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Abstract The North Pacific gyre boundaries are characterized by stark contrasts in physical and
biogeochemical properties. Meridional movement of gyre boundaries, influenced by climate change, can
therefore exert a large influence not only on marine ecosystems but also on climate. We examine the
evidence for wind-driven southward shifts in subsurface temperature, salinity, PO4, and O2 within the
northwest Pacific from the 1950s to the 2000s. Gyre boundary shifts can explain 30–60% of temperature and
salinity trends zonally averaged in the northwest Pacific and observed PO4 and O2 trends along the 137°E and
144°E meridians. The close tie between the wind-driven shifts in gyre boundaries and the tracer distributions
is further supported by results from an eddy-resolving (0.1° × 0.1°) Geophysical Fluid Dynamics Laboratory
climate model, suggesting that the physical and biogeochemical properties averaged within the northwest
Pacific gyre boundaries closely follow the latitude changes of the zero Sverdrup stream function with lags of 0
to 3 years. The gyre shift effect on tracer distribution is poorly represented in a coarse resolution (1° × 1°)
model due partly to poor representations of fronts and eddies. This study suggests that future changes in
northwest Pacific PO4 and O2 content may depend not only on ocean temperature and stratification but also
on the ocean gyre response to winds.

1. Introduction
Upper ocean distributions of physical and biogeochemical properties are partly shaped by wind-driven gyre
systems. Because no major deep and bottom waters form in the high-latitude North Pacific, the North Pacific
subpolar thermocline has low O2 and high PO4 that result from Ekman upwelling (Figure 1). On the other
hand, O2-rich and PO4-depleted surface waters subduct into the subtropical thermocline [Palter et al.,
2005; Kwon et al., 2016]. Due to these contrasting features, physical and biogeochemical characteristics
change dramatically across gyre boundaries. The northern boundary of the North Pacific subtropical gyre
is located around 45°N corresponding to the maximum strength of the westerlies, while the southern bound-
ary is around 15°N corresponding to the maximum strength of the trade winds. The strength and position of
the midlatitude and low-latitude winds have varied over multidecadal timescales, with far-reaching impacts
on the physical properties of seawater within gyre boundaries, and North Pacific marine ecosystems and cli-
mate [e.g.,Mantua et al., 1997; Deser et al., 1999; Joyce and Dunworth-Baker, 2003; Kwon et al., 2010; Chen and
Wu, 2012; Nakanowatari et al., 2015].

Northwest Pacific circulation and physical properties have varied on multidecadal timescales in concert with
wind changes. By comparing subsurface temperature and salinity averaged over the two time periods (1945–
1975 and 1976–1998), Joyce and Dunworth-Baker [2003] found cooling and freshening trends of up to 2°C and
0.2 psu within the transition area between the subtropical and subpolar gyres. They suggested that themulti-
decadal trends in the physical properties are consistent with a southward shift of the Kuroshio Bifurcation
Front and that the variation in the frontal position is correlated with the North Pacific wind change.
Nonaka et al. [2006] and Taguchi et al. [2007] also reported overall southward shifts in the Kuroshio
Extension and the subtropical recirculation gyre from 1950 to 2003 using a high-resolution ocean model
forced by historical wind stress data. In association with wind stress curl changes in low latitudes, Chen
and Wu [2012] reported an overall southward shift of the bifurcation latitude of the Pacific North
Equatorial Current, which marks the southern boundary of the subtropical gyre, from 1950 to 2008.
Despite the evidence for the wind-driven changes in circulation and physical properties in the northwest
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Pacific, the southward shift of the Kuroshio Bifurcation Front has been regarded as being discordant with
observed O2 changes [Joyce and Dunworth-Baker, 2003] or suggested to be important only on local scales
[Emerson et al., 2004; Deutsch et al., 2005]. As for the southern boundary, the effect of the meridional shift
on biogeochemical properties remains poorly understood.

In the northwest Pacific, large changes in biogeochemical properties have occurred over the past decades.
Between 1968 and 1998, apparent oxygen utilization (AOU) has increased (O2 has declined) by 0.9 ± 0.5μmol
O2 kg

�1 yr�1, while PO4 has increased by 0.005 ± 0.003μmol PO4 kg
�1 yr�1 in the subsurface water of the

transition area (40°–42°N) off the east coast of Japan [Ono et al., 2001; Watanabe et al., 2003]. The O2 and
PO4 variability within the transition area has been shown to correlate well with the multidecadal variations
in midlatitude winds as represented by the North Pacific Index [Watanabe et al., 2003]. Similarly decreasing
O2 and increasing PO4 were also reported within the eastern subpolar gyre between the 1950s and the
2000s [Whitney et al., 2007, 2013]. While decreasing O2 in the subpolar gyre has been attributed to reduced
ventilation rates from the sea surface [Emerson et al., 2004; Deutsch et al., 2005; Andreev and Baturina, 2006;
Nakanowatari et al., 2007], a study using a box model suggested that increasing PO4 in the subpolar gyre
is the biological response to warming and O2 loss within the thermocline [Whitney et al., 2013]. On the other
hand, Tadokoro et al. [2009] attributed the variations in PO4 within the transition area to increasing upper
ocean stratification superimposed on decadal variations in intermediate water formation rates.

Unlike the ubiquitous declining trends in O2 within the subpolar gyre, O2 trends in the subtropical gyre are
less pronounced and depend on latitudes, water masses, and the time frames considered [e.g., Takatani
et al., 2012; Sasano et al., 2015; Kwon et al., 2016]. For example, Emerson et al. [2004] and Deutsch et al.
[2005] suggested that AOU within the subtropical thermocline south of ~30°N was lower (O2 was higher)
in the 1990s than in the 1980s due to southward expansion of the subtropical gyre. Stramma et al. [2012] also
showed that O2 has increased by ~0.2μmol O2 kg

�1 yr�1 at 300m of the subtropical gyre between 1960 and
2010. On the other hand, Takatani et al. [2012] and Sasano et al. [2015] suggested that O2 has overall
decreased by 0.2–0.4μmol O2 kg

�1 yr�1 in the northwest Pacific at the 137°E and 165°E meridians since
the late 1980s. While the decreasing trends were most pronounced within the northern subtropical gyre,
which was attributed to warming and the advection of O2-depleted water, increasing O2 was also reported
south of the subtropical gyre 5°–10°N over the same time period [Sasano et al., 2015]. A more comprehensive
analysis based on a compiled historical data set was conducted by Helm et al. [2011] who showed that dis-
solved O2 averaged throughout the upper ocean (100–1000m) has slightly increased within the subtropical
gyre of the northwest Pacific from 1970 to 1992.

Compared to studies of dissolved O2, less attention has been paid to understanding multidecadal PO4

changes in the northwest Pacific subtropical gyre, probably due to technical challenges in detecting small

Figure 1. Annual mean distributions at a depth of 300m for (a) dissolved O2 and (b) PO4. Data are obtained from the 1°×1° griddedWorld Ocean Atlas 2013. Vectors
represent the water flow, interpolated to a depth of 300m from the Simple Ocean Data Assimilation (SODA) simulation. Green solid lines indicate the sections at
which the vertical structures are shown in Figure 3.
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PO4 changes from the PO4-depleted subtropical thermocline water. Nevertheless, a study using time series
data reported that PO4 has decreased in the central subtropical gyre off Hawaii between 1968 and 1997
[Karl et al., 2001]. However, the spatial extent of subtropical PO4 change and the cause have not yet been
explored. Given that PO4 is a crucial nutrient for the primary production that forms the base of the food webs,
understanding PO4 variability and its relation to climate can help understand marine ecosystems in changing
climates. Subsurface PO4 is composed of two components: preformed PO4 that is transported from the sea
surface by ocean circulation and remineralized PO4 that is added to the water column by decomposition
of organic matter. Because remineralized PO4 beneath the euphotic zone is closely tied to the biological con-
sumption of O2, PO4 variability can be linked to O2 variability via respiration [Redfield, 1934; Anderson and
Sarmiento, 1994]. Changes in ocean circulation can also make coordinated changes in PO4 and O2 due to
water mass redistribution especially within gyre boundaries. Therefore, coanalyses of physical and biogeo-
chemical properties can help elucidate the mechanisms for the PO4 and O2 variability.

In this study, we use historical data sets to diagnose past changes in northwest Pacific O2 and PO4 between
10°N and 45°N from 1968 to 2007. Nearly continuous records have been made available since 1967 with rea-
sonably good coverage of the northwest Pacific. This continuity allows us to explore multidecadal variations
in O2 and PO4 with statistically significant trend estimates between 1968 and 2007. Our analysis of O2 and
PO4 is supplemented by the use of observationally constrained simulations of temperature, salinity, and
winds. Unlike most of previous studies carried out on constant density layers [e.g., Ono et al., 2001;
Emerson et al., 2004; Deutsch et al., 2005; Nakanowatari et al., 2007; Kwon et al., 2016], our analysis is based
on constant depth layers in order to focus on potential effects of ocean circulation change on tracer distribu-
tions. While analyses along constant density surfaces are more suitable for detecting the effects of ocean ven-
tilation changes, any frontal changes tend to be smoothed out due to strong advection and eddy mixing
along constant density surfaces. On the other hand, biogeochemical properties along constant depth sur-
faces show stark contrasts across frontal regions (Figure 1), which may prove to be amore suitable framework
in which we can study the effects of water mass redistributions and possible gyre shifts.

As will be shown below, this study reveals synchronous trends in temperature, salinity, O2, and PO4 within the
northwest Pacific between 10°N and 45°N, which is consistent with a southward shift of the subtropical gyre
driven by wind changes. Building on the previous work highlighting the effect of wind-driven gyre shifts on
physical properties [Seager et al., 2001; Joyce and Dunworth-Baker, 2003; Chen and Wu, 2012], we suggest that
the meridional shifts in subtropical gyre boundaries may provide a unifying framework to understand multi-
decadal variations in temperature, salinity, O2, and PO4 in the northwest Pacific over the past decades, not
only within the midlatitude transition area but also within the southern subtropical thermocline.

While our analysis of historical data sets helps us understand the northwest Pacific O2 and PO4 variability over
the past half century, an uncertainty arises in the observation-based study due to sparse temporal and spatial
coverage of observations. In order to overcome this limitation, we also use the state-of-the-art climate model
CM2.6 [Griffies et al., 2015] coupled with a simple representation of O2 and PO4 cycles [Galbraith et al., 2015],
developed by the NOAA’s Geophysical Fluid Dynamics Laboratory (GFDL). Using a control simulation of the
CM2.6 model, which is run with preindustrial radiative conditions, we demonstrate that temperature, salinity,
PO4, and O2 averaged within the northwest Pacific gyre boundaries are highly correlated with the meridional
movement of gyre boundaries with lags of 2 to 3 years. The model’s ability to represent the wind-driven gyre
shift effects on the physical and biogeochemical tracers is also tested using a coarse resolution climate
model, ESM2M [Dunne et al., 2012, 2013].

The rest of this paper is organized as follows: In section 2, we describe methods and models employed in this
study. Historical multidecadal trends in PO4 and O2 are described in section 3, followed by a description of
historical changes in temperature and salinity in section 4. In section 5, we show results from the CM2.6
model. Section 6 discusses and summarizes this study.

2. Methods
2.1. Trends for Observed O2 and PO4

We use quality-controlled bottle data sets for O2 and PO4 from the World Ocean Database 2013 [Boyer et al.,
2013]. Discrete O2 and PO4 data are interpolated into standard depths using a depth interval of 50m below
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the winter mixed layer depth of 150m. The interpolated values are then gridded with grid sizes of 2° lati-
tude × 2° longitude (to produce maps in Figure 2) and 1° latitude (to produce vertical sections in Figure 3).
Additional quality control is performed at each grid point by removing data outliers that exceed ±3 standard
deviations calculated within ±2.5° latitude and ±2.5° longitude, an approach similar to that of Takatani et al.
[2012]. All quality-controlled data within each grid point are averaged using a temporal resolution of 4 years,
beginning with 1968. Therefore, between 1968 and 2007, maximum 10 temporal bins represent time evolu-
tions of O2 and PO4 for each grid point. To obtain linear trends between 1968 and 2007, we perform a simple
linear regression analysis for the grid points where no empty temporal bin exists. Two meridional sections
with the largest data pools are chosen to represent the vertical sections for the northwest Pacific, including
a section at 137 ± 0.1°E between 10°N and 35°N and a section at 144± 0.1°E between 30°N and 43°N (Figure 1).
Due to the small number of samples (10 samples per each grid), we perform a Student’s t test using a mod-
erate significance level of 90% in order to determine uncertainty ranges for the linear trends.

2.2. Analyses of Simple Ocean Data Assimilation and World Ocean Atlas 2013

To explore multidecadal variations in temperature and salinity, we use an observationally constrained simu-
lation, the Simple Ocean Data Assimilation (SODA) version 2.2.4 [Carton et al., 2000a, 2000b; Carton and Giese,
2008]. The SODA2.2.4 is based on Parallel Ocean Program numerics [Smith et al., 1992], forced by 20CRv2 sur-
face wind stress [Compo et al., 2011], and heat and freshwater fluxes determined by bulk formulas. The
SODA2.2.4 has a horizontal resolution of 0.25° × 0.4° and 40 vertical levels. The vertical resolution ranges from
10m near the surface to ~250m near the bottom. The model solutions of temperature, salinity, and flow
fields are remapped onto uniform 0.5° × 0.5° horizontal grid points [Carton and Giese, 2008]. An optimal inter-
polation method has been applied to assimilate in situ temperature and salinity profiles and satellite-borne
sea surface temperature [Carton and Giese, 2008]. This feature allows the model to reasonably capture
observed large-scale upper ocean physical structures and circulations [Carton et al., 2000b; Chen and
Wu, 2012].

To explore the consistency among different reanalysis products, we also use SODA2.1.6 and EN4 data sets to
diagnose past changes in northwest Pacific temperature and salinity. SODA2.1.6 is similar to the SODA2.2.4
except that the model is forced by ERA-40 and ERA-interim surface winds [Carton and Giese, 2008]. EN4 pro-
vides objectively analyzed monthly mean fields of temperature and salinity with a horizontal resolution of
1° × 1° and a vertical resolution ranging from 10m near the surface to 300m near the bottom [Good et al.,
2013]. EN4 uses an optimal interpolation method based on quality-controlled profile data. Temperature
and salinity fields over time periods of 1950–2008, 1958–2007, and 1947–2013 are analyzed for SODA2.2.4,

Figure 2. Linear trends for O2 and PO4 at 300m from 1968 to 2007, computed using the World Ocean Database 2013 with a grid size of 2° × 2°. (a) Linear trends for
O2. Color shading represents trends over the past 40 years at grid points where observations are available for the entire 10 temporal bins. (b) The same as Figure 2a
except that linear trends for PO4 are shown. Grid points with values significant at the 90% confidence level are marked with black dots. Black solid lines are clima-
tological mean fields from the World Ocean Atlas 2013.
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SODA2.1.6, and EN4, respectively. Linear trends for the SODA-based estimates are determined by performing
a simple linear regression analysis of annual mean values over the entire time periods. A Student’s t test is
performed in order to determine uncertainty ranges for linear trends using a 95% significance level.

Multidecadal changes in temperature and salinity can also be assessed using the objectively analyzed clima-
tological data, the World Ocean Atlas 2013 (WOA) [Locarnini et al., 2013; Zweng et al., 2013]. We use the 1° × 1°
decadal mean (1955–1964, 1965–1974, 1975–1984, 1985–1994, 1995–2004, and 2005–2012) temperature
and salinity fields available at https://www.nodc.noaa.gov/OC5/woa13/woa13data.html to compute multide-
cadal differences of the decadal mean fields. The WOA climatological mean (1955–2012) fields of O2 and PO4

are also used to examine the climatological mean distributions in Figures 1a and 1b and to evaluate the gyre
shift effects in Figures 3b and 3d.

2.3. The CM2.6 Model

CM2.6 is a coupled climate model first introduced by Delworth et al. [2012] and further analyzed by Griffies
et al. [2015]. The model uses an atmospheric component of roughly 50 km horizontal resolution, as well as
sea ice and land model components. The oceanic component is based on the Modular Ocean Model version
5 (MOM5 [Griffies, 2012]) run with volume-conserving Boussinesq kinematics and a z* vertical coordinate. The

Figure 3. Vertical sections for the O2 and PO4 trends from 1968 to 2007. (a) Linear trends of O2 at the sections shown in Figure 1 (3°–34°N at 137±0.1°E and 30°–42°N
at 144±0.1°E), computed using theWorld Ocean Database 2013. Linear trends (color shading) are computed only for the grid points where observations are available
for the entire 10 temporal bins. Trends significant above the 90% confidence level are marked with black dots. Contour lines represent the climatological mean
distribution of O2, computed using the same data set. (b) The O2 change that would have been obtained if the climatological mean distribution for O2 at 150°E has
shifted to the south by 1°, computed using the World Ocean Atlas 2013; i.e., the climatological mean is subtracted from the hypothetical case, for which the same
climatological distribution between 10°N and 43°N has been shifted to the south by 1°. The climatological mean is shown with black solid lines, while the O2 dif-
ference is shownwith color shading. (c) The same as Figure 3a except that linear trends for PO4 are shown. (d) The same as Figure 3b except that a southward shift for
PO4 is shown.
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vertical resolution is 50 levels with a thickness of 10m at the surface increasing with depth to 210m. The hor-
izontal grid spacing is 0.1° × 0.1°, corresponding to a grid size of 5.5 km at 60°N. The submesoscale mixed layer
eddy parameterization of Fox-Kemper et al. [2011] is applied to account for the restratification effect of sub-
mesoscale eddies in themixed layer that the 0.1° horizontal grid spacing is not able to resolve. However, so as
not to dilute the explicit role of mesoscale eddies, no mesoscale eddy transport parameterization for thick-
ness mixing is applied. This allows us to focus directly on large and mesoscale processes that are explicitly
resolved in the model. A simplified version of the prognostic biogeochemical model BLING [Galbraith et al.,
2010], called miniBLING, is coupled to CM2.6, which includes three prognostic tracers, namely, dissolved inor-
ganic carbon, a dissolved inorganic macronutrient (called PO4), and dissolved oxygen (O2). See Galbraith et al.
[2015] for a description of the biogeochemical component (miniBLING) and Dufour et al. [2015] for descrip-
tion and assessment of the overall physical and biogeochemical simulation characteristics.

2.4. Computing the Sverdrup Stream Function

According to Sverdrup theory [Sverdrup, 1947], the stream function, depicting a depth-integrated wind-

driven gyre circulation, can be written as ψ xð Þ ¼ � f
βρ0

∫
x

xE
k� ∇� τ

f

� �
dx ′ where f is the Coriolis parameter, β is

the meridional gradient of f, ρ0 is the mean surface density, k is the unit vector in the vertical direction, τ is
the wind stress vector, and xE is the eastern boundary of the ocean basin. Geostrophic transport occurs along
the contour lines of the stream function in the clockwise direction when the stream function is positive and in
the counterclockwise direction when the stream function is negative. The Sverdrup stream function is com-
puted based on annual mean wind stress from the 20CRv2 [Compo et al., 2011] and the CM2.6 model. In order
to reduce computational cost when calculating the annual mean Sverdrup stream function and its empirical
orthogonal function (EOF) from the CM2.6 wind stress, we average the 0.1° × 0.1° annual mean wind stress
onto 1° × 1° grid points. The latitude of the zero Sverdrup stream function is then determined by linearly inter-
polating the zonally averaged (140°–180°E) Sverdrup stream function. Throughout this study, a low-pass filter
based on the Lanczos filtering method with a cutoff frequency of 10 years [Duchon, 1979] is used to obtain a
low-frequency component of temporal variations.

3. Historical O2 and PO4 Trends

Figure 2 shows horizontal maps for the O2 and PO4 trends at 300m computed using the observations. Nearly
continuous measurements have been made west of 150°E (Figure 2), providing most reliable estimates for
the linear trends between 1968 and 2007. Consistent with Ono et al. [2001], O2 has decreased and PO4 has
increased off the east coast of Hokkaido. Similar decreasing O2 and increasing PO4 have occurred in the
East/Japan Sea, despite the fact that the exchange of water between the marginal sea and the open ocean
is limited to depths shallower than ~250m by narrow straits [Watanabe et al., 2003]. On the other hand, O2

has remained nearly constant or slightly increased south of Japan at 300m. An increasing O2 trend becomes
significant near the southern boundary of the subtropical gyre, 10°–15°N, which is in accord with Sasano et al.
[2015]. Over the same time period, significantly decreasing trends in PO4 are found between 10°N and 34°N.
Combined with increasing PO4 within the transition area, decreasing PO4 in the subtropics forms a dipole
structure of the northwest Pacific PO4 trend. A similar dipole structure of the O2 trend is also evident between
the transition area and the southern subtropical gyre, although most of the O2 trends in the subtropical gyre
are not significant at the 90% confidence level.

The O2 and PO4 trends at the two vertical sections (10°–34°N at 137 ± 0.1°E and 30°–42°N at 144 ± 0.1°E; see
Figure 1) are also characterized by dipole structures with opposite signs between the subtropical gyre at 137
± 0.1°E and the midlatitude transition area at 144 ± 0.1°E (Figures 3a and 3c). In general, dissolved O2 has
decreased within the transition area and increased within the subtropical gyre between 1968 and 2007. At
the same time, PO4 has increased near 40°N and has decreased south of 34°N. If we consider the linear trends
significant at a 90% confidence level only, O2 has decreased by an average of 0.83 ± 0.27μmol O2 kg

�1 yr�1

while PO4 has increased by 0.0054± 0.0039μmol PO4 kg
�1 yr�1 within the transition area, which agrees with

Ono et al. [2001]. Within the subtropical gyre, the averaged PO4 trend is estimated to be �0.0050
± 0.0019μmol PO4 kg

�1 yr�1, with the most pronounced decreasing trends occurring along the subsurface
PO4 front where the meridional and vertical gradients for the climatological mean PO4 distributions are large.
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Similarly, the most pronounced increasing trends of O2 occur within the subsurface O2 front where the mer-
idional and vertical gradients for the climatological mean O2 distributions are large. The averaged trend for
the subtropical O2 is 0.29 ± 0.12μmol O2 kg

�1 yr�1 when only positive trends significant at 90% are averaged.
The dipole pattern of the northwest Pacific O2 trend (Figure 3a) qualitatively agrees with the O2 trends aver-
aged in the upper water (100–1000m) of the northwest Pacific mapped by Helm et al. [2011] [see Helm et al.,
2011, Figure 1].

Taken together, regions with increasing O2 concentrations roughly coincide with regions containing decreas-
ing PO4 concentrations, and vice versa. A potential cause for these opposing trends in O2 and PO4 could be
changes in subsurface biological respiration, resulting from local changes in productivity, accumulated
respiration rates, or the transit time of water from the surface. If such a change is a primary cause, and the
stoichiometry of remineralization and watermass contributions are effectively constant, the ratio for the lin-
ear trends will follow a stoichiometric ratio for remineralization, the ratio at which O2 is consumed with
respect to a unit increase in remineralized PO4. We find that the ratio of O2 trend to PO4 trend falls roughly
below the reported stoichiometric ratios for remineralization. The ratio of the two trends (�ΔtO2/ΔtPO4) has a
range of 44–56 in the subtropics (Figure 4a), far below a global average, �rO2:P= 170± 10 [Anderson and
Sarmiento, 1994]. This is the case even when the spatial variations of �rO2:P= 100–200 are considered
[DeVries and Deutsch, 2014]. On the other hand, the ratio of the two trends (�ΔtO2/ΔtPO4) has a range of
67–137 within the transition area (Figure 4b), which is slightly higher and more scattered than that we diag-
nose in the subtropics but still falls below or within the lower bound of most reported stoichiometric ratios for
large ocean areas (see section 6 for a further discussion of O2 trend within the transition area). The use of AOU
instead of O2 does not make any significant difference in terms of the ratio of the two temporal trends
(Figures 4a and 4b).

The linear trends shown in Figure 3 hide some interesting features of O2 and PO4 variability occurring on
interannual to decadal timescales. Figure 5 shows the O2 and PO4 time series, averaged over 200–600m at
each latitudinal grid point of the 137± 0.1°E and 144± 0.1°E meridians. We find that the interannual to dec-
adal variability differs with latitudes and in some cases with depths (see also supporting information Figures
S1–S4 for the O2 and PO4 time series that the trend estimates in Figures 3a and 3c are based on). This highly
variable nature of interannual variations, which depends on sampling locations, may partly indicate the influ-
ence of small-scale processes on tracer distributions in the western boundary current system. Despite the
heterogeneity, we find that the temporal anomalies of O2 and PO4 are strongly correlated with one another.

The correlation coefficients between PO4 anomalies (with respect to their time mean values) and O2

Figure 4. Scatterplots of the linear trend for O2 (ΔtO2) versus the linear trend for PO4 (ΔtPO4). (a) Black dots show the linear trend for O2 (ΔtO2) versus the linear trend
for PO4 (ΔtPO4), taken from the 137±0.1°E section in Figures 3a and 3c (subtropics). Black dashed line indicates a linear fit to black dots. Green dots show the linear
trend for AOU (ΔtAOU) versus the linear trend for PO4 (ΔtPO4) taken from the same section. Green dashed line indicates a linear fit to green dots. The ± values
represent uncertainties at the 95% significance level. (b) The same as Figure 4a except that the ratio of the linear trends taken from the 144±0.1°E section in Figures 3a
and 3c (transition area) is shown.

Global Biogeochemical Cycles 10.1002/2016GB005442

KWON ET AL. WIND-DRIVEN SHIFTS IN PACIFIC O2 AND PO4 1605



anomalies are r=�0.87 for the subtropics and r=�0.71 for the transition area (p< 0.01 for both) (Figure 6).
Furthermore, the slope for PO4 anomalies versus O2 anomalies is confined to a narrow range of �49± 2 for
the subtropics and �51± 5 for the transition area. The slope for PO4 anomalies versus O2 anomalies within
the transition area (Figure 6b) differs from the slope for PO4 trend versus O2 trend shown in Figure 4b, reflect-
ing strong sensitivity of the estimate to different time spans. More specifically, the difference arises as the
declining O2 trends plateaued since the mid-1990s (Figure 5c), while the increasing PO4 trends were reversed
since the mid-1990s (e.g., 41°N and 42°N in Figure 5f). These deviations after the mid-1990s affect the trend
estimates more critically than the anomaly estimates. Nevertheless, the tight association between temporal
variations of O2 and PO4, which is not explained by the reported stoichiometric ratios of remineralization, is a
robust feature, suggesting that biological modulation may not be a primary cause for the O2 and PO4

changes on interannual to decadal timescales.

It is noteworthy that compared to moderate changes elsewhere at the 137± 0.1°E meridian (Figures 5a and
5d), large interannual fluctuations of O2 and PO4 occur within the latitudinal band of 30°–33°N (Figures 5b
and 5e). For example, O2 at 32°N drops sharply by as much as 70μmol kg�1 in the late 1970s, which accom-
panies a PO4 increase by 1.2μmol kg�1. The dramatic changes occurring at 30°–33°N can be attributed to the
large meander of the Kuroshio Current south of Japan and the associated cold-core eddy reported for the
1976–1980 time period [Kawabe, 1980, 1985; Sekine and Toba, 1981; Nishida, 1982; Ishii, 1982; Qiu and
Joyce, 1992]. The O2-rich, PO4-depleted Kuroshio is deflected equatorward in association with cyclonic eddies
that lift the O2-depleted, PO4-enriched subsurface water up toward the surface [Ishii et al., 1983; Tsujino
et al., 2006].

Taken together, the qualitatively similar structures of O2 and PO4 trends (Figures 2 and 3) and the close quan-
titative association between O2 and PO4 variations (Figures 4 and 6) indicate that a large-scale coordinated
change has occurred in PO4 and O2 distributions between 1968 and 2007. In the next section, we explore
trends in oceanic physical properties in the northwest Pacific and a potential cause for the trends.

Figure 5. Time series of O2 and PO4 at the 137±0.1°E and 144±0.1°Emeridians. Gridded O2 data are averaged over 200–600m at each 1° latitudinal grid point using a
4 year time resolution. For example, an O2 concentration at t = 1970 and y = 10°N is an average of O2 at 1968 ≤ t< 1972 and 9.5°N ≤ y< 10.5°N. The error bar indicates
±1 standard error of averaging. The O2 time series is grouped into three different latitudinal bands: (a) the southern subtropical gyre at 137±0.1°E, (b) the northern
part of the 137±0.1°E meridian, off the southern coast of Japan, and (c) the transition area at 144±0.1°E. Lines of different colors correspond to different latitudinal
grid points as indicated in legends. (d–f) The same as Figures 5a–5c except that the cases for PO4 are shown. See supporting information Figures S1–S4 for an
extended version of this figure.
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4. Historical Temperature and Salinity Trends

In order to demonstrate that biogeochemical changes from sparse shipboard observations are consistent
with large-scale historical changes in temperature and salinity, we use observationally constrained simula-
tions and estimates. Zonally averaged maps of temperature and salinity trends, computed using
SODA2.2.4, are presented in Figures 7b and 7e. The zonally averaged linear trends indicate that between
1950 and 2008 the subsurface water has become cooler and fresher within the transition area at 30°–42°N
while the thermocline has become warmer and saltier within the southern subtropical gyre at 10°–20°N
(see also Figure 8). The multidecadal trends obtained from the SODA2.2.4 agree with the multidecadal
changes obtained by taking the difference of the World Ocean Atlas 2013 (WOA) decadal mean temperature
and salinity [Locarnini et al., 2013; Zweng et al., 2013], which exhibit similar dipole structures (Figures 7a and
7d). Relative to the average over a period of 1955–1974, subsurface waters (150–500m) have become cooler
and fresher north of ~33°N and warmer and saltier south of ~20°N over a period of 1995–2013. Unlike the
consistent warming trends at 10°–20°N, which extends up to a 400m depth, however, salinity increases
are mostly confined to shallower depths, shallower than 200m for the WOA and shallower than 300m for
the SODA2.2.4 within the southern subtropical thermocline. In fact, temporal salinity variations averaged over
140°–180°E, 10°–20°N, 150–400m display the largest disagreement among the different reanalysis products
(Figure 8b), partly due to sparse observations incorporated into the models and analyses.

Nevertheless, both the WOA-based and SODA-based estimates reveal the temperature trend that is roughly
opposite between south and north of ~33°N, the latitude across which the meridional gradient of the clima-
tological mean temperature changes its sign (Figure 7). Although this feature is less obvious in the WOA data,
SODA salinity also shows that opposite trends have occurred at the northern and southern boundaries of the
subtropical gyre. This dipole pattern provides a clue that the multidecadal changes in temperature and sali-
nity over the past decades may be related to meridional movement of the subtropical gyre.

In support of this mechanism, Joyce and Dunworth-Baker [2003] attributed multidecadal cooling and freshen-
ing of subsurface water within the transition area to a southward shift of the Kuroshio Bifurcation Front,
which leads to a southward transport of cold and fresh subpolar water to the transition area
[Nakanowatari et al., 2015]. Likewise, a southward shift in the southern boundary of the subtropical gyre
[Chen and Wu, 2012] may replace relatively cold and fresh North Equatorial Current between 10° and 20°N
with warmer and saltier subtropical water, thereby explaining increasing temperature and salinity within
the southern periphery of the subtropical gyre.

Indeed, we find that significant portions of the subsurface temperature and salinity trends simulated by the
SODA2.2.4 (Figures 7b and 7e) can be explained by a southward shift of the subtropical gyre. The best fits to

Figure 6. Scatter plots of O2 anomalies (aO2) versus PO4 anomalies (aPO4), taken from supporting information Figures S1–S4. Anomalies are deviations of the
gridded data from the time mean value calculated for each depth and each latitudinal point. (a) The O2 anomalies (aO2) versus PO4 anomalies (aPO4), taken from
Figures S1 and S3 (subtropics). Blue solid line indicates a linear fit to black dots. The ± values represent uncertainties at a 95% significance level. (b) The same as
Figure 6a except that the O2 anomalies (aO2) versus PO4 anomalies (aPO4) taken from Figures S2 and S4 (transition area) are shown.
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the zonally averaged linear trends are obtained from a 1° shift to the south carried out along constant depths
(r= 0.58 for salinity and r=0.78 for temperature when using the SODA2.2.4) (Figures 7c and 7f). A better
agreement between the temporal trends and the 1° shift scenario is obtained when using the SODA2.1.6
(r= 0.82 for salinity and r= 0.86 for temperature). As shown in Figure 8a, the cooling and freshening tenden-
cies within the transition area are more pronounced in the SODA2.1.6 in a better agreement with the shift
patterns (Figures 7c and 7f) than those in the SODA2.2.4.

We suggest that the shift of the subtropical gyre driving multidecadal changes in temperature and salinity in
the northwest Pacific is also driving the concomitant changes in PO4 and O2 distributions. Indeed, the spatial
patterns for O2 and PO4 trends over the past 40 years (Figures 3a and 3c) resemble the patterns obtained by
shifting their climatological mean distributions to the south by 1° (Figures 3b and 3d). The correlation coeffi-
cients between the temporal trends (Figures 3a and 3c) and the expected changes from a 1° shift to the south
are r= 0.62 for dissolved O2 and r=0.60 for PO4. While a southward shift in the northern boundary of the sub-
tropical gyre results in the O2-depleted and PO4-enriched subpolar subsurface water being extended to the
south, southward shifts in the subtropical recirculation gyre [Taguchi et al., 2007] and the bifurcation latitude
of the North Equatorial Current [Chen and Wu, 2012] would elevate O2 and reduce PO4 in regions where the
North Equatorial Current is replaced by relatively well-ventilated, PO4-depleted subtropical water [Deutsch
et al., 2005].

Figure 7. Multidecadal linear trends in temperature and salinity. (a) Color shading indicates zonally averaged (140°–180°E) multidecadal difference of temperature,
i.e., the 1995–2003 average minus the 1955–1974 average, computed using the World Ocean Atlas 2013 (WOA). Black solid lines indicate the climatological distri-
bution of temperature averaged between 1955 and 2003. (b) Color shading indicates zonally averaged (140°–180°E) linear trends for temperature from 1950 to 2008,
computed using the SODA2.2.4. The unit is in degrees Celsius over the past 50 years. Black solid lines indicate the mean temperature between 1950 and 2008
obtained from the SODA2.2.4. Black dashed boxes indicate the domain over which temperatures are averaged for Figure 8. (c) Zonally averaged temperature
changes (color shading) obtained by shifting the climatological mean distribution (solid lines) to the south by 1°, computed using the SODA2.2.4. (d–f) The same as
Figures 7a–7c except that the cases for salinity are shown.
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Finally, we note that relative to the large meridional gradients for the climatological mean O2, PO4 and tem-
perature (Figures 3b–3d), the meridional gradient for the climatological mean salinity is much weaker within
the southern subtropical thermocline (Figure 7f). This means that the samemeridional shift in the subtropical
gyre would lead to a less pronounced change in salinity within the southern subtropical thermocline. This
may partly explain the lack of significant correlations between the southern boundary shift and the salinity
change averaged over 140°–180°E, 10°–20°N, 150–400m (Figures 8b and 8d).

5. The Link Between Winds and Physical/Biogeochemical Tracers

We explore the link between the wind-driven gyre shifts and the variability of temperature, salinity, O2, and
PO4 within gyre boundaries using observationally constrained simulations and a fully coupled climate model.
First, we illustrate how the 20CRv2 wind stress data [Compo et al., 2011] help explain the link between wind-

Figure 8. Time series of temperature and salinity averaged within the gyre boundaries, computed using SODA2.2.4, SODA2.1.6, and EN4 data sets. (a) Time series of
annual mean temperature (left Y axis) and salinity (right Y axis) averaged over the northwest Pacific transition area of 35°–42°N, 140°–180°E, 150–600m. (b) Time
series of annual mean temperature (left Y axis) and salinity (right Y axis) averaged over the southwestern subtropical thermocline of 10°–20°N, 140°–180°E, 150–
400m. Solid blue lines show temperature from SODA2.2.4, dashed blue lines show temperature from SODA2.1.6, and solid cyan lines show temperature from EN4.
Solid green lines show salinity from SODA2.2.4, dashed green lines show salinity from SODA2.1.6, and solid magenta lines show salinity from EN4. (c) The SODA2.2.4
temperature change (blue line; shown in Figure 8a) is compared with the low-pass filtered leading PC (PC1) of the Sverdrup stream function, computed for the area
north of 30°N (black line; shown in Figure 9b). (d) The SODA2.2.4 temperature change (blue line; shown in Figure 8b) is compared with the low-pass filtered leading
PC (PC1) of the Sverdrup stream function, computed for the area south of 30°N (black line; shown in Figure 9d). Note that the right Y axis is reversed.
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driven shifts of gyre boundaries and historical variability of temperature and salinity. Then, we demonstrate
how the CM2.6 model extends the link to O2 and PO4 with a focus on natural biogeochemical variability.

5.1. Historical Gyre Variability From a Reanalysis Data Product

Historical changes in wind-driven gyre circulations are assessed by computing the Sverdrup stream function
(section 2.1) using the 20CRv2 annual mean wind stress data [Compo et al., 2011]. The time-averaged distribu-
tion of the Sverdrup stream function, which is shown in the solid contour lines of Figures 9a and 9c, indicates
a clockwise circulation between 15°N and 45°N and counterclockwise circulations north of ~45°N and south
of 15°N. The zero lines of the Sverdrup stream function at ~45°N and ~15°N mark the northern and southern
boundaries of the subtropical gyre, respectively.

The empirical orthogonal function (EOF) analysis of the annual mean Sverdrup stream function is performed
for three domains of the North Pacific—the entire North Pacific north of 10°N, the area north of 30°N, and the
area between 10°N and 30°N—for the period of 1950–2008. The leading EOF modes explain 35%, 45%, and
41% of the total variances of the annual mean Sverdrup stream function for the three domains, respectively.
We find that the meridional shifts of the gyre boundaries constitute the dominant modes of the wind-driven
gyre variability, with their centers of action all located in the vicinity of the northern and southern gyre

Figure 9. The 20CRv2 diagnostics for gyre boundary shifts. (a) Color shading shows the leading empirical orthogonal function (EOF) of annual mean Sverdrup stream
function, computed for the area north of 30°N using the 20CRv2 wind stress from 1950 to 2008. Black contour lines show the climatological mean Sverdrup stream
function. Green contour lines show the zero lines of the stream function. (b) Blue thin line shows the associated leading principal component (PC) time series for the
area north of 30°N. The low-pass filtered PC is shown in blue dashed line. Red thin line shows the latitude of zero Sverdrup stream function north of 30°N (i.e., the
northern boundary). The low-pass filtered latitude variation in the zero stream function is superimposed as red dashed line. (c) The same as Figure 9a except that the
leading EOF pattern for the area south of 30°N is shown. (d) The same as Figure 9b except that the leading PC for the area south of 30°N is shown in blue lines. Red
lines show the latitude of zero Sverdrup stream function south of 30°N (i.e., the southern boundary).
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boundaries of the northwest Pacific (Figures 9a and 9c). The leading EOF mode and the associated principal
component (PC) time series for the entire North Pacific (not shown) are almost identical to those obtained for
the area north of 30°N (Figures 9a and 9b), indicating that the meridional shift of the northern gyre boundary
overwhelms the variability elsewhere. When the area south of 30°N is considered, the strong fluctuation
along the southern gyre boundary emerges as a dominant mode of the gyre variability within the southern
domain (Figure 9c).

The latitudes of the northern and southern boundaries of the subtropical gyre, computed by linearly interpo-
lating the zonally averaged (140°–180°E) Sverdrup stream function into zero, correspond well with the lead-
ing PCs (Figures 9b and 9d). The correlation between the latitude of the northern boundary and the leading
PC for the area north of 30°N is r= 0.81 without applying a low-pass filter and r=0.88 with a filter. The annual
mean position of the northern subtropical gyre boundary exhibits large fluctuations on interannual time-
scales, ranging up to a more than 10° deviation from one year to another. When a low-pass filter is applied
to the annual mean values, an overall decreasing trend can be detected at �0.40 ± 0.18° decade�1 between
1950 and 1985. After 1985, trends are nearly absent and decadal-scale fluctuations become dominant
instead. The pronounced southward shift in the northern gyre boundary from the 1950s to the 1980s is con-
sistent with the decadal-scale changes in the wind stress curl and the Sverdrup stream function, which
occurred in association with the 1976/1977 climate transition [Deser et al., 1999].

Themultidecadal tendencies of the northern boundary position and the leading PC for the area north of 30°N
are roughly in accord with the temperature and salinity variations averaged within the transition area
(Figure 8c). For example, the low-pass filtered PC time series correlates moderately with the 4 year lagged
annual mean temperatures averaged over 35°–42°N, 140°–180°E, 150–600m (r= 0.33, p< 0.05 for
SODA2.2.4, r= 0.32, p< 0.05 for SODA2.1.6, and r=0.45, p< 0.01 for EN4, all in which linear trends are
removed before calculating correlation coefficients). Southward migration of the northern boundary of the
subtropical gyre can cause the subsurface water of the transition area to become cooler and fresher, and vice
versa [Joyce and Dunworth-Baker, 2003; Nonaka et al., 2006]. Themultidecadal trend in the northern boundary
position of the subtropical gyre also appears to be in accord with PO4 and O2 changes observed at the 144°E
meridian of the transition area (Figures 5c and 5f) in that PO4 increases and O2 decreases are most pro-
nounced until the mid-1990s.

The southern boundary of the subtropical gyre, which is defined here as the latitude of zero Sverdrup stream
function south of 30°N, also corresponds well with the leading PC of the Sverdrup stream function computed
for the area south of 30°N (Figure 9d). The correlation between the two detrended time series is 0.83 without
a low-pass filter and 0.92 with a filter. As in Chen and Wu [2012], the southern boundary of the subtropical
gyre exhibits an overall southward shift (�0.18 ± 0.07° decade�1) between 1950 and 2008, with a slight
opposing trend between the early 1970s and the late 1990s. For the periods of 1950–1969 and 1993–2008,
negative wind stress curl anomalies developed in the latitudinal band of 10°–20°N within the western
North Pacific (120°E–150°W), which is favorable to the southward shift of the southern gyre boundary [see
Chen and Wu, 2012, Figure 4].

The low-pass filtered shifts in the southern boundary of the subtropical gyre and the leading PC for the area
south of 30°S are roughly in accord with the annual mean temperature changes averaged over 10°–20°N,
140°–180°E, 150–400m (Figure 8d). The northward migration of the southern boundary between the early
1970s and the late 1990s coincides with gradual temperature decreases between the mid-1970s and the late
1990s, and the southward migration since the late 1990s coincides with sharp temperature increases since
the late 1990s, which is unanimously shown in SODA2.2.4, SODA2.1.6, and EN4 (Figure 8b). Except for the
qualitative accordance, however, we do not find any significant correlations between the low-pass filtered
variation of the southern boundary position and the detrended temperature changes. The lack of significant
correlations within the southern subtropical thermocline may indicate strong modulations of gyre shift
effects by ocean circulation changes associated with subtropical mode water formations [Yamanaka et al.,
2008] and wind wakes due to Hawaiian Islands [Xie et al., 2001; Yamanaka et al., 2008]. Further studies will
be required to fully understand the physical and biogeochemical variability in this complex ocean-
atmosphere coupled system.

It is also noteworthy that we do not find any correlations between the positions of the southern and northern
boundaries of the subtropical gyre on interannual to decadal timescales. The overall 1° southward shifts in
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both boundaries over the past half century might have been simply coincidental. Yet we cannot rule out the
possibility that the long-term shifts are due to a long-term response of the ocean to climate change modu-
lated by interanual to decadal ocean-atmosphere feedbacks (see section 6 for a further discussion).

5.2. Consistency With Physical and Biogeochemical Variability in CM2.6

In this section, we use the GFDL CM2.6 to explore multidecadal variations in northwest Pacific temperature,
salinity, O2, and PO4 and their link to wind-driven shifts in subtropical gyre boundaries. We use the control
simulation with preindustrial radiative conditions to shed light on the natural variability. Annual mean values
over a spin-up period 121–180 are analyzed, after removing slight model drifts caused by relatively short
model integration. The use of the CM2.6 fields complements our analyses of historical observational and rea-
nalysis data sets by providing continuous three-dimensional physical and biogeochemical fields, dynamically
consistent and free from observational uncertainties, with a longer time span than available in
the observations.

The time mean distribution of the Sverdrup stream function and its dominant modes of the variability
obtained from the 20CRv2 (Figure 9) are well captured by the CM2.6 (Figure 10). The leading EOF modes

Figure 10. CM2.6 diagnostics for gyre boundary shifts. (a) Color shading shows the leading empirical orthogonal function (EOF) of annual mean Sverdrup stream
function, computed for the area north of 30°N using the CM2.6 wind stress from model year 121 to 200. Black contour lines show the climatological mean
Sverdrup stream function. Green solid lines show the zero lines of the stream function. (b) Blue thin line shows the associated leading principal component (PC) time
series for the area north of 30°N. The low-pass filtered PC is shown in blue dashed line. Red thin line shows the latitude of zero Sverdrup stream function north of 30°N
(i.e., the northern boundary). The low-pass filtered latitude variation in the zero stream function is superimposed as red dashed line. (c) The same as Figure 10a except
that the leading EOF pattern for the area south of 30°N is shown. (d) The same as Figure 10b except that the leading PC for the area south of 30°N is shown in blue
lines. Red lines show the latitude of zero Sverdrup stream function south of 30°N (i.e., the southern boundary).
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of the Sverdrup stream function, representing the meridional migration of the gyre boundaries, explain 51%
of the total variance for the entire North Pacific north of 10°N, 53% for the area north of 30°N, and 57% for the
area south of 30°N. As with the 20CRv2, the leading PCs for the entire North Pacific and the area north of 30°N
are correlated well with the meridional migration of the northern gyre boundary, with r=0.89 and r =0.87,
respectively, without applying a low-pass filter. With a low-pass filter, the correlation becomes slightly lower
at r= 0.80 for the entire North Pacific domain and r=0.81 for the area north of 30°N. The leading PC of the
Sverdrup stream function for the area south of 30°N also correlates well with the meridional migration of
the southern gyre boundary with r= 0.86 without a filter and r=0.82 with a filter.

The CM2.6 model shows that the interannual to decadal variations in temperature, salinity, O2, and PO4 aver-
aged within the gyre boundaries (over 35°–42°N, 140°–180°E, 150–600m for the northern boundary and over
10°–20°N, 140°–180°E, 150–400m for the southern boundary) are all synchronous within the same locations
(| r |> 0.85 among temperature, salinity, O2, and PO4) (Figures 11a, 11b, 11d, and 11e). The high correlations
among the tracers highlight ocean physics as a primary factor determining O2 and PO4 variations within the
gyre boundaries. Reinforcing our findings based on the historical and reanalysis data sets, the physical and
biogeochemical properties averaged within the northern boundary of the subtropical gyre faithfully follow
the low-frequency variations of the northern boundary position and the leading PC computed for the area
north of 30°N (e.g., Figure 11c). Similarly, the physical and biogeochemical properties averaged within the
southern boundary of the subtropical gyre correlate well with the low-pass filtered time series of the southern
boundary position and the leading PC computed for the area south of 30°N (e.g., Figure 11f).

The maximum correlation coefficients are obtained at a lag of 3 years for the physical and biogeochemical
tracers in the northern subtropical gyre boundary (r=�0.75 for PO4, r=0.72 for O2, r= 0.70 for temperature,
and r= 0.67 for salinity, for all cases significant at 99%). On the other hand, the maximum correlation coeffi-
cients are obtained with a lag of 2 years for the tracers within the southern boundary (r= 0.49 for PO4,
r=�0.34 for O2, r=�0.59 for temperature, and r=�0.31 for salinity, for all cases significant at 95%). The cor-
relations become much weaker in the southern subtropical thermocline, partly because high frequency

Figure 11. CM2.6 temperature, salinity, PO4, and O2 averaged over 35°–42°N, 140°–180°E, 150–600m. (a) Annual mean temperature (blue) and salinity (green). (b)
Annual mean PO4 (blue) and O2 (green). (c) The low-pass filtered leading PC (PC1) of the Sverdrup stream function computed for the area north of 30°N (blue line;
shown in Figure 10b) is compared with the annual mean PO4 (green line; shown in Figure 11b). Note that the right Y axis for PO4 concentration is reversed. CM2.6
temperature, salinity, PO4, and O2 averaged over 10°–20°N, 140°–180°E, 150–400m. (d) Annual mean temperature (blue) and salinity (green). (e) Annual mean PO4
(blue) and O2 (green). (f) The low-pass filtered latitude variation of the southern boundary (blue line; shown in Figure 10d) and the annual mean PO4 (green line;
shown in Figure 11e).
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(interannual) fluctuations dominate over low-frequency changes of tracer distributions in low latitudes
(Figures 11d and 11e). This point is validated by the fact that the correlation between the low-pass filtered
latitudinal change of the southern boundary and the simulated PO4 improves to r=0.68 (at a 2 year lag) when
the low-pass filter is applied to the annual mean PO4. The lags of up to a few years correspond to the adjust-
ment timescales for the ocean gyres to changes in winds, which is mediated by westward propagating bar-
oclinic Rossby waves responding to wind stress curl forcings [Deser et al., 1999; Seager et al., 2001; Joyce and
Dunworth-Baker, 2003; Nonaka et al., 2006; Taguchi et al., 2007; Nakano and Ishikawa, 2010].

In Figure 12, annual mean PO4 is regressed onto the low-pass filtered variations in the northern and southern
boundary positions (shown as red dashed lines in Figures 10b and 10d) with a 3 year lag. As illustrated in
Figure 12, the gyre shift effects are most pronounced within the subsurface (200–700m) frontal regions of
the northern (35°–40°N) and southern (10°–20°N) boundaries of the subtropical gyre. Taken together, this
study suggests that North Pacific winds may orchestrate changes in northwest Pacific subsurface O2 and
PO4, primarily through the north-south movement of gyre boundaries on multidecadal timescales.

Figure 12. CM2.6 3 year lagged regression of PO4 on the low-pass filtered latitude change of the gyre boundaries. (a and b) Annual mean PO4 is regressed on the
low-pass filtered variation in the northern boundary (the red dashed line in Figure 10b) with a lag of 3 years. The regression patterns (color shading) are superim-
posed by the climatological mean PO4 over model year 121–200 (black contour lines). Figure 12a shows the zonal average between 140°–180°E, and Figure 12b
shows a horizontal map at 300m. (c and d) Annual mean PO4 is regressed on the low-pass filtered variation in the southern boundary (the red dashed line in
Figure 10d) with a lag of 3 years. Values that are not significant at a 95% level are shown as zeros. Northward shifts in the boundaries are positive; thus, the units are in
μmol kg�1 per a 1° shift to the north. Note that with a southward shift of the gyre by 1° as suggested by observations (see Figure 3), only the polarity changes with the
overall regression pattern remaining practically same.
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6. Discussions and Conclusions

Historical data sets reveal contrasting O2 and PO4 trends between the subtropical gyre at the 137°E meridian
and the transition area at the 144°E meridian in the northwest Pacific (Figures 3a and 3c). Within the transition
area, O2 has decreased by 0.83 ± 0.27μmol O2 kg

�1 yr�1 while PO4 has increased by 0.0054± 0.0039μmol
PO4 kg

�1 yr�1 from 1968 to 2007. Within the subtropical gyre, O2 has overall increased by 0.29 ± 0.12μmol
O2 kg

�1 yr�1 and PO4 has decreased by 0.0050± 0.0019μmol PO4 kg
�1 yr�1, where the ± ranges denote

95% confidence levels. The spatial patterns of the O2 and PO4 trends are similar to the patterns of the
SODA temperature and salinity trends, zonally averaged between 140°–180°E, which shows a cooling and
freshening trend within the transition area at ~40°N and a warming and salinification trend within the south-
ern subtropical thermocline at ~15°N from 1950 to 2008 (Figures 7b and 7e). Those linear trends are most
pronounced within the subsurface water where the meridional gradients of the climatological mean fields
are large. These dipole structures led us to posit a southward movement of the northwest Pacific subtropical
gyre as a primary cause for the basin-wide coordinated changes in the tracer distributions. These trends in
tracer distributions are consistent with overall southward shifts in the subtropical gyre boundaries as sug-
gested by previous studies [Joyce and Dunworth-Baker, 2003; Nonaka et al., 2006; Chen andWu, 2012] and also
as diagnosed in this study using the Sverdrup stream function.

Figure 13. ESM2M 3 year lagged regression of PO4 on the low-pass filtered latitude change of gyre boundaries. (a and b) Annual mean PO4 is regressed on the low-
pass filtered variation in the northern boundary with a lag of 3 years. The regression patterns (color shading) are superimposed by the climatological mean PO4 over
1920–1999 (black contour lines). Figure 13a shows the zonal average between 140° and 180°E, and Figure 13b shows a horizontal map at 300m. (c and d) Annual
mean PO4 is regressed on the low-pass filtered variation in the southern boundary with a lag of 3 years. Values that are not significant at a 95% level are shown as
zeros. Northward shifts in the boundaries are positive; thus, the units are in μmol kg�1 per a 1° shift to the North.
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Despite our results, we note that a significant fraction of the observed trends for O2 and PO4 remains unex-
plained by the southward shift of the subtropical gyre alone (i.e., taking into account only a redistribution of
water masses assuming constant ventilation and respiration rates) (see Figure 3). For example, the scenario
for a 1° shift to the south tends to underestimate O2 decline within the transition area by up to 70%.
Underestimated O2 decline near 40°N can reflect the importance of taking into account changes in ocean
ventilation rates that may have originated from the Sea of Okhotsk [Nakanowatari et al., 2007] and/or from
enhanced ocean stratification at the subpolar surface [Emerson et al., 2004; Deutsch et al., 2005; Helm et al.,
2011]. In addition, increasing nutrients within the transition area may have increased surface productivity
and heterotrophic respiration [Chai et al., 2003], which would further decrease O2 and increase PO4 in the
thermocline. Possible contributions from ocean ventilation changes and biological modulations might have
caused the slope for O2 trend versus PO4 trend within the transition area to be closer to the reported stoichio-
metric ratio of remineralization (Figure 4b).

Moreover, wind-driven gyre shifts often accompany changes in the strength of gyre circulations and the
properties of subducted mode waters [Deser et al., 1996;Miller et al., 1998]. The intensification of the southern
flank of the Kuroshio Extension Current after the 1976/1977 climate transition [Deser et al., 1999] might have
led to overall increasing O2 and decreasing PO4 at 25°–30°N, which is not explained by the gyre shift effect
(Figure 3). Attributing the causes for the changes in the physical and biogeochemical properties along the
southern flank of the Kuroshio Extension Current can be challenging as subtropical mode water subduction,
current meandering (see a discussion in section 3), mesoscale eddies, and downstream effects of water flows
all interact to each other to influence the physical and biogeochemical properties there. The interplay
between gyre shifts and ocean circulations/ventilation and its impact on the North Pacific O2 and PO4 cycles
need to be addressed in future studies.

Although the gyre shift alone does not fully explain observed changes in northwest Pacific physical and bio-
geochemical properties, our study shows that the role of meridional migration of gyre boundaries is more
significant than previously estimated especially within gyre boundaries (10°–20°N and 35°–42°N). The close
tie among winds, temperature, salinity, PO4, and O2 in the northwest Pacific is clearly demonstrated using
the preindustrial simulation of the GFDL CM2.6 model, suggesting that the wind-driven migration explains
up to 56% of the physical and biogeochemical properties averaged within the northern gyre boundary
and up to 35% for the southern boundary. The important role of gyre shifts in determining the physical
and biogeochemical variability within the gyre boundaries is still valid in the climate perturbation simulation
where atmospheric CO2 increases by 1% per year in the CM2.6 model (not shown).

We also note that the large-scale features of the gyre shift effects illustrated using the CM2.6model (Figure 12)
are also captured by the ESM2M [Dunne et al., 2012, 2013] in which the ocean model with a nominal resolu-
tion of 1° × 1° is coupled with the same ocean biogeochemistry model, miniBLING (Figure 13). However, nota-
ble differences can be identified. The ESM2M shows much weaker PO4 responses to the northern boundary
shift, where significant correlations are nearly absent in the eddy-rich transition area between the Kuroshio
Current Extension and the Oyashio Front (Figures 13a and 13b). In addition, the meridional gradient of the
climatological mean PO4 is too weak across the southern front of subtropical thermocline in ESM2M, which
can be responsible for the lack of significant correlations at 10°–20°N, west of 150°E (Figure 13d). These defi-
ciencies can be attributed partly to poor representations of fronts and mesoscale eddies in the coarse resolu-
tion ocean model [Nonaka et al., 2006; Yamanaka et al., 2008; Griffies et al., 2015]. This implies that previous
studies using a coarse resolution oceanmodel may have underestimated the gyre shift effects on tracer varia-
bility within gyre boundaries. On the other hand, our results are insensitive to the use of ocean biogeochem-
istry models of two different complexities: miniBLING [Galbraith et al., 2015] and Phytoplankton with
Allometric Zooplankton (TOPAZ) [Dunne et al., 2013] implemented in ESM2M. This suggests a relatively minor
role played by ocean biogeochemical processes in the multidecadal variations in PO4 and O2 within the
gyre boundaries.

While ocean temperature, stratification, and ventilation changes have been previously recognized as driving
variability of the O2 cycle [e.g., Keeling and Garcia, 2002; Bopp et al., 2013], we suggest that wind-driven
changes in gyre boundaries may play an equally important role for O2 and PO4 cycles in the northwest
Pacific. Whether the half century southward shifts in North Pacific winds are due to natural variability or to
global warming remains highly uncertain. The observed southward shifts are opposite in direction to the
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reconstructed/projected northward shifts of subtropical western boundary currents under global warming
[Wu et al., 2012; Cheon et al., 2012]. On the other hand, Deser et al. [2015] projected southward shifts in the
Northern Hemisphere westerlies and the Intertropical Convergence Zones as a result of competing effects
of Arctic sea ice loss and global warming. While further studies are necessary to prove the connection, it is
possible that the observed southward shifts in physical and biogeochemical tracers over the past half century
might have been a long-term response of the northwest Pacific Ocean to Arctic sea ice loss over the past dec-
ades [e.g., Comiso et al., 2008]. Our study suggests that subsurface PO4 and O2 records within gyre boundaries
can be used as an indicator of the meridional movement of gyre boundaries under different climate condi-
tions. Future changes in O2 and PO4 within the northwest Pacific will depend not only on changes in tem-
perature, stratification, and ventilation but also on how ocean gyres respond to changes in wind stress
forcing, which is the primary driver for trends and variations in the position and intensity of the ocean gyres.
One of the keys to the reliable prediction of future marine ecosystems will be the realistic representation of
ocean gyre responses to winds and the associated changes in physical and biogeochemical properties.
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