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Abstract

Recent studies indicate strengthened trade winds and intensified upwelling in the trop-
ical Pacific since the late 1990s, suggesting implications for the biogeochemical pro-
cesses. We employed a fully coupled physical-biogeochemical model to test the hy-
pothesis that there were climate driven decadal variations in biogeochemical fields5

of the equatorial Pacific. We quantified changes in nitrate and iron concentrations,
primary and secondary productions, and phytoplankton and zooplankton biomass be-
tween 1988–1996 and 1999–2007. Our modeling simulation showed that the inten-
sified upwelling during 1999–2007 resulted in significant increases of nitrate and iron
concentrations in the mixed layer of the central equatorial Pacific. In addition, the up-10

welling front moved westward, causing shifts of oligotrophic conditions to mesotrophic
conditions in some parts of the western equatorial Pacific. As a result, there was an
overall enhancement of biological activity in the western and central equatorial Pacific,
leading to an increase in primary production and secondary production by 10–15% and
15–50%, respectively. Our study also indicated that there were changes in ecosystem15

states in the equatorial Pacific Ocean, suggesting alternative new states with more
zooplankton biomass during 1999–2007. Additionally, our study showed significant
changes in seasonal variations of biogeochemical fields. Particularly, there was a much
stronger seasonality in biological production and plankton biomass near the dateline
during 1999–2007 relative to 1988–1996.20

1 Introduction

The equatorial Pacific Ocean plays a large role in the global carbon cycle because of
its vast expanse and significant air-sea CO2 exchange rates (Feely et al., 2002). In
the physics’ point view, the equatorial Pacific reveals two distinct regions: the upwelling
region in the central and eastern Pacific and the warm pool to the west. These two25

regions are clearly separated by a front (Picaut et al., 2001; Le Borgne et al., 2002a).
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Under normal condition, the warm pool has deeper thermocline and nutricline, with
extremely low nutrient concentrations in the mixed layer. In contrast, the upwelling
region has shallower thermocline, and high macronutrient concentration in the surface
waters. As a result, the warm pool often experiences oligotrophic conditions whereas
the upwelling region has mesotrophic conditions. Despite of the high macronutrient5

concentration, chlorophyll concentration is low in the central and eastern equatorial
Pacific. Thus, this region is often referred to a High-Nutrient-Low-Chlorophyll (HNLC)
region.

The equatorial Pacific Ocean is known to undergo significant physical changes at
interannual and decadal time scales, which are largely associated with the climate10

phenomenon, i.e., the El Niño/Southern Oscillation (ENSO) (McPhaden et al., 2006)
and/or the Pacific Decadal Oscillation (PDO) (Zhang and McPhaden, 2006; Giese and
Carton, 1999; Hasegawa and Hanawa, 2003). Both the ENSO and PDO cycles consist
of a warm phase and a cold phase in terms of the sea surface temperature (SST)
anomalies. During the warm phase, the trade winds generally weaken, thus reducing15

the driving force for upwelling of nutrient-rich waters into the surface layer. As a result,
nutrient concentration is lower in the surface waters, which leads to lower phytoplankton
growth. Conversely, the trade winds are intensified during the cold phase, producing
stronger upwelling that brings more nutrients from the deep ocean into the surface
waters, resulting in higher biological activity in the upper ocean.20

There have been numerous studies addressing the interannual variability, which have
indicated significant ENSO impacts on the equatorial Pacific Ocean physical processes
(McPhaden, 2003; McPhaden et al., 2006), marine ecosystem dynamics (Strutton and
Chavez, 2000; Wang et al., 2005) and biogeochemical processes (Chavez et al., 1999;
Wang et al., 2006b; Feely et al., 2002; Le Borgne et al., 2002a). Particularly, an25

unusually large accumulation of phytoplankton was observed from the Sea-viewing
Wide Field-of-view Sensor (SeaWiFS) imagery in the equatorial Pacific in mid-1998
following the recovery from the 1997–1998 El Niño (McClain et al., 2002; Murtugudde
et al., 1999; Ryan et al., 2002). In addition, new production varied by a factor of two on
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the equator during the transition from the warm phase to the cold phase (Turk et al.,
2001). Both field (Strutton and Chavez, 2000) and modeling (Wang et al., 2005) studies
showed a significant increase in the proportion of large cell phytoplankton species in
the equatorial Pacific Ocean during the cold phase.

It appears that most of these changes deal with the 1997–1998 ENSO events. How-5

ever, observations indicate that the tropical Pacific has experienced intensified shallow
meridional overturning circulation and strong upwelling since 1998, reflecting a physical
regime shift in association with the late 1990s change (i.e., a shift from a warm phase
to a cold phase) in the PDO (McPhaden and Zhang, 2004). Coincidently, a so-called
biological regime shift, from a warm sardine regime to a cool anchovy regime, was dis-10

covered in the North Pacific in the late 1990s (Chavez et al., 2003). Interestingly, our
earlier modeling study revealed that the ecosystem structure was systematically differ-
ent (i.e., significant increase of zooplankton biomass relative to phytoplankton biomass)
in the central and eastern equatorial Pacific between the period of 1998–2001 and the
period of 1990–1998 (Wang et al., 2005). These studies imply the possibility of large-15

scale, systematic and long-lasting changes in biological processes in response to the
late 1990s physical changes in the Pacific Ocean. However, there has been little fo-
cused analysis undertaken to address this issue, particularly in the equatorial Pacific,
a region which plays a significant role in the global carbon cycle.

In this study, we employ a basin scale, fully coupled physical-biogeochemical model20

to study long-term impacts of climate condition on the biogeochemical fields in the
equatorial Pacific Ocean. The coupled model has demonstrable capability for simulat-
ing spatial and temporal variations in physical fields (Murtugudde et al., 1996), ecosys-
tem dynamics and biogeochemical fields in the tropical Pacific (Wang et al., 2005,
2006b, 2008, 2009). Particularly, the model has been validated in many biogeochem-25

ical fields, e.g., chlorophyll, nitrate, dissolved and particulate organic nitrogen (Wang
et al., 2008, 2009). Similar to the approach of McPhaden and Zhang (2004), we com-
pare the mean biogeochemical conditions for the two periods, prior to and post 1998.
However, we extend our comparison to the longest possible duration and exclude the
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extreme period of 1997–1998, i.e., the 9-year period of 1999–2007 with the previous
9-year period of 1988–1996. The objective of this study is to test the hypotheses that
there are large-scale, systematic and long-lasting changes in nutrient conditions and
biological activity in the equatorial Pacific.

2 Model description5

The fully coupled 3-dimensional physical-biogeochemical model has been used exten-
sively for studying the physical impacts on ecosystem dynamics and biogeochemical
processes in the equatorial Pacific. The ocean general circulation model (OGCM) is
a reduced-gravity, primitive-equation, sigma-coordinate model that is coupled to an
advective atmospheric mixed layer model (Gent and Cane, 1989; Murtugudde et al.,10

1996). The OGCM has 20 vertical layers with variable thicknesses. The upper-most
layer, the mixed layer, is determined by surface turbulent kinetic energy generation,
dynamic instability mixing, and convective mixing to remove static instabilities (Chen et
al., 1994). The model is set up for the Pacific domain between 30◦ S–30◦ N with zonal
resolution of 1◦, and variable meridional resolutions of 0.3–0.6◦ between 15◦ S–15◦ N15

(1/3◦ at latitudes <10◦), increasing to 2◦ at the northern and southern boundaries. In
the “sponge layer” (10◦ band) near the boundaries, temperature, salinity, and nitrate
are gradually relaxed back towards climatology.

The model is forced by solar radiation, cloudiness, surface wind stress, and precip-
itation. Air temperature and humidity are computed by the atmospheric mixed layer20

model. The solar radiation, precipitation, and cloudiness are climatological monthly
means. The surface wind stresses are interannual, 6-day means from the National
Centers for Environmental Prediction (NCEP) reanalysis (Kalnay et al., 1996). Wind-
speeds are computed from wind-stresses, resulting in interannual wind forcing, and
latent and sensible heat fluxes which are the most important surface forcings at inter-25

annual time-scales in the equatorial Pacific. Initial conditions are taken from the outputs
of a climatological run which has been spun up for 30 years with initial conditions from
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Levitus. We perform an interannual run starting from 1980, and use model outputs
from the period of 1988–2007.

The biogeochemical model consists of ten components: seven biological pools and
three nutrients (ammonium, nitrate, and dissolved iron). The biological pools include
dissolved organic nitrogen, and two sizes each (large and small) of phytoplankton,5

zooplankton and detritus. Small phytoplankton, large phytoplankton, small zooplank-
ton and large zooplankton represent mainly picophytoplankton, diatoms (and other au-
totrophic plankton), micro- and meso-zooplankton, respectively (Le Borgne and Landry,
2003). Model structure, equations and biogeochemical parameters were given by
Wang et al. (2008). All biological components are carried in terms of their nitrogen10

equivalence, and computed in a similar manner to physical variables for all the layers.
We apply a constant Redfield carbon to nitrogen (C:N) ratio (6.625) to compute primary
production (PP) and secondary production (SP).

Our modeling effort has included extensive use of observational data for model val-
idation in the equatorial Pacific. For instance, we have used large scale datasets of15

chlorophyll from water column in situ measurements and 10-years (1997–2007) satel-
lite observations for assessment of our model skill (Wang et al., 2009). Here, we
further demonstrate our model fidelity by comparing modeled PP rates with observa-
tions for the period of 1990–1996 when in situ data are made available (see Friedrichs
et al., 2009). As shown in Table 1, there are good agreements between the inde-20

pendent observations and model results. For instance, for the western equatorial Pa-
cific, the lowest and highest rates from the model are 23 mmol C m−2 d−1 in 1990 and
90 mmol C m−2 d−1 in 1996, respectively, which are similar to the observed rates of
21 mmol C m−2 d−1 and 87 mmol C m−2 d−1. Moreover, both observations and model-
ing results show that PP rates in 1996 along the equator are slightly lower in the central25

(178◦ W–155◦ W) equatorial Pacific than in the western (170◦ E-180◦) equatorial Pacific.
The extensive model validations provide a solid base for the present quantitative study.
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3 Results

3.1 Changes in averaged physical and biogeochemical conditions

Ocean physical characteristics are often described by mixed layer depth (MLD) and the
20 ◦C isotherm depth (Z20). The former indicates the strength of vertical mixing in the
surface water whereas the latter represents the intensity of upwelling. Our modeling5

study shows an overall deepening in MLD and shoaling in Z20 during the period of
1999–2007 relative to the period of 1988–1996 (Fig. 1a, b). Particularly, considerable
MLD deepening occurs near the dateline, suggesting potential enhancement in nutrient
supply due to entrainment in this region. The model produces a shallower Z20 in the
central equatorial Pacific and a deeper Z20 in the western warm pool for the period10

of 1999–2007, reflecting stronger upwelling and an increased east-west SST gradient
post 1998 (McPhaden and Zhang, 2004).

Nitrate concentration in the mixed layer is generally higher across the basin during
1999–2007 than during 1988–1996 (Fig. 1c). However, modeled mixed layer concen-
tration of dissolved iron shows an increase in the upwelling region, with the largest15

increase (∼15 nmol Fe m−3) at the equator in the central equatorial Pacific (Fig. 1d).
Our model simulation exhibits an overall increase in PP and SP from the period of
1988–1996 to the period of 1999–2007, with the largest increases near the dateline
(Fig. 1e, f).

3.2 Changes in ecosystem structure20

There is an overall but small increase in phytoplankton biomass over the upper 50 m
of water column during the period of 1999–2007 relative to the period of 1988–1996
(Fig. 2a). Zooplankton biomass reveals much larger increases relative to phytoplank-
ton biomass (Fig. 2b), leading to a pronounced increase in the ratio of zooplankton
to phytoplankton (Fig. 2d). While the ratio of zooplankton to phytoplankton shows the25

largest increase near the dateline, the proportion of large phytoplankton in the commu-
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nity shows an increase mainly in the upwelling region with the greatest increase east
of 150◦ W (Fig. 2c).

We evaluate the ecosystem states for the period of 1988–2007 in the equatorial
Pacific (Fig. 2e). The phytoplankton biomass is relatively constant whereas the zoo-
plankton biomass shows large temporal variability. For the period prior to 1998, zoo-5

plankton biomass is close to phytoplankton biomass, which has been well observed
in the equatorial Pacific (Le Borgne and Landry, 2003; Landry et al., 1997). However,
for the period post 1998, zooplankton biomass are higher than phytoplankton biomass,
indicating alterative states in the equatorial Pacific ecosystem.

3.3 Changes in the HNLC conditions10

Figure 3 presents spatial distributions of chlorophyll and the differences between the
two periods. The HNLC area (i.e., chlorophyll>0.15 mg m−3) is larger during 1999–
2007 (Fig. 3c) than during 1988–1996 (Fig. 3a), owing to the westward shift of the
HNLC front. Overall, surface chlorophyll shows an increase across the basin, with the
largest increase (>0.05 mg m−1 or >30%) near the dateline (Fig. 3e).15

There is a well-defined deep chlorophyll maximum (DCM) in the equatorial Pacific,
which is often placed at ∼100 m in the western warm pool and at ∼50 m in the upwelling
region (Le Borgne et al., 2002a; Strutton and Chavez, 2000). Our model simulation
shows that the DCM is located between the bottom of the mixed layer and the iso-
concentration depth of 110 nmol Fe m−3 (Fe110) (Fig. 3b, d). The DCM is deeper and20

sharper in the oligotrophic region (i.e., chlorophyll<0.15 mg m−3) during the period of
1988–1996 relative to 1999–2007. In general, chlorophyll has increased in the upper
euphotic zone but decreased below ∼80 m over the later period. These changes reflect
an overall weakening of DCM in association with alleviation of iron stress in the marine
ecosystem (Holm-Hansen and Hewes, 2004).25
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3.4 Quantification of decadal changes

To quantify the decadal changes in the biogeochemical fields, we carried out pooled
two-sample t-tests for the central (CEP: 5◦ N–5◦ S, 180◦–135◦ W) and the western
equatorial Pacific (WEP: 5◦ N–5◦ S, 150◦ E–180◦) (Table 2). For both regions, there
is no significant change in phytoplankton biomass. In the CEP, both iron and nitrate5

show a significant increase (∼30%) in the mixed layer, which results in considerable
increases in the integrated PP, SP and zooplankton biomass. Particularly, the inte-
grated SP and zooplankton have increased by ∼15% during the period of 1999–2007
relative to the period of 1988–1996. The WEP shows a larger degree of increase for
most of the biogeochemical parameters than the CEP. The only exception is that the10

mixed layer iron decreases from 6.6 nmol m−3 during 1988–1996 to 5.2 nmol m−3 dur-
ing 1999–2007 in the WEP. There are significant increases in the mixed layer nitrate
(90%), integrated PP (15%), SP (50%) and zooplankton (50%). The high confidence
levels (P < 0.001) for the most of the comparisons indicate systematic changes in the
mean biogeochemical conditions in the late 1990s.15

3.5 Changes in seasonality

Seasonal anomalies of MLD (MLDA) and iron entrainment (FeEA) are presented in
Fig. 4. During the period of 1988–1996, MLDA shows moderate seasonality with two
peaks near the mid-year and end-year whereas FeEA reveals a considerable seasonal
variation (higher values in the second half of the year) in the central equatorial Pacific.20

However, seasonal variations in MLDA and FeEA are much stronger during the period
of 1999–2007 relative to the previous period. Moreover, MLDA and FeEA reveal a
similar seasonality with one peak in boreal winter.

Model simulation also shows pronounced differences in the seasonal anomalies of
integrated rates of PP (PPA) and SP (SPA) between the period of 1988–1996 and the25

period of 1999–2007 (Fig. 5). For the period of 1988–1996, the highest rates for both
PPA and SPA are found in boreal fall in the central equatorial Pacific, but in spring in the
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western warm pool. For the period of 1999–2007, the highest rates of PPA and SPA
are found in boreal spring between 160◦ E and 160◦ W. Similar to MLDA and FeEA,
the seasonal variations of PPA and SPA are much stronger near the dateline during
1999–2007 than during 1988–1996.

Figure 6 presents the seasonal anomalies of phytoplankton biomass (PBA) and zoo-5

plankton biomass (ZBA). Overall, there is a small change in the seasonal variability of
PBA between 1988–1996 and 1999–2007. However, there are significant differences
in the seasonality of ZBA (Fig. 6b, d), which shows considerable similarity to those of
PPA and SPA (Fig. 5).

4 Discussions10

4.1 Decadal variations in the equatorial Pacific ecosystem

The equatorial Pacific Ocean has been characterized by (1) the dominance of pico-
phytoplankton (counting for ∼90% of the total phytoplankton populations), and (2) the
steady state of equal biomass between phytoplankton and zooplankton, achieved by
the balance between predation and growth (Le Borgne et al., 2002b). Particularly,15

abundance and biomass of picophytoplankton populations are largely controlled by
balanced grazing losses to microzooplankton (Landry et al., 1997). In addition, it is
known that iron is a primary limiting factor for phytoplankton growth in the upwelling re-
gion, and nitrate a limiting factor in the warm pool of the equatorial Pacific (Le Borgne
et al., 2002b). For the upwelling region, the steady state may be disrupted (Le Borgne20

et al., 2002a) if there are changes in the conditions of iron limitation and/or grazing
pressure (Wang et al., 2005).

A few studies have demonstrated significant changes in biological and/or chemical
processes in the late 1990s in the Pacific Ocean, e.g., fishery (Chavez et al., 2003) and
the carbon cycle (Feely et al., 2006). Our modeling study shows significant changes25

in biogeochemical conditions and ecosystem structure of the equatorial Pacific Ocean
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since the late 1990s. Particularly, the ecosystem states may have changed since the
late 1990s. For the alternative new states, there are much more zooplankton biomass
than phytoplankton biomass, and there are more large cells in the ecosystem com-
munity. These changes may reflect improved nutrient conditions associated with the
strengthened upwelling. Apparently, field studies are needed to evaluate these mod-5

eling results. In any case, our findings have the potential use for understanding the
marine ecosystem dynamics, and the decadal variations.

4.2 Climate impacts on the Pacific region

The averaged Southern Oscillation index (SOI), calculated from the annual means
of the standardized Tahiti minus Darwin sea-level pressures obtained from the10

Climate Prediction Centre (http://www.cpc.ncep.noaa.gov/data/indices/soi), changed
from −0.37 during 1988–1996 to −0.08 during 1999–2007 (Table 3). The PDO index
(http://jisao.washington.edu/pdo/PDO.latest) changed from 0.34 (representing a warm
phase) to −0.08 (cold phase). Both indices point to an increasing trend in equatorial
upwelling for the period of 1999–2007. Interestingly, the PDO index changes the sign,15

which may imply a coincident timing of the regime shift (Chavez et al., 2003). Moreover,
statistic analyses show a more significant difference in the PDO index than in the SOI,
suggesting a long-lasting change that is distinct from the ENSO related events (Chen et
al., 2002). While the mechanisms for the PDO phenomenon and the relation between
the PDO and ENSO variability remain open questions, our present analyses demon-20

strate decadal variations in biological processes associated with the late 1990s’ PDO
shift in the equatorial Pacific. Our analyses are based on model results that exclude
the big 1997–1998 ENSO event. Statistics for comparison of two alternative periods
(i.e., 1988–1997 and 1998–2007) yield the same conclusion.

There has been evidence of a wide range of changes in the late 1990s in the Pa-25

cific region. There are decadal-time-scale changes in the Pacific climate system (e.g.,
radiation budget, tropospheric humidity, and clouds), which are linked to the strength-
ening of the tropical Hadley and Walker circulation (Chen et al., 2002; Meehl et al.,
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2009). These climate changes are likely responsible for the significant increase in
trade wind strength (Table 3), which leads to enhanced upwelling and ocean circula-
tion in the tropical Pacific Ocean (McPhaden and Zhang, 2004). Note that the stronger
trade winds can also drive a stronger westward South Equatorial Current and hence a
slightly deeper thermocline in the western equatorial Pacific.5

Our modeling study shows the central equatorial Pacific regions have experienced
a significant increase in nutrient supply from the deeper ocean in association with the
strengthened upwelling, which results in more nutrient-rich water in the upper ocean
with two consequences. On the one hand, there is an increase in plankton biomass
and enhancement in biological production in the upwelling region. In association with10

these changes, the ecosystem structure alters with more secondary producer and an
increase of large cells. On the other hand, the upwelling front moves westward, causing
shifts of oligotrophic condition to mesotrophic conditions in some parts of the western
equatorial Pacific. As a result, the whole basin has benefited with overall increases of
nutrient concentration and biological production in the euphotic zone.15

4.3 Implications for the carbon cycle and future work

The carbon cycle in the upper ocean is controlled by physical, biological, and chemical
processes. While the pCO2 in the surface water is mainly determined by the SST
and dissolved inorganic carbon (DIC) in the tropical upwelling regions, DIC and SST
have opposite effects (e.g., DIC increasing and SST decreasing the oceanic pCO220

during strong upwelling seasons). The overall spatial and temporal variations of the
sea surface pCO2 may be dominated by physical processes in the tropical Pacific.
However, biological activity plays an important role in modulating the variability of the
sea surface pCO2, and determining the strength of the tropical Pacific CO2 source
(Cosca et al., 2003; Rixen et al., 2005; Sabine et al., 2000; Wang et al., 2006a; Sarma,25

2006).
While strengthened winds have direct effects on the sea-air CO2 exchange rate (i.e.,

increasing gas exchange velocity), the recent changes in physical and biogeochemical
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processes have complex influences on the carbon cycle in the equatorial Pacific. On
the one hand, intensified upwelling brings cold, carbon-rich water into the surface,
leading to a decrease in SST but an increase in DIC concentration. On the other hand,
the enhanced biological activity, i.e., uptake of CO2, compensates the increase of DIC
concentration in the surface waters associated with intensified upwelling. This may5

explain the small increase in the amount of CO2-enriched water relative to considerable
increase in wind speed post 1998 in the equatorial Pacific (Feely et al., 2006). Clearly,
further studies are needed to provide detailed analyses of relative changes in both
the biological and solubility pumps to assess the implications for the equatorial Pacific
carbon cycle.10
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Table 1. Averaged primary productivity (mmol C m−2 d−1) from model and data.

Year Lat. Long. Model Data*

Central and eastern equatorial Pacific

1990 8◦ N–4◦ S 140◦ W–110◦ W 66 58
1992 10◦ N–10◦ S 170◦ W–95◦ W 46 54
1995 4◦ S–7◦ S 110◦ W–105◦ W 41 57
1996 0◦ 178◦ W–155◦ W 86 81

Western equatorial Pacific

1990 10◦ N–10◦ S 150◦ E–180◦ 23 21
1996 0◦ 170◦ E–180◦ 90 87

∗ Data are averages from Friedrichs et al. (2009).
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Table 2. The pooled two-sample t tests for the means of mixed layer nitrate and iron concentra-
tions, and integrated primary production (PP), secondary production (SP) and phytoplankton
and zooplankton between 1988–1996 and 1999–2007 for central (CEP) and western (WEP)
equatorial Pacific regions.

Parameter Unit 1988–1996 1999–2007 Increase t value

——CEP (5◦ N–5◦ S, 180◦–135◦ W)——

Nitrate mmol m−3 3.5 14.6 1.1 5.8***
Iron nmol m−3 16.3 20.5 4.2 4.5***
PP mmol C m−2 d−1 55.6 61.3 5.7 4.9***
SP mmol C m−2 d−1 29.1 33.7 4.6 5.1***
Phytoplankton mmol N m−2 19.1 19.0 −0.1 0.9
Zooplankton mmol N m−2 21.1 24.3 3.2 4.9***

——WEP (5◦ N-5◦ S, 150◦ E- 180o)——

Nitrate mmol m−3 0.7 1.3 0.6 5.9***
Iron nmol m−3 6.6 5.2 −1.4 3.5***
PP mmol C m−2 d−1 27.8 31.8 4.0 3.9***
SP mmol C m−2 d−1 6.1 9.5 3.4 3.8***
Phytoplankton mmol N m−2 19.7 19.9 0.2 1.1
Zooplankton mmol N m−2 4.3 6.8 2.6 3.9***

Significance of t value is marked with one (p < 0.05), two (p < 0.01) and three (p < 0.001)
asterisks.
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Table 3. Mean, standard deviation (s.d.) and t tests for the SOI, PDO index, and zonal (ZWS)
and meridional (MWS) wind stresses between 1988–1996 and 1999–2007 for western and
central equatorial Pacific (5◦ N–5◦ S, 150◦ E–135◦ W).

Variable Unit 1988–1996 1999–2007 Increase t value

SOI N/A −0.372 −0.084 0.288 2.07*
PDO index N/A 0.339 −0.078 −0.417 3.25**
ZWS N m−2 −0.033 −0.039 −0.006 3.04**
MWS N m−2 −0.003 −0.007 −0.004 3.21**

Significance of t value is marked with one (p < 0.05), two (p < 0.01) and three (p < 0.001)
asterisks.
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Fig. 1 

 

Fig. 1. Differences (1999–2007 minus 1988–1996) of (a) the mixed layer depth (MLD), (b) the
20 ◦C isotherm depth (Z20), (c) the mixed layer nitrate concentration, (d) the mixed layer iron
concentration, (e) the integrated primary production (PP) over 0–120 m, and (f) the integrated
secondary production (SP) over 0–120 m.
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Fig. 2 

 

Fig. 2. Differences (1999–2007 minus 1988–1996) in integrated (0–50 m) biomass of (a) phy-
toplankton, (b) zooplankton, and ratios of (c) large phytoplankton to total phytoplankton (PL/P),
and (d) zooplankton to phytoplankton (Zoo/Phy ratio). (e) Time series of biomass of phyto-
plankton (black) and zooplankton (red), PL/P ratio (blue) and Zoo/Phy ratio (green) averaged
over 0–50 m for the box of 150◦ E–135◦ W, 5◦ N–5◦ S.
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Fig. 3 

 
Fig. 3. Averaged chlorophyll (mg m−3) in the mixed layer (left panel) and over 5◦ N–5◦ S (right
panel) for (a) and (b) 1988–1996, (c) and (d) 1999–2007, and (e) and (f) the difference (1999–
2007 minus 1988–1996).
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Fig. 4 

Fig. 4. Seasonal anomalies (plotted over two years) of the mixed layer depth (MLDA: left side)
and iron entrainment (FeEA: right side) over 5◦ N–5◦ S. (a) and (b) for 1988–1996, and (c) and
(d) for 1999–2007.
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Fig. 5 

Fig. 5. Seasonal anomalies (plotted over two years) of integrated (0–120 m) primary produc-
tivity (PPA: left side) and secondary production (SPA: right side) over 5◦ N–5◦ S. (a) and (b) for
1988–1996, and (c) and (d) for 1999–2007.
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Fig. 6 

 

Fig. 6. Seasonal anomalies (plotted over two years) of integrated (0–50 m) phytoplankton
biomass (PBA: left side) and zooplankton biomass (ZBA: right side) over 5◦ N–5◦ S. (a) and
(b) for 1988–1996, and (c) and (d) for 1999–2007.
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