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Abstract Monthly maps of sea surface nutrient (phosphate, nitrate, and silicate) concentrations were
produced for the North Pacific (10�N–60�N, 120�E–90�W) for the years 2001–2010 using a selforganizing
map trained with temperature, salinity, chlorophyll-a concentration, and mixed layer depth. Nutrient sam-
pling was carried out mainly by ships of opportunity, providing good seasonal coverage of the surface
ocean. Using the mapping results, we investigated the spatiotemporal variability of surface North Pacific
nutrient and dissolved inorganic carbon (DIC) distributions on seasonal and interannual time scales. Nutri-
ent and DIC concentrations were high in the subarctic in winter and low in the subtropics. In the summer,
substantial amount of nutrients remained unutilized in subarctic and the northern part of the subarctic-
subtropical boundary region while that was not the case in the southern part of the boundary region. In the
subtropics, nutrients were almost entirely depleted throughout the year, while DIC concentrations showed
a north-south gradient and significant seasonal change. Nutrients and DIC show a large seasonal drawdown
in the western subarctic region, while the drawdown in the eastern subarctic region was weaker, especially
for silica. The subarctic-subtropical boundary region also showed a large seasonal drawdown, which was
most prominent for DIC and less obvious for nitrate and silicate. In the interannual time scale, the Pacific
Decadal Oscillation was related to a seesaw pattern between the subarctic-subtropical boundary region and
the Alaskan Gyre through the changes in horizontal advection, vertical mixing, and biological production.

1. Introduction

Biogeochemical cycles within the ocean are controlled to a large extent by biological processes, with
nutrients playing an important role as tracers of primary production and often acting as limiting factors of
the processes themselves. Surface nutrient concentrations in the global ocean show large spatial and sea-
sonal variability which results from spatiotemporal variability of physical processes and biological activities
[e.g., Wong et al., 2002a]. Considerable interannual variability in nutrient concentrations is also related to El
Ni~no events and the Pacific Decadal Oscillation (PDO) in several regions of the North Pacific [e.g., Wong
et al., 2002b; Goes et al., 2004; Miller et al., 2004].

However, nutrient observations are generally still too scarce to allow efficient basin-scale mapping, except
for long-term averages such as those produced as the World Ocean Atlas (WOA) [Garcia et al., 2014]. Alter-
natively, several studies attempted to estimate surface nutrient concentration using relationship between
nutrients and various seawater properties [e.g., Chavez et al., 1996]. Goes et al. [2000] showed the possibility
of estimating North Pacific surface nitrate distribution using multiple linear regressions of sea surface tem-
perature (SST) and chlorophyll-a concentration (CHL). The complex relationships between nutrient and sea-
water properties and domain and/or time dependence of these relationships make this approach difficult
[Garside and Garside, 1995]. Recently, Steinhoff et al. [2010] successfully applied a selforganizing map (SOM)
technique for estimating surface nitrate in the North Atlantic. Basin-scale estimates of partial pressure of
CO2 (pCO2) using a SOM technique have been reported in the North Atlantic and the North Pacific, and sev-
eral advantages of this mapping method were highlighted [Lefèvre et al., 2005; Telszewski et al., 2009;
Nakaoka et al., 2013]. According to those studies, SOM can empirically induce the nonlinear relationship
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between parameters without any a priori
assumptions of regression functions and
without the need to divide the basin
into subregions.

This study presents surface phosphate,
nitrate, and silicate distributions in the
North Pacific using a SOM trained on the
SST, sea surface salinity (SSS), CHL, and

mixed layer depth (MLD). The North Pacific is a large and complex basin, composed of several significantly
different subregions such as the ‘‘high-nutrient and low-chlorophyll’’ (HNLC) subarctic region [Martin et al.,
1994] or the oligotrophic subtropical region [Morel et al., 2010]. In addition, a strong east-west contrast of
seasonal nutrient variability in the subarctic exists [Wong et al., 2002a; Harrison et al., 2004]. Therefore, the
SOM technique seems to be better suited for the task than more traditional statistical techniques based on
linear regressions. In the present study, we created 120 monthly sea surface nutrient (phosphate, nitrate,
and silicate) concentration maps from January 2001 to December 2010 for the North Pacific (10�N–60�N,
120�E–90�W). Using the mapping results, we investigated spatiotemporal variability of the North Pacific
nutrient concentration on seasonal and interannual time scales.

2. Data

2.1. Discrete Water Samples for Nutrients
For nutrient mapping, we used surface measurements of phosphate, nitrate (nitrate plus nitrite, hereafter
referred as nitrate), and silicate concentrations conducted by National Institute for Environmental Studies
(NIES, Japan) and Institute of Ocean Science (IOS, Canada). We also included nutrient observations archived
in the Pacific Ocean interior carbon (PACIFICA) database.

NIES has carried out ship of opportunity sampling on the MS Skaugran (1995–1999), MS Alligator Hope
(1999–2001), and MS Pyxis (2002–2013) between Japan and North America, and the MS Trans Future 5
(2006–present) between Japan and Oceania. Surface samples (5–10 m depth) were manually collected from
the seawater lines installed for pCO2 observation intakes [Murphy et al., 2001], routinely at 2 or 3 samples
per day (at about 200–400 km intervals). Sampled nutrient tubes were stored frozen and then analyzed by
colorimetric techniques in the NIES laboratory. The number of surface nutrient samples analyzed by NIES in
the North Pacific amounts to about 7900 in total, of which 6100 were taken during the study period (Table
1), with measurements well distributed throughout the study area (Figure 1a). IOS also carried out ship of
opportunity surface sampling (5–10 m depth) between Japan and North America from 1987 to 2010 [Whit-
ney, 2011], collecting approximately 6000 samples from 2001 to 2010 (Table 1) mainly in the subarctic
region (Figure 1b). The PACIFICA database contains hydrographic/hydrochemical data from research cruises
(http://cc-s.pices.jp/) [Suzuki et al., 2013]. We extracted the shallowest values from the upper 20 m in each
cast. PACIFICA archived approximately 1800 nutrient samples over the 2001–2010 period (Table 1 and Fig-
ure 1c). We confirmed any significant and systematic biases were not apparent among these three data
sets. As a whole, temporal and spatial coverage of observational data did not prominently fluctuate
throughout the study period within the study region (not shown here).

We used the surface (standard depth of 10 m) nutrient samples archived in World Ocean Database 2013
(WOD13) [Boyer et al., 2013] as completely independent data for validation of mapping results. Nutrient sam-
ples total to approximately 4000 in the North Pacific from 2001 to 2010, although most of the data were col-
lected outside of the central part of the basin (Figure 1d). Duplicates with data archived in PACIFICA were
excluded from the validation process, while NIES and IOS observations have not been included in WOD13.

2.2. Other Gridded Data Sets
We used four physical and biogeochemical data sets, SST, SSS, MLD, and CHL to train the SOM. SST and SSS
are indicators of water type (subarctic, subtropical, upwelled, etc.), MLD represents vertical entrainment of
nutrients, and CHL approximates the biological nutrient consumption.

SST data were obtained from the National Oceanic and Atmospheric Administration (NOAA) optimum inter-
polation SST version 2 with a 1� 3 1� monthly resolution (http://www.esrl.noaa.gov/psd/data/gridded/data.

Table 1. Total Number of Nutrient Observations in the North Pacific (10�N–
60�N, 120�E–90�W)

Phosphate Nitrate Silicate

All 2001–2010 All 2001–2010 All 2001–2010

NIES 7,686 6,091 8,043 6,293 7,939 6,188
IOS 13,353 5,925 13,399 5,923 13,426 5,923
PACIFICA 3,309 1,877 3,296 1,891 2,986 1,680
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noaa.oisst.v2.html) [Reynolds et al.,
2002]. SSS data come from the
Japan Agency for Marine-Earth Sci-
ence and Technology (JAMSTEC)
objective analysis at 1� 3 1�

monthly resolution (MOAA_GPV;
http://www.jamstec.go.jp/ARGO/
argo_web/MapQ/Mapdataset.html)
[Hosoda et al., 2008].

MLD data used are the monthly cli-
matology produced by JAMSTEC
(MILA_GPV; http://www.jamstec.go.
jp/ARGO/argo_web/MILAGPV/
index_e.html) [Hosoda et al., 2010].
Although MLD would vary interann-
ually, it is closely related with inter-
annual variability in SST [Carton
et al., 2008]. Missing MLD at individ-
ual grid pints were filled by interpo-
lating values from surrounding grid
points for which data exist.

Monthly CHL data were obtained
from SeaWiFS Level 3 standard
products provided by National Aer-
onautics and Space Administration
(NASA; http://oceancolor.gsfc.nasa.
gov). We rescaled the CHL data into
the 1� 3 1� grids from the original
resolution of 9 km. CHL data sets
included many grids with missing
values caused by cloud cover and
the acute angle of the sun (about
5% in the subtropics and 20% in the
subarctic have missing values in
both data sets). To improve the data
coverage, we combined the Sea-
WiFS CHL with the MODIS-Aqua
CHL, which are provided by NASA
since July 2002. Although significant
biases between the data sets have
been pointed out [Morel et al.,
2007], we found that anomalies
from respective 8 year monthly

mean from 2003 to 2010 were correlated with each other, and differences were less than 20% of the abso-
lute values in most of the analysis domain (not shown here). Therefore, we filled the grids with missing val-
ues in SeaWiFS CHL with bias-adjusted MODIS-Aqua CHL (i.e., 8 year monthly mean SeaWiFS CHL plus
MODIS-Aqua CHL anomaly subtracting from 8 year monthly mean MODIS-Aqua CHL). This procedure
reduced the percentage of empty grids from 10% to 3%. The remaining empty grid points were filled by
interpolating values from surrounding nonempty grids. As a result, we obtained complete CHL maps in the
North Pacific, except for high latitude area (north of 45�N) from November to January due to the low angle
of the sun.

Ocean surface dissolved inorganic carbon (DIC) concentrations from 2002 to 2008 were produced by Yasu-
naka et al. [2013] from pCO2 produced using a SOM technique by Nakaoka et al. [2013] and total alkalinity

Figure 1. Number of nitrate observations from 2001 to 2010 archived in (a) NIES, (b)
IOS, (c) PACIFICA, and (d) WOD13.
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calculated using the simple empirical function of Lee et al. [2006] (http://soop.jp/index.html). We also used
monthly air-sea CO2 flux calculated in Yasunaka et al. [2013] from ocean surface pCO2 [Nakaoka et al., 2013]
by using the gas exchange coefficient of Sweeney et al. [2007].

Surface current velocity data come from monthly means satellite-derived Ocean Surface Current Analysis
(OSCAR; http://www.oscar.noaa.gov/) [Bonjean and Lagerloef, 2002]. Monthly fields of net primary produc-
tion (NPP) were obtained from the Ocean Productivity website (http://www.science.oregonstate.edu/ocean.
productivity/index.php) with a spatial resolution of 1/6� 3 1/6�, which were calculated by using the verti-
cally generalized production model (VGPM) of Behrenfeld and Falkowski [1997].

3. Nutrient Mapping

Nutrient concentrations were mapped for 120 months from January 2001 to December 2010 over the area
of the North Pacific (10�N–60�N, 120�E–90�W) and southern Bering Sea (south of 55�N). We excluded the
northern part of the Bering Sea, Okhotsk Sea, and Japan Sea which had limited in situ nutrient observations
(Figure 1). Coastal areas (bathymetric depth <200 m) were also excluded since the relationships between
nutrients and physical/biogeochemical properties are significantly different due to the influences of tidal
mixing, estuarine circulation, and riverine discharge [Whitney et al., 2005].

3.1. Gridding Procedure of Nutrient Discrete Samples
First, we gridded discrete nutrient samples from NIES, IOS, and PACIFICA into 1� 3 1� monthly boxes from
2001 to 2010 for mapping.

In order to eliminate extreme and/or erroneous data, we calculated long-term means (i.e., climatology) and
standard deviations in 1� 3 1� monthly grid boxes with the average window size of 62 in month, 610� in
latitude, and 630� in longitude from all of NIES, IOS, and PACIFICA surface nutrient data. We then elimi-
nated the data whose difference from the climatology exceeded three standard deviations of the climatol-
ogy. Next we recalculated the climatology and associated standard deviation using a smaller window size
and eliminated extreme data again. This procedure was iterated three times while gradually reducing the
window size; their sizes in month, in latitude, and in longitude were (62, 65�, 610�), (61, 65�, 610�), and
(61, 62�, 65�), respectively. As a result, we excluded about 300 measurements as extreme and/or errone-
ous data from 2001 to 2010 for phosphate, nitrate, and silicate, respectively. Finally, we averaged the
remaining observations onto 1� 3 1� monthly grid boxes of each year from 2001 to 2010.

The discrete nutrient samplings from the WOD13 were also gridded into 1� 3 1� monthly boxes from 2001 to
2010 for validation of mapping results. We only used data with a quality control flag of 0 (i.e., accepted value).

3.2. Nutrient Estimation Using Selforganizing Map
Our method for estimating nutrient concentrations is similar to that of Telszewski et al. [2009] and Nakaoka
et al. [2013] except that several settings were altered for appropriate estimation of the nutrient concentra-
tion in the North Pacific. The main difference was the addition of latitude (LAT) and longitude (LON) to the
set of training parameters in order to avoid systematic spatial bias.

Three steps were taken to estimate basin-wide nutrient fields: first, dividing the 1� 3 1� monthly North
Pacific grids into 5000 groups using a SOM of SST, SSS, CHL, MLD, LAT, and LON; second, labeling the pre-
conditioned SOM with the observed nutrient concentrations based on corresponding SST, SSS, CHL, and
MLD values; third assigning nutrient concentrations to all grids using the labeled SOM and mapping the
estimated distribution onto the North Pacific according to their time and space coordinates. Labeling and
assigning were done for phosphate, nitrate, and silicate separately. We used the SOM Toolbox Version 2,
developed by the Laboratory of Information and Computer Science at the Helsinki University of Technology
(http://www.cis.hut.fi/projects/somtoolbox) for creating the SOM.

The CHL data were affected by the lack of satellite coverage from November to January at high latitude
(north of 45�N) as mentioned above. In order to make up for the blank area of CHL in these months, we
computed the second set of estimates using the SOM trained with five parameters SST, SSS, MLD, LAT, and
LON. We then generated complete nutrient maps in the study area by combining the estimated nutrient
values obtained with the six parameter SOM including CHL with the values obtained with the five parame-
ter SOM. We checked the difference between the nutrient values estimated with the six-parameter SOM

Journal of Geophysical Research: Oceans 10.1002/2014JC010318

YASUNAKA ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 4

http://soop.jp/index.html
http://www.oscar.noaa.gov/
http://www.science.oregonstate.edu/ocean.productivity/index.php
http://www.science.oregonstate.edu/ocean.productivity/index.php
http://www.cis.hut.fi/projects/somtoolbox


and the five-parameter SOM in the region
between 40�N and 45�N and found the dif-
ference to be comparable to the uncertainty
of the estimation (see section 3.3) from
November to January. This most likely results
from relatively low biological activity during
the winter at high latitudes [e.g., Imai et al.,
2002].

From these procedures, we obtained 120
monthly basin-wide nutrient maps from Jan-
uary 2001 to December 2010.

3.3. Uncertainty
For the whole North Pacific, correlation coef-
ficients between the estimated values and in
situ observations gridded into 1� 3 1�

monthly boxes were within 0.8920.92, and
root-mean-square difference (RMSD) were
0.15 lmol/L for phosphate, 1.86 lmol/L for
nitrate, and 3.66 lmol/L for silicate (Figure 2).
Scatterplots of the estimated and observed
nutrients show that the values are clustered
around the 1:1 line. The differences between
the estimated values and observations came
from not only estimated error but also error
in gridded samples. The number of observa-
tions in 1� 3 1� monthly grid box of each
year was almost one, that is, sampling error
would be as large as the nutrient variation in
1� 3 1� monthly grid box. Incidentally, stand-
ard deviations of nutrient monthly climatol-
ogy in 1� 3 1� grid were about 90% of RMSD
between the SOM estimates and the
observed values.

We also compared our estimates with obser-
vations in box-averaged time series, finding
two areas where sufficient WOD13 data
existed (Figure 3). Box-mean time series of
estimated nutrient concentrations were in
good agreement with observations (not only
data used for mapping but also independent
data of WOD13; Figure 3). Our estimates rep-
resented large seasonal variability with
summer depletion except for several extreme
values in East Japan area (36�N–40�N, 140�E–
150�E), as well as constant concentrations at
different values between respective nutrients
along the California coast (30�N–35�N,
130�W–115�W). Interannual variability of the
SOM estimates and observations also
appeared to be in phase. For example, nutri-
ent concentrations in 2001–2002 and 2007–
2009 winters were lower than those in 2003–
2006 winters in East Japan region.

Figure 2. Relationship between measured and estimated nutrient con-
centrations. (a) Phosphate, (b) nitrate, and (c) silicate.
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We examined the differences between the monthly climatology obtained from our study and WOA 2013
(WOA13) climatology (see Appendix A). We confirmed that our maps not only reproduced basin-scale fea-
tures of nutrient distributions which appear in WOA13 with finer spatiotemporal resolution than WOA13,
but also retained consistency in time and among the nutrient components which allow us to investigate
spatiotemporal variability.

4. Seasonal Variability

We explored seasonal patterns using 10 year monthly mean nutrient concentrations. In this section, we also
examined seasonal variability of the sea surface DIC concentration estimated by Yasunaka et al. [2013]. We
calculated the 7 year monthly mean DIC concentration to match the temporal extent of the DIC estimates
that spun out from 2002 to 2008.

4.1. Clustering Method
We used cluster analysis to divide the North Pacific into nine areas with similar nutrient and DIC long-term
monthly mean concentrations. Here we used k-means clustering, which aims to partition observations into
certain number of clusters in which each observation belongs to the cluster with the nearest mean. In order
to eliminate initial value dependence, we repeated the clustering 1000 times and used the minimum solu-
tion with the within-cluster sums of point-to-centroid distances. Before the clustering, we normalized nutri-
ent and DIC climatologies by the annual means of the monthly climatology averaged over the North Pacific
and their seasonal amplitudes. As a result, the subarctic was divided into four clusters in the northwest-

Figure 3. Area-mean time series of estimated (black line) (a) phosphate, (b) nitrate, and (c) silicate concentrations with observations (red circle, labeling data; blue circle, independent
data; (left) 35�N–40�N, 140�E–150�E; (right) 30�N–35�N, 130�W–115�W).
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southeast direction, the subarctic-subtropical boundary region into two in the north-south direction, and
the subtropics into three in the north-south direction (Figure 5a). Nine was the minimum number of clusters
that represented the difference between the western midlatitudes and the eastern subarctic.

4.2. Spatiotemporal Distribution
Spatial distributions of long-term monthly mean concentration are shown for March and August in Figure 4,
and cluster-mean monthly climatologies are summarized in Figures 5b–5e.

Nutrient and DIC concentrations were high in the subarctic (Areas A, B, C, and D) and low in the subtropics
(Areas G, H, and I) throughout the year. They reached maximum concentrations in March, and minimum
concentrations in August or September in all areas.

The north-south gradient from subarctic to the subarctic-subtropical boundary region was steeper for the
three nutrients than for DIC, especially in winter, mainly because the salinity effect on DIC reduced the DIC
north-south contrast as discussed in Yasunaka et al. [2013].

In the summer, substantial amounts of nutrient remained only in subarctic North Pacific region (Areas A, B,
C, and D), and the northern part of the subarctic-subtropical boundary region (Area E). The division line

Figure 4. Long-term monthly means for (a) phosphate, (b) nitrate, (c) silicate, and (d) DIC concentrations in (left) March and (right) August.
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across around 40�N suggests that the limiting factors governing biological production differs between the
northern half (probably light and/or iron, the HNLC domain) and the southern half (nutrients) of the
subarctic-subtropical boundary region. Although the boundary between limiting factor has been roughly
described [e.g., Polovina et al., 1995], the switch between limiting factor results in different responses to cli-
mate variability across about 40�N as described in section 5.

Both monthly mean and seasonal concentration decrease from winter to summer are larger in the western
subarctic (Area A) than in the east (Areas B, C, and D). A difference of seasonal nutrient decrease between
Areas A and B is mainly due to the difference of winter concentration; summer concentrations show almost
no difference between these two areas, especially in the case of silicate. Nishioka et al. [2007, 2011] showed
that main source of iron to the surface waters of western subarctic North Pacific region is winter mixing
rather than airborne dust input. If we assume that iron supply in central subarctic North Pacific region also
results from winter mixing, we can expect that iron concentration in winter waters of Areas A and B differ
similarly to nutrient and that nutrient drawdown in both areas stops with same nutrient concentration level
corresponding to iron depletion.

Figure 5. Spatial distribution of nine areal clusters for (a) monthly climatologies of nutrient and DIC concentrations and (b) monthly climatologies averaged in each cluster for phosphate,
(c) nitrate, (d) silicate and (e) DIC. In Figures 5b–5d, seasonal variation in each cluster is drawn by the same color as shown in (a) cluster map.
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In the subtropics, nutrients are
generally depleted throughout the
year (Areas G, H, and I). On the
other hand, DIC concentrations
showed north-south contrast and
seasonal decrease throughout the
subtropics.

4.3. Seasonal Drawdown
We explored the seasonal draw-
down of nutrients and DIC in more
detail. Nutrient and DIC concentra-
tions decrease mainly due to bio-
logical consumption when the
mixed layer shoals from winter to
summer and increase by entrain-
ment of nutrient and DIC-rich
water when the mixed layer deep-
ens from summer to winter [Taka-
hashi et al., 1993]. Here we
examined nutrient and DIC
changes between late winter
(March) maxima and summer
(August) minima.

Beyond biological consumption,
other processes affecting the sea-
sonal drawdown of nutrients
include horizontal advection, dilu-
tion/condensation, air-sea flux,
and vertical diffusion. We calcu-
lated u�!N (u is the horizontal
velocity, N is the nutrient or DIC
concentration) as the horizontal
advection effect. This estimate
shows that advection accounts for
less than 10% of the seasonal
drawdown. In order to eliminate
the dilution/condensation effect
due to precipitation/evaporation,
we used salinity-normalized nutri-

ent and DIC concentrations (to S 5 35). Salinity effect was negligibly small except in the equatorial upwell-
ing region for DIC. We also took account of the effects of air-sea CO2 flux, due to differences between ocean
and atmosphere pCO2, on the DIC change. We estimated the surface DIC change from month m1 to month
m2 due to CO2 flux using the formulation of Lee [2001]:

DICm1–DICm2ð Þflux5
Xm221

m5m1
FLUXm=MLDmð Þ1 FLUXm11=MLDm11ð Þ½ �=2; (1)

where subscript denotes month and FLUX represents air-sea CO2 flux (plus indicates efflux and minus
influx), under the assumption that biogeochemical parameters are constant in the mixed layer. The North
Pacific absorbs more than 20 lmol/L CO2 from the atmosphere, especially in the subtropical/subarctic
boundary region and along the western coast of the North America from March to August. Atmospheric
input of nutrients was not assessed, since its contribution was estimated to be smaller than 10% in the
open ocean [Krishnamurthy et al., 2010]. We also assumed that vertical diffusion was negligible during the
mixed layer shoaling period [Lee, 2001]. We calculated seasonal drawdown from concentration changes,

Figure 6. Seasonal drawdown (March minus August) of salinity-normalized (a) phos-
phate, (b) nitrate, (c) silicate, and (d) DIC. Effect of horizontal advection and effect of air-
sea CO2 flux were eliminated. Only drawdowns larger than error variance of mapping
uncertainty (e.g., sqrt(2 3 (0.152/10)) for phosphate) are colored.
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subtracting the effects of horizontal
advection, dilution/condensation, and
air-sea flux. The resultant seasonal
drawdown is shown in Figure 6,
accompanied by maps of drawdown
ratio among nutrients and DIC in Fig-
ure 7.

All three nutrients show prominently
large seasonal drawdown in the west-
ern subarctic (Area A), confirming the
status of this region as one of the
highest biological production areas in
the world oceans [Honda et al., 2002].
Seasonal drawdown in the central
and eastern subarctic region (Areas B,
C, and D) decreased eastward toward
the North American coast, as
described in section 4.1. The eastward
weakening of drawdown in the sub-
arctic was most prominent for silicate.

Large seasonal drawdowns were also
found in the northwestern area of the
subarctic-subtropical boundary
region (Area E), that is, seasonal draw-
downs did not monotonically
increase from south to north but
showed double peaks in a north-
south direction. In this area, nutrient-
rich waters are transported south-
ward from the Bering Sea by the Oya-

shio Current and are enriched with iron from the Sea of Okhotsk [Whitney, 2011; Nishioka et al., 2011]. The
local maximum in the subarctic-subtropical boundary region was most prominent for DIC and less obvious
for nitrate and silicate.

The drawdown ratio of nitrate and phosphate (DnN/DnP) was near the Redfield stoichiometry (ca. 16) in a
wide area north of 40�N, while it drops below 16 south of this latitude (Figure 7a). This is attributed to nitro-
gen fixation, which is thought to occur mainly in the tropical and subtropical North Pacific by a numerical
model [Deutsch et al., 2007] and by direct observations [Shiozaki et al., 2010]. Our results indicate that the
distribution of N2-fixation-affected waters can be determined based on surface nutrient utilization. More-
over, N2-supported production would be calculated by methodology similar to that suggested by Lee et al.
[2002].

Drawdown ratio of silicate and phosphate (DnSi/DnP) shows north-south contrast and subarctic east-west
contrast (Figure 7b). The difference in DnSi/DnP between the subarctic and subtropical/subarctic boundary
regions reflects the fact that silicate-independent phytoplankton is responsible for much of the summer
production in this area [e.g., Saito et al., 2002]. The difference in east and west subarctic DnSi/DnP suggests
that diatom production is more dominant toward the Asian coast. A clear spring increase in diatoms was
observed, and coccolithophore abundance was low at/near station KNOT (44�N, 155�E), while coccolitho-
phores and other small phytoplankton were abundant especially in late spring, and diatom comprised a
minor component at station P (50�N, 145�W) [Harrison et al., 2004, and their references]. Silicate inputs from
rivers [Whitney et al., 2005] would also be related to small DnSi in the eastern subarctic.

Since the north-south gradient was larger in DIC than other nutrients, DnC/DnP increased southward (Fig-
ure 7c). Value of DnC/DnP in the subarctic North Pacific was around 100–150, which is expected for ecosys-
tems following normal Redfield stoichiometry. In the waters south of 40�N, DnC/DnP reaches values higher

Figure 7. Stoichiometric ratios of seasonal salinity-normalized nutrient and DIC
decreases from March to August; (a) DnN/DnP, (b) DnSi/DnP, (c) DnC/DnP. Effect of
air-sea CO2 flux on the DIC change was also taken account. Only ratios larger than
error variance of mapping uncertainty are colored.
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than 200. Hashihama et al. [2013]
recently found that microbes in the
subtropical North Pacific can use labile
dissolved organic phosphorus (LDOP)
as well as inorganic phosphate.
Extremely high DnC/DnP values over
200 could be achieved when the
LDOP decomposition processes occur.

5. Interannual Variability

In order to assess interannual variabili-
ty, we calculated nutrient anomalies
from our 10 year monthly climatolo-
gies. Then we applied EOF analysis in
the nutrient anomaly fields and
obtained the dominant variability
modes. The first modes of all three
nutrients fluctuated in low frequency,
with a positive tendency from mid-
2002 to mid-2006 and negative tend-
ency before mid-2002 and in 2008 to

2009 (Figure 8a; explained variances were about 20% of total variance longer than 1 year). Spatial patterns
of three nutrients were quite similar to each other (differences were below the error variance) and showed
positive sign in the boundary region between subtropics and subarctic and in the western subarctic and
negative sign in the Alaskan gyre (nitrate shown as an example in Figure 8b). In the subarctic-subtropical
boundary region and in the western subarctic, nutrient concentrations were relatively high compared with
the normal states from mid-2002 to mid-2006, and low before mid-2002 and in 2008–2009. Nutrient con-
centrations in the Alaskan Gyre varied in an opposite manner.

Figure 9a shows the mean nitrate concentration in 2003–2004 and 2008 when the time series of the first
EOF mode were positive and negative all year, respectively. Compared with 2008, the 2003–2004 contours
in the Alaskan Gyre shifted north or westward, although a position change in the central Pacific was not
clear. Nitrate difference between 2003–2004 and 2008 was positive in the subarctic-subtropical boundary
region and in the western subarctic and negative in the eastern region (Figure 9b), which was quite similar
with the spatial pattern of the first EOF mode (Figure 8b). Changes were small south of 35�N. Phosphate
and silicate concentrations also changed in the same way (not shown here). As a result, the seesaw pattern
between the subarctic-subtropical boundary region and the Alaskan Gyre was the dominant feature of the
nutrient variability.

The PDO is a dominant pattern of low-frequency climate variability in the North Pacific [Mantua et al., 1997]. The
time coefficient of the nutrient first EOF modes correlated well with the PDO index (http://jisao.washington.edu/
pdo/PDO.latest; correlation coefficients were 0.60 for phosphate, 0.63 for nitrate, and 0.59 for silicate; statistically
significant at the 1% level; Figure 8a). SST regression maps against the time coefficients of the nutrient first
modes showed the typical PDO-related pattern with negative anomaly in the western and central North Pacific
surrounded by positive anomaly (not shown here). Observed nutrient concentrations also negatively correlated
with the PDO index in Areas C and D of the eastern subarctic (statistically significant at the 1% level), as Pe~na
and Varela [2007] showed along Line P. Generally speaking, a 10 year period analyzed in this study does not
entitle the authors to conclude on characterization of PDO variability. However, the PDO showed significant
phase shifts during the study period, which is reflected in the PDO being detected as the dominant mode sug-
gesting that PDO indeed controls the nutrient variability in the region. This result will have to be revisited once
observational data for another decade will become available allowing for analysis on decadal time scales.

Next, we examined how the PDO associated with nutrient variability in the North Pacific through interan-
nual changes in horizontal advection, vertical mixing, and biological consumption. We investigated the
effect of horizontal advection by the anomalous flow across the mean nutrient gradients (u0�!N , where the

Figure 8. (a) PDO index (red and blue shadings) and PC1s for monthly nutrient
anomaly (black line: phosphate, green line: nitrate, gray line: silicate). (b) Nitrate
regression patterns with the PDO index. Only regression coefficients larger than
error variance of mapping uncertainty (i.e., sqrt(1.862/120)) are colored.
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prime represents anomaly, and the
overbar represents the 7 year
mean), because the mean flow
across the anomalous nutrient gra-
dient (u�!N0) was small (not
shown here). We used SST, in place
of MLD that is related to vertical
entrainment, since interannual vari-
ability in MLD is closely related to
that of SST [Carton et al., 2008].
Changes in NPP serve as a measure
of biological production of biomass
exportable to higher trophic levels
or to the deep ocean as detritus
[Eppley and Peterson, 1979].

Figure 10 shows the regression pat-
terns of SST, horizontal advection,
and NPP onto the PDO index. Nutri-
ent change associated with the
PDO was generally the opposite
sign with SST and the same with
the horizontal advection patterns

throughout the North Pacific. However, NPP patterns showed the same polarity south of 40�N, but the
opposite in the subarctic.

The nutrient changes are inter-
preted in relation to the physical
and biogeochemical field change
associated with the PDO. When the
PDO was in the positive phase, SST
was cool and MLD was deep in the
western Pacific due to the intense
dry cold wind from the Asian Conti-
nent [Cayan, 1992; Miller et al.,
1994]. At the same time, SST was
warm and MLD was shallow in the
eastern Pacific due to a southerly
wind anomaly and downwelling
coastal Kelvin wave from the equa-
torial ocean [Cayan, 1992; Millar
et al., 1994; Zhang et al., 1997]. An
MLD deepening (shoaling) would
induce a nutrient increase
(decrease) via enhancement (weak-
ening) entrainment of the subsur-
face nutrient-rich water, as shown
by Signorini et al. [2001] at Station
Papa (50�N, 145�W).

Changes of winds associated with
the PDO [e.g., Mantua et al., 1997]
induced changes in horizontal
advection (Ekman transport) in the
midlatitudes. When the PDO was in
positive phase, stronger westerly

Figure 9. Nitrate concentration in (a) 2003–2004 (black) and 2008 (red), and (b) their
difference. Only differences larger than error variance of mapping uncertainty (i.e.,
sqrt((1.862/24) 1 (1.862/12))) are colored in Figure 9b.

Figure 10. (a) SST, (b) nitrate horizontal advection, and (c) NPP regression patterns
onto the PDO index. Only regression coefficients with correlation of p< 0.1 are col-
ored. Contours indicate the 10 year mean state in each field.
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winds force high nutrient water southward from the subarctic to the midlatitudes, and southeasterly wind
anomaly brings low-nutrient water northeastward in the eastern subarctic. Horizontal advections for phos-
phate and silicate were similar to that of nitrate (not shown here).

NPP anomaly north of 40�N showed the same polarity with SST but the opposite in the subtropics, which
indicated that NPP anomaly north of 40�N showed opposite polarity with the MLD but was the same in the
subtropics. This relationship is consistent with the simple conceptual theory espoused by Polovina et al.
[1995]. As MLD deepens in the subtropics, where a limiting growth factor is nutrients, the entrainment of
nutrient-rich water stimulates NPP. MLD shoaling in the subarctic, where a limiting factor is light, confines
phytoplankton in the euphotic zone, increases NPP, and decreases nutrient levels.

The PDO-related nutrient variation pattern obtained by this study was similar to but slightly different from
the PDO-related DIC variation pattern reported by Yasunaka et al. [2014]. In the subtropics, there was a sig-
nificant DIC signal, but no nutrient signal due to differences in response to salinity change (strong in DIC
while weak in nutrients). The positive nutrient signal stretched much more prominently east to west along
the subarctic-subtropical boundary than that of DIC, since the north-south gradient of the concentrations
was steeper in nutrient than in DIC.

6. Summary

This study produced 120 monthly maps of sea surface nutrient (phosphate, nitrate, and silicate) concentra-
tions for the North Pacific for years 2001–2010 using a SOM trained with the SST, SSS, CHL, and MLD. We
explored spatial distributions of nutrient seasonal drawdowns and their stoichiometric ratios. We also eluci-
dated patterns of basin-wide interannual nutrient variability associated with the PDO. Surface nutrient sam-
plings by NIES and the monthly nutrient concentrations presented in this paper are available at the NIES-
hosted web page (http://soop.jp/index.html).

Figure A1. WOA13 climatology of (a) phosphate, (b) nitrate, and (c) silicate concentrations in (left) March and (right) August.
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Our mapping results revealed a
characteristic seasonal distribution
for each nutrient and can be a use-
ful reference for fixed station and/or
line observations. Our basin-wide
distribution of drawdown ratios can
also be weighed against the distri-
bution of phytoplankton functional
type derived from satellite ocean
color data [e.g., Hirata et al., 2011].

In terms of global warming, trends
of nutrient concentration have been
assessed by others without clear
patterns emerging except perhaps
in the Oyashio region east of Japan
[e.g., Freeland et al., 1997; Ono et al.,
2002; Whitney, 2011]. However, nat-
ural variability, such as the PDO,
affects the increasing trend espe-
cially if the period of analysis is
short. Therefore, clarifying of nutri-
ent change associated with climate
variability is important to under-
stand the global warming signal in
the ocean.

Our estimation is confined to the
North Pacific because of the exten-
sive nutrient set collected in this

area by the Ships of Opportunity programs of NIES and IOS. Similar coverage of the global ocean may be
possible through collaboration and improved data archiving.

Appendix A: Comparison With WOA13

We compared our nutrient maps to WOA climatology, using nutrient analytical means in a 1� 3 1� monthly
resolution of WOA13 [Garcia et al., 2014]. Spatial distributions of our estimates were generally similar to
those of WOA13, but our estimates did not show the unnatural large-scale meander of contours in midlati-
tudes and local maxima along meridional lines (e.g., silicate along 137�E) which appear in WOA13 inconsis-
tently in time and among nutrient components (Figure A1). These unrealistic and inconsistent meanders
and local maxima heavily affected estimates of seasonal decreases and their ratios, and made their spatial
characteristics vague (not shown here). Our maps are useful when analyzing small but important temporal
variability of biogeochemical conditions for ecosystems such as plankton phenology in wide areas of the
North Pacific.

In terms of the box-mean time series, agreement with measurements was better in our estimation than in
WOA13 in East Japan areas, especially for summer minima of phosphate and silicate concentrations (Figure
3). Our estimation did not show unnatural summer maxima which WOA13 showed in East Japan area. Fur-
thermore, our estimation also included interannual variability as discussed in section 5.

Systematic biases between our estimates and WOA13 were observed in several regions (Figure A2). Our
phosphate and silicate estimates were slightly lower than WOA13 throughout most of the study area, while
our nitrate estimate was higher in the subarctic. Those differences were partly from temporal differences
between nutrient observations from NIES, IOS, and PACIFICA and those used for calculation of WOA13. Orig-
inal nutrient data of the PACIFICA database, which include only the data observed after 1990, contained
intercruise systematic errors of over 10% before the synthesis [Suzuki et al., 2013]. In the case of older data,
which is included in WOA13, larger errors could potentially be found. In addition, longer-term change of

Figure A2. Difference between 10 year annual mean of our estimation and annual
mean of WOA13 climatology. (a) Phosphate, (b) nitrate, and (c) silicate.
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surface nutrient concentration can make systematic bias between databases based on different time win-
dow. For example, Whitney et al. [2011] showed increasing trend of winter surface nitrate from 1990s to
2000s in the eastern subarctic Pacific. This could explain larger nitrate concentrations in our estimates based
on the after-2000 observation data than those of WOA13 in the eastern subarctic.
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