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[1] At the end of the global thermohaline circulation, the
subarctic Pacific is the richest nutrient repository in the world
oceans. Trends towards lower oxygen and higher nutrients in
waters below the surface layer (the pycnocline) have been
observed in recent decades. We assess these trends using data
from four programs and suggest the enrichment of pycnocline
nitrate (200Gmol y�1) is essential in keeping supply to the
surface ocean constant, despite increasing upper ocean
stratification. A nitrate budget helps identify possible vertical
processes that could account for nutrient redistribution. We
hypothesize that warming and oxygen loss in the deeper
pycnocline, arising from ice loss in the Okhotsk Sea, have
initiated a largely vertical redistribution of nutrients due to
compression of vertical migrator habitat and/or changes in
dissolution of sinking particulates. Coupled climate-ecosystem
models will need to incorporate these processes to more fully
understand projected changes in the subarctic Pacific.
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1. Introduction

[2] The most persistent loss of oxygen from world oceans is
being observed in pycnocline waters of the subarctic
Pacific (SAP) [Keeling et al., 2010] where loss rates as high
as 4–6mMy�1 have been reported from repeat surveys
between the mid 1980s and the end of the 1990s [Watanabe
et al., 2001; Kumamoto et al., 2004; Mecking et al., 2006].
However, many time-series measurements identify an oscilla-
tion with an amplitude of 30 to 50mM O2 throughout the
Okhotsk Sea, Oyashio region, Western Subarctic Gyre, and
Alaska Gyre which makes assessments of climate change
impossible over periods of >20 years [Whitney, 2011]. The
best current estimates of climate induced oxygen change
come from time-series measurements extending over periods
of 30 to 60 years, where rates of �0.5 to �1.0mMy�1 are
common on density surfaces in the pycnocline [Ono et al.,
2001; Whitney et al., 2007; Nakanowatari et al., 2007;
Watanabe et al., 2008].
[3] Some of these studies also note that nutrients vary

inversely with oxygen, as would be expected from the

remineralization of marine detritus. No comprehensive
assessment of nutrient change has been undertaken to date;
therefore, we use time-series data from three programs in
the subarctic Pacific (SAP) and one in the subtropical Pacific
to assess the impacts of climate change on oxygen and nutri-
ent distribution. Based on the widespread findings of oxygen
loss, our analysis can be extrapolated throughout the SAP
and suggests vertical processes such as habitat compression
or increased remineralization rates account for changes
within the pycnocline waters of this region. These changes
could impact productivity and habitat throughout the
subtropical Pacific and into the Indian Ocean [Sarmiento
et al., 2004b].

2. Methods and Data Sources

2.1. Trend Analyses

[4] To assess nutrient trends, we rely on programs with
internally consistent methodologies. The time-series sites
included in this study (Figure 1) make most data available
online (Oyashio: hnf.fra.affrc.go.jp; OSP, P16, P4 and HG:
www.pac.dfo-mpo.gc.ca; Cin and Coff: calcofi.org; HOT:
hahana.soest.hawaii.edu). In all instances throughout this
paper, nitrate (NO3) refers to NO3+NO2. Linear trends were
computed at fixed depths, with ~60% of these trends being sig-
nificant at p< 0.05 in the SAP. Non-significant trends were
common at HOT (weak slopes) and P16 (transition region
between oceanic and coastal waters), whereas Ocean Station
P (OSP), Oy, Coff, and P4 were uniformly significant through-
out the pycnocline.
[5] Except for Oy, all data from 1983 to 2011 for California

Cooperative Oceanic Fisheries Investigations (an extension of
a previous analysis; Bograd et al., [2008]), 1988 to 2010 for
HOT, and 1987 to 2011 for Institute of Ocean Sciences
(IOS) (OSP, P16, P4, HG) were used in trend analysis. In
the Oy region, the influence of the 18.6 years lunar nodal
cycle is strong; therefore, trends between cycle maxima of
1986–1990 and 2004–2008 were assessed. Oxygen losses
from the mid 1980s to 2008/11 were somewhat larger than
those obtained over longer time-series at Oy [Ono et al.,
2001] and OSP [Whitney et al., 2007]. The consistency of
weaker trends found in, e.g., the deeper coastal waters along
North America gives us increased confidence in their validity.
For example, silicate losses between 300 and 500m at Cin are
similar to those found at HOT (a possible upstream source)
and at P4 (a known downstream site).
[6] The bottom of the mixed layer (BML) is assessed as

the minimum depth at which surface variability does not
contaminate trend analyses, varying between 50m near the
California coast and 150m in the more strongly mixed
waters of the Alaska Gyre. Integrated rates of change were
calculated by multiplying the average trend at two adjacent
standard depths by the depth interval between them.
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[7] World Ocean Circulation Experiment (WOCE) data
(http://cchdo.ucsd.edu/) were used whenever nutrient or
oxygen concentrations were needed beyond those available
from time-series programs. When the density of seawater is
discussed, units are sigma-theta (sθ= seawater density� 1)
*1000.

2.2. Nitrate Budget

[8] A simple nitrate budget of the SAP is used in section 4
to help identify which processes could account for nutrient
accumulation in the pycnocline. The SAP includes waters
north of the axis of the Subarctic Current (clearly delineated

Figure 1. (a) Map of the North Pacific Ocean, its major circulation patterns (arrowed lines) and locations of eight time-
series sampling locations (red). Solid black lines show surface currents important in transporting nutrient across the North
Pacific, including the East Kamchatka (EKC), Kuroshio (KC), Subarctic (SAC), Alaska (AC), and California Currents
(CC). Subsurface flows (dashed lines) include the California Undercurrent (CUC), North Pacific Intermediate Water
(NPIW), and exchanges between Okhotsk Sea and the NW Pacific. The Western Subarctic Gyre (WSG) and Alaska Gyres
(AG) are also identified. (b) Linear trends at standard depths over a 23–25 year period (mid 1980s to 2008–2011) for oxygen,
nitrate, phosphate, and silicate at time-series sites. Trends are significant (p< 0.05) for 60% of the depth intervals, becoming
not significant as the slope approaches zero. (c) A nitrate budget (in Gmol y�1) for the upper 1000m of the SAP, identifying
the major source of import (CUC and upwelling of Pacific Deep Water, PDW) and export (NPIW, Arctic through the Bering
Strait, Ekman transport to the subtropics in winter and particle flux deeper than 1000m). Exchanges between the surface
layer (BML, bottom of the mixed layer) and pycnocline include winter resupply of the mixed layer, annual removal by
sinking particles (P export), and zooplankton export (Z export).
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by nitrate on density surfaces) but not those of marginal seas
(Bering and Okhotsk). We use an area of 6million km2,
although 10million km2 is found in Harrison et al. [2004]
who include a region between the subarctic and subtropical
fronts. Estimates of fluxes in Figure 1 were made as follows:
[9] 1. upwelling across the 1000m depth boundary

[Kawabe and Fujio, 2010] = 1 Sv� the average NO3

concentration for the SAP from WOCE data. We assume
the quoted flux of 1 Sv covers a range from 0.5 to 1.5 Sv,
thus nitrate transport falls between 700 and 2000Gmol y�1;
[10] 2. California Undercurrent (CUC) transport of 0.9 Sv

[Thomson and Krassovski, 2010]� the average NO3

concentration in the 200–275m depth range (32–37 mM)
from IOS data off the southern coast of British Columbia.
Uncertainty is estimated at 30% based on CUC uncer-
tainties, giving a range of 700 to 1300Gmol y�1;
[11] 3. Bering Strait export is based on 0.8 Sv transport

and historical nitrate [Deutsch et al., 2001]. The largest
uncertainty here may be in the removal of nitrate by phy-
toplankton before water passes through Bering Strait,
although most of this loss may still be exported to the
Arctic as biomass. Since flow measurements are robust
in this region [Woodgate and Aargaard, 2005], we esti-
mate an uncertainty of no more than 20%, resulting in a
range of 230–350Gmol y�1;
[12] 4. Mixed layer export: two estimates are averaged,

(a) the area impacted by SAP nutrients from satellite chlo-
rophyll (140�E to 130�W, 30�N to 40�N; Ayers and
Lozier, [2010])� the seasonal difference in surface nitrate
(Whitney, [2011]; varying from 7.5 mM between 39�N
and 40�N to zero at 30�N to 31�N)� the depth of
the mixed layer (40m) ~1100Gmol y�1; or (b) area as
above�Ekman transport estimate of 0.06mol Nm�2 y�1

~500Gmol y�1 [Ayers and Lozier, 2010]. The potential
error in this transport estimate is at least the difference
between our two calculations of 500 and 1100Gmol y�1

(40%);
[13] 5. You [2003] describes cabbeling (mixing of two

water masses of different density to produce a water of
slightly greater density) as the dominant process forming
North Pacific Intermediate Water (NPIW) along the Sub-
arctic Current. We therefore assess nitrate export based
on the enrichment of subtropical waters arising from
mixing with the SAP. Export into the subtropics over the
isopycnal layer 26.5–27.2 (layer thickness ~350m in the
subarctic) is estimated by assuming the NPIW (~3 Sv;
You, [2003]) is formed when equal volumes of its two
component members are mixed. Nitrate gradients between
the SAP and the subtropics vary between 5 and 10 mM in

the density range of NPIW, with higher gradients observed
at shallower depth. A weighted average (accounting for
thicknesses of isopycnal layers) of 7 mM nitrate difference
results in an export of 300� 100Gmol y�1 nitrate to the
south. Other mixing processes not considered here will
increase this export term;
[14] 6 and 8. Particle export at 100 and 1000m from

free drifting sediment traps at OSP [Wong et al., 1999].
Using these data to calculate SAP fluxes may result in es-
timates that are 30% low because primary production is
higher in the Western Subarctic Gyre, compared with the
central and eastern SAP [Harrison et al., 2004; Whitney,
2011]. We use drifting trap rather than moored data due
to the extreme under trapping that may occur with shallow
moored traps [Yu et al., 2001]. These flux rates are
estimated to fall between 2000–2600Gmol y�1 at 100m
and 160–210Gmol y�1 at 1000m;
[15] 7. Carbon export via migrating zooplankton is

missed by sediment traps (zooplanktons commonly swim
into traps during diurnal migration and are therefore
removed from flux estimates) and has been shown to be
significant in the SAP (6.4� 1012mol C y�1; Harrison
et al., [2004]). Nitrogen fluxes are estimated to be 15%
of carbon (Redfield ratio). Transport by migrating biota
may be underestimated since excretion by diel migrators
including myctophids (midwater fish) has yet to be
assessed (range from ~1000 to 1500Gmol y�1); and
[16] 9. Winter supply to the mixed layer must balance ex-

port fluxes (4100Gmol y�1), and is in reasonable agreement
with winter enrichment of 12mMy�1 [Whitney, 2011]� a sea-
sonal depletion depth of 50 to 60m� area of SAP=3600 to
4300Gmol y�1. Uncertainties in the depth of summer nitrate
uptake across the SAP introduce ~20% uncertainty, giving a
range of 3300 to 4900Gmol y�1.
[17] Pycnocline accumulation of 200� 50Gmol y�1 nitrate

for the open SAP is based on a rate of 40� 10mmolm�2 y�1

(Table 1, an average of 36mmolm�2 y�1 for sites P4, OSP,
Oy, and Coff between BML and 500m or P4, 16, and OSP
to 1000m) over an area of 5 million km2 (excluding continen-
tal margins where denitrification tends to dominate).

3. North Pacific Nutrient and Oxygen Trends

[18] A consistent pattern of oxygen loss and nutrient gain
over the past couple of decades is found in waters below
the winter mixed layer (Figure 1). Peak oxygen losses
often exceed 1 mMy�1, with integrated loss rates ranging
from 140 to 480mmolm�2 y�1 to a depth of 500m
(Table 1). At OSP, it has been estimated that 22% of the

Table 1. Nutrient and Oxygen Trends Integrated Between the Bottom of the Winter Mixed Layer (BML) to 500 and 1000m Depthsa

O2 NO3 PO4 Si O/N O2 NO3 PO4 Si 26.5 27.0

Site (BML, m) BML to 500m, mmolm�2 y�1 BML to 1000m, mmolm�2 y�1 Av. depth�SD (m)

Oy (100) �240 15 2.7 300 16 �470 �1.2 1.5 700 69� 48 466� 108
OSP (100) �360 34 1.3 120 11 �530 45 0.4 230 137� 14 370� 44
P16 (100) �140 16 0.0 81 8.7 �260 24 �0.9 150 155� 18 473� 49
P4 (50) �330 30 1.1 46 11 �510 40 0.2 �4 173� 25 519� 50
HG (150) �310 �4.2 0.7 49 - �420 �28 0.0 110 170� 29 510� 43
Coff (100) �480 61 4.7 68 7.8 no deep data 276� 19 519� 16
Cin (50) �340 27 2.9 9 13 no deep data 232� 29 518� 20
HOT (100) �30 �11 �1.0 �26 - �60 �25 �2.4 �98 468� 31 662� 27

aDepths with standard deviations of two isopycnal surfaces are also noted.
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oxygen inventory was lost from the pycnocline (100–400m)
between 1956 and 2006 [Whitney et al., 2007]. Below
~300m, contact with organic rich sediments in Okhotsk
Sea and along the North American coast results in the loss
of nitrate (denitrification) as microbes run out of oxygen to
carry out metabolic processes [Castro et al., 2001;
Yoshikawa et al., 2006]. Consequently, oxygen consumption
to nitrate production ratios increase from 8 to 11 in oceanic
waters to 13–16 off the California (Cin) and Japanese (Oy)
coasts. Along the North American coast (HG), other organic
materials such as methane may contribute to oxygen con-
sumption, since neither phosphate nor nitrate is increasing
as oxygen levels decline. Methane seeps are common along
continental margins, yet are rarely thought of as a significant
sink for oxygen [Reeburg, 2007].
[19] A remarkable exception to general nutrient trends is

the 700mmolm�2 y�1 silicate enrichment of Oy waters
(Table 1). This signal is observed to a lesser degree at OSP
and P16 but is lacking in waters influenced by the subtrop-
ics. The Oyashio region receives the Okhotsk Sea outflow
that modifies most of the water flowing south from the
Bering Sea in winter [Overlander et al., 1994; Katsumata
and Yasuda, 2010]. We speculate that warming and a reduc-
tion of dense water formation [Nakanowatari et al., 2007]
are causes of this enrichment (i.e., increased dissolution rate
for Si in warmer waters and a reduced flux of low Si water to
depth). The lack of Si enrichment along the North American
coast is attributed to influences of subtropical waters that are
losing Si over time (HOT, Figure 1).
[20] California surveys only sample the upper 500m of

the ocean, which adequately covers the pycnocline where
nutrient enrichment is strongest. In the Oy region, oxygen
losses are detectable to at least 800m. Integrated trends to
1000m show a fairly consistent rate of oxygen loss (from
530 to 470mmolm�2 y�1; Table 1) from Oy to OSP,
5000 km downstream. Oxygen losses are similarly high in
the California Current (Coff), the southern branch of the
Subarctic Current. Consistent oxygen loss across the
Subarctic Current (Oy, OSP, Coff) is perhaps a surprising
finding, since subarctic waters mix with the subtropics as
they flow away from the major sources of ventilation along
the Asian coast [Whitney et al., 2007], and suggests local
processes are contributing to observed changes.
[21] Oxygen and nutrient variability in the pycnocline is

caused by changes in supply, consumption, and regenera-
tion. Oxygen supply is controlled largely by winter mixing
and ice formation along the Asian margin coupled with hor-
izontal transport of these waters along isopycnal (density)
surfaces into the ocean interior, whereas consumption
depends on levels of primary production and the ensuing
export of organic matter to the intermediate ocean by sinking
particles and migrating biota. Despite suggestions that upper
ocean stratification may be decreasing nutrient supply and
therefore primary productivity in surface waters [Watanabe
et al., 2008; Freeland et al., 1997; Ono et al., 2008], a recent
analysis of nutrient variability which included adequate
coverage of the SAP in winter concluded surface nutrient
supply and seasonal drawdown have remained quite stable
over at least the past 24 years [Whitney, 2011]. Freeland
et al. [1997] modeled the impact of upper ocean stratifica-
tion on nutrient supply, suggesting that at observed rates of
change, summer nitrate could be depleted within 100 years.
However, their model also implies that if the nutricline

shoals such that nutrient concentrations remain constant at
the base of the mixed layer, nutrient supply to the mixed
layer will also remain constant. At OSP, for example, nitrate
levels at 125m are currently similar to those observed at
150m 25 years ago.
[22] To help identify processes accounting for an overall

increase in nutrients in the upper 400 to 800m of the subarc-
tic Pacific (pycnocline and mixed layer, ML), we develop a
nitrate budget. Many of the flux rates are approximate due to
the poorly constrained estimates of, e.g., upwelling or export
to the subtropics. However, the budget identifies dominant
processes controlling nutrient distribution within the SAP
as well as major export pathways into other ocean basins.

4. Nitrate Budget for the Subarctic Pacific

[23] Fluxes into upper 1000m of thewater column (Figure 1)
include a 1 Sv upward transport ([Kawabe and Fujio, 2010];
1 Sv= 106m3 s�1, equivalent to the discharge rate of all global
rivers into our oceans), a consequence of global thermohaline
circulation, and a 0.9 Sv subsurface flow along the coast of
North America in the California Undercurrent [CUC;
Thomson and Krassovski, 2010]. Nutrients are exported into
the western Arctic via the Bering Strait (0.8 Sv; Deutsch
et al., [2001]; Woodgate and Aargaard, [2005]), the interior
of the subtropical Pacific via NPIW (by mixing of low nutrient
Kuroshio with the high nutrient Oyashio waters along the
Subarctic Current, but with little volume exchange between
basins; [You, 2003; Ueno and Yasuda, 2003]) and the winter
mixed layer of the subtropics due mainly to wind driven
Ekman transport [Ayers and Lozier, 2010]. Volume transports
(1.9 Sv in, 0.8 Sv out) require a southward export that is poorly
defined at present, but which will be associated with wind
forcing in the surface layer (accounting for freshening in the
subtropics), the bifurcation of the Subarctic Current as it
approaches North America, and density driven flow in the
NPIW. Nitrate imports (2400Gmol y�1) and exports
(1600Gmol y�1) allow for losses within the SAP due to deni-
trification and burial, but may also indicate our estimates of
export to the subtropics are low.
[24] Using OSP data from free-drifting sediment traps

[Wong et al., 1999], annual fluxes of particulate N are
estimated at 2000Gmol y�1 across the base of the ML
(~100m) and 160Gmol y�1 at 1000m. In addition, migrat-
ing biota that are commonly excluded from vertical flux
estimates account for at least 1000Gmol y�1N export out
of the ML [Harrison et al., 2004]. Via metabolic processes
and predation, this biomass is largely remineralized in the
mid-ocean. An annual resupply of the ML due to winter
storms must equal export fluxes (4100Gmol y�1), an esti-
mate that is in agreement with observed seasonal change
(average resupply of 12 mM nitrate in a 50 to 60m deep sur-
face layer [Whitney, 2011] over 6 million km2 ~ 3600 to
4300Gmol y�1). Finally, we estimate a nitrate accumulation
rate of 200Gmol y�1 in the pycnocline of the SAP.
[25] Pycnocline enrichment requires depletion in some

other water masses. Horizontal transports include exports
to the Arctic and NPIW that are small enough that they could
not account for the SAP accumulation. A weakened surface
layer export to the subtropics might be a contributor to nutri-
ent redistribution within the SAP since satellite data suggest
low chlorophyll waters are expanding northward [Polovina
et al., 2008]. However, this analysis is not long enough to
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span bidecadal variability that is common in North Pacific
time-series studies. Ekman pumping and coastal upwelling
tend to follow bidecadal changes in atmospheric forcing
rather than long-term climate trends [Di Lorenzo et al.,
2009; Cummins and Masson, 2012]. We consider what
changes could occur in large vertical terms that would
explain our observations.
[26] First, an increase in nitrate of 200Gmol y�1 over

25 years (5000Gmol) would require a surface ocean deple-
tion (upper 100m) of 10 mM nitrate, whereas a loss of
0.3 mM nitrate over 3000m of deep ocean could account
for pycnocline enrichment. Since the surface ocean shows
little change over time, and weak declining trends in phos-
phate and nitrate at depth are seen at several time-series sites
(Figure 1), nutrient redistribution is likely occurring between
the pycnocline and deep ocean.
[27] We envisage a two step process whereby the winter

oxygenation of dense waters is weakening in the Okhotsk
Sea due to Siberian warming and reduced ice cover, leading
to weaker oxygen transport into the SAP and a loss of deep
habitat mid-water biota. Evidence of the importance of this
community on respiration and nitrate remineralization rates
is observed on the 26.9–27.0 isopycnal surfaces (approxi-
mate depth range of 300–400m) across the Central SAP
[Aydin et al., 2004]. If they are unable to tolerate oxygen
levels below ~60mM, their habitat would have shoaled by
100m at OSP between 1956 and 2006 [Whitney et al.,
2007].
[28] In addition, if the ballasting of detrital material (increased

density due to carbonates and silicates) were to decrease due to
the increased acidity of the pycnocline (declining oxygen
producing higher carbon dioxide levels) and a faster dissolu-
tion of carbonates, a slower sinking rate would allow greater
bacterial remineralization at shallower depth. We cannot
exclude the effects of changes to the grazing community on
remineralization. Changes in abundance or shifts from migrat-
ing to more sedentary grazers (e.g., medusae) may result in
more effective recycling of nutrients at shallow depths. Also,
the 0.5 to 0.9�C warming occurring in subsurface waters
of the Okhotsk Sea and both SAP gyres [Whitney et al.,
2007; Nakanowatari et al., 2007] may be increasing the
remineralization rate of detritus by microbes, an anticipated
outcome of global warming [Denman and Pena, 2002].

5. Implications

[29] To date, predictive models have tended to conclude
temperate oceans will become more productive as a result
of increased light levels or less productive as a result of
reduced nutrient supply [e.g., Sarmiento et al., 2004a;
Steinacher et al., 2010; Polovina et al., 2011]. Both are a
consequence of increased thermal stratification of the upper
ocean. However, the surface layer of the SAP has become
more buoyant largely due to freshening, whereas the
pycnocline has warmed, resulting in both an increased buoy-
ancy of the ML and a deepening of subsurface isopycnal
surfaces [Whitney et al., 2007; Nakanowatari et al., 2007;
Watanabe et al., 2008; Cummins and Masson, 2012].
Because of this, increased stability of the upper water col-
umn may not develop as rapidly as many models predict.
The effect of increased ML buoyancy is being countered
by nutrient enrichment of the pycnocline with the result that
nutrient supply and seasonal uptake are remaining stable.

A recent global Earth Systems Model focusing on the
California Current ecosystem captures some of these changes,
predicting an increase in nitrate supply to surface waters in
coming decades as nitrate enrichment of the pycnocline over-
comes the effects of enhanced upper ocean stratification
[Rykaczewski and Dunne, 2010]. Further analyses of this type
are needed to better quantify some of the changes we observe
in the North Pacific.
[30] Global warming will likely increase ice losses from

the Okhotsk Sea over the next few decades, exacerbating
trends toward lower oxygen and warmer waters in the SAP
pycnocline and the NPIW. Predictive models will need to
resolve both physical changes (e.g., ice formation, dense
water production, heat, and fresh water transport) and eco-
system responses (habitat compression, possible community
changes toward subtropical species, and remineralization in
a more acidic ocean) to understand how the productivity of
the SAP may change with warming. On regional scales,
the processes we describe (oxygen loss and nutrient enrich-
ment) will impact mid-water fisheries [Koslow et al., 2011]
and have the potential to exacerbate upwelling-driven
hypoxia [Chan et al., 2008].

[31] Acknowledgment. The authors thank two anonymous reviewers
for their insightful comments on this paper. We also thank the many people
at each institute that played a part in building the invaluable time-series
archives used in this analysis.
[32] The Editor thanks two anonymous reviewers for their assistance in

evaluating this paper.

References
Aydin, M., Z. Top, and D. B. Olson (2004), Exchange processes and
watermass modification along the subarctic front in the North Pacific:
Oxygen consumption rates and net carbon flux, J. Mar. Res., 62, 153–167.

Ayers, J. M., and M. S. Lozier (2010), Physical controls on the seasonal
migration of the North Pacific transition zone chlorophyll front,
J. Geophys. Res., 115, C05001, doi:10.1029/2009JC005596.

Bograd, S. J., et al. (2008), Oxygen declines and the shoaling of the hypoxic
boundary in the California Current, Geophys. Res. Lett., 35, L12607,
doi:10.1029/2008GL034185.

Castro, C. G., F. P. Chavez, and C. A. Collins (2001), Role of the California
Undercurrent in the export of denitrified waters from the eastern tropical
North Pacific, Global Biogeochem. Cycles, 15, 819–830.

Chan, F., J. A. Barth, J. Lubchenco, A. Kirincich, H. Weeks, W. T. Peterson,
and B. A. Menge (2008), Emergence of anoxia in the California Current
large marine ecosystem, Science, 319, 920.

Cummins, P. F., and D. Masson (2012), Wind-driven variability of
dissolved oxygen below the mixed layer at Station P, J. Geophys. Res.,
117, C08015, doi:10.1029/2011JC007847.

Denman, K. L., and M. A. Pena (2002), The response of two coupled one-
dimensional mixed layer/planktonic ecosystem models to climate change
in the NE subarctic Pacific Ocean, Deep-Sea Res. II, 49, 5739–5757.

Deutsch, C., N. Gruber, R. M. Key, J. L. Sarmiento, and A. Ganaschaud
(2001), Denitrification and N2 fixation in the Pacific Ocean, Global
Biogeochem. Cycles, 15, 483–506.

Di Lorenzo, E., et al. (2009), Nutrient and salinity decadal variations in the
central and eastern North Pacific, Geophys. Res. Lett., 36, L14601,
doi:10.1029/2009GL038261

Freeland, H. J., K. L. Denman, C. S. Wong, F. Whitney, and R. Jacques
(1997), Evidence of change in the winter mixed layer in the Northeast
Pacific Ocean, Deep-Sea Res. I, 44, 2117–2129.

Harrison, P. J., F. A. Whitney, A. Tsuda, H. Saito, and K. Tadokoro (2004),
Nutrient and plankton dynamics in the NE and NW gyres of the subarctic
Pacific Ocean, J. Oceanogr., 60, 93–117.

Katsumata, K., and I. Yasuda (2010), Estimates of non-tidal exchange
transport between the Sea of Okhotsk and the North Pacific,
J Oceanogr., 66, 489–504, doi:10.1007/s10872-010-0041-9.

Kawabe, M., and S. Fujio (2010), Pacific Ocean circulation based on obser-
vation, J. Oceanogr., 66, 389–403, doi:10.1007/s10872-010-0034-8.

Keeling, R. F., A. Körtzinger, and N. Gruber (2010), Ocean deoxygenation
in a warming world, Annu. Rev. Mar. Sci., 2, 199–229, doi:10.1146/
annurev.marine.010908.163855.

WHITNEY ET AL.: SUBARCTIC PACIFIC NUTRIENT ENRICHMENT

2204



Koslow, J. A., R. Goericke, A. Lara-Lopez, and W. Watson (2011), Impact
of declining intermediate-water oxygen on deepwater fishes in the
California Current, Mar. Ecol. Prog. Ser., 436, 207–218, doi:10.3354/
meps09270.

Kumamoto, Y., et al. (2004), Preliminary results of radiocarbon measure-
ments during the WHP P17N re-visit in 2001, Nucl Instrum Meth Phys.
Res. B, 223-224, 441–445.

Mecking, S., M. J. Warner, and J. L. Bullister (2006), Temporal changes in
pCFC-12 ages and AOU along two hydrographic sections in the eastern
subtropical North Pacific, Deep-Sea Res. I, 53, 169–187, doi:10.1016/
j.dsr.2005.06.018.

Nakanowatari, T., K. I. Ohshima, and M. Wakatsuchi (2007), Warming and
oxygen decrease of intermediate water in the northwestern North Pacific,
originating from the Sea of Okhotsk, 1955–2004, Geophys. Res. Lett., 34,
L04602, doi:10.1029/2006GL028243.

Ono T., A. Shiomoto, and T. Saino (2008), Recent decrease of summer
nutrients concentrations and future possible shrinkage of the subarctic
North Pacific high-nutrient low-chlorophyll region, Global Biogeochem.
Cycles, 22, GB3027, doi:10.1029/2007GB003092.

Ono, T., T. Midorikawa, Y. W. Watanabe, K. Tadokoro, and T. Saino
(2001), Temporal increase of phosphate and apparent oxygen utilization
in the subsurface waters of the western subarctic Pacific from 1968 to
1998, Geophys. Res. Lett., 28, 3285–3288.

Overlander, J. E., M. C. Spillane, H. E. Hurlburt, and A. J. Wallcraft (1994), A
numerical study of the circulation of the Bering Sea basin and exchange with
the North Pacific Ocean, J. Phys. Oceanogr., 24, 736–758.

Polovina, J. J., E. A. Howell, and M. Abecassis (2008), The ocean’s
least productive waters are expanding, Geophys. Res. Lett., 35, L03618,
doi:10.1029/2007GL031745.

Polovina, J. J., J. P. Dunne, P. A. Woodworth, and E. A. Howell (2011),
Projected expansion of the subtropical biome and contraction of the
temperate and equatorial upwelling biomes in the North Pacific under
global warming, ICES J. Mar. Sci., 68, 986–995, doi:10.1093/
icesjms/fsq198.

Reeburg, W. S. (2007), Oceanic methane biogeochemistry, Chem. Rev.,
107, 486–513, doi:10.1021/cr050362v.

Rykaczewski, R. R., and J. P. Dunne (2010), Enhanced nutrient supply to
the California current ecosystem with global warming and increased strat-
ification in an earth system model, Geophys. Res. Lett., 37, L21606,
doi:10.1029/2010GL045019.

Sarmiento, J. L., et al. (2004a), Response of ocean ecosystems to cli-
mate warming, Glob. Biogeochem. Cycles, 18, GB3003, doi:10.1029/
2003GB002134.

Sarmiento, J. L., N. Gruber, M. A. Brzezinski, and J. P. Dunne (2004b),
High-latitude controls of thermocline nutrients and low latitude biological
productivity, Nature, 427, 56–60.

Steinacher, M., et al. (2010), Projected 21st century decrease in marine
productivity: A multi-model analysis, Biogeosci., 7, 979–1005.

Thomson, R. E., and M. V. Krassovski (2010), Poleward reach of the
California undercurrent extension, J. Geophys. Res., 115, C09027,
doi:10.1029/2010JC006280.

Ueno, H., and I. Yasuda (2003), Intermediate water circulation in the North
Pacific subarctic and northern subtropical regions, J. Geophys. Res., 108,
(C11), 3348, doi:10.1029/2002JC001372.

Watanabe, Y. W., M. Shigemitsu, and K. Tadokoro (2008), Evidence of a
change in oceanic fixed nitrogen with decadal climate change in the
North Pacific subpolar region, Geophys. Res. Lett., 35, L01602,
doi:10.1029/2007GL032188.

Watanabe, Y. W., et al. (2001), Probability of a reduction in the formation
rate of the subsurface water in the North Pacific during the 1980s and
1990s, Geophys. Res. Lett., 28, 3289–3292.

Whitney, F. A. (2011), Nutrient variability in the mixed layer of the subarc-
tic Pacific Ocean, 1987–2010, J. Oceanogr., 67, 481–492, doi:10.1007/
s10872-011-0051-2.

Whitney, F. A., H. J. Freeland, and M. Robert (2007), Persistently declining
oxygen levels in the interior waters of the eastern subarctic Pacific, Prog.
Oceanogr., 75, 179–199, doi:10.1016/j.pocean.2007.08.007.

Wong, C. S., et al. (1999), Seasonal and interannual variability in particle
fluxes of carbon, nitrogen and silicon from time series of sediment traps at
Ocean Station P, 1982–1993: Relationship to changes in subarctic primary
productivity, Deep-Sea Res. II, 46, 2735–2760.

Woodgate, R. A., and K. Aagaard (2005), Revising the Bering Strait fresh-
water flux into the Arctic Ocean, Geophys. Res. Lett., 32, L02602,
doi:10.1029/2004GL021747.

Yoshikawa, C., T. Nakatsuka, and M. Wakatsuchi (2006), Distribution of
N* in the Sea of Okhotsk and its use as a biogeochemical tracer of the
Okhotsk Sea intermediate water formation process, J. Mar. Sys., 63,
49–62, doi:10.1016/j.jmarsys.2006.05.008.

You, Y. (2003), Implications of cabbeling on the formation and transforma-
tion mechanism of North Pacific Intermediate Water, J. Geophys. Res.,
108, (C5), 3134, doi:10.1029/2001JC001285.

Yu, E.-F., et al. (2001), Trapping efficiency of bottom-tethered sediment
traps estimated from the intercepted fluxes of 230Th and 231Pa., Deep-
Sea Res. I, 48, 865–889.

WHITNEY ET AL.: SUBARCTIC PACIFIC NUTRIENT ENRICHMENT

2205



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


