (Landry et al., 2000a). However, a 

subsequent study by Landry et al. (2000b) showed that the grazing rate of mesozoo­

plankton can increase (3 fold) in response to iron enrichment. However, the standing 

stock of mesozooplankton is strongly controlled by predation, which is not included
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in the current model structure.

Siegenthaler and Sarmiento (1993) suggested that climate change might also in­

fluence the carbon export rate by causing a more rapid remineralization of organic 

particles. With the model structure used in this study, changes in water temper­

ature also affect the remineralization rates of particulate m atter (section 5.4) and 

at 0°N, 140°W sustained growth of the algal groups depends on remineralised iron. 

The simulations show that a decrease of 40% in annual integrated primary produc­

tion can occur in response to decreased remineralization (Fig. 27), which could be 

produced by reduced water temperatures. The simulations further suggest that in­

creased stratification and increased water temperatures can increase remineralization 

of nutrients, thereby, increasing primary production. These potential temperature 

dependencies need to be included in carbon cycling and climate models developed 

for the equatorial Pacific.

The effect of recycled iron differs for each algal group. Algal group 4 is the most 

affected group, with primary production reduced by 50% and biomass reduced by 

3% when iron remineralization is not active.

Martin et al. (1989, 1990) hypothesized that the increase in carbon export due to 

aeolian iron input can result in the drawdown of atmospheric carbon dioxide. The 

simulations show that the absence of aeolian iron fluxes produces an 18% decrease 

in primary production and carbon export (section 5.3.1). Considering relatively low 

aeolian iron input at 0°N, 140°W (Duce and Tindale, 1991; Ginoux et al., 2001), 

this strong sensitivity of export carbon production suggests that atmospheric iron 

inputs are responsible for a considerable amount of phytoplankton carbon produc­

tion. Thus, this process needs further study and refinement and needs to be included 

in future carbon cycle models developed for the equatorial Pacific.

Change in  vertica l advection

Climate change may result in shifts in the rate of upwelling to the surface ocean 

due to the projected changes in the degree of stratification (Sarmiento et al., 1998). 

The simulations that used vertical velocity time series with a modified magnitude
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showed that decreased vertical velocities resulted in decreased iron input which pro­

duced changes in algal group relative abundance and production (Fig. 28).

Increased vertical velocity shifted the phytoplankton community towards the 

larger algal groups 4 and 5 (Fig. 29). Although the primary production of algal 

group 5 increased considerably, the biomass of this group showed an insignificant 

change, because the increased mesozooplankton grazing converts algal group 5 pri­

mary production to secondary production.

The main differences between the simulations obtained with modified iron con­

centrations and modified vertical velocities is seen in the response of the annual 

integrated biomass, primary production, and carbon export. Changes in biomass 

are correlated with increased or decreased vertical velocities (Fig. 28). However, the 

general linear relation between primary production and carbon flux does not hold for 

these conditions. The simulated export carbon flux and primary production are sim­

ilar for reduced vertical velocities. However, the export carbon flux shows a modest 

response (15% increase) to increased vertical velocities; whereas, the primary produc­

tion response is about double (32%) this value (Fig. 28). Vertical velocities not only 

affect the amount of nutrients injected into the surface water, but also influence the 

sinking velocities of particulate materials (section 3.9). Increased vertical velocities 

decrease sinking of particles during upwelling times (positive vertical velocity), which 

generally corresponds to high carbon production. When the sinking speed of particles 

decreases, this results in enhanced remineralization of carbon and other nutrients, 

thus decreasing particulate material and enhancing carbon production as a feedback 

loop. The effect of the increase in sinking velocities during downwelling (negative 

vertical velocity) periods is relatively weaker, because these periods correspond to 

low carbon production.

Deepening of the thermocline, which reduces the vertical velocities in the model 

(section 3.1), results in decreases in simulated annual primary production and carbon 

export. However, the decrease in carbon export is higher than the decrease in pri­

mary production (Fig. 28). This suggests that a decrease in vertical velocities would 

diminish the carbon export at a higher rate than it reduces the carbon production.
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V I.5 EFFEC T OF ENSO ON THE COLD TO N G U E A N D  THE W ARM  

POOL ECOSYSTEM S  

V I.5.1 Cold Tongue

The rate of primary production in the Cold Tongue is directly related to the phase 

of the SOI, with decreased production associated with decreasing and negative SOI 

values, which occur during El Ninos (Figs. 20A and B). These periods correspond to 

low nutrient concentrations at the base of the euphotic zone (Figs. 40A-D), because 

the EUC, which pumps nutrient-rich (e.g., iron) cold waters into surface waters, is 

weaker and deeper during El Ninos (Barber et al., 1996).

During the mature phases of La Ninas, the simulated algal primary production 

and biomass is not as high compared to the biomass and primary production at the 

beginning of La Ninas. Although during the mature phases of La Ninas the upwelling 

of nutrients is stronger (Figs. 40A-D), the mixed layer depths are much shallower 

due to shallow thermocline depths and the water temperatures are lower (Figs. 34A 

and B). The shallow mixed layer depths result in reduced mixing of nutrient rich 

waters into the surface waters and low temperatures result in reduced growth rates 

and reduced recycling of iron and ammonium.

Based on simulations of the lower trophic levels of the Cold Tongue, Leonard 

et al. (1999) suggested that primary production in this region can show consider­

able interannual variability, with 50% more primary production occurring during 

non-ENSO conditions compared to El Nino conditions. The simulated primary pro­

duction estimates from this study agree with this conclusion and further suggest a 

3-fold short-term variability in primary production between the end of the El Nino 

and beginning of La Nina. Leonard et al. (1999) also showed that netplankton con­

c en tra tio n s  decrease su b s ta n tia lly  d u rin g  E l N ino periods. D irect com parison  of n e t­

plankton concentrations between this study and that done by Leonard et al. (1999) 

is difficult because of the different phytoplankton community structure used in the 

two models. However, the simulated biomass of autotrophic eukaryotes and diatoms 

obtained in this study (Figs. 37D and E), shows a substantial decrease during El

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



155

Nino periods.

Recent studies showed that primary production in the Cold Tongue is affected 

by TIWs (Chavez et al., 1999; Friedrichs and Hofmann, 2001) and Kelvin waves 

(Chavez et al., 1998; Murtugudde et al., 1999). The simulated carbon export dy­

namics obtained from 0°N, 140°W (Fig. 50) is enhanced when TIWs are present and 

diminished when Kelvin waves occur, such as what occurred during the latter part 

of 1992 and the beginning of 1997, respectively. The simulated changes in carbon 

export productions in response to environmental structure variability are consistent 

with the observations by Dunne et al. (2000). During the second part of 1992 and 

the beginning of 1997, the simulated iron inputs in the Cold Tongue at 120 m (from 

the EUC) are closely linked to the passage of TIWs and Kelvin waves (Fig. 40C), 

which agrees with previous studies (Barber et al., 1996; Foley et al., 1997; Friedrichs 

and Hofmann, 2001).

V I.5.2 Effect o f diurnal m ixing in the Cold Tongue

Variability in the mixed layer and diel changes in mixed layer depth significantly 

affect the simulated distribution of chlorophyll a and influence primary production 

rates by pumping nutrients upward and controlling the light levels experienced by 

phytoplankton. Many of the biochemical variables included in the lower trophic level 

model have strong gradients in the upper 100 m of the ocean. Thus, oscillations in the 

depth of mixing is an important component of vertical exchange in the surface waters. 

Biochemical quantities with high surface concentrations (e.g., phytoplankton) are 

mixed downward, those with concentrations that increase with depth (e.g., nutrients) 

are pumped upwards.

The simulated nutrient distributions reflect observations that show that heating 

stratifies the surface waters at 0°N, 140°W during the day and convective cooling 

mixes the water at night (Gardner et al., 1995). Night-time deepening entrains 

nutrient-rich waters into the mixed layer and day-time shoaling of the mixed layer 

confines these nutrient-rich waters to high-light levels that accelerate biological pro­

duction.
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Denman and Marra (1986) showed that large variations in the depth that phyto­

plankton are mixed can affect their growth rates because of differences in the light 

field within the mixed layer. Simulation results suggest that during the night, the 

phytoplankton biomass is diluted as the mixed layer depth increases, which results 

in intrusion of nutrients into the surface waters. However, during the day the mixed 

layer depth shoals and production increases as light levels increase, resulting in an 

increase in biomass. This diurnal dilution allows the phytoplankton to take advan­

tage of high nutrients below the day-time mixed layer. Thus, model result show that 

annual primary production is 9% higher when the diurnal mixed layer variability is 

included compared to using only a day-time (minimum) mixed layer depth. However, 

using the night-time (maximum) mixed layer depth produces a 1.4% increase in an­

nual primary production. This small increase is due to the intrusion of nutrients into 

the surface waters during the day. This indicates that the stratification of surface 

waters and shoaling of the mixed layer during the day should not have a big influence 

on the light-dependent growth of phytoplankton in the eastern equatorial Pacific.

The effect of the variability of the mixed layer depth on particle export out of 

the euphotic zone has long been discussed. Kerr and Kuiper (1997) suggested that 

if the mixed layer depth in the ocean does not show variability and the particles are 

assumed to sink at a constant rate, there would be an equal flux of particles out of 

the mixed layer under steady state conditions regardless of the presence or absence 

of convective mixing. However, the variability in the mixed layer in the open ocean 

can potentially affect the export of particles from the mixed layer. Gardner et al. 

(1995) argued that the effect of diel changes in the mixed layer depth may enhance 

the carbon removal out of the euphotic zone. Diel changes in the mixed layer depth 

can isolate particles from mixing in the surface waters as the mixed layer shoal during 

the day. This would allow the particles below the mixed layer depth to settle at their 

sinking speed. This would be especially effective on fast sinking particles which can 

settle deeper than the mixed layer depth of the following evening. In this manner 

particles can be pumped from the surface waters. Contrary to this, Alldredge et al. 

(1987) argued that night-time increase in the intensity of mixing would redistribute
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the particulate material within the mixed layer, thus prolonging their residence time 

in the euphotic zone. However, the simulation results show that the increase in 

carbon export from the euphotic zone for a diurnally varying mixed layer relative to 

the value obtained from simulations that used the day-time (minimum) mixed layer 

depth is identical to the increase in carbon production between two simulations. 

Thus, increases in carbon export are primarily a function of primary production and 

are not greatly affected by the downward transport of particulate m atter due to the 

diurnal deepening of the mixed layer or by the redistribution of particulate m atter 

throughout the mixed layer. It is possible that pumping of particulate material out 

of the euphotic zone and redistribution of particulate material throughout the mixed 

layer are counterbalanced.

V I.5.3 Warm Pool

The environmental conditions in the Warm Pool differ considerably from those in 

the Cold Tongue. The upper ocean in the Warm Pool is highly stratified and water 

temperatures from the surface to 1 2 0  m are in general warmer than those in the 

Cold Tongue. The warmest water temperatures in the Warm Pool occurred during 

La Nina periods and the strongest cooling occurred during the 1997-1998 El Nino 

(Fig. 43A).

The simulated nutrient distributions show increased levels at the base of the 

euphotic zone in the Warm Pool during El Nino conditions (Figs. 48A-D). This 

arises because the EUC, which pumps the nutrient-rich cold waters into the surface, 

shoals in the eastern Pacific during El Ninos (Barber et al., 1996; Le Borgne et al., 

2 0 0 2 ). As a result the highest primary production and algal biomass concentrations 

in the Warm Pool occur during El Nino phases instead of during La Nina phases; 

as occurs in the Cold Tongue. The highest simulated chlorophyll a concentrations 

(Fig. 47) occur during the 1995 El Nino because cold nutrient-rich waters reached to 

the surface and the mixed layer depth extended to 90 m (Fig. 34B). The maxima in 

chlorophyll a coincided with the deepening of the mixed layer depth. During the 1997 

El Nino cold waters also reach the surface but during this period the estimated mixed
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layer depths are very shallow ( ~ 2 0  m) therefore the simulated primary production 

is not as high as during the 1995 El Nino.

Le Borgne et al. (2002) suggested that while iron limits primary production in 

the Cold Tongue, macronutrients control the primary production in the Warm Pool 

region. The simulations from the Cold Tongue and the Warm Pool regions show that 

the primary production and carbon export flux in the Cold Tongue is higher than 

the Warm Pool, although the iron levels are much higher in the Warm Pool. This 

suggests that in the Cold Tongue the high rates of primary production relative to 

the Warm Pool is not due to iron but it is the effect of high macronutrient concen­

trations in the region. Model results further suggest that the primary production 

is mainly controlled by iron in the Cold Tongue; whereas, the combined effects of 

macronutrients and iron control the Warm Pool primary productivity.

The phytoplankton assemblage in the Warm Pool consists of the normal back­

ground levels of small phytoplankton (Prochlorococcus spp., Synechococcus). The 

larger phytoplankton become abundant during periods of upwelling, which introduces 

nutrients to the surface. This produces algal biomass, mean organism size, and export 

fluxes that are greater than what occurs in the normally nutrient-depleted waters of 

the Warm Pool. However, the difference in annual simulated carbon export between 

the Warm Pool and Cold Tongue is small (2 2 % higher in the Cold Tongue) because 

of the limitation of primary production in the upwelling zone by iron and, possibly 

by other nutrients. These results are consistent with observations (Le Borgne et al., 

2002).

However, the nutrient and primary production observations obtained during the 

FLUPAC and Zonal Flux cruises at specific days show mismatches with simulated 

distributions (section 5.8.3). The October 1994 FLUPAC cruises took place under 

El Nino conditions and A pril 1996 Zonal Flux cruises took place under normal con­

ditions. During the FLUPAC cruises, the thermocline was elevated in the Warm 

Pool region and intrusions of nutrient-rich cold waters were observed at the bottom 

of the euphotic zone (Fig. 43A). During the Zonal Flux cruises the thermocline was 

depressed in the Warm Pool region and nitrate levels were low at 120 m (Dunne
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et al., 2000). The simulated nutrient concentrations (Figs. 48A, B and D) and pri­

mary production rates in the Warm Pool were higher during October 1994 compared 

to April 1996, however the observations show that the nutrient concentrations and 

primary production rates were higher during April 1996. The observed depletion of 

nitrate in the upper 70 m during the 1994 FLUPAC cruises may be produced by 

the “barrier layer” , which is defined as the difference between the thickness of the 

isothermal layer and the mixed layer (determined by a defined change in density), 

with the isothermal layer generally being greater than or equal to the mixed layer 

(Le Borgne et al., 2002). The barrier layer is produced by the difference between the 

depth of the isohaline and the isothermal layers in the Warm Pool region (Sprintall 

and McPhaden, 1994). This feature is not correctly represented by the environmental 

time series input to the model and its absence may explain some of the discrepancies 

in simulated and observed quantities.

The high salinity barrier layer that is present between the mixed layer and the 

thermocline suppresses nutrient fluxes (Le Borgne et al., 2002). The mixed layer 

depth time series input into the model are estimated from a defined change (1°C) 

in temperature from the SST (which corresponds to the thickness of the isothermal 

layer) which may result in mixed layer depths that are deeper than actual depths. 

Also, the mixed layer in the model is assumed to be homogeneous, an assumption 

which is not strictly correct (Archer, 1999). Therefore, the mechanism that keeps 

high nutrient waters from mixing into surface waters under stratified conditions is 

missing in the model dynamics, allowing nutrients to penetrate into surface waters 

in the Warm Pool during the cold phases of ENSO.

The simulated iron concentrations indicate that the iron-temperature regression 

developed for the Warm Pool (section 4.10.3) gives results consistent with the ob­

servations (Johnson et al., 2002). The iron-temperature regression developed for the 

cold waters at 0°N, 140°W gives low iron concentrations at the base of the euphotic 

zone, which results in 50% less simulated annual primary production in the Warm 

Pool relative to the Cold Tongue and accumulation of macronutrients in the sur­

face waters. These results indicate that the iron-temperature relationship undergoes
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regional variations and that this relationship needs to be developed using in situ 

measurements for the area of interest.

V I.6 1997-1998 EL NINO -LA N IN A

The onset of the 1997 El Nino started with the eastward propagation of an equa- 

torially trapped Kelvin wave (Chavez et al., 1998; Stratton and Chavez, 2000). Ob­

servations (Chavez et al., 1998; Stratton and Chavez, 2000) show that the biological 

response to the Kelvin waves was manifest as a depression in primary production at 

the beginning of 1997, followed by an increase in primary production to a rate of 

100 mmol C m - 2  d-1 . A second Kelvin wave in late April 1997 resulted in another 

depression in primary production rate of 33 mmol C m - 2  d - 1  at the beginning of 

May (Chavez et al., 1998). The simulated primary production rates for May 1997 are 

consistent with these observations (Fig. 37A-E) in that the effect of the downwelling 

Kelvin wave at the beginning of 1997 is apparent. The simulated distributions show a 

rapid decrease in primary production during May 1997, which then begins to increase 

gradually in late June.

The onset of the 1997 El Nino in the simulated distributions is consistent with 

observations (Fig. 37A-E). However, the maximum in the simulated chlorophyll a 

bloom that is associated with the 1998 La Nina occurs during February 1998, which 

is inconsistent with SeaWiFS-derived chlorophyll a concentrations which show that 

the maximum surface bloom occurs in June-July. The reason for this mismatch may 

be seen in the simulated nutrient fields.

During early 1998, the simulated ammonium and iron concentrations increase 

in the Cold Tongue (Fig. 40B and C). The increase in iron is due to the combined 

effects of upwelling and high remineralization rates. Towards the end of the 1997 

El Nino, the EUC at 0°N, 140°W starts to shoal which injects nutrient-rich waters 

into the upper water column. At the same time, the surface waters are warm, which 

results in high algal growth rates and remineralization rates. Intrusion of nutrients 

into the euphotic zone initiates a phytoplankton bloom and high remineralization of
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iron and ammonium strengthens the magnitude of this bloom. During the 1997 El 

Nino, the water properties in the Cold Tongue were similar to typical Warm Pool 

conditions. The surface waters were strongly stratified, with warm waters extending 

to the bottom of the euphotic zone. For such conditions, it is possible that the 

depths of the isohaline and isothermal layers differed, as happens in the Warm Pool, 

and these dynamics are not included in the current model structure. Therefore, this 

mechanism, which retains high nutrient waters, could also have been in effect in the 

Cold Tongue during the 1997-1998 ENSO conditions. The result is an earlier La Nina 

bloom in the simulated chlorophyll distributions than indicated by the SeaWiFS- 

derived chlorophyll a observations.

The simulated chlorophyll a concentrations remain low in the Cold Tongue re­

gion during April-July because anomalously low water temperatures result in low 

growth rates. The estimated mixed layer depths for April-June are also low (Fig. 

34B), which reduces the intrusion of nutrient-rich waters into the surface waters. 

Also, Murtugudde et al. (1999) and Picaut et al. (2002) showed that the persistent 

northerly winds towards the end of 1997-1998 El Nino resulted in a northward shift 

of the equatorial divergence. The first bloom after the El Nino appeared several 

degrees to the north of the equator during February 1998 (Murtugudde et al., 1999). 

This was a relatively weak bloom with chlorophyll concentrations of 0.3 mg m~3 and 

it moved towards the equator during February-June 1998. The unusually strong (> 

1.0 mg m~3 chlorophyll a) 1998 bloom appeared on the equator in June and persisted 

until the end of August (Murtugudde et al., 1999). These observations suggest that 

non-local effects can also be an important factor in regulating the chlorophyll biomass 

on the equator. Part of the mismatch between the observed and modeled chlorophyll 

a during 1998 La Nina may be due to horizontal advection of phytoplankton into 

the Cold Tongue region. Thus, non-local factors can contribute to differences in the 

timing and/or intensity of blooms in the simulated and satellite-derived chlorophyll 

a concentrations. The model structure used in this study does not have the capa­

bility of including non-local effects. This highlights the need for development of full 

three-dimensional models for the equatorial Pacific lower trophic levels.
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During the development of the phytoplankton bloom associated with the 1998 

La Nina, the mixed layer at 0°N, 140°W deepened, despite a shallow thermocline, 

resulting in entrainment of nutrients into the surface layer (Murtugudde, personal 

communication). However, during this period, the mixed layer depths input into the 

model remain shallow (Fig. 34B) due to the shallow thermocline depths. These results 

show the importance of and need for inclusion of the range of possible dynamics that 

effect mixed layer depth (e.g., effect of salinity). The approach used to estimate 

the mixed layer depths for this study is not sufficiently robust to include all of the 

relevant dynamics. Future studies should include a mixed layer dynamics that allows 

for the effects of El Nino processes.

The warm phase of the ENSO ends earlier in the Warm Pool compared to the 

Cold Tongue (Fig. 43A versus 34A). Upwelling of cold waters begins in May 1997 and 

by January 1998 the cold phase reaches its peak with cold waters extending to the 

surface (Fig. 43A). For these conditions, the simulated chlorophyll a bloom that is 

associated with the 1997 El Nino occurs during June-December 1997. The equivalent 

bloom in the SeaWiFS-derived chlorophyll time series (Fig. 47) begins in January 

1998. The lack of the correct mixed layer dynamics in the model in the Warm Pool 

potentially underlies the mismatch in the simulated and observed chlorophyll blooms.

The effect of temperature on algal growth rates and nutrient remineralization 

rates can also affect the realism of the Warm Pool simulations. A better represen­

tation of temperature effect on algal growth and better information on the reminer­

alization rates of iron and ammonium is needed to increase the model performance 

for environmental conditions that show extreme variability at short time scales (e.g., 

ENSO conditions).
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CHAPTER VII 

CONCLUSIONS

The results of this study are in agreement with generally accepted explanations 

for ecosystem processes in the equatorial Pacific region. The phytoplankton are 

nutrient limited and are dominated by small forms. Even the dominant groups 

usually produce less than their physiologically maximal rates, they are cropped to low 

abundances by microzooplankton grazers, and their sustained growth is dependent 

on the remineralized products of grazing. However, this study further emphasizes 

the importance of using a multi-component lower trophic level ecosystem model 

that includes detailed algal physiology and realistic micronutrient dynamics in order 

to investigate interactions in structuring the phytoplankton community assemblage 

and in regulating the export carbon flux in the equatorial Pacific. The simulations 

obtained from the lower trophic level ecosystem model show that a multi-algal group 

structure is needed to realistically represent the dynamics that underlie variations in 

phytoplankton community structure. Also, variable cellular nutrient quotas for the 

algal groups allows for realistic nutrient uptake dynamics.

In the Cold Tongue region at 0°N, 140°W, the simulated autotrophic eukaryotes 

and Prochlorococcus spp. dominate the phytoplankton community. During the El 

Nino period a shift towards smaller forms occur (e.g., Prochlorococcus spp. and 

Synechecoccus); whereas, under non-El Nino conditions phytoplankton assemblage 

shifts towards autotrophic eukaryotes.

The simulated primary production is most sensitive to the variations in the ther­

mocline depth as it is closely linked to the mixed layer depth and to the amount of 

iron at the base of the euphotic zone. The shoaling of the thermocline induces up- 

welling in the model and an increase in vertical advection shifts the system towards 

larger algal groups (autotrophic eukaryotes and large diatoms). Analysis of the model 

results show that, in general, there is a strong coupling between the change in carbon 

production and export. However, the effect of vertical advection on carbon produc­

tion and export is different from other environmental factors due to its direct effect
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on particulate carbon sinking rates. High-frequency variability in vertical advection 

and temperature is an important mechanism driving the carbon export. Filtering 

out low frequency physical forcing (retaining the high frequency physical forcing) 

drives the system towards larger algal forms and results in a 30% increase in carbon 

production and export. This variability in the simulated annual carbon production 

caused by TIWs and IGWs has a strong influence on the carbon export from the 

surface waters. This result illustrates that using carbon cycle models coupled with 

Ocean Global Circulation Models which are incapable of resolving high frequency 

events would result in unrealistic estimations of variability in carbon export from the 

surface waters.

All algal groups have a considerable effect on simulated phytoplankton carbon 

biomass, but not all have a strong effect on primary production and carbon export. 

This indicates that it may not be necessary to represent a broad spectrum of algal 

groups in carbon cycle models, because a few key groups appear to have a large 

influence on primary production and export variability. Combining algal groups 

1-3 (low-light adapted Prochlorococcus, high-light adapted Prochlorococcus and 

Synechococcus) as a cyanobacteria group and retaining algal groups 4 and 5 as dis­

tinct groups may be sufficient for modeling large-scale carbon export from equatorial 

Pacific waters.

This study showed that grazing is the principal control on simulated algal biomass 

and that primary production and carbon export are mainly driven by iron availability 

at 0°N, 140°W. The inability of Prochlorococcus spp. to use nitrate has a consid­

erable effect on simulated primary production and carbon fluxes which can lead to 

nitrogen limitation even in the HNLC regions. The explanation for the relative con­

stancy of these small ammonium-dependent species, which is now attributed only to 

grazing  p ressure, shou ld  be ex tended  to  include b o th  n itrogen  lim ita tio n  an d  grazing  

constraints.

This study supports the hypothesis that iron has a nutrient-type (e.g., nitrate) 

profile in the oceans (Martin et al., 1989; Bruland et ah, 1994; Johnson et al., 1997).
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However, the simulated vertical distributions further suggest that iron shows char­

acteristics of both new-(nitrate) and recycled-nitrogen (ammonium). Recycled iron 

is an important component of the ecosystem dynamics, because sustained growth of 

algal groups depends on remineralized iron which accounts for 40% of the annual 

primary production in the Cold Tongue region. Model results also show that phyto­

plankton in the Cold Tongue are strongly iron limited even during upwelling periods. 

The algal uptake and iron remineralization formulations included in the model are 

based on limited observations. In order to better assess the effects of iron on the lower 

trophic levels and the carbon export, better understanding of iron uptake dynamics 

by various algal groups, remineralization processes of iron, aeolian iron fluxes, and 

iron solubility is needed.

For the Cold Tongue region, the ENSO warm phase results in a shift to small algal 

forms (e.g., Prochlorococcus spp. and Synechecoccus) and low primary productiv­

ity. For the Warm Pool region, the phytoplankton community biomass is increasingly 

dominated by larger algal forms (e.g., autotrophic eukaryotes) and primary produc­

tion is enhanced.

The simulations from the Cold Tongue and the Warm Pool regions show that 

the primary production and carbon export flux in the Cold Tongue are higher than 

those for the Warm Pool, although the iron levels are much higher in the Warm 

Pool. This suggests that the higher primary production levels in the Cold Tongue 

are not due to iron, but rather are a result of the high macro-nutrient concentrations 

in the region. Although the simulated primary production is higher in the Cold 

Tongue compared to the Warm Pool, the phytoplankton growth rates are still well 

below their physical potentials mainly due to iron control. The combined effects of 

macronutrients and iron control the Warm Pool primary productivity. Although it is 

hypothesized that the lower trophic level dynamics in the Warm Pool region is mainly 

regulated by macronutrients (Le Borgne et al., 2002), the effect of iron regulation 

on phytoplankton in the region is not known. The effect of nutrient dynamics in 

regulating the Warm Pool primary productivity is still an area of investigation.

Although there are many potential avenues for better representation of the biology
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in the lower trophic level ecosystem model used in this study, it is the representa­

tion of the physical dynamics that provides the primary constraints on the realism 

of the simulated distributions. In particular the changes in mixed layer dynamics 

and vertical advection associated with the transition periods from highly stratified 

conditions to upwelling conditions (ENSO) are not well represented by the approach 

used to specify the environmental structure. Future studies should include a mixed 

layer dynamics model that allows for more robust responses in the environment to 

ENSO conditions. This can be achieved by fully coupling the ecosystem model to a 

three-dimensional model that includes a realistic mixing scheme (e.g., Chen et al., 

1994; Murtugudde et al., 1996), which would resolve high frequency variability re­

sulting from the physical forcing fields (e.g., temperature, mixed layer depth, vertical 

velocity).

Thus, the research described in this study provides a framework for future global 

and basin-scale studies of multi-component ecosystem modeling that includes de­

tailed algal physiology. W ith the rapid advances in computer technology, it will be 

possible to combine sophisticated components for both ecosystems and biogeochemi­

cal dynamics in a global and basin-scale modeling framework in the very near future. 

Today it is difficult to validate such global and basin-scale models because current 

satellite ocean color instruments provide only a poor indicator of the biological activ­

ity in the ocean through chlorophyll a concentration. However, the work to monitor 

phytoplankton species and physiology from space is already on its way (Sathyen- 

dranath et al., 2001; Alvain et al., 2005) and will provide data for calibration and 

validation for multi-component ecosystem modeling.
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