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Abstract we present the spatial distributions and temporal changes of the long-term variability of surface
nutrient concentrations in the North Pacific by using nutrient samples collected by volunteer ships and
research vessels from 1961 to 2012. Nutrient samples are optimally interpolated onto 1°x 1° monthly grid
boxes. When the Pacific Decadal Oscillation is in its positive phase, nutrient concentrations in the western
North Pacific are significantly higher than the climatological means, and those in the eastern North Pacific are
significantly lower. When the North Pacific Gyre Oscillation is in its positive phase, nutrient concentrations in
the subarctic are significantly higher than the climatological means. The trends of phosphate and silicate
averaged over the North Pacific are —0.012 +0.005 pmol I~" decade™ and —0.38 £0.13 umol |~ decade ™,

whereas the nitrate trend is not significant (0.01 +0.13 pmol ™' decade ™).

1. Introduction

One response to global warming has been warming and freshening of the mixed layer of the ocean, both of
which should reduce the transport of nutrients to the euphotic zone [Woods and Barkmann, 1993; Bopp et al.,
2001]. Trends toward shallower mixed layer depths and lower nutrient concentrations have been reported in
several regions of the subarctic North Pacific [Freeland et al., 1997; Ono et al., 2002, 2008]. The decrease of
nitrate has been less prominent than the decreases of phosphate and silicate in the North Pacific subpolar
region [Watanabe et al., 2008] and the western North Pacific [Kim et al., 2011]. Increasing atmospheric nitro-
gen deposition has been considered as one explanation for the nitrate less prominent trend [Duce et al., 2008;
Kim et al., 2011]. Decadal variations in upper ocean nutrient concentrations have also been reported in the
North Pacific [Pefia and Varela, 2007; Di Lorenzo et al., 2009; Yasunaka et al., 2014]. However, these earlier
studies were conducted over small areas or for short periods of time; spatiotemporal features of long-term
variability in the whole North Pacific have not been identified.

The National Institute for Environmental Studies (NIES, Japan) and the Institute of Ocean Science (I0S, Canada)
have carried out surface nutrient sampling from a ship of opportunity in the North Pacific [Whitney, 2011;
Yasunaka et al., 2014]. Ship-of-opportunity observations provide better data coverage than bottle sampling
by research vessels. In this study, we use both ship-of-opportunity observations and bottle samples collected
by research vessels to elucidate spatial patterns and temporal changes in the long-term variability of surface
nutrient concentrations from 1961 to 2012.

2, Data and Methods
2.1. Discrete Water Samples for Nutrients

We use surface samples of nutrients (phosphate, nitrate, and silicate) collected by the NIES and 10S. We also
include nutrient concentrations measured by the Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) surface nutrient monitoring system, nutrient concentrations from bottle samples collected along
Line P by the IOS, and data archived in the PACIFic ocean Interior CArbon (PACIFICA) database and World
Ocean Database 2013 (WOD13). The total number of measurements is about 82,000 (Figure 1).

The NIES has carried out ship-of-opportunity sampling from volunteer ships since 1995 [Yasunaka et al.,
2014]. Surface samples (depths of 5-10 m) were manually collected and stored frozen; the nutrients were
then analyzed in onshore laboratories. The NIES analyzed about 9000 surface nutrient samples collected
from widely distributed locations in the North Pacific. The IOS also carried out ship-of-opportunity surface
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Figure 1. (a (left) to c (left)) Temporal (black, WOD; red, PACIFICA; gray, Line P; green, NIES; blue, 10S; and orange, JAMSTEC
monitoring) and (a (right) to c (right)) spatial distribution of nutrient samples in the North Pacific from 1961 to 2012 for
(a) phosphate, (b) nitrate, and (c) silicate.

sampling (depths of 5—10m) mainly in the subarctic region from 1987 to 2010 [Whitney, 2011]; approximately
10,000 samples were collected. The detection limits of the NIES and I0S samples are 0.02 pmol I~ for phosphate,
0.1 umol I for nitrate, and 0.6 pmol I~ for silicate (Y. Nojiri and F. A. Whitney, personal communications, 2015).

Nutrient monitoring was performed on the JAMSTEC research vessel Mirai from 1998 to 2004 (cruises MR98-02,
MR99-07, MR04-E04, and MR04-05). Seawater from a depth of 4 m was pumped to the shipboard laboratory and
introduced directly into a continuous monitoring system (Bran + Luebbe Model TRAACS 800) through a narrow
tube. Monitoring data were obtained every minute and calibrated every 12 h. We average the nutrient data on a
daily basis within 1° latitude x 1° longitude grid boxes. There are about 300 grid boxes of averaged data from
the JAMSTEC monitoring.

The PACIFICA database contains nutrient data from research vessels in the Pacific spanning the period
19972008 [Suzuki et al., 2013]. On Line P surveys, samples have been collected since 1956 at 27 oceanic
stations from near the coast of southern British Colombia to 50°N, 145°W in the North Pacific eastern subarctic
[Fisheries and Oceans Canada, 2012]. We extract values from the shallowest depths in the upper 20 m of each
cast in the PACIFICA and Line P databases. The PACIFICA and Line P databases include approximately 4000
and 900 nutrient samples, respectively. We also use the nutrient samples at a standard depth of 10m
archived in the WOD13 [Boyer et al., 2013]. There are approximately 58,000 nutrient samples from WOD13
in the North Pacific from 1961 to 2012, although most of the data were collected in regions offshore of
North America and around Japan. Duplicates with data archived in PACIFICA and the Line P data set are
excluded from WOD13. The NIES, 10S, and JAMSTEC observations are not included in WOD13.

The locations of the nutrient samples are spread widely over the North Pacific, although many of them are
concentrated around Japan, near the North American coast, and along several fixed lines and main routes
of volunteer ships (Figures 1a (right) to 1c (right)). The numbers of phosphate and silicate samples are similar
throughout the analysis periods, but the number of nitrate samples is low before the 1980s (Figures 1a (left)
to 1c (left)). Nutrient samples are collected in all seasons, although there are slightly fewer data in autumn
than in the other seasons, especially before the start of the ship-of-opportunity programs (Figure S1 in the
supporting information).
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2.2. Optimal Interpolation of the Nutrient Concentrations

We use the same methodology as Yasunaka et al. [2014] to perform statistical checks on the surface nutrient
data. As reference values, we use long-term mean (i.e., climatology) and standard deviations in a window
for phosphate, nitrate, and silicate, respectively. We eliminate data that are more than 3 standard deviations
from the climatology. This procedure is iterated four times while gradually reducing the window size;
the sizes for longitude, latitude, and month are (+30°, £10°, +2), (£10°, £5°, £2), (£10° £5° %1), and (+5°,
+2° 1) in turn. The size of the smallest window is set so that the number of data in the window is at least
100. Consequently, we exclude about 3000 measurements (4% of the total) as erroneous or extreme data
for our large-scale analysis. Finally, we average the remaining measurements onto 1°x 1° monthly grid boxes
for each year from 1961 to 2012 for phosphate, nitrate, and silicate. We designate these data as the quality-
controlled monthly data.

Next, we calculate autocorrelation functions of the climatological monthly means of the quality-controlled
data to identify the decorrelation radius and signal-to-noise ratio (Figure S2). The autocorrelation functions
for phosphate, nitrate, and silicate are similar to each other. Because the autocorrelation functions cross
zero from 16° to 22° in the meridional direction, from 21° to 24° in the zonal direction, and at 3 months
in time, we set the decorrelation radius to +20° in latitude, +23° in longitude, and £3 months. Gaps of auto-
correlations in space between lag 0 and lag 1 average 0.6. The signal-to-noise ratio is therefore set to
1.5[=0.6/(1—-0.6)].

We then adopt optimal interpolation for the quality-controlled monthly data with the decorrelation radius
and signal-to-noise ratio mentioned above. We use the 10 year mean of nutrient concentrations presented
by Yasunaka et al. [2014] as the first guess. Window sizes for calculation of covariance matrices are set
to be twice the size of the decorrelation radius. Hosoda et al. [2008] presented detailed equations for optimal
interpolation.

In our calculations described in section 3, we use interpolated results in cases where the interpolation square
error ratios are less than 0.7 because optimal interpolation results with square error ratios more than 0.7 tend
to be the first guesses. We omit estimated concentrations lower than 0.02pmoll™" for phosphate,
0.1 umol I™" for nitrate, and 0.6 pmol I for silicate which are the detection limits of the NIES and I0S sam-
ples. As a result, each 1°x 1° grid box in most of the North Pacific, except for the central region south of
25°N, contain more than 30 data points for each nutrient during the period 1961 to 2012. We use those time
series in the following analyses.

2.3. Other Gridded Data Sets

Ocean temperature and salinity data are taken from /shii and Kimoto [2009]. Their data set has a 1°x1°
(latitude x longitude) spatial and a monthly temporal resolution, with 24 vertical levels in the upper 1500 m.
Sea surface density is calculated from sea surface temperature (SST) and sea surface salinity by Ishii and
Kimoto [2009]. Surface wind data are taken from the National Centers for Environmental Prediction/National
Center for Atmospheric Research Reanalysis 1; those data have a 2.5° x 2.5° spatial and a monthly temporal
resolution [Kalnay et al., 1996].

We use climatological means of mixed layer depths (MLDs) from the monthly climatology produced by
JAMSTEC (MILA_GPV) [Hosoda et al., 2010]. We fill missing MLDs at individual grid points with the average
of data in the surrounding grid points. We use climatological means of euphotic zone depths from MODIS
ocean color measurements reported by Lee et al. [2007]. We also use monthly nutrient climatology from
the World Ocean Atlas 2013 (WOAT13) [Garcia et al., 2014].

2.4. Decomposition Method

The Pacific Decadal Oscillation (PDO) and North Pacific Gyre Oscillation (NPGO) are the two dominant modes
of low-frequency climate variability in the North Pacific [Mantua et al., 1997; Di Lorenzo et al., 2008]. To
detect nutrient variations associated with the PDO, the NPGO, and the linear trend, the PDO index,
the NPGO index, and the linear trend time series are multiply regressed on the nutrient anomalies in
each grid (Figure 2). We define the linear trend time series as a constant increasing sequence at the rate
of 1decade™. The PDO index, the NPGO index, and the linear trend time series are not significantly
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Figure 2. (a) PDO index (red), NPGO index (green), and linear trend time series (black). (b) Phosphate, (c) nitrate, (d) silicate, (e) surface density, and (f) surface wind
(p < 0.05; black arrows denote |regression vector| > 0.1 m 5_1) multiple regression patterns onto the (Figures 2a (left) to 2f (left)) PDO index, the (Figures 2a (middle)
to 2f (middle)) NPGO index, and the (Figures 2a (right) to 2f (right)) linear trend time series. Shaded areas indicate regression coefficients significant at p < 0.05.
Colored shadings in Figure 2f show climatological annual means of nitrate concentrations.

correlated with each other during the analysis period. A multiple linear regression equation with three vari-
ables is represented as follows:

Y:b1><X1+b2><X2+b3><X3+S. (1)
In equation (1), the nutrient concentration anomaly from long-term monthly mean is Y, and the PDO index,
NPGO index, and linear trend time series are X;, X5, and X3, respectively. Values of b,, b,, and b5 (the partial
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regression coefficients) are found by minimizing the sum of the squares of the ¢ values (the residuals; the
deviations between the expected and observed values of Y). The first three terms in equation (1) explain
20—27% of the total variance of the nutrient concentrations. These percentages are comparable to the per-
centage of the SST variance explained by the same three variables (25%). Month-to-month differences of
regression patterns are not considered here (the multiple regression explain 50% of the SST variance if we
calculate equation (1) for each month and then determined the explained variance).

We also conduct many sensitivity tests of the multiple regression analyses. To examine the effect of differ-
ences of spatial coverage, we resample phosphate and silicate data only in the grids where there are nitrate
data (data coverage of nitrate is the most limited of the three nutrients) and apply regression analyses to the
resampled phosphate and silicate data. To investigate seasonal dependency, we apply regression analyses to
data in each month. To examine discrepancies between data sources, we apply regression analyses to data
from the WOD, PACIFICA, and Line P data sets (i.e., bottle samples) and to those from the NIES, 10S, and
JAMSTEC monitoring data sets (i.e., underway samplings).

We also apply multiple regression analyses to the surface density and surface wind data to examine how the
PDO, NPGO, and linear trends affect nutrient variability by changing physical conditions. Changes of surface
density are closely related to changes of the mixed layer depth (e.g., lower density is associated with a
shallower mixed layer depth). Changes of surface winds induce changes of horizontal advection via Ekman
transport (e.g., a westerly wind anomaly induces southward Ekman transport in the Northern Hemisphere).

3. Results
3.1. Variability Related to the Pacific Decadal Oscillation

When the PDO is in its positive phase, nutrient concentrations in the western North Pacific are significantly
higher than the climatological mean values, and those in the eastern North Pacific are significantly lower
(Figures 2b (left) to 2d (left)). Regression patterns of the three nutrients are similar to each other, and
the ratios of the regression coefficients of each nutrient are approximately consistent with Redfield stoi-
chiometry. The results of the sensitivity tests reveal that all regression patterns associate with the PDO
are similar to each other, and spatial correlations between regression patterns obtained by using all the
data and those from the sensitivity tests are all significant (p < 0.05; degrees of freedom = number of grid
points/decorrelation radius for the optimal interpolation).

The signs of the changes of nutrient concentrations associated with the PDO are generally the same as the
signs of surface density changes throughout the North Pacific (Figure 2e (left)). When the PDO is in its posi-
tive phase, the density is greater, implying that the SST is lower and the mixed layer deeper in the western
Pacific, as a result of the intense, dry, and cold wind from the Asian continent [Cayan, 1992; Miller et al.,
1994]. At the same time, higher SSTs and shallower mixed layers (i.e., water with a lower density) are found
in the eastern North Pacific, which corresponds to the anomalous southerly winds as reported by Cayan
[1992] and Miller et al. [1994]. A deepening (shoaling) of the mixed layer would induce an increase
(decrease) of nutrient concentrations via enhanced (weakened) entrainment of subsurface, nutrient-rich
water. Wind changes associated with the PDO also induce changes in horizontal advection. When the
PDO is in its positive phase, intense westerly winds force more nutrient-rich water southward from the sub-
arctic to midlatitudes (Figure 2f (left)).

3.2. Variability Related to the North Pacific Gyre Oscillation

When the NPGO is in its positive phase, nutrient concentrations in the subarctic are significantly higher than
climatology (Figures 2b (middle) to 2d (middle)). The regression patterns of the three nutrients are similar to
each other, and the ratios of the regression coefficients of the nutrients are approximately consistent with
Redfield stoichiometry. All regression patterns associate with the NPGO in the sensitivity tests are similar
to each other, and spatial correlations between the regression patterns obtained by using all the data and
those from the sensitivity tests are all significant.

The signs of the changes of nutrient concentrations associated with the NPGO are generally the same as the
signs of the changes of surface density in the subarctic (Figure 2e (middle)). When the NPGO is in its positive
phase, the density is greater, the SST is lower, and the mixed layer is deeper; this pattern can be explained by
the intense horizontal advection associated with the westerly wind anomaly that occurs in the subarctic
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are  —0.012+0.005 pmol |~" decade™
and —0.38+0.13 umol I " decade ™', whereas the nitrate trend averaged over the North Pacific is 0.01
10.12umoll_1 decade™" (average + standard error; Figure 3). The inconsistent trend between nitrate
and phosphate leads to a positive trend of N* (=[NO,+ NO3] — Ry/p [PO4] +2.9, where Ry,p =16 [Deutsch
et al.,, 2001]). The N* trend averaged over the North Pacific is 0.20+0.21 umol I~" decade™". Trends in each
month are also negative for phosphate and silicate and not significant for nitrate.

Surface ocean density decrease at a rate greater than 0.02 kgm > decade ', except for the central to eastern
part of the subtropical region (Figure 2e (right)). This density change is a result of a warming of ~0.1°C
decade™" and lowering of salinity by ~0.01 decade™". The surface wind trend is very weak (less than
0.1cms™; Figure 2f (right)). The trends of phosphate and silicate concentrations toward lower values are
therefore related to the increasing stratification of the upper ocean.

Here we estimate the reduction of the quantity of nutrients entrained in the upper ocean during the winter
by shoaling of the winter mixed layer depth. First, we calculate the climatological means of the vertical den-
sity profiles from temperature and salinity in the upper ocean at each grid point. Next, we convert the surface
density trend into a long-term trend of mixed layer depth by using the climatological density profiles during
summer at the climatological mean MLD in winter from MILA_GPV. As a result, shoaling of the winter MLD is
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estimated to be 2.3+0.9mdecade™ (Figure S3a). Our MLD trend estimate is roughly consistent with
previous estimates in the western subarctic Pacific (0.3 myr™') [Ono et al,, 2001] and at Station Papa (50°N,
145°W; 0.63myr~") [Freeland et al., 1997].

Assuming that annual new production is constant (c), we determine the winter nutrient concentration at
year i+1 (nf}") from the winter nutrient concentration at year i (n',,), the winter mixed layer depth (hi¥"),
and summer euphotic zone depth (hy):

ny = {(n'w—c)ha+ [a+b(hs+h*,) /2] (W W=hs) } /R, 2

[Freeland et al., 1997]. The value of a in equation (2) is the minimum concentration of the climatological mean
surface concentration of the nutrient, and b is the vertical gradient of the nutrient concentration, which was
obtained from a liner regression of the WOA13 nutrient vertical profile (Figures S3b (left) to S3d (left)). By inte-
grating this equation over 52 years, we are able to obtain the trend of decreasing nutrient concentrations in
the region where the mixed layer depth clearly change during a seasonal cycle (roughly north of 30°N;
Figures S3b (right) to S3d (right)). The reduction of nutrient concentrations by enhancement of surface
stratification occurs especially in the subarctic region, where there is a strong contrast between surface
and subsurface nutrient concentrations. We estimate the average rate of change of nutrient concentrations
to be —0.014+0.006 pmol | ~' decade™" for phosphate, —0.19+0.09 pmol I”' decade™" for nitrate, and
—0.45+0.21 pmol I~ decade™" for silicate. We obtain similar rates of change when we use the PACIFICA
database to calculate the vertical gradients of the nutrient concentrations. These calculated rates of decline
of nutrient concentrations correspond well with the observed rates of decline, with the exception of nitrate.

4, Discussion

The PDO- and NPGO-related changes of nutrient concentrations are interpreted in relation to the PDO- and
NPGO-related changes of horizontal advection and vertical mixing, as mentioned in section 3. It means that
the PDO and the NPGO not only are the dominant climate variation modes in the North Pacific but also
induce significant nutrient variability there.

The PDO-related pattern of nutrient concentrations is consistent with the results of Yasunaka et al. [2014].
However, their period of analysis was only 10 years (2001-2010), and their nutrient-gridded data were esti-
mated using physical and biogeochemical parameters such as temperature and salinity. Our results confirm
the PDO-related nutrient variability over a longer time period and are based purely on observations of nutri-
ent concentrations themselves. In contrast, the positive signal reported by Yasunaka et al. [2014] was more
confined along the subarctic-subtropical boundary, probably because their mapping technique was able
to reproduce the sharp meridional gradient of nutrient concentrations.

Although the NPGO-related behavior presented in our study is consistent with the positive correlation
between the NPGO and modeled nitrate concentrations in the Alaskan gyre shown by Di Lorenzo et al.
[2009], the positive regression coefficients shown by Di Lorenzo et al. [2009] were strictly confined along
the coastal region. Their confined coastal signal could be associated with the high concentrations of nitrate
in the mean state of their model in the coastal region of the Alaskan gyre. However, such high nitrate concen-
trations do not appear in our data and in the WOA13 (not shown here).

Trends averaged over the North Pacific in this study are considerably smaller in magnitude than those reported
by Ono et al. [2008] (—0.08+0.02 umol |~ decade™" for phosphate and —3.5+0.8 umol I~ decade™" for
silicate). In contrast, our estimates are larger in magnitude than those of Whitney [2011], who reported trends
in surface nutrients that were insignificant in most cases. The magnitude of our estimated N* trend is
smaller than the trends at several points in the subarctic North Pacific reported by Watanabe et al.
[2008] (1.2 +0.6 pmol 1" " decade™"). Differences from other studies may reflect the number of data used
and the separation of the linear trend signal from the PDO and NPGO signals in the present study. Simple
averages of nutrient concentrations at different locations and different months in the previous studies
might also have contaminated the real signals with spatiotemporal biases.

Kim et al. [2014] attributed the increase of nitrate relative to phosphate in the upper ocean to depositions of
anthropogenic reactive nitrogen. Global anthropogenic nitrogen depositions in 2000 were estimated to be
54TgNyr~' by Duce et al. [2008]. If the external input of nitrogen is uniformly distributed in the upper
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OC5/WOD/pr_wod.html). The tempera-
ture and salinity data of Ishii and Kimoto
[2009] were obtained from the Research
Data Archive at the National Center for
Atmospheric Research (http://rda.ucar.
edu/datasets/ds285.3/#!description).

500 m of the ocean, anthropogenic nitrogen deposition would increase the nitrate concentration by roughly
0.2 umol ™" decade ™. The order of magnitude of the effect of external nitrogen input is comparable to the
mixed layer shoaling effect estimated in this study. However, a reduction of nitrate concentrations due to the
mixed layer shoaling effect is apparent in the subarctic (Figure S3c (right)), whereas the effect of nitrogen
deposition is prominent in the western North Pacific [Duce et al., 2008].

Trends toward higher nutrient concentrations below the surface layer have been observed in recent decades
[Ono et al., 2001; Whitney et al., 2013]. According to Whitney et al. [2013], nutrient concentrations in the North
Pacific have been increasing at a rate of about 0.2mmolm™2yr~' for phosphate, 16 mmolm™2yr~" for
nitrate, and 24 mmolm™2yr™" for silicate between the bottom of the winter mixed layer and a depth of
1000 m. If the winter mixed layer is 100 m deep, these increases of subsurface nutrient concentrations would
have been canceled out by decreases of 0.02 pmol I~ decade™" for phosphate, 1.6 pmol I~" decade™" for
nitrate, and 2.4 pmol I~ " decade™" for silicate. However, the surface trends detected in the present study
are much smaller than these rates, as discussed by Whitney et al. [2013].

5. Concluding Remarks

By using extensive ocean surface nutrient concentration data, we elucidated the spatial patterns of the nutri-
ent concentration variabilities through changes in horizontal advection and vertical mixing related to the
PDO and the NPGO. We also determined surface trends of phosphate and silicate averaged over the North
Pacific that corresponded well with the effect of shoaling of the mixed layer.

To our knowledge, this is the first report of the spatial distributions and temporal changes of the long-term
variability of surface nutrient concentrations based on measured nutrient concentrations themselves. The
fact that the dominant climate variations (PDO, NPGO, and long-term trend) affect ocean nutrient concentra-
tions has an important implication for understanding biogeochemical changes under global warming. In
addition, our optimally interpolated data sets (available at http://www.jamstec.go.jp/res/ress/yasunaka/nutrient/)
are useful validation data for ocean biogeochemical and Earth system models and should facilitate development
of the models.

Robust spatial distributions of the trends of nutrient concentrations were not obtained in the present study.
Further observations over a wide area and for a long period of time will be necessary to clarify the trends.
Seasonal changes of PDO- and NPGO-related patterns and the long-term trends are important subjects
because they are closely related to long-term changes of biological production, and they will be a subject
of our future work.
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