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Figure 9. Simulated depth-time distributions of daily-averaged (A) light-limited and (B) nutrient-
limited growth rates (d−1) of high light-adapted Prochlorococcus (algal group 2). Only the growth
rates of algal group 2 are given to set an example. Overlaid solid white line represents the mixed
layer depth.

occur at shallow depths (i.e. 20 m). These periods are especially common during El Niño
conditions, such as the event on YD60-YD75 at ∼20 m, which coincides with high cloud
cover (Fig. 4A). The nutrient-limited growth rate of this group shows little variation over
the one-year simulation. In the surface waters, algal group 1 is strongly light inhibited and
nutrient limitation has a very weak effect on this algal group. As a result, the actual growth
rate of algal group 1 is similar to the light-limited growth rate distribution 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. 9A).
Similar to algal group 1, short periods of high light-limited growth rate values of this algal
group occur at shallow depths when El Niño conditions are present. Nutrient limitation on the
growth rate of algal group 2 occurs for short periods during YD70-YD100, YD180-YD200,
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Figure 10. Simulated depth-time distribution of cellular nitrogen to carbon ratios (µmol N l−1/µmol
C l−1) of high light-adapted Prochlorococcus (algal group 2). The ratios of other groups always
stay at their maximum values, therefore they are not given. Overlaid solid white line represents the
mixed layer depth.

and YD250-YD260 in the mixed layer (Fig. 9B). As a result, the combined effects of light
inhibition and nutrient limitation control the growth rate of algal group 2, and the actual
growth rate (Fig. 8B) 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 (Salihoglu,
2005). These groups do not experience any light limitation in the surface waters and their
growth rates gradually decline below 20 m, dropping to zero around 80 m. The influence
of nutrient limitation on growth is less on algal group 3 compared to algal groups 4 and 5.
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. 8C-E).

Algal group cellular nutrient ratios

Cellular nutrient to carbon ratios of the algal groups are good indicators of nutrient-limited
growth. High nitrate concentrations in the region keep the simulated cellular nitrogen to
carbon ratios of all algal groups at their maximum values (Salihoglu, 2005) except algal
group 2 (Fig. 10). 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.

The cellular iron to carbon ratios of all groups begin to increase at the bottom of the mixed
layer, reaching their maximum values 5 to 30 m below the mixed layer (Figs. 11A-E). The
iron to carbon ratios of algal group 1 are always at their maximum values (Fig. 11A), which
indicates that this group is not iron limited. 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. 11B and C). For algal groups 4 and 5, iron to carbon
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Figure 11. Simulated depth-time distributions of cellular iron to carbon ratios (nmol Fe l−1/µmol C
l−1) of (A) low light-adapted Prochlorococcus (algal group 1), (B) high light-adapted Prochlorococ-
cus (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.

ratios are at their minimum values within the mixed layer during most of the year (Figs. 11D
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 cellular
silicate to carbon ratios (Salihoglu, 2005) for this algal group are always at their maximum
value, indicating that this group is not silicate limited.

iii. Zooplankton. The simulated distributions show little temporal variability in microzoo-
plankton biomass concentration throughout the year (Fig. 12A). However, in contrast,
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Figure 12. Simulated depth-time distributions of biomass (µmol C l−1) of (A) microzooplankton,
and (B) mesozooplankton. Overlaid solid white line represents the mixed layer depth.

considerable temporal variability occurs in the mesozooplankton concentration (Fig. 12B).
The distribution of mesozooplankton shows the general features of low biomass during
the first 100 days, followed by increased biomass which persists for the remainder of
1992. The initial low mesozooplankton biomass corresponds to El Niño conditions and
deep mixed layers. Throughout the latter part of the year, the micro- and mesozooplankton
show episodic increases/decreases in biomass, although these fluctuations are very weak
for microzooplankton. These events persist for 6 to 20 days.

iv. Nutrients. The simulated distributions of nitrate, iron, and silicate concentrations in the
upper 100 m show the general features of low nutrient conditions during the first 100 days,
which correspond to El Niño conditions, followed by increased concentrations at about
YD120, which persist for the remainder of 1992 (Figs. 13A, C and D). The simulated
ammonium distribution (Fig. 13B) 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
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Figure 13. Simulated depth-time distributions of concentrations of (A) nitrate (µmol l−1), (B) ammo-
nium (µmol l−1), (C) iron (nmol l−1), and (D) silicate (µmol l−1). Overlaid solid white line
represents the mixed layer depth.

nutrients are homogeneous within the mixed layer. All nutrients increase with depth except
for ammonium.

Nitrate concentrations are lower during El Niño conditions, although this nutrient is never
depleted (>2 µmol l−1) within the water column (Fig. 13). Increases in nitrate concentration
coincide with episodic upwelling events that persist for 6 to 20 days (Fig. 3).

Ammonium is depleted (<0.1 µmol l−1) within the mixed layer (Fig. 13B) where phy-
toplankton demand for this nutrient is high. The ammonium maximum occurs below the
mixed layer where the majority of nitrogen regeneration occurs. The peaks in ammonium
concentration follow increases in algal group primary production (Figs. 7A-E). Ammo-
nium concentrations are higher during the first half of the year with maximum values of
1.1 µmol l−1 between YD130 and YD175. These maxima follow persistently high primary
production values observed during YD105-165 (Fig. 7).

Iron concentrations are lower during El Niño conditions (Fig. 13C). Similar to ammo-
nium, iron is also depleted in the mixed layer (<0.03 nmol l−1). Iron concentrations are
higher during the second half of the year below the mixed layer, showing a maximum value
of 0.195 nmol l−1 on YD308 at 120 m. The strongest injection of iron into the mixed layer
occurs around YD315.

Silicate follows a similar trend to nitrate (Fig. 13D). Silicate is never depleted within the
water column and attains a minimum value of 1.8 µmol l−1 on YD43.
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Figure 14. 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 (�) measured during
the two U.S. JGOFS EqPac survey cruises, S1 and S2, are shown for comparison.

v. 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. Daily particulate carbon fluxes
through the model bottom boundary at 120 m show high temporal variability during the
year (Fig. 14). Similar to primary production, carbon export is also lower during the El Niño
period.

The carbon fluxes are highest when a downwelling event (Fig. 3B) 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. 7). The annual integrated particulate carbon flux
past 120 m is 10,416 mmol C m−2 yr−1. A similar calculation for the carbon flux past
50 m yields an annual value of 10,735 mmol C m−2 yr−1 . The small decrease in these
estimated carbon fluxes indicate the effect of remineralization processes on the vertical flux
of particulate carbon.

vi. Simulated upper water column 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 producers (Fig. 15). Micrograzers remove 71% of the small phyto-
plankton, which is consistent with observations (Landry et al., 1995) that show 53–83% of
small phytoplankton grazed by microzooplankton. Dam et al. (1995) reported that mesozoo-
plankton only removed 1–12% of the daily primary production, almost all due to grazing on
diatoms (Bidigare and Ondrusek, 1996). The simulated mesozooplankton grazing removes
only 4% of the daily production as diatoms which is consistent with observations. The
simulated microzooplankton contribution to mesozooplankton grazing is ∼80% (19 mmol
C m−2 d−1) and Zhang et al. (1995) reported that small animals (200–500 µm) contributed
more than 50% (range 34–80%) of total mesozooplankton grazing.

The simulated carbon transfers between the two zooplankton compartments and the
two detritus compartments are similar (∼29 mmol C m−2 d−1, Fig. 15). The removal of
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Figure 15. Flowchart of the simulated carbon budget (mmol C m−2 d−1) obtained for the lower
trophic level model structure used in this study. Arrows indicate the direction of carbon transfer
between model compartments in mmol C m−2 d−1. The ecosystem variables are daily averaged
over the euphotic zone (0–120 m). The numbers in the algal group and zooplankton compartments
are the net daily primary production and assimilated part of grazed carbon, respectively. Arrows
between algal groups and zooplankton compartments and the arrow between microzooplankton
and mesozooplankton compartments indicate net daily grazing. Arrows between zooplankton and
small (Detritus1) detritus and large (Detritus2) detritus compartments indicate the carbon loss
from zooplankton resulting from unassimilated grazing, mortality and excretion. Arrows between
the detritus compartments and the dissolved organic carbon (DOC, which is not tracked in the
model) indicate the loss of carbon from the detritus compartments by remineralization. Abbrevia-
tions on the flow chart are: LL-low light-adapted; HL-high light-adapted; DOC-dissolved organic
carbon.

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 (0–120 m).

The simulated annual-averaged vertical distributions of carbon production and removal
suggest that microzooplankton grazing exceeds the production by light inhibited species
(i.e. algal groups 1 and 2) at the surface (Figs. 16A and B), and it exceeds the production by
all algal groups at deeper parts of the euphotic zone where growth is light limited (Figs. 16A
and E). Grazing removes all the daily algal group 5 production in the upper 45 m (Fig. 16E),
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, which extensively reduces growth rates. Between 40 and 70 m,
nutrient limitation is less, which allows algal group 5 production to exceed removal by
mesozooplankton.
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Figure 16. Simulated profiles of annual-averaged carbon production (solid line) and removal of
carbon production by grazing (dashed line) (mmol C l−1 d−1) of (A) low light-adapted Prochloro-
coccus (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) microzooplankton. Microzooplankton graze algal groups 1–4 and mesozooplankton graze algal
group 5 and microzooplankton, as explained in section 3.1. Abbreviations used are: PP-primary
production by algal groups; SP- secondary production by microzooplankton.

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. 16F). The grazing removal corresponds to ∼65% of daily
secondary production by microzooplankton throughout the water column.

b. Model-data comparison

The biogeochemical data measured during the U.S. JGOFS EqPac field studies (Murray
et al., 1994, 1995) are used for comparison with the simulated distributions for specific days
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Figure 17. Simulated time distribution of the combined low light-adapted and high light-adapted
Prochlorococcus (dotted line), Synechococcus (dashed line), autotrophic eukaryotes (thick solid
line), and large diatoms (thin solid line) in the mixed layer (µmol C l−1). The corresponding
measurements for each algal group from the four U.S. JGOFS EqPac cruises are shown by �, ∗, ×,
and �, respectively. Measurements from the cruises do not distinguish between the two ecotypes of
Prochlorococcus spp. Therefor, the simulated biomass values of algal groups 1 and 2 are summed
up for comparison with the cruise measurements.

and depths, as well as for comparisons on a depth-integrated basis. 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. 17), as
well as the 120-m integrated values are in the same dynamic range with the corresponding
concentrations calculated for the same time period from the 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 temporal
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 groups
1+2 being secondary in dominance (Fig. 17). Early in the year, during El Niño conditions,
the biomass associated with algal group 4 (autotrophic eukaryotes) and algal group 1 + 2
are similar and algal group 3 dominates over algal group 5 in observations and simulations.
During the latter part of the year, the simulated biomass of algal group 4 is double that of
algal group 1 + 2 which is in agreement with the observations. Also, the observations and
simulations show increases in the biomass of algal groups 3 and 5 during the second part of
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Figure 18. Simulated time distribution of daily-averaged primary production in the mixed layer (µmol
C l−1d−1). The corresponding measurements from the four U.S. JGOFS EqPac cruises are shown
with +.

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 occasionally dominates over algal group 3. The
exceptionally high diatom (algal group 5) concentration (1 µmol C l−1) observed during
the TS2 cruise on YD295 is not reproduced in the simulation.

The simulated mixed layer (Fig. 18) and integrated primary production underestimates
measured values from the cruises. 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 max-
ima/minima cycles during the year, with the maximum rate of 2.62 µmol C l−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.

The simulated and observed accessory pigments in the mixed layer are in reasonable
agreement (Fig. 19). Observations indicate that below 60 m chlorophyll a and other pig-
ment concentrations were higher during the S1 and TS1 cruises compared to the S2 and
TS2 cruises; whereas, surface values were slightly lower during S1 and TS1. The model
successfully reproduces this difference in the chlorophyll a and pigment concentrations
between two seasons.

The vertical profiles of chlorophyll a measured during the two time series cruises provide
an additional comparison for the simulated chlorophyll a values (Figs. 20A 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
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Figure 19. Simulated time distribution of daily-averaged chlorophyll a (solid black line), chlorophyll
b (purple), chlorophyll c (blue), photoprotective carotenoids (green), photosynthetic carotenoids
(yellow), and phycoerithyrin (red) in the mixed layer (ng l−1). The corresponding pigment mea-
surements from the four U.S. JGOFS EqPac cruises are shown with �, ∗, �, +, � and ×,
respectively.

Figure 20. Simulated profiles of chlorophyll a (µg l−1) for (A) YD83-YD98 and (B) YD272-YD284.
The corresponding chlorophyll a measurements (�) from the two U.S. JGOFS EqPac time series
cruises are shown for comparison.
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Figure 21. Simulated time distribution of daily-averaged nitrate (thick solid line), ammonium (thin
solid line), and silicate (dotted line) in the mixed layer (µmol l−1). The corresponding measurements
for nitrate (×), ammonium (�), and silicate (�) from the four U.S. JGOFS EqPac cruises are
shown for comparison. Ammonium concentrations are scaled by a factor of 10 for comparison
purposes.

of the deep chlorophyll maxima observed between the two cruises. The chlorophyll a

concentrations obtained during the TS1 cruises show that chlorophyll a concentrations
below 80 m are as high as the surface values, which are underestimated by the model
(Fig. 20A).

The simulated concentrations of nitrate and ammonium compare well with observa-
tions (Fig. 21). However, the simulated mixed layer silicate concentrations overestimated
observed values. Below the mixed layer, the decrease in ammonium concentrations seen in
the TS2 cruise data is reproduced in the simulated distributions (Salihoglu, 2005).

The measured iron concentrations 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. 22) were within the
range measured during the time series cruises.

The simulated micro- and mesozooplankton biomass and distribution are difficult to ver-
ify with measurements. However, some limited data are available. The simulated micro-
and mesozooplankton concentrations are almost double the measured values (∼18 versus
∼10 mmol m−2 for microzooplankton and ∼25 versus ∼12 mmol m−2 for mesozooplank-
ton). Direct comparison of the simulated and observed zooplankton biomass is problematic
because they do not necessarily represent the same quantity. The mesozooplankton com-
partment is the closure term in the model and the transfer of mesozooplankton biomass to
higher trophic levels is not included. Thus, agreement within a factor of 2 is taken to be
acceptable.

Similarly, little data are available for comparison with the simulated surface carbon fluxes
(Fig. 14). The limited measurements that are available can be subject to considerable exper-
imental error (Dunne and Murray, 1999). However, comparison of the simulated organic
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Figure 22. Simulated time distribution of daily-averaged iron (nmol l−1) at 120 m. The corresponding
iron measurements (×) from U.S. JGOFS EqPac cruises are shown for comparison.

particulate carbon flux to measurements is promising (Fig. 14). The simulated fluxes over-
estimate the measured fluxes, but direct comparisons between the two are difficult because
the measured and simulated fluxes may not represent the same quantities. Possible expla-
nations of this mismatch are discussed in Section 5aiv. The simulated and observed organic
particulate carbon fluxes show an increase in the latter part of 1992.

5. Discussion

a. Cause and effect of patterns in model state variables and derived fields

i. 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 underrepresent the dynam-
ics of the phytoplankton community. For example, in the two-species models that include
iron (e.g., Leonard et al., 1999; Christian et al., 2002a), it is assumed that the large phy-
toplankton 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. These assumptions allow
the netplankton to escape grazing control under strong upwelling 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 region some nanoplankton do not experience strong grazer control
and that they bloom during strong upwelling conditions.

The multiple algal group model used in this study avoids these limitations in dynamics
by including algal group 4 (i.e. autotrophic eukaryotes), which falls between the large and
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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
strongly controlled by microzooplankton. Algal group 5 is controlled by nutrient limitation
and 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 4b).

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
implies that phytoplankton in equatorial waters must have small iron quotas (e.g., less than
0.003 nmol Fe (µmol 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 (Section 4aii),
allowing nitrate to be deposited in the cells, which in turn allows the cellular iron to carbon
ratios to be low and variable in the surface waters (Figs. 11A-E). Only the cellular iron
quotas of algal groups 4 and 5 decrease to 0.003 nmol Fe (µmol C)−1 (Figs. 11D and E).

Algal group biomass and primary production

The physiological differences in algal groups are also reflected in the vertical distribution
patterns of biomass and primary production rate (cf. Section 4aii). The primary production
of algal groups is confined to certain depths; whereas, biomass is more dispersed as a
result of vertical advection and diffusion, and mixing in the mixed layer. 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, for instance
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. 7A-E). Similarly, mixing upwards
benefits some algal groups, such as groups 3 and 4, because of increased light (Figs. 7C and
D). Other algal groups, such as groups 1 and 2, stop growing because of photoinhibition
(Figs. 7A 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. 5A). Algal group 2, in comparison, is abundant within
the mixed layer (Fig. 5B).

Within the mixed layer, algal groups 1 to 3 show less temporal variability compared
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. 5E). Nutrient
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limitation (especially iron limitation) is stronger for algal group 5 compared to that for the
other algal groups (Fig. 11E). 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. 12B) 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 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. 17). 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 periods (Fig. 3A). The
highest simulated phytoplankton biomass values occurred during YD300-YD320, which
corresponded to the passage of strong TIWs which can be seen in vertical velocity fields
(Fig. 3B). These blooms also correspond to relatively shallow mixed layer depths and cold
water temperatures representative of high nutrient concentrations (Figs. 3B and C).

Towards the end of the El Niño period during YD45-75, three consecutive strong IGWs
appear in the vertical velocity fields (Fig. 3B) 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. 3A and C).

The simulated algal group biomass abundance and distribution are realistic as determined
from comparison with measurements (Section 4b). However, the simulated primary produc-
tion values underestimated observed rates (Fig. 18). 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 EqPac 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 TS1 and TS2 cruises. If the observed
primary production rates are reduced by 15%, then the simulated mixed layer primary pro-
duction values (Fig. 18) fall within the observed limits. However, the simulated integrated
primary production values are still lower than the observations.

Algal group physiology

Algal groups 1 and 2 cannot use nitrate as a nitrogen source, and as a result ammonium
is depleted in the surface waters (Fig. 13B). However, the cellular nitrogen to carbon ratios
for algal group 1 stay close to its maximum values; whereas, those for algal group 2 are
below their maximum values (Fig. 10B). This arises because there is no production of algal
group 1 at the surface (Fig. 7A) due to light inhibition. Similarly, the cellular iron to carbon
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ratios of algal group 1 are always maximum (Fig. 11A), which indicates that this group
is not iron limited either. The effect of the inability of Prochlorococcus spp. to use nitrate
on the simulated primary production and carbon fluxes is discussed in the accompanying
paper (Salihoglu and Hofmann, 2007).

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. 11A-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. 11E). 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. 11B
and C).

The simulated maximum light-limited and nutrient-limited phytoplankton growth rates
(Figs. 9A and B) are higher during the first five months of 1992, because higher water tem-
peratures during this time result in higher temperature dependent maximum growth rates
(µmt (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 6), which reflects the physi-
ological 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 weaken the effect
of light inhibition on these groups. This result was especially significant 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. 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 (e.g. on YD120, Fig. 9A) . 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.

ii. Nutrients. 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. 13A and B). The simulated iron concentration is high at the
bottom of the euphotic zone (120 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. 13C). This
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is consistent with 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 ∼50% higher than the observations during the
second half of the year (Fig. 13D), which may be the result of not including the horizontal
advection of silicate. However, observations show that silicate concentrations are always
>2 µmol l−1 in the upper 120 m. The half saturation constant for silicate uptake by diatoms
is below this value (Nelson and Treguer, 1992). To compensate for high simulated silicate
concentrations, model is tested using a higher silicate half saturation constant (3 µmol l−1).
Results did not differ significantly from the reference simulation results. Thus, results for
0N, 140W are counter to the suggestion that input of low silica waters to the equatorial
upwelling system is a primary cause of the low new production of organic carbon (Dugdale
and Wilkerson, 1998).

iii. Zooplankton. Dam et al. (1995) showed that the bulk of the diet of mesozooplankton
in equatorial Pacific waters consists of microzooplankton rather than phytoplankton. The
simulated distributions support this observation and show that 63% (9,790 µmol C year−1)
of the microzooplankton production is cropped by mesozooplankton. High mesozooplank-
ton grazing results in low variability in the microzooplankton biomass (Fig. 12A), and
therefore, the variability in phytoplankton concentration is not reflected in the microzoo-
plankton biomass. Any increase in microzooplankton concentration is rapidly removed
by mesozooplankton. Thus, variability in mesozooplankton biomass has a similar struc-
ture to phytoplankton primary production (Fig. 12B). Because simulated mesozooplankton
biomass is overestimated (cf. Section 4b) this is reflected as high grazing control on algal
group 5.

iv. Carbon export. The simulated export carbon fluxes are largely controlled by inputs of
subsurface 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, downwelling
vertical velocities, and sinking and they are reduced with depth via remineralization
(Fig. 14). Downwelling increases the transport of particulate material out of the surface
waters. Therefore, the highest carbon export values occur during the downwelling peri-
ods that follow a high carbon production period (e.g., YD15-30, YD75-90, YD120-170,
YD220-240, and YD300-320, Section 4av).

Moreover, variability in the simulated carbon fluxes is mainly regulated by the vertical
velocities rather than being a direct reflection of carbon production. For example, the two
consecutive peaks in carbon flux that occur between YD300 and YD330 (Fig. 14), coincide
with two periods of downwelling vertical velocities.
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Water temperature also affects the simulated export carbon flux because of the depen-
dency of particulate carbon remineralization on temperature. Warm temperatures during
the first part of 1992 (Fig. 3A) produce faster particle remineralization, thus reducing car-
bon export. For example during the El Niño period (YD1-120), temperatures are such that
remineralization rates are almost double the remineralization rates of the cold non-El Niño
period.

The model-data comparisons of the export carbon fluxes show that the simulated values
overestimate the observations (Fig. 14). One possible explanation for this mismatch 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. Friedrichs and Hofmann (2001) argued that horizontal advection of nutrients is
needed to avoid nutrient accumulation in the region. Thus, lack of horizontal advection in
the model may be another factor contributing to the high carbon export.

6. Summary and conclusions

The results of this study are in agreement with generally accepted explanations for ecosys-
tem processes in the equatorial Pacific region. The phytoplankton are nutrient limited and
are dominated by small forms. Rates associated with the dominant algal groups are usually
less than their physiologically maximum. The algal groups are cropped to low abundances
by microzooplankton grazers, and their sustained growth is dependent on the remineral-
ized products of grazing. This study illustrates the importance of using a multi-component
lower trophic level ecosystem model that includes detailed algal physiology and realistic
micronutrient dynamics to investigate physical and biological interactions in structuring the
phytoplankton community assemblage and in regulating the export carbon flux in the equa-
torial Pacific. Also, variable cellular nutrient quotas for the algal groups allow for realistic
nutrient uptake dynamics.

In the Cold Tongue region at 0N, 140W, the simulated autotrophic eukaryotes and
Prochlorococcus spp. dominate the phytoplankton community. These groups correspond
to 69% and 14% of the total annual primary production in the region, respectively. During
the El Niño period a shift towards smaller forms occur (e.g., Prochlorococcus spp. and
Synechecoccus); whereas, under non-El Niño conditions phytoplankton assemblage shifts
towards autotrophic eukaryotes. Sensitivity studies designed to highlight important physical
and biological processes that affect carbon production and export are described in part 2 of
this study (Salihoglu and Hofmann, 2007, this issue).

This study supports the hypothesis that iron has a nutrient-type (e.g., nitrate) profile
in the equatorial ocean (Martin et al., 1989; Bruland et al., 1994; Johnson et al., 1997).
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However, the simulated vertical distributions further suggest that iron shows characteristics
of both new-(nitrate) and recycled-nitrogen (ammonium). Model results also show that
phytoplankton in the Cold Tongue are strongly iron limited even during upwelling periods.
However, 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.

The research described in this study provides a framework for future basin-scale and
global studies of multi-component ecosystem modeling that includes detailed algal phys-
iology. Continuing advances in computer technology will allow combining sophisticated
representations for ecosystems and biogeochemical dynamics in basin-scale and global
modeling frameworks. Evaluation and calibration of results from such basin-scale and
global models will be possible through new sensors and methods that can monitor phyto-
plankton species and physiology from space (Sathyendranath et al., 2001; Alvain et al.,
2005), as well as in situ measurement arrays.
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