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ABSTRACT

Multiplatform observations of ocean biogeochemical data were used to elucidate meridional

differences in the factors that limit phytoplankton biomass (Chl-a) and the mechanisms that trigger

the spring phytoplankton bloom in the northwestern Pacific Ocean (NWPQ). During the winter,

Chl-a north (south) of 30°N is limited by light (nutrients). During the spring and fall, Chl-a in

much of the area east of the Japan/Kuril Islands and/or north of 40°N (south of 35°N) is limited

by light (nutrients). During the summer, nutrients limit Chl-a over much of the NWPO, except in

the areas east of the Japan/Kuril Islands and north of 45°N. In the area south of around 30°N

phytoplankton biomass is nutrient limited throughout the year, and the onset of the spring bloom

is likely hidden by rapid phytoplankton growth, which begins in the fall and is associated with

mixed layer deepening. Between 30°N and 40°N, the bloom onset is mainly associated with a

cessation of mixed layer deepening. In much of the area north of 40°N, including the Oyashio area,

the onset of the spring bloom is consistent with Sverdrup’s critical depth hypothesis. The spatial

extents of the light- and nutrient-limited areas and the areas associated with a single bloom onset

mechanism are by no means constant. They are expected to undergo meridional shifts as a result

of large-scale climatic changes and global warming.
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1. Introduction

The northwestern Pacific Ocean (NWPO) comprises the western part of two main gyres, the
cyclonic North Pacific Subarctic Gyre and the anticyclonic North Pacific Subtropical Gyre. The
subarctic gyre is bordered by the Oyashio cold current in the west and is a well-known high-
nutrient and low-chlorophyll area, whereas the subtropical gyre is bordered by the Kuroshio warm
current in the west and is characterized by low nutrient concentrations. The Kuroshio and Oyashio
currents meet and interact east of Japan in the Kuroshio-Oyashio confluence area (Fig. 1a), which
separates the subtropical anticyclonic gyre from the subarctic cyclonic gyre (e.g., Hanawa and
Mitsudera, 1987; Yasuda, 2003).

Previous studies have shown that phytoplankton biomass (chlorophyll-a concentration,
hereafter Chl-a, mg m=) is light-limited in the subarctic area (SAA) but nutrient-limited in the
subtropical area (STA) (e.g., Limsakul et al., 2002; Fujiki et al., 2014). However, the areas within
which Chl-a is light-limited in the SAA and nutrient-limited in the STA may change seasonally,
and these changes have not been detailed previously.

An empirical way to determine the spatial extent of light or nutrient limitation, as well as to
identify the probable underlying processes, is to assess the associations between Chl-a and
environmental variables. The ability to discern these relationships on a seasonal basis has the

potential to provide valuable understanding of the footprints of large-scale climate changes such

3
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as global warming on biogeochemical variability in the NWPO and its probable driver(s) in

different seasons. The reason is that large-scale climate variability, such as long-term geophysical

trends and the El Nifio/Southern Oscillation and Pacific Decadal Oscillation, seem to have

seasonally dependent impacts on NWPO Chl-a variability (e.g., Freeland et al., 1997; Whitney

and Freeland, 1999; Chiba et al., 2004; Goes et al., 2004; Wang et al., 2008).

Geophysical variables also determine the onset of the phytoplankton spring bloom, a well-

known phenomenon, in both the SAA and the STA (e.g., Limsakul et al., 2002; Yoo et al., 2008;

Fujiki et al., 2014). For more than half a century, Sverdrup’s critical depth (CD, m) hypothesis

(e.g., Siegel et al., 2002; Obata and Ishizaka, 1996) has served biological oceanographers as the

basic tenet of the mechanism underlying initiation of the spring phytoplankton bloom. The CD

hypothesis envisions that the spring bloom starts when the mixed layer depth (MLD, m) becomes

shallower than the CD (Sverdrup, 1953), and the nutrient is not limiting factor as a prerequisite.

By definition, the CD is the depth above which the vertically integrated net phytoplankton

production equals the vertically integrated loss (Sverdrup, 1953).

Results of recent studies in different oceans have mentioned that the onset of the spring

phytoplankton bloom is not always consistent with the CD hypothesis. Using ocean color sensor-

retrieved Chl-a data, Behrenfeld (2010) has proposed an alternative ‘dilution-recoupling’

hypothesis that attributes the onset of the North Atlantic Ocean spring bloom to decoupling of the
4
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specific growth rates and loss rates of the phytoplankton while the mixed layer is deepening, the

assumption being that the phytoplankton are well mixed and that nutrient concentrations are not

limiting to their growth during that time. On the basis of satellite-derived Chl-a data from the east

coast of New Zealand, Chiswell (2011) has proposed a ‘stratification-onset’ hypothesis that

attributes the initiation of the spring bloom to a cessation of deep vertical mixing, which allows

Chl-ato increase in the near-surface, actively mixed layer. Similar to Chiswell’s (2011) hypothesis,

Taylor and Ferrari (2011) and Shiozaki et al. (2014) have argued that the phytoplankton spring

bloom in the North Atlantic Ocean and the region south of the Kuroshio extension in the NWPO,

respectively, may also be initiated by a ‘turbulence weakening’ or ‘turbulence shutdown’ that

increases the residence time of the phytoplankton in the euphotic layer, without a prerequisite of

MLD shoaling.

Although Obata and Ishizaka (1996) have mentioned that the CD hypothesis can in general

explain the initiation of the spring bloom in the NWPO, Shiozaki et al. (2014) have shown that the

CD mechanism applies mainly in the waters of the Oyashio Current and in the region north of the

Kuroshio extension in the NWPO. Shiozaki et al. (2014) have shown that there are regional

differences in the mechanisms responsible for the onset of the spring bloom in the NWPO, but the

detailed spatial features of the mechanism responsible for the onset of the spring bloom have not

yet been fully delineated, because their analysis was based on regional averages and was

5
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meridionally constrained within the region from 30°N to 45°N.

Here, using ocean color data from both the Sea-viewing Wide Field-of-Sensor (SeaWiFS)

and the Moderate Resolution Imaging Spectroradiometer-Aqua (MODIS), we have revisited the

NWPO (140-165°E, 27-53°N), including both the SAA and the STA, within which

biogeochemical time-series stations K2 (160°E, 47°N) and S1 (145°E, 30°N), respectively, are

located (Fig. 1a). By also analyzing other sensor-retrieved and reanalyzed oceanographic and

atmospheric geophysical variables at the scale of pixels, our aim was to gain an understanding of

meridional differences in (1) the associations between Chl-a and geophysical variables that could

be used as proxies to assess the factors that limit and control Chl-a variations in different seasons,

and (2) the mechanisms that initiate the spring phytoplankton bloom in the NWPO. Our strategy

was to apply this understanding to analysis of data collected from the K2 (representing the SAA)

and S1 (representing the STA) biogeochemical time series stations, where ship-borne observations

were made from the research vessel Mirai multiple times each year from 2010 to 2012. Satellite

and reanalyzed data derived at stations K2 and S1 were verified using in situ data collected at the

same stations.
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2. Methodology

2.1. Multi-platform data acquisitions

We used monthly SeaWiFS and MODIS-retrieved Chl-a, diffuse attenuation coefficients at
490 nm (Kdago, m™), and photosynthetically available radiation (PAR, mol photons m2 dt, 400
700 nm radiation) retrieved from September 1997 to June 2013 (http://oceancolor.gsfc.nasa.gov).
The spatial resolution of the data was 9 km. We used monthly SSTs retrieved by the Advanced
Very High Resolution Radiometer (AVHRR, http://podaac.jpl.nasa.gov/AVHRR-Pathfinder) and
MODIS (http://oceancolor.gsfc. nasa.gov) during the same period.

To provide concurrent monthly MLD data, we acquired reanalyzed MLDs from the Global
Ocean Data Assimilation System (GODAS, https://climate dataguide.ucar.edu) with 1° spatial
resolution and Argo float-based MLDs from the Japan Agency for Marine Earth Science
(JAMSTEC, http://www.jamstec.go.jp/ ARGO/argo_web/argo/index. html). We also used monthly
Cross-Calibrated Multi-Platform (CCMP) and monthly WindSat-derived wind speed (WS, m s?)
data, both of which had 0.25° spatial resolution and were acquired from

http://apdrc.soest.hawaii.edu.

2.2. Filling missing data and converting two datasets from different sensors/platforms

We applied a Data Interpolating Empirical Orthogonal Function (DINEOF) method (Alvera-
7
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Azcarate et al., 2007) separately to the SeaWiFS, MODIS, AVHRR, and Argo float-derived data

to construct spatially complete SeaWiFS (Chl-a), MODIS (Chl-a, SST), AVHRR (SST), and Argo

float (MLD) datasets. Details of the procedures for implementing DINEOF can be found at

http://modb.oce.ulg.ac.be/mediawiki/index.php/DINEOF. We filled in missing data to ensure that

the statistics derived from the analysis of our results, mainly correlation coefficients between Chl-

a and geophysical variables and their levels of significance, could be compared pixel by pixel,

because the statistics for all the pixels were associated with the same number of degrees of freedom.

To ensure compatibility of the Chl-a and PAR data retrieved by SeaWiFS and MODIS, pixel-

based linear regressions were applied during the period from July 2002 to December 2010, when

the observations of both sensors overlapped. Regression coefficients for each pixel were then used

to transform all MODIS data so that they were compatible to SeaWiFS data. Finally, we used

SeaWiFS data from September 1997 to December 2007 and the transformed MODIS data from

January 2008 to June 2013 for further spatiotemporal analysis. We refrained from using post-2008

SeaWIiFS data because there were some problems and/or missing data during some periods before

the end of the mission. We transformed Chl-a data from MODIS to SeaWiFS (rather than the

reverse transformation from SeaWiFS to MODIS) because the uncertainty of the SeaWiFS Chl-a

data in the NWPO has been confirmed to be less than +35% (see Sasaoka et al., 2002), which is

the goal for the uncertainty of the NASA ocean color mission Chl-a product (O’Reilly et al., 1998).
8
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Within the period of overlapping AVHRR and MODIS observations (July 2002 to December 2009),
we derived pixel-by-pixel regression coefficients of AVHRR SSTs on MODIS SSTs and used them
to transform MODIS SSTs so that they were compatible with AVHRR SSTs. We then used AVHRR
SSTs from September 1997 to December 2009 and transformed MODIS SSTs from January 2010
to June 2013 in the subsequent analysis.

We transformed GODAS MLDs so that they were compatible with Argo float-based MLDs,
which are defined as the depths at which the density differs from the density at the sea surface
(Ace) by 0.125 kg m~ (Monteley and Levitus, 1997). Pixel-by-pixel regression coefficients were
derived by using MLD datasets collected from January 2007 (because of the large Argo MLD
dataset available since January 2007) to June 2013. We then used transformed GODAS MLDs
from June 1997 to December 2006 and Argo MLDs from January 2007 to June 2013 in subsequent
spatiotemporal analysis. We did not apply DINEOF to GODAS MLD and WS data because there
were no spatial gaps in the data, but we transformed Windsat WS data so that they were compatible
with CCMP WS data by using regression coefficients derived during the time interval when their
observations overlapped (February 2003 to December 2012).

Variations of the correlation coefficients along the K2—-S1 meridional section between pairs
of variables measured by different sensors/platforms are shown in Fig. 1b. The fact that all of the

correlation coefficients (>0.5) were statistically significant at p < 0.05 indicated that data retrieved

9
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by the different sensors/platforms, when appropriately transformed, could be used for analysis of
spatiotemporal variations. We followed Cohen et al. (2009) by defining boreal seasons as follows:
winter, January—March; spring, April-June; summer, July—September; and fall, October—
December.

Fig. 1 (around here)

2.3. Estimations of sea surface nitrate, phytoplankton growth rate, and critical depth
To characterize nutrient variability, we estimated surface nitrate concentrations (SSNs, uM)

by applying the empirical SSN model of Goes et al. (2000) as follows:

SSN = 25.22 — 1.96 (SST) + 0.04 (SST)? — 1.21 (Chl-a) — 0.05(Chl-a)? (1)

Eq. (1) was derived by Goes et al. (2000) by using in situ data collected in the North Pacific Ocean
exclusive of the equatorial region.
To capture the onset of the spring bloom, we calculated the percentage increase of Chl-a per

month as a proxy of phytoplankton growth rate (r, % per month) using the following equation:

2)

r =100 ((Chl-al—Chl-aO))

Chl-a0

where Chl-a0 and Chl-al are the initial Chl-a and the Chl-a after a time interval of one month,

respectively. Generally, we considered the rapid increase of Chl-a after the period of lowest winter
10
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Chl-a (e.g., Taylor and Ferrari, 2011; Shiozaki et al., 2014) as the onset of the spring bloom.
We approximated the CD by using a simplified form of Sverdrup’s (1953) CD equation noted

by Parsons et al. (1984) as follows:

0.5 PAR
CD = ———
Kdpar Ic

(3)

where Kdear (M) and Ic (mol photons m2 d?) are the attenuation coefficient of PAR and PAR at
the compensation depth, respectively. The factor of 0.5 was used to reduce PAR due to absorption
of the longer and shorter wavelengths of light in the first few cm of the water column (Parsons et
al., 1984; Okamoto et al., 2010). We used a constant I of 1.14 mol photons m~ d* (Parsons et al.,

1984; Okamoto et al., 2010; Shiozaki et al., 2014) and Eq. (4) below:

0.00121
Kd oo

KdPAR = 00665 + 0874‘ Kd490 - (4)

to obtain Kdear from Kdago data (Morel et al., 2007).

2.4. Ship-borne observations

Ship-borne observations were conducted onboard the research vessel Mirai from 2010 to

2012 at biogeochemical time-series stations K2 and S1 (Fig. 1a, Table 1). In situ values of Chl-a,

SSN, MLD, PAR, and CD (estimated from in situ surface and underwater PARS) at those stations

were used to verify satellite and reanalyzed data.
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Table 1. (around here)

Surface water samples for in situ surface Chl-a measurements were directly transferred from
a bucket into polyethylene bottles and immediately filtered through 25-mm glass fiber filters
(Whatman GF/F). The fluorescence of the particulate matter collected on the filters was then
measured on board with a Turner Design Fluorometer (10-AU, Turner Design, Inc.) following the
methodology of Holm-Hansen and Riemann (1978) after extraction in N,N-dimethylformamide.
Surface water samples were also collected for SSN analysis. SSN was measured on board with a
QuAAtro 2-HR AutoAnalyzer (BLTEC K. K., Osaka, Japan).

Vertical profiles of density derived from data collected with a SBE 9/11 plus conductivity-
temperature-depth profiler (SeaBird Inc., Bellevue, WA, USA) were used to define the MLD. To
be consistent with Argo float-based MLDs, we used Ace = 0.125 kg m2 (Monteley and Levitus
(1997) to define the in situ MLD. The in situ CD used in this study was calculated by using Eq. (3)
with the values of the in situ surface PAR and underwater PAR (which was used to determine Kdpar),
which were recorded by a PUV-510B radiometer (Biospherical Instruments, Inc., San Diego, CA,
USA) and SeaWiFS profiling multichannel radiometer (Satlantic, Inc., Halifax, Nova Scotia,

Canada), respectively.

12
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2.5. Satellite and reanalyzed data verification method

An ideal verification analysis would have involved satellite or calculated data collected

concurrently with in situ observations (e.g., Bailey and Werdell, 2006; Siswanto et al., 2011). We

were unable to carry out such an analysis because our in situ data (daily measurements) and the

satellite and calculated data (monthly composites) were available on different time scales, and

calibration/validation of the satellite data was beyond the scope of this study. Because our study

emphasized the seasonal timescale, we constructed monthly means of in situ data collected during

the same months (though in different years).

Verification of satellite and/or reanalyzed data was conducted by estimating systematic

errors (relative percentage differences) for the monthly means of in situ variables other than Chl-

a and the absolute errors (absolute percentage difference or uncertainty) for the monthly means of

in situ Chl-a. Relative and absolute percentage differences were computed by using equations in

Bailey and Werdell (2006) and Siswanto et al. (2011).

3. Results

3.1. \erification of satellite-derived and reanalyzed data

Although the satellite and in situ PARs evidenced similar seasonality (Fig. 2a, 2h), satellite

PARs overestimated in situ PARs, the relative percentage differences being 42.8% and 31.2% at

13
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stations K2 and S1, respectively (Table 2). The satellite PAR overestimations could be attributed

to the fact that in situ PARs were based on daily measurements, which were very much affected by

clouds, whereas satellite PARs were modeled using plane-parallel theory, which assumes that the

effects of clouds and other atmospheric constituents can be decoupled (e.g., Frouin and Pinker,

1995; Frouin and McPherson, 2012).

The seasonalities of satellite-based and in situ CDs were similar, but satellite CDs

overestimated in situ CDs by 25.7% and 15.3% at stations K2 and S1, respectively (Fig. 2i, 2p;

Table 2). Overestimation of satellite CDs can be attributed to overestimation of satellite PAR (Fig.

2a, 2h). The seasonal cycles of reanalyzed MLDs at stations K2 and S1 were in good agreement

with in situ MLDs (Fig. 2i, 2p). Overall, reanalyzed MLDs underestimated in situ MLDs by 4.3%

at station K2 but overestimated in situ MLDs by 15.2% at station S1.

Estimated SSNs at station K2 were in good agreement with in situ SSNs, the relative

percentage difference being —2.5% (Fig. 2a, Table 2). Estimated SSNs at station S1, however, very

much overestimated in situ SSNs, the relative percentage difference being >500% (Fig. 2h). The

fact that estimated SSNs were higher than in situ SSNs at station S1, which was characterized by

low in situ SSNs (<0.5 uM) throughout the year, indicates that the SSN algorithm produced biased

estimates in an area with low SSNs. Goes et al. (2000, their figure 1b) also show overestimates of

low in situ SSNs.
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The seasonalities of satellite and in situ Chl-a at stations K2 and S1 were generally similar

(Fig. 2i, 2p). Although overestimates of satellite Chl-a were apparent, especially during late

spring/summer at station K2 and during winter/early spring at station S1, the absolute percentage

difference (uncertainty) of satellite Chl-a was overall less than the Chl-a retrieval uncertainty

targeted by NASA’s ocean color mission (+35%, O’Reilly et al., 1998; Sasaoka et al., 2002). At

stations K2 and S1 the absolute percentage differences were 15.6% and 23.4%, respectively.

Table 2. (around here)

Because the satellite and reanalyzed data were in general associated with low systematic errors

(except for the calculated SSNs at station S1), and most importantly, because the uncertainty of the

Chl-a values met NASA’s ocean color mission goal, we concluded that satellite and reanalyzed

data could be used to capture the seasonal cycles of the in situ data. Based on the assumption that

the errors in the estimates derived from satellite and reanalyzed data at stations K2 and the S1

could be extrapolated to the entire NWPO, we concluded that our satellite and reanalyzed data

were suitable for subsequent spatiotemporal analysis. We anticipated that the estimated SSNs for

the SAA and STA would tend to be higher than the in situ SSNs, but we expected the seasonal

patterns to be similar. The association between Chl-a and SSN was therefore not much affected by

SSN overestimation, because the seasonal pattern (rather than the magnitude of the values) was

more important in determining the association between the two variables.
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3.2. Meridional and seasonal associations between chlorophyll-a and geophysical variables

Fig. 2 shows the seasonal cycles of Chl-a and geophysical variables at several latitudes along

the K2-t0-S1 line. Except for the SSNs in the lower latitudes, all variables showed distinct seasonal

cycles. Unlike the seasonal cycles of the geophysical variables, which were similar at all latitudes

along the K2-S1 section, there were conspicuous meridional differences of the Chl-a seasonal

cycles in terms of both the amplitudes and patterns of the cycles (Fig. 2i—p). Consistent with the

patterns detailed by Yoo et al. (2008), the Chl-a concentrations were higher throughout the year in

the SAAthan in the STA, and the Chl-a spring bloom took place progressively earlier from south

to north. It is apparent that the Chl-a peaks during the spring at latitudes of 30°N (S1), 35°N, 40°N,

and both 45°N and 47°N (K2) were observed around March, April, May, and June, respectively.

The fact that the seasonal cycle of Chl-a was less obvious at 42.5°N may reflect a transition of the

Chl-a seasonal cycle from the SAA seasonal cycle (with a winter minimum) to the STA seasonal

cycle (with a summer minimum).

It is well known that the observed seasonal cycle of Chl-a (Fig. 2i-p) is the most dominant

mode of overall Chl-a variability in the NWPO (e.g., Yoder and Kennelly, 2003; Vantrepotte and

Me’lin, 2009; Thomas et al., 2012). When all monthly data (all seasons) were included in the

analysis (degrees of freedom = 188, N = 190), at p < 0.05 Chl-a was positively (negatively)

correlated to WS, MLD, and SSN (Fig. 3a—c) in the south (north) area, but negatively (positively)
16
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correlated with SST and PAR (Fig. 3d—e) in the south (north) area. The areas (with no significant

correlation, see white areas along 40°N) between those two contrasting areas were transitional

areas where there was no apparent Chl-a seasonal cycle (Fig. 2k).

Fig. 2. (around here)

Fig. 3. (around here)

The positive correlations between Chl-a and MLD (or WS), and between Chl-a and SSN in

the STA south of about 40°N (Fig. 3a—c) may be an indication of nutrient limitation of

phytoplankton biomass. In contrast, in the SAA north of 40°N, the negative correlation between

Chl-a and MLD (or WS) and the positive correlation between Chl-a and PAR may indicate light

limitation of phytoplankton biomass. However, when the datasets spanned annual cycles,

significant correlations between Chl-a and geophysical variables were obscured by the close

coupling of the seasonal cycles of the datasets. For instance, there were similar (inverse) seasonal

cycles between Chl-a and MLD, WS, and SSN in the STA (the SAA).

Correlations during individual seasons would to some degree be unaffected by correlations

associated with the similarities or dissimilarities of seasonal cycles, as variability in other seasons

would not be taken into account. These correlations would thus be more indicative of intraseasonal

associations between Chl-a and geophysical variables. To discern the associations between Chl-a

and geophysical variables in the absence of artifacts associated with seasonal cycles, we filtered

17



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

out the seasonal cycles and detrended the data. The resultant associations between Chl-a and

geophysical variable anomalies are also presented in the following sections.

3.2.1. Winter chlorophyll-a and geophysical variable associations

The patterns of increasing Chl-a (Fig. 2i-—p), increasing PAR, and decreasing WS (Fig. 2a-h)

during the winter led to significant (p < 0.05), positive correlations between Chl-a and PAR, and

to negative correlations between Chl-a and WS over a wide east—west, belt-like area extending

meridionally from about 30°N to 40°N (Fig. 4e, 4m). Nutrients were not limiting to phytoplankton

biomass, because the MLD was increasing and eventually exceeded the CD (Fig. 2i—p, 6a—c).

Vertical mixing was therefore able to transport phytoplankton to the light-limited region of the

water column. The positive correlation between Chl-a and PAR might therefore be an indication

of light limitation of phytoplankton biomass. The remarkable positive correlations between Chl-a

and MLD and between Chl-a and SSN primarily in the area south of 30°N, in contrast, might

indicate that phytoplankton biomass was nutrient limited in that area. The fact that the MLD was

less than the CD south of 30°N (Fig. 6a—c, see also Obata and Ishizaka, 1996) suggests that light

was no longer limiting to phytoplankton biomass.

Analysis of variable anomalies (after removal of seasonal means and trends) revealed that in

the area north of 30°N there were still significant positive correlations between Chl-a and PAR

18
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(Fig. 5e). The fact that the same area was characterized by negative correlations between Chl-a

and WS (hence MLD) (Fig. 5m, 5q) confirms that Chl-a variations in the area north of 30°N were

indeed limited by light during the winter. In the area south of 30°N, there were still positive

correlations between Chl-a and MLD, and between Chl-a and SSN (Fig. 5i, 59). These correlations

confirmed that on both intraseasonal and non-seasonal timescales, phytoplankton biomass south

of 30°N was nutrient-limited during the winter. The transitional area separating light-limited from

nutrient-limited areas thereby shifted to around 30°N. An elongated band extending from 145°E,

35°N southeastward was characterized by a negative correlation between Chl-a and SST and a

positive correlation between Chl-a and SSN (but unaccompanied by a clear, elongated pattern of

correlation between Chl-a and MLD), the indication being that physical processes other than

conventional vertical mixing might underlie the Chl-a variations.

Fig. 4 (around here)

Fig. 5 (around here)

3.2.2. Spring chlorophyll-a and geophysical variable associations

During the spring, light and temperature were presumably not limiting factors, because PAR

and SST were already high (Fig. 2a—h), and the MLD was already less than the CD (Fig. 2i—p, 6d—

). Therefore, the negative correlations between Chl-a and SST and PAR (Fig. 4b, 4f) in the area
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south of 40°N were mainly a reflection of the close coupling of their seasonality (Fig. 2e-h, 2m—

p), because these negative correlations are inconsistent with basic understanding of the

physiological effects of light and temperature on phytoplankton growth (Eppley, 1972; Behrenfeld

and Falkowski, 1997). The positive correlations between Chl-a and MLD, accompanied by positive

correlations between Chl-a and SSN (Fig. 4j, 4r) in the same southern area, were also a

manifestation of the close coupling of their seasonalities (i.e., concurrent seasonal decreases of

Chl-a, MLD, and SSN). Accompanying these synchronized seasonal changes, however, there may

be ecological processes such as increases of grazing pressure, decreases of nutrient concentrations

due to consumption by phytoplankton, and weakening of vertical mixing. Phenomena that

contrasted to what was observed in the area south of 40°N were observed in the area north of about

45°N.

Analysis of variable anomaly correlations revealed that the area within which variations of

phytoplankton biomass reflected nutrient availability was primarily confined to the area south of

about 32.5°N, as evidenced by the positive correlations between Chl-a and MLD and SSN (Fig. 5j,

5r) and the negative correlation between Chl-a and SST (Fig. 5b) in that region. Light limitation

of phytoplankton biomass was primarily confined to the area west of the K2-S1 section (east of

the Japan/Kuril Islands) and/or north of 40°N, as evidenced by the negative correlation between

Chl-a and MLD and the positive correlation between Chl-a and PAR in that region.
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3.2.3. Summer chlorophyll-a and geophysical variable associations

During the summer the MLD was shallower, the CD deeper, and the SST higher than during

any other season, and the PAR was high (Fig. 2a—h, 2i-p). The implication is that phytoplankton

biomass was not limited by light or temperature during the summer. The positive correlations

between Chl-a and MLD and WS (Fig. 40, 4s) apparent over the area east and west of the K2-S1

section might thus indicate nutrient limitation of phytoplankton biomass, because the very shallow

summer MLD (strongest stratification) limits nutrient fluxes from within the nutricline into the

mixed layer. This apparently nutrient-limited condition was especially apparent in the area south

of about 42.5°N, as indicated by the negative correlations between Chl-a and SST in that region

(Fig. 4c).

Analysis of variable anomalies indicated that Chl-a variations in much of the NWPO were

indeed primarily controlled by nutrient supplies, especially along and west of the K2—S1 section.

The observed positive correlations between Chl-a and MLD and WS, and the negative correlations

between Chl-a and SST (Fig. 5¢, 50, 5s) are consistent with this scenario. The negative correlations

between Chl-a and SSN south of 35°N (Fig. 4k, 5k) and between Chl-a and MLD south of 30°N

(Fig. 4s, 5s) were, however, inconsistent with nutrient limitation.
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3.2.4. Fall chlorophyll-a and geophysical variable associations

Fall was a season when the NWPO was divided almost symmetrically into two contrasting

areas. The area south of 40°N seemed to be nutrient limited, and the area north of 40°N was

apparently light limited (Fig. 4d, 4h, 41, 4p, 4t). During the fall there was a departure from the

lowest nutrient concentrations characteristic of the summer. The Chl-a and SSN concentrations

increased, the MLD deepened, and there were strong associations between Chl-a and MLD and

SSN and in the area south of 40°N (Fig. 2e-h, 2m-p). These observations indicate that ecological

processes (rather than just seasonality similarities) were responsible for the variability of Chl-a

during the fall. There was an increase in the supply of nutrients driven by a deepening of the MLD

that resulted in an increase of the Chl-a. The implication is that phytoplankton biomass south of

40°N was more responsive to and thereby limited by nutrients during the fall. Further deepening

of the mixed layer in the area south of 40°N would have entrained additional nutrients. Both PAR

and SST were high enough to maintain phytoplankton growth until the MLD exceeded the CD, and

besides entraining nutrients, deepening of the MLD probably led to dilution effects that decoupled

phytoplankton growth and losses (e.g., Yoshie et al., 2003; Behrenfeld, 2010).

The phytoplankton biomass north of 40°N was likely more responsive to light for several

reasons. Macronutrient concentrations in this area were depleted to a level that would cause only

marginal limitation of phytoplankton growth (see Fujiki et al., 2014), and deepening of the MLD
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(deeper than the CD) was accompanied by reductions of PAR and SST to levels lower than those

south of 40°N. Increases of the MLD seemed to be more effective in causing light limitation than

in reducing grazing pressure via dilution effects that decouple phytoplankton growth and losses.

Analysis of variable anomalies indicated that the areas of light and nutrient limitation were

similar in the fall and spring. Nutrient limitation of phytoplankton biomass was apparent mainly

in the area south of 35°N (Fig. 5t); light limitation was less widespread in the area west of the K2-

S1 line (east of the Japan/Kuril Islands) and/or north of 40°N (Fig. 5h, 5p, 5t). Relationships

between Chl-a and SSN seemingly inconsistent with the nutrient limitation hypothesis were

apparent during the fall in the area south of 30°N (Fig. 4l) and south of 35°N (Fig. 5I).

3.3. Meridional differences of the mechanism responsible for the onset of the phytoplankton spring

bloom

At station S1 (Fig. 2p) and throughout much of the area south of 31°N (Fig. 8a), a winter

(February/March) bloom was apparent. However, a remarkable, rapid increase of Chl-a was

already apparent during the fall when the MLD was deepening. The Chl-a also steadily increased

during the fall, and the expected decline of Chl-a due to light-limited conditions during the winter

did not occur. The fact that there was little or no light limitation during winter was evidenced by

the fact that the MLD was relatively shallow, roughly the same as the CD (Fig. 2p, 6a—c).
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The area that was characterized by a remarkable Chl-a increase during the fall, by a steady

increase of Chl-a during the winter (Fig. 7k—I, 7a—), and by a relatively shallow winter MLD (Fig.

6a—c) was largely confined to the area south of about 31°N. In that area, it was clear that the Chl-

a was already decreasing when the MLD was shoaling and had become much shallower than the

CD. These observations are clearly inconsistent with the hypothesis that shoaling of the MLD

above the CD is the mechanism that initiates the spring bloom. The rationale behind the CD

paradigm is that the spring bloom is initiated when the late winter MLD shoals above the CD at a

time when nutrients are not limiting to phytoplankton growth.

Spring blooms in the area from 32.5°N to 40°N were more pronounced and took place later,

in April or May (Fig. 2I-o, Fig. 8a), than in the areas south of 32.5°N. From west to east within

this latitude band, a decline of Chl-a (negative growth) during late fall and/or winter was clearly

apparent (Fig. 2l-o, 7a, 71). This negative growth was a manifestation of severe light-limited

conditions, because the MLD was much deeper than the CD (Fig. 2l-o, 6a, 6l). Rapid and

remarkable increases of Chl-a were observed around March and/or April (Fig. 7c-d). Note that we

associated remarkable and rapid increases of Chl-a to increases of Chl-a that reached 20% per

month. Such rates of increase seemed to be characteristic of the onset of the spring bloom.

The initiation of the spring bloom (March/April) within the latitude band from 32.5°N to

40°N coincided with the cessation of winter mixed layer deepening (Fig. 2i—0), and when the MLD
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had become much shallower than the CD (around May), the Chl-a concentrations were already

decreasing (negative growth, Fig. 7e—f). These results are inconsistent with the CD hypothesis as

the explanation for the onset of the spring bloom, although nutrient concentrations were not a

limiting factor during the winter. The onset of the bloom occurred only after the cessation of mixed

layer deepening and at a time when the MLD (although shoaling) was still much deeper than the

CD. This scenario is consistent with the ‘stratification-onset’ hypothesis proposed by Chiswell

(2011) and with the paradigm of Taylor and Ferrari (2011) and Shiozaki et al. (2014), who

associated the onset of the spring bloom with a ‘turbulence weakening/shutdown’.

Figure 6. (around here)

Figure 7. (around here)

From roughly 42.5°N northward, where the K2 station was located, the spring bloom peaked

in late spring and was preceded by consistently low Chl-a concentrations during the winter (Fig.

2i-k, 8a). From fall (November) to at least January, the negative growth rates that were observed

(Fig. 2i-k, 7a, 7k-1) can likely be attributed to light limitation, because the MLD was remarkably

deeper than the CD (Fig. 6a, 6k-1). A rapid and remarkable increase of Chl-a (Fig. 2i-k, 7e—f) was

apparent only while the MLD was shoaling and was much shallower than the CD (Fig. 2i-k, 6d).

The onset of the spring bloom north of 42.5°N (including station K2) was therefore largely

consistent with Sverdrup’s (1953) classic CD hypothesis. The relevance of the CD hypothesis in
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this region reflects the fact that nutrient concentrations, because of the maximum winter

entrainment, were not limiting, and light limitation during the winter was more severe (due to

lower PAR) than in areas further to the south.

Figure 8. (around here)

Figure 9. (around here)

Compared to other northern areas (north of 42.5°N), the shoaling of the MLD until it became

shallower than the CD occurred earlier in the Oyashio area (March, Fig. 6¢). However, the rapid

and remarkable increase of Chl-a in the Oyashio area also occurred earlier in April (Fig. 7d) than

in the other northern areas. Therefore, although the onset of the bloom took place earlier in the

Oyashio area than in most of the other areas to the north of 42.5°N, the onset of the spring bloom

in the Oyashio area adhered to Sverdrup’s (1953) CD hypothesis, an observation consistent with

the conclusions of Okamoto et al (2010) and Shiozaki et al. (2014).

On the basis of the spring bloom onset mechanisms identified above, we classified our

data/images pixel by pixel based on MLD and CD differences, MLD deepening/shoaling, and

percentage of phytoplankton growth to identify spatial patterns in the mechanisms responsible for

the onset of the spring bloom in the NWPO (Fig. 8b). The classic CD hypothesis applied in the

area roughly north of 40°N, including the Oyashio area. The onset of the spring bloom within the

band between 31°N and 40°N was likely associated with the cessation of winter mixed layer
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deepening. In the area south of about 31°N, the onset of the bloom was likely hidden by steady

increase of Chl-a due several factors discussed below.

4. Discussion

4.1. The spatial extents of light- and nutrient-limited areas

Using in situ observations, Limsakul et al. (2002), Liu et al. (2004), and Fujiki et al. (2014)

among others, have previously hypothesized that nutrients are limiting to phytoplankton growth in

the STA and that light is limiting in the SAA, especially during the winter. The present work has

shown that the spatial extents of the light- and nutrient-limited areas and the transition area

between them change seasonally.

The southernmost limit of the light-limited area occurred in the winter around 30°N (Fig. 4e,

5e). Phytoplankton south of 30°N were therefore limited by nutrients all year-round, because the

MLD was always shallower than the CD, even during active vertical mixing in the winter (Fig. 2p,

6a—c; see also Obata and Ishizaka, 1996). Phenomena seemingly inconsistent with nutrient

limitation were, however, apparent in the negative correlations between Chl-a and SSN (south of

about 35°N) during the summer and fall (Fig. 5k-1), when nutrient-limited conditions should have

been more severe compared to other seasons (Fig. 5i-j).

The transition from positive to negative correlations between Chl-a and SSN at latitudes
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around 35°N was attributable to Eq. (1), which caused the correlation to shift from positive to

negative when the SST exceeded 23°C, and the fact that Eq. (1) seems to be less accurate in the

limit of low SSN. The largest SSN estimation errors occurred at station S1 (Table 2), where at SST

> 23°C, the top layer of in situ nitracline was about 80 m, whereas the top layer of thermocline was

only 20 m (Fig. 9a). The shallowest MLD with smallest variability (mean: 18 m, range: 11 ~ 26 m)

might easily entrain cold- and high Chl-a water from deeper layer, but hardly entrain nitrate-rich

deep water, the fact being the reason for the change from negative to positive correlations between

SST and SSN in the area with SST > 23°C, and for lack of positive correlations between Chl-a and

SSN south of 35°N (Fig. 5k). Same explanation also applied for the lack of Chl-a and SSN positive

correlation during the fall considering the facts that nitracline (~95 m) was much deeper than the

MLD (~44 m, range: 34 ~ 55 m), top layers of deep Chl-a maximum (~40 m) and thermocline (~52

m) (Fig. 9b). Severely limited nitrate flux during the summer and fall led to a condition of SSN

deficiency, as the N:P stoichiometry ratios were about 1 and 13 in the surface layer and 200 m

depth, respectively (see nitrate and phosphate profiles in Fig. 9). Moore et al. (2013) have also

shown shortage of SSN south of 35°N in the NWPO.

Negative Chl-a and MLD correlation (Fig. 5s) also indicated that vertical mixing no longer

controlled Chl-a via SSN variation. Instead, it might reflect a short-term response to dilution, i.e.;

entrainment and recoupling of phytoplankton and zooplankton from below might lead to an
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increase of grazing pressure (Behrenfeld, 2010). Lack of data prevented us from testing this

hypothesis, but the fact that zooplankton biomass contributed more than phytoplankton to total

biomass at 30°N (YYamaguchi et al., 2004) might indicate that deepening of the MLD would entrain

more zooplankton than phytoplankton, and the resultant increase of grazing pressure would cause

the Chl-a to decrease.

It has been widely reported that light is an important factor determining phytoplankton

variability in the Oyashio area during the period from winter (e.g., Chiba et al., 2004) to the end

of the spring bloom (e.g., Saito et al., 2002; Liu et al., 2004). Our results have extended this current

understanding. We infer from the negative correlations between Chl-a and WS (hence MLD) and

the positive correlations between Chl-a and PAR during the summer and fall (Fig. 5g-h, 50-p, 5s-

t) that light, among other factors (micronutrients, grazing), was likely an important contributor to

the regulation of phytoplankton biomass during the summer and fall. This result is understandable,

because macronutrients in the Oyashio area are still abundant, even during the summer (e.g., Saito

et al., 2002). It is important to note that year-round light limitation likely characterizes not only

the Oyashio area but also the area west of the K2-S1 section and east of the Japan/Kuril Islands

(Fig. 5e-f, 5r-t).

During the winter, a narrow band extending from about 140°E, 35°N southeastward was

characterized by a remarkable negative correlation between Chl-a and SST, and a positive
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correlation between Chl-a and SSN was also clearly apparent in the same area. These correlations

were especially apparent with respect to variable anomalies (Fig. 5a, 5i) but were not accompanied

by positive correlations between Chl-a and MLD. These patterns reflect the fact that both seasonal

and interannual Chl-a variations in this narrow band were not simply associated with nutrient

variability driven by conventional vertical mixing, but were more associated with physical factors,

including, inter alia, mesoscale eddies, Kuroshio meanders, front variability, and upwelling events

(e.g., Sasai et al., 2010).

4.2. Relevance of bloom onset mechanisms and discrepancies with previously reported

mechanisms

Obata and Ishizaka (1996) analyzed data from around the globe and were among the pioneers

who verified that Sverdrup’s (1953) CD hypothesis could be broadly applied to explain the onset

of the spring bloom in the NWPO. They mentioned, however, that at latitudes south of 30°N, the

MLD was shallower than the CD throughout the year, a conclusion consistent with our results (Fig.

6). Therefore, at least in the area south of 30°N, the onset of the spring bloom should not follow

the CD model, because phytoplankton biomass is limited by nutrients rather than light, even during

the winter (see Fig. 5e, 6a—c). This pattern of limitation has also been observed in the subtropical

North Atlantic (e.g., Dutkiewicz et al., 2001; Follows and Dutkiewicz, 2001).
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Obata and Ishizaka (1996) did not discuss the mechanism responsible for the onset of the

bloom south of 30°N, because they considered spring blooms to be uncommon there. Based on the

analysis of Chiswell (2011), we think that there is spring bloom south of 30°N, but it is initiated

when the MLD is shallower than the CD, and phytoplankton growth is positive during the winter.

In addition, we think that the onset of the spring bloom in this area (roughly south of about 31°N,

Fig. 8b) was likely hidden by the increase of Chl-a that begins in the fall. The initial increase of

Chl-a in early fall (October) might be attributable to entrainment of deep Chl-a maximum, rather

than of nutrients, because top layer of nitricline (~95 m) was much deeper than that of deep Chl-a

maximum (~44 m) (Fig. 9b). Further mixed layer deepening led to entrainments of both nutrient

and deep Chl-a maximum, thereby caused remarkable increase of Chl-a in mid fall. Mixed layer

deepening possibly also led to increase Chl-a via dilution effects that decouple phytoplankton and

zooplankton during deepening of the MLD (Behrenfeld, 2010). This area also roughly overlies the

area characterized by a phytoplankton bloom that peaks in late winter (Fig. 8a).

Our classification of spring bloom onset mechanisms in the area between 31°N and 40°N (Fig.

8b) is in general consistent with the results of Shiozaki et al. (2014), especially south of 35°N,

where the onset of the spring bloom was not associated with shoaling of the MLD. Shiozaki et al.

(2014) have suggested that the timing of the onset of the bloom in the area north of 35°N (but

south of 40°N) is associated with complex factors, including lateral advection of high Chl-a
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concentrations. It is clear from Fig. 8a in Shiozaki et al. (2014), however, that the onset of the

bloom took place only at the time when winter deepening of the MLD stopped or thereafter. We

therefore characterized this area by a single bloom onset mechanism, which was associated with a

cessation of mixed layer deepening or a subsequent shoaling of the MLD. This mechanism largely

encompasses the ‘stratitification-onset” (Chiswell, 2011), and ‘turbulence weakening/shutdown’

(Taylor and Ferrari, 2011; Shiozaki et al., 2014) mechanisms. This area also coincides with the

area where the peak of the spring bloom occurred around April (Fig. 8a).

The fact that the onset of the spring bloom adhered to the CD hypothesis in much of the area

north of 40°N and in the Oyashio area (Fig. 8a) was consistent with the observations of Obata and

Ishizaka (1996) and Okamoto et al. (2010) in the former case and with the observations of Shiozaki

et al. (2014) in the latter case. A mixed classification, however, emerged in the area between 150°E

and 160°E and between 40°N and 45°N which is referred to as transition region mode water by

Shiozaki et al. (2014). This mixed classification area reflects the large spatial variability of the

mechanism responsible for the onset of the spring bloom. However, because the time of the onset

of the bloom in this mixed classification area took place only after the cessation of mixed layer

deepening (or ‘turbulence weakening’ in the terminology of Shiozaki et al., 2014), much of this

area was classified in the same way as most of the area between 31°N and 40°N, which was also

characterized by a peak of the spring bloom in May or June (Fig. 8a).
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The data we used provided a temporal resolution of one month and could only resolve the

time of the onset of the spring bloom to within one month. The result was that bloom onset

mechanisms were categorized in only three ways: first, the onset of the bloom was consistent with

Sverdrup’s CD model (north of 40°N); second, the onset of the bloom was associated with

cessation of mixed layer deepening (31°N~40°N); and third, the onset of the bloom was likely

hidden by a steady increase of Chl-a during MLD deepening (south of 31°N). Our monthly data

could not be used to resolve the second category of bloom onset mechanism into more detailed

processes such as ‘stratification-onset’ or ‘turbulence weakening/shutdown’ because the difference

in the timing of those processes is definitely less than one month. Because our classification is

based on average monthly data, the spatial extents of the classified areas are by no means constant.

Global warming and large-scale climatic changes might cause the areas of bloom onset

mechanisms to shift interchangeably across borders. For instance; the second and third categories

would be expected to shift northward if the MLD shoals in conjunction with global warming and

weakening of the Aleutian Low pressure system.

5. Conclusions

A summary of our results regarding the factors that determine Chl-a variations is as follows:

(1) the areas characterized by light-limited and nutrient-limited conditions as well as the
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intermediate transitional areas changed seasonally; (2) during the winter, light and nutrients

obviously limited phytoplankton biomass north of 30°N and south of 30°N, respectively; (3)

during the spring and fall, light limitation of phytoplankton biomass was more restricted and

characterized the areas east of the Japan/Kuril Islands and/or north of 40°N. Nutrient limitation

was likewise more confined and characterized the areas south of 35°N; and (4) during the summer,

nutrients mainly limited phytoplankton biomass, except in the areas east of the Japan/Kuril Islands

and north of 45°N.

We categorized the mechanisms responsible for the onset of the spring bloom into three main

groups. The first was mainly confined to the area south of around 31°N and was associated with a

bloom onset that probably occurred within the period of steady increase of Chl-a that accompanied

deepening of the MLD during the fall. The second was confined mainly to the area between 31°N

and 40°N and was associated a cessation of mixed layer deepening. The third mechanism

corresponded to the classic CD hypothesis and was largely confined to the area north of 40°N,

including the Oyashio area.
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Figure Captions

Fig. 1. (a) Map of the study region, the NWPO, which covers the SAA and the STA, where

biogeochemical time-series stations K2 and S1, respectively, are located. The green dashed circle

denotes approximately the location of the Oyashio area. The red dashed line is the K2-S1 line. (b)

Meridional variations along the K2-S1 line of correlations that resulted from regressions between

variables retrieved by two different sensors/sources. Green, black, cyan, blue, and red lines

correspond to SeaWiFS vs. MODIS Chl-a, AVHRR vs. MODIS SST, CCMP vs. WindSat WS,

GODAS vs. Argo float MLD, and SeaWiFS vs. MODIS PAR, respectively. All correlations are

statistically significant at p < 0.05. Horizontal dashed lines indicate the latitudes of stations K2 and

Sl

Fig. 2. Monthly means of all satellite-based and reanalyzed variables derived from the 16-year

dataset (September 1997 to June 2013) at eight latitudes along the K2-S1 line. Left column (a—h)

shows the seasonal cycles for WS (cyan), PAR (red), SST (black), and SSN (yellow). Right column

(i-p) shows the seasonal cycles for Chl-a (light green), r (dashed dark green), MLD (blue), and

CD (gray). Yellow and red dots in (a) and (h) are in situ data of SSN and PAR, respectively. Green,

blue, and gray dots in (i) and (p) are in situ data of Chl-a, MLD, and CD, respectively.
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Fig. 3. Spatial variation of significant (p < 0.05) correlation coefficients between Chl-a and WS

(@), MLD (b), SSN (c), SST (d), and PAR (e) based on 16-year monthly datasets (N = 190). The

areas with insignificant correlation coefficients (p > 0.05) are masked (white areas). Stations K2

and S1 (circles) and the section between them (dashed line) are shown on all maps.

Fig. 4. Spatial variations of significant (p < 0.05) correlations between Chl-a and SST during winter

(@), spring (b), summer (c), and fall (d). Panels (e-h), (i-1), (m-p), and (g-t) are the same as panels

(a—h), except that the correlations are between Chl-a and PAR, between Chl-a and SSN, between

Chl-a and WS, and between Chl-a and MLD, respectively. White areas, circles, and dashed lines

have the same meaning as in Fig. 3.

Fig. 5. Same as Fig. 4, except that the correlation coefficients were derived by using anomalies of

variables (after removing seasonal means and trends from the time-series).

Fig. 6. Spatial variations of the monthly means of the differences between the MLD and CD (m).

White contours indicate where the difference is 0 (MLD = CD). Black dashed circle in (c) indicates

the approximate location of the Oyashio area. Stations K2 and S1 (circles) and their section (dashed

line) are shown in all panels.
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Fig. 7. Spatial variations of the monthly mean rates of change of Chl-a (r, % per month). White

contour indicates r = 0. The black dashed circle in (d) indicates the approximate location of the

Oyashio area. Stations K2 and S1 (circles) and their section (dashed line) are shown in all panels.

Fig. 8. (a) Meridional variation of the month when the spring bloom peaks. (b) Meridional

classification of spring bloom onset mechanisms. Blue, red, and green areas denote bloom onsets

associated with fall deepening of the MLD, cessation of winter mixed layer deepening, and the

Sverdrup (1953) CD hypothesis, respectively. Stations K2 and S1 (circles) and their section

(dashed line) are shown in all panels. White areas, mainly north of 40°N, denote pixels where the

bloom onset could not be classified based on our bloom onset mechanism classification. Dashed

black circle in (a) or (b) indicates the approximate location of the Oyashio area.

Fig. 9. Vertical profiles of in situ Chl-a (green), nitrate (red), phosphate (blue), and temperature

(yellow) collected at the S1 in the summer (a, 20 July 2011) and fall (b, 9 November 2010) by

research vessel Mirai. Solid and dashed black lines indicate the seasonal mean and range (upper

and lower limits) of MLDs.
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772 Table Captions

773  Table 1

774  Detailed information about the cruises (cruise names, periods) during which in situ data were

775  collected to verify satellite-retrieved and/or reanalyzed data.

776

777 Table 2

778  Relative percentage differences (%) between satellite/reanalyzed geophysical variables and in situ

779  measurements and absolute percentage differences (%) between satellite-derived Chl-a and in situ

780  Chl-a at the K2 and S1 time-series stations.
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