
Chapter 11

Cycling and transport of nutrients and carbon

Phytoplankton require sunlight and nutrients to
grow in the surface ocean. Sustaining phytoplank-
ton growth is difficult in the open ocean because
organic particles fall through gravity out of the
sunlit, surface ocean into the dark interior, taking
essential nutrient elements with them. Without
ocean circulation the surface ocean would become
a marine desert lacking the nutrients to sup-
port photosynthesis. Instead, physical processes
continually resupply nutrients to the surface
ocean, leading to some interesting consequences:
phytoplankton are most abundant at high lati-
tudes and least in the mid latitudes of the open
ocean, reflecting the effect of the circulation and
mixing of nutrients, rather than the pattern of
insolation.

In the dark interior below the sunlit surface
layer, inorganic nutrient and carbon distribu-
tions are controlled by a combination of physi-
cal transport and mixing processes, as well as bio-
logically achieved respiration of organic matter
and regeneration of inorganic form, as depicted
in Fig. 11.1. Physical transport leads to a lay-
ered structure in the inorganic nutrient and car-
bon distributions over the globe, while respira-
tion increases inorganic concentrations in the
waters which have resided at depth for the longest
time.

In this chapter, we start in the surface waters
and discuss how the growth of phytoplankton is
maintained, focussing on the physical transport
of nutrients over the North Atlantic. We address
the role of boundary currents, physical transfers
between the mixed layer and interior, and con-

vection within the surface mixed layer. We dis-
cuss how phytoplankton growth is sustained over
the mid-latitude subtropical gyres, where wind-
induced downwelling inhibits the surface supply
of nutrients. We then move below the surface
ocean and consider how the global-scale inorganic
nutrient and carbon distributions are controlled
in the dark interior. The inorganic nutrients
are separated into components due to physical
transport and biologically mediated transfer. Sim-
ilarly, dissolved inorganic carbon is separated
into components related to physical and biolog-
ical transfers, as well as the efficiency of air–sea
exchange.

11.1 How are basin-scale
contrasts in biological
productivity maintained?

Phytoplankton growth occurs in the surface ocean
whenever there is enough sunlight and sufficient
supply of nutrients and trace metals. This connec-
tion between biological productivity and surface
nutrients is highlighted over the North Atlantic,
where enhanced productivity in the high latitudes
and the tropics coincides with increased nutrient
concentrations at the base of the euphotic zone,
while much weaker productivity over the mid
latitudes coincides with lower concentrations of
nutrients (Fig. 11.2a,b). Elsewhere in the Southern
Ocean and parts of the Pacific Ocean, this connec-
tion becomes more complicated, since biological
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Figure 11.1 Schematic view of the
processes affecting nutrient and carbon
cycling. In the vertical, there is
phytoplankton growth within the
euphotic zone, formation of organic
matter, sinking of particles together with
respiration and regeneration at depth.
This biological productivity is partly
maintained through the physical transfer
of nutrients within the ocean involving
the circulation, diapycnic diffusion and
convection. The cycling of carbon is also
affected by air–sea exchange, mediated
by carbonate chemistry.

productivity instead becomes limited by the avail-
ability of trace metals, so there can be low pro-
ductivity even if there are high concentrations
of the macro-nutrients, nitrate, phosphate and
silica.

While this connection between biological pro-
ductivity and surface concentrations of nutrients
and trace metals is to be expected (Fig. 11.2), a
more profound question is, how are these pat-
terns sustained? Phytoplankton growth converts
inorganic nutrients into organic matter, a frac-
tion of which escapes from the sunlit ocean
through gravitational sinking and transport. A
return supply of inorganic nutrients is needed to
oppose this export and sustain productivity. While
sources of nutrients from atmospheric deposi-
tion and river run-off are important close to the
coast, they are weak over the open ocean. There,
surface nutrients are maintained by the physi-
cal redistribution of nutrients from the ocean
interior.

Nutrients are redistributed through a range
of physical transport and mixing processes (as
illustrated in Fig. 11.2c), involving the following
phenomena: gyre and overturning circulations,
convection in the surface mixed layer, exchange
between the mixed layer and thermocline, time-
dependent eddy and frontal-scale transfers, and
diapycnal mixing within the thermocline. We now
consider how each of these physical phenomena
maintain the production of organic matter in the
surface ocean. While we use examples from the
North Atlantic, these phenomena are generic and
occur throughout the global ocean.

11.1.1 Boundary current transfer
To understand how productivity is sustained, we
start by considering how nutrient-rich waters are
redistributed over the upper ocean. As part of the
gyre and overturning circulations, the strongest
basin flows are the western boundary currents,
such as the Gulf Stream, revealed by a surface
front in chlorophyll (Fig. 1.17b), separating pro-
ductive, nutrient-rich water on its northern edge
and less productive, nutrient-depleted waters to
the south.

More important than this surface signature,
the Gulf Stream provides a flux of nutrients
directed along its path (Fig. 11.3a) defined by the
product of its along-stream velocity and nitrate
concentration. This flux reaches a subsurface max-
imum of more than 10 mmol N m−2 s−1, within
a depth range from 250 m to 750 m (Fig. 11.3b).
There is no surface signature of this flux as
the surface nitrate concentrations are extremely
depleted.

The intense nitrate flux provided by the Gulf
Stream is referred to as a ‘nutrient stream’ (Pele-
gri and Csanady, 1991) and provides a conduit
of nutrients which pass mainly into the subpolar
gyre, but also partly recirculate in the subtropical
gyre (Fig. 11.4a). There are accompanying streams
for other tracers, such as dissolved organic nitro-
gen (DON); DON is preferentially swept around
the subtropical gyre (Fig. 11.4b) since DON is more
surface intensified than nitrate.

Nutrient streams are important in redis-
tributing essential elements on the basin scale,
as depicted in Fig. 11.4c. They connect the
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Figure 11.2 (a) Phosphate concentration (μmol kg−1) at the base of the euphotic zone, taken to be at a depth of 100 m.
(b) Primary production (mol N m−2 y−1), the rate of production of organic matter by photosynthesis over the North Atlantic, as
inferred from remote-sensing-based estimates of surface chlorophyll and temperature for 2005 (Behrenfeld and Falkowski, 1997a),
assuming a C : N ratio of 106 : 16. (c) A schematic view of the physical processes acting to maintain biological productivity involving
the three-dimensional circulation consisting of boundary currents, separated jets, interior flows, eddy and frontal circulations, as well
as spatial variations in convection and diapycnic diffusion.

nutrient depleted surface waters of the northern
basins with the Southern Ocean. In the South-
ern Ocean, macro-nutrient concentrations are rel-
atively high in the surface mixed layer, because
biological consumption is inhibited by lack of
iron and/on light, and is unable to consume all
the upwelled nutrients. These water masses, rich

in macro nutrients, are subducted into the ther-
mocline and spread northward in each basin,
transported via the gyre and overturning circula-
tions; they can be identified by their freshness and
are made up of a combination of Sub-Antarctic
Mode Water and Antarctic Intermediate Water.
In the tropics, the local nutrient concentrations
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Figure 11.3 Diagnostics revealing how the Gulf Stream acts as a ‘nutrient stream’: (a) dashed lines depict the boundaries of the
‘nutrient stream’ and full lines depict hydrographic sections; (b) along-stream velocity (m s−1) and nitrate flux (mmol m−2 s−1) versus
depth along 36◦N; and (c) nitrate flux (mmol m−2 s−1) versus σ along 36◦N. Redrawn from Pelegri and Csanady (1991) and Pelegri
et al. (1996).

increase through a local cycle of upwelling, fallout
and regeneration. The nutrient-enriched waters
then continue into the northern basins via the
western boundary current and separated jet. What
is the fate of these nutrient-rich waters?

11.1.2 Advection of nutrients into the
mixed layer

Below the surface in the Gulf Stream, nutrients are
transferred along potential density layers which
eventually outcrop into the downstream mixed
layer, as illustrated in Fig. 11.5a. Close to where the
Gulf Stream separates from the coast, the nutrient
flux is greatest in the density layers from σ = 26.7
to 27.4 (Fig. 11.3c). These layers outcrop into the
mixed layer at the end of winter over both the
northern flank of the subtropical gyre and much
of the subpolar gyre (Fig. 11.5b). This advective
influx of nutrients then maintains high surface

concentrations of macro nutrients and vigorous
productivity over the subpolar gyre (Fig. 11.5c).

The advection of fluid into the downstream
mixed layer is achieved through the reverse of the
subduction process: fluid is transferred by a combi-
nation of vertical upwelling and horizontal advec-
tion into a thickening mixed layer, as depicted in
Fig. 11.6a. The associated advective flux of nutri-
ents into the downstream mixed layer at the end
of winter is given by

NH (wH + uH · ∇ H ) ≡ −NH Sann, (11.1)

where NH is the nutrient concentration, uH and
wH are the horizontal and vertical velocities at the
base of the end of winter mixed layer, z = −H , and
Sann is the subduction rate.

This advective transfer of nutrients into the
end of winter mixed layer defines two separate
biological regimes:
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Figure 11.4 Nutrient pathways over the Atlantic. In (a) nitrate (kmol s−1), and (b) dissolved organic nitrogen (DON) transport
(kmol s−1), displayed as the magnitude of a depth integral of v N , where v is the horizontal velocity and N is the nutrient
concentration from a numerical isopycnic circulation model at 0.23◦, integrated in (a) between σθ surfaces 26.5 and 27.5, and in (b)
between the sea surface and σθ = 26.5. In (c), a schematic view of the nutrient pathways in the Atlantic; Sub-Antarctic Mode Waters
(dark grey shaded) are formed in the southern hemisphere, transferred northward, and eventually subducted into the downstream
mixed layer; the transport involves a combination of the horizontal Ekman (dashed line), gyre (black) and intermediate (grey)
circulations. Panels (a) and (b) from Williams et al. (2011) and panel (c) from Williams et al. (2006).

� Productive, subpolar gyres where nutrient-rich
water is transferred from the thermocline into
the winter mixed layer, as marked by positive
transfer in Fig. 11.6b.

� Oligotrophic subtropical gyres where nutrient-
depleted water is instead subducted from the

mixed layer into the thermocline, as marked by
negative transfer in Fig. 11.6b.

The sign of this advective transfer broadly reflects
the sign of the wind-induced Ekman upwelling
(Fig. 11.6c), since Ekman pumping determines the
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Figure 11.5 The surface density and nutrient distributions at the end of winter reflect the effect of the underlying circulation: (a) a
schematic view of how a nutrient stream (black arrow) associated with the western boundary current transfers nutrients along an
isopycnal layer (shading) into the downstream mixed layer (dashed line) at the end of winter, and the nutrients are then vertically
redistributed through convection (curved arrows); diagnostics of (b) mixed-layer density, σ (kg m−3), and (c) nitrate (μmol kg−1)
for March from climatology over the North Atlantic (Conkright et al., 2002; Conkright et al., 1994).

sign of the gyre rotation. However, the actual mag-
nitude of the transfer over the subpolar gyre is
primarily determined by the horizontal advection
into the winter mixed layer.

Hence, nutrients are supplied by advection to
the thick, winter mixed layer. How does this trans-
fer then sustain phytoplankton growth in the
euphotic zone?

11.1.3 Convective transfer of nutrients
Primary production is confined to the euphotic
layer, where the photon flux is sufficient to sus-
tain photosynthesis. The euphotic layer varies in
thickness from a few metres in very turbid waters
to as much as even 200 m in clear waters.

Whenever the mixed layer is thicker than
the euphotic zone, then the nutrient profile is
affected by the interplay of biological consump-
tion and convection (Fig. 11.7a). Over each 24-hour
period, the mixed layer thickens through surface
cooling during the night, entraining nutrient-
enriched thermocline waters. The enhanced tur-
bulence homogenises the nutrient profile verti-
cally over the mixed layer. Over the following
daytime, sunlight enables photosynthesis which
drives the consumption of nutrients within the
euphotic layer.

In a similar manner, the seasonal cycle of
the mixed layer causes the nutrients advected
into the seasonal boundary layer to be vertically
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Figure 11.6 (a) A schematic view of a density layer (shaded) outcropping into the mixed layer at the end of winter. Fluid is
transferred from the thermocline across the base of the sloping mixed layer (dashed line, z = −H ) through the advective transfer by
horizontal velocity u and vertical velocity, w ; (b) advective transfer of nitrate into the winter mixed layer, −SannNO−

3
(mmol N m−2 y−1), where Sann is the subduction rate, and (c) Ekman upwelling of nitrate, wekNO−

3 (mmol N m−2 y−1), defined as
positive as upwards. There are two regimes: nitrate transferred into the mixed layer, −SannNO−

3 > 0, or nitrate transferred into the
thermocline, −SannNO−

3 < 0; further details in Williams et al. (2006).

redistributed within the thick mixed layer at
the end of winter, entraining them into the
euphotic zone. This seasonal supply of nutrients
from convection then sustains production over
the euphotic zone in the following spring and,
through recycling, the summer. For example,
over the North Atlantic, the winter mixed layer
is thicker than 300 m over the northern flank of
the subpolar gyre. This winter-time thickening
leads to a convective entrainment of nitrate to
the euphotic zone of up to 600 mmol N m−2 y−1

(Fig. 11.7b,c).
Phytoplankton growth is then sustained over

much of the open ocean through a two-stage
process:

� Nutrients are advected into the seasonal bound-
ary layer through a combination of the horizon-
tal and vertical circulations (as suggested on the
gyre scale by Fig. 11.6b).

� Convection redistributes the nutrients vertically
within the mixed layer, which then supplies
them to the euphotic zone (Fig. 11.7c).

If convection were to occur in isolation from the
large-scale advective transfer, then productivity
would gradually diminish: the nutrient inventory
of the seasonal boundary layer would progres-
sively decline as organic particles sink into deeper
waters.

In the simpler case where the mixed layer is
shallower than the euphotic zone, such as in the
tropics and low latitudes, convection does not pro-
vide a source of nutrients. Biological productivity
is instead sustained by the direct physical trans-
fer of nutrients into the euphotic zone. This sup-
ply is probably achieved here mostly by vertical
upwelling and diapycnic diffusion, with a contri-
bution from horizontal transfer across the sloping
base of the euphotic zone.
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Figure 11.7 (a) A schematic view of a convective, mixed layer overlying a nutricline. Organic matter is produced in the sunlit,
euphotic zone and a small fraction is exported through sinking particles and transport of dissolved organic matter. Convection
provides an entrainment flux of nutrients into the euphotic zone (whenever the euphotic zone is shallower than the mixed layer).
Climatological estimates of (b) the thickness (m) of the mixed layer in March, and (c) the convective supply of nitrate
(mmol N m−2 y−1) to the euphotic zone, assumed a thickness of 100 m. The convective supply is estimated from the
depth-integrated change between the end of winter and summer nitrate profiles, which is greatest when there are thick mixed layers
with a strong seasonal nitrate contrast and vanishes whenever the euphotic zone is thicker than the winter mixed layer.

11.2 How is biological
productivity sustained in
ocean deserts?

Given the view that biological productivity is ulti-
mately sustained by nutrient transfer from the
thermocline into the mixed layer, how can we
explain the maintenance of photosynthesis in
the subtropical gyres where the winds induce
widespread downwelling? The subtropical gyres
are sometimes viewed as oceanic deserts due to
the low rate that nutrients are supplied to the sur-
face. However, primary production does still occur

there, albeit at weaker rates than at high latitudes
or the tropics. Despite the lower rates of primary
production, the extensive area of the subtropical
gyres means that they account for up to half of the
global export of organic matter.

A range of hypotheses have been set out to
explain how the productivity of the subtropical
oceans is sustained. At the simplest level, the ques-
tion is how are nutrients supplied to the euphotic
zone from the underlying nutrient-rich waters?
This supply is probably achieved primarily via
vertical exchanges involving convection, diapyc-
nic mixing and time-varying upwelling (Fig. 11.8).
However, for these processes to continue to act
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Figure 11.8 A schematic view of a meridional
section with nutrient-depleted waters (white) in
the subtropical gyre overlying nutrient-rich waters
in the nutricline and deep waters (shaded). The
export of organic matter from the euphotic zone
(horizontal dashed line) reaches typically
0.5 mol N m−2 y−1, which is sustained by a
combination of vertical processes involving
diapycnic diffusion, convection, eddy upwelling and
nitrogen fixation. There are also horizontal
transfers of nutrients across the inter-gyre
boundaries involving the surface Ekman and eddy
flows, and boundary current flows.

as a nutrient source, the nutrient concentrations
in the waters underlying the euphotic zone need
to be maintained, otherwise the vertical supply of
nutrients into the euphotic zone gradually weak-
ens over time. The greater penetration of light over
the clearer waters of the subtropical gyres leads to
production occurring well below the mixed layer,
making the nutricline deeper than the thermo-
cline. The supply of nutrients to the upper ther-
mocline of the subtropical gyre involves vertical
exchanges with waters in the underlying nutri-
cline and horizontal exchanges with the neigh-
bouring subpolar gyres, the tropics and ultimately
the Southern Ocean (Fig. 11.8).

11.2.1 Case study of biological export in
the North Atlantic subtropical
gyre

Quantifying the rate at which organic matter is
exported from the euphotic zone is very diffi-
cult. The sinking flux of organic particles can be
directly measured via sediment traps, although
their accuracy near the surface becomes question-
able due to the strong horizontal flows. Export
production can also be indirectly inferred from
the rate at which oxygen accumulates within the
euphotic zone (but below the mixed layer) during
summer, or the rate at which oxygen is utilised
by the respiration of exported material below the
euphotic zone.

In the Sargasso Sea, these indirect estimates
suggest that export production reaches 0.47 ±
0.12 mol N m−2 y−1; three different methods have

been applied, all remarkably consistent with each
other within error bars; see Table 11.1 for ref-
erences. To maintain a steady state, this export
of organic matter needs to be compensated by
sources of nutrients to the euphotic zone. How-
ever, the obvious nutrient sources seem to be
too weak: for example, for nitrogen, atmospheric
deposition only reaches 0.03 mol N m−2 y−1 and
the convective supply of nitrate is about 0.13 ±
0.05 mol N m−2 y−1. Hence, there is a shortfall, an
additional 0.31 mol N m−2 y−1 is needed to sustain
the estimated export production (Table 11.1).

We now consider physical processes which
might enhance the supply of nutrients to the sub-
tropical gyre, discussed first in terms of vertical
transfer and then horizontal transfer. We then
consider other alternative, biologically mediated
sources.

Over the subtropical gyres, large-scale down-
welling acts to transfer nutrients from the mixed
layer to the thermocline, and inhibit biologi-
cal production. This large-scale descent is par-
tially opposed by diffusive transfers and time-
dependent upwelling.

11.2.2 Diffusive transfer
Vertical transport by turbulent mixing processes,
such as the breaking of internal waves, leads to
a vertical nutrient flux, described by −κ∂ N/∂z,
where κ is the effective diffusivity and ∂ N/∂z is
the vertical gradient of nutrient. This diffusive
transfer is usually associated with a transfer across
density surfaces, referred to as diapycnic transfer.
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Table 11.1 Geochemical estimates of export production in the Sargasso Sea and nitrogen sources, based upon

McGillicuddy et al. (1998) and more recent updates

Value
Export production Method (mol N m−2 y−1) Reference

O2 utilisation 0.48 ± 0.10 Jenkins and Wallace (1992)
0.42 ± 0.09 Jenkins and Goldman (1985)

O2 production 0.46 ± 0.09 ′′ ′′

0.39 ± 0.16 Spitzer and Jenkins (1989)
0.51 ± 0.14 ′′ ′′

3He flux gauge 0.56 ± 0.16 Jenkins (1988b)

Nitrogen demand mean 0.47 ± 0.12

Value
Nitrogen sources Method (mol N m−2 y−1) Reference

Atmospheric
deposition

0.03 Knap et al. (1986)

Winter convection O2 production 0.17 ± 0.05 Michaels et al. (1994)
NO3 removal 0.09 ± 0.04 ′′ ′′

Diapycnic diffusion Microstructure 0.05 ± 0.01 Lewis et al. (1986)
NO−

3 and velocity 0.05 to 0.15 Dietze et al. (2004)
Salt fingering Model assessment 0.03 Oschlies et al. (2003)
Ekman flow Climatology 0.03 ± 0.01 Williams and Follows (1998)
Eddy upwelling Model simulation 0.35 ± 0.10 McGillicuddy and Robinson (1997)

Satellite data and model 0.19 ± 0.10 McGillicuddy et al. (1998)
Model simulation <0.05 Oschlies (2002)

Nitrogen fixation N∗ 0.07 Gruber and Sarmiento (1997)
Excess nitrate 0.02 to 0.08 Hansell et al. (2004)

Supply of DON Model and in situ data 0.05 ± 0.02 Roussenov et al. (2006)

Nitrate supply mean using low or high 0.43 to 0.65
estimates of eddy
upwelling

In regions of strong mechanical forcing, such as
in shallow shelf waters, above the shelf break or
above rough topography, the effective diffusivity,
κ , can exceed 10−4 m−2 s−1. However, over much
of the interior of the open ocean, the mechani-
cal forcing is relatively weak and the diffusivity
is much smaller; typically, reaching 10−5 m−2 s−1

in the upper thermocline. The nutrient flux esti-
mated by −κ∂ N/∂z is then generally too small to
sustain the observed biological productivity; for
example, diapycnic mixing is estimated to supply
only 0.05 ± 0.01 mol N m−2 y−1 in the Sargasso Sea
(Table 11.1).

11.2.3 Time-dependent upwelling
While the winds induce a large-scale downwelling
over the subtropical gyre, there can be more
intense vertical velocities (both downward and
upward) on finer horizontal scales. One might
expect that a transient vertical velocity, reversing
in sign, might have a limited effect, since tracer
surfaces will be both lifted up and pushed down.
However, this turns out not to be the case when
there is active photosynthesis. When an isopyc-
nal surface is lifted into the euphotic zone, it can
stimulate phytoplankton growth by creating con-
ditions where there is both sufficient sunlight and
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Figure 11.9 A schematic depiction of the ecosystem response
to an uplift and depression of the nutricline. When nutrient-rich
isopycnals are raised into the euphotic zone, there is biological
production. Conversely, when the nutrient-rich isopycnals are
pushed into the dark interior, there is no biological response. In
order for the transient upwelling to persist, there needs to be a
process maintaining the nutrient concentrations in the
thermocline, which might be achieved by respiration of organic
fallout and regeneration of inorganic nutrients, diapycnal transfer
or a lateral influx of nutrients from the time-mean or
time-varying circulations. Adapted from McGillicuddy and
Robinson (1997); from Williams and Follows (2003).

nutrients (Fig. 11.9). Conversely, when the isopy-
cnal surface is pushed down out of the euphotic
zone, nutrients are not consumed as there is insuf-
ficient sunlight for photosynthesis. Thus, in prin-
ciple, a rectified effect occurs where organisms
exploit the upwelling phase of the reversing verti-
cal velocity, leading to a consumption of nutri-
ents and an additional contribution to export
production.

There is a caveat to this mechanism; nutri-
ents in the upwelled waters must be continually
replenished in order for this transient upwelling
to sustain phytoplankton growth over the long
term. There are different views as to the impor-
tance of time-varying upwelling: several stud-
ies argue that eddy-scale upwelling can provide
up to 0.35 mol N m−2 y−1 over the Sargasso Sea,
sufficiently large to be the primary term sus-
taining export production. Other studies argue
that, after an initial transient peak, the eddy
upwelling provides only 0.05 mol N m−2 y−1 in the
long-term average (Table 11.1). This discrepancy
is mainly due to different assumptions in how
rapidly nutrients are resupplied in the upper
thermocline.

path

cold fluid

(a) slantwise exchange of fluid

exchangewarm
fluid

(b) plan view of meandering jet

w > 0w < 0ridge trough ridge
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cold, dense fluid 

y
z
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y

Figure 11.10 Schematic view of how eddies form through
baroclinic instability: in (a), there is a slantwise exchange of fluid
(dashed line) leading to a flattening of isotherms (full lines), while
in (b), this slantwise exchange is achieved in a meandering jet by
warm fluid rising and moving poleward (downstream between
the low-pressure trough and high-pressure ridge) and cold fluid
sinking and moving equatorward (downstream between the
ridge and trough). Meanders may develop and form cold-core,
cyclonic eddies on the warm, light flank of the jet and
warm-core, anticyclonic eddies on its cold, dense flank. From
Williams and Follows (2003).

The most important time-varying vertical
velocities are probably associated with time-
dependent mesoscale eddies, on horizontal scale
of several tens of kilometres, analogous to the
atmospheric weather systems, and with finer-scale
frontal features on a scale of several kilometres.

Upwelling signals of eddies and fronts
Most mesoscale eddies are formed by baroclinic
instability involving a slantwise exchange of cold
water and warm water across a meandering jet
(Fig. 11.10a,b). The shallower thermocline and
nutricline seen in a cold-core, cyclonic eddy is not
due to a simple vertical transfer, since cold fluid
sinks and warm fluid rises in slantwise exchange.
Instead, cold-core cyclones bring these charac-
teristics with them as they move horizontally
across a jet, which has a shallower thermocline
and nutricline on its colder side. Likewise,
warm-core anticyclones bring a deeper
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Figure 11.11 Fronts occur throughout the ocean. In (a) composite map of sea-surface temperature fronts for 14–20 April 2003,
and in (b) a schematic view of frontal-scale circulations. When a jet accelerates, a secondary circulation is excited across the jet with
upwelling occurring on the anticyclonic side and downwelling on the cyclonic side. Panel (a), courtesy of Peter Miller; further details,
see Miller (2009). Aspects of this frontal structure were reproduced in a map, the Carta Marina, published in 1539, and may have
been known earlier by Vikings travelling to Iceland; see historical discussion by Rossby and Miller (2003).

thermocline and nutricline as they move
horizontally into a colder environment. If instead
of baroclinic instability, the cyclones are gener-
ated by the interaction of the large-scale flow and
topographic features, then a vertical uplift of the
nutricline should provide enhanced production
(Fig. 11.9). There are also eddy–eddy interactions,
distortions of the nutricline as eddies come into
close proximity, which might intensify features
and lead to a local uplift of the nutricline.

In addition to the mesoscale eddy circulation,
there are embedded frontal circulations, with
horizontal scales of several kilometres to tens
of kilometres. They are associated with strong
horizontal contrasts in sea-surface temperature
(Fig. 11.11a). Frontal-scale circulations are associ-
ated with upwelling on the anticyclonic side and
downwelling on the cyclonic side of an acceler-
ating jet (Fig. 11.11b). The opposing circulation
occurs in the decelerating region. In an analogy
of the eddy-scale uplifting of isopycnals and nutri-
cline, frontal-scale upwelling can drive a rectified
transfer of nutrients into the euphotic zone, sus-
taining productivity on a frontal scale (in accord
with Fig. 11.9).

There frontal circulations appear to play an
important role in idealised numerical model stud-
ies (Lèvy et al., 2001). Observational support is
presently rather tentative due to the intermittent
nature and fine horizontal scales. Maxima in sur-
face chlorophyll have, though, been observed on
the anticyclonic side of fronts and plumes of short-
lived chlorophyll have been observed penetrating
into the stratified thermocline on a horizontal
scale of several tens of kilometres.

In summary, time-varying upwelling by baro-
clinic eddies and frontal-scale circulations aug-
ment the time-mean, gyre-scale circulation in pro-
viding an additional transfer of nutrients into the
euphotic zone. However, the magnitude of this
contribution is not clearly constrained, and this
supply is only effective as long as there is a mech-
anism by which nutrients are replenished in the
upper thermocline.

Accordingly, we now move on to mecha-
nisms that transfer nutrients horizontally (some
of which have already been touched upon), con-
sidering their effect on both the surface nutrients
and the nutrient reservoir within the upper ther-
mocline (Fig. 11.8).



272 PART III PHYSICAL PHENOMENA AND THEIR BIOGEOCHEMICAL SIGNALS

(b) horizontal Ekman nitrate supply in April 

depleted N

nutricline

Ekman layer

tropics subtropical
gyre

subpolar
gyre

low N

high N

(a) Ekman volume flux over a basin

(c) horizontal Ekman nitrate supply over 1 year 

−50 −10 −5   0   5  10  50
(mmol N m−2 y−1)

y
z

   0°

  20°N

  40°N

  60°N

  80°W
  60°W   20°W

   0°

  40°W

   0°

  20°N

  40°N

  60°N

  80°W
  60°W   20°W

   0°

  40°W

Figure 11.12 (a) A schematic view of the Ekman volume flux (white arrows) across the tropics, subtropical and subpolar gyres. The
Ekman pumping in the subtropical gyre is achieved by a horizontal convergence of the horizontal Ekman flux, which also transfers
nutrients. Estimates of the convergence of Ekman nitrate flux (mmol N m−2 y−1) over the North Atlantic in (b) April, and (c) an
annual average. Replotted from Williams and Follows (1998).

11.2.4 Horizontal transfers of nutrients
into the subtropical gyre

The subtropical gyre is defined by the pattern
of the overlying winds, inducing an anticy-
clonic circulation. At the northern and southern
edges of the subtropical gyre, the time-averaged
geostrophic flow is generally directed along the
inter-gyre boundaries rather than across them.
Any transfer between the gyres is achieved by
departures from the time-averaged geostrophic
flow. These cross-gyre flows include the boundary
currents and separated jets (Figs. 11.3 to 11.4),
surface Ekman transport and transient eddy
exchanges.

Surface Ekman transfer
Downwelling over the subtropical gyre is achieved
by a convergence of the horizontal Ekman vol-

ume flux. These horizontal Ekman fluxes like-
wise transfer nutrients into the subtropical gyre
from the neighbouring nutrient-rich waters in
the tropics and subpolar gyre (Fig. 11.12a). The
nutrient supply associated with the Ekman flow
across the inter-gyre boundaries reaches 10 to
50 mmol N m−2 y−1 (Fig. 11.12b,c), strongest on
the flanks of the gyre and weakest towards
the centre of the gyre. This Ekman supply
is much smaller than that needed to sustain
local, annual productivity in the euphotic zone
(Table 11.1), but it is comparable to the down-
ward flux of organic matter across the ther-
mocline at a few hundred metres. Hence, this
lateral trickle of nutrients into the subtropi-
cal gyre is probably important in sustaining
the integrated inventory of nutrients within the
thermocline.
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Figure 11.13 The eddy circulation transfers nitrate and other tracers, as illustrated schematically in (a), as well as revealed in the
fine-scale horizontal variations in surface nitrate (μmol kg−1) for model simulations (b) over the North Atlantic, and in (c) a blow-up
around 40◦N, 40◦W. This snapshot is in the month of February in a simulation using a fine-resolution (∼1/6◦) configuration of the
MIT ocean model. Model output provided by O. Jahn.

Surface eddy lateral transfer
Geostrophic eddies on scales of several tens of kilo-
metres transfer properties horizontally, as well as
vertically, redistributing heat, nutrients and other
tracers over the ocean (Fig. 11.13a). Eddies stir
tracers, drawing out filaments, which are even-
tually dissipated by finer-scale mixing, leading to
an eddy flux of tracers, usually directed down the
tracer gradient. Eddies provide an influx of nutri-
ents into the subtropical gyre, laterally transfer-
ring nutrient-rich surface waters from the sub-
polar gyre and from regions of coastal upwelling
(Fig. 11.13b,c).

The magnitude of this eddy transfer is difficult
to quantify from observations given their tran-
sient nature and scale, but this view is supported
by eddy-resolving model simulations.

11.2.5 Other nutrient sources
In addition to the physical transfer of inorganic
compounds, there are other sources of nutrients
to the surface oceans. Some organisms can fix
dissolved nitrogen gas into organic form, reliev-
ing nitrogen limitation and providing a source of

nitrogen to the ocean. Dissolved organic forms of
nutrients are also transported by the ocean circu-
lation and may be remineralised by heterotrophs
to supply inorganic forms, or utilised directly
by some phytoplankton. In particular, dissolved
organic phosphorus may be a significant source
for primary producers in the subtropical oceans.

Nitrogen fixation
The waters of the subtropics can be extremely
nutrient depleted, limiting production. Some
types of cyanobacteria, referred to as diazotrophs,
have exploited the niche where inorganic nitro-
gen is particularly limited and are able to utilise
nitrogen gas to form ammonia and amino acids.
There is a price for this flexibility, though: dia-
zotrophs must produce the iron-rich enzyme
nitrogenase and expend energy breaking the
triple bond of nitrogen gas molecules. Thus
they have a higher iron demand, relative to
other elements, and slower growth rates rel-
ative to other phytoplankton. These trade-offs
enable diazotrophs to flourish in nutrient-starved
waters where there are sufficiently high iron



274 PART III PHYSICAL PHENOMENA AND THEIR BIOGEOCHEMICAL SIGNALS

 (b) N2 fixation rate 

(c) Trichodesmium 

160

80

0

latitude (°N)
–40 –20

160

80

0

D
Fe

 (n
m

ol
 k

g–
1 )

1.2

0.8

0.4

0

(n
m

ol
 m

–2
 d

–1
)

 (f
ila

m
en

ts
 l–

1 )

(d) dissolved iron 

200 40

  

  

(a) nitrate – 16 phosphate along σθ = 26.8 

–6 –4 –2

50°N

50°S
50°W 25°W 0°

25°N

25°S

0°

0 2 4 µmol kg–1

Figure 11.14 Signatures of nitrogen fixation: (a) map of excess nitrate versus phosphate on σθ = 26.8, NO−
3 − 16PO3−

4
(μmol kg−1), together with transect data, for (b) total integrated water column rates of N2 fixation rate (nmol m−2 d−1), (c) surface
concentration of Trichodesmium (filaments l−1), and (d) dissolved iron concentration (nmol kg−1) along the AMT-17 (marked on the
map). The enhanced nitrogen fixation rates are coincident with the increase in dissolved iron concentration. The iron distribution
mirrors that of aluminium, suggesting that the iron is supplied from airborne dust. Panels (b) to (d) from Moore et al. (2009).

sources, such as the tropical and subtropical North
Atlantic. A meridional transect reveals enhanced
rates of nitrogen fixation, reaching a peak of
70 mmol N m−2 y−1 (converted from the daily to
a maximum annual rate) and increased abun-
dances of a key diazotroph, Trichodesmium, coin-
cident with enhanced surface concentrations in
dissolved iron (Fig. 11.14). The iron supply is signif-
icantly enhanced here by atmospheric dust depo-
sition, as indicated by the associated, elevated con-
centrations of aluminium.

A consequence of production sustained by
nitrogen fixation is that the resulting organic
matter has a higher than normal proportion
of nitrogen relative to phosphorus. The subse-
quent export and remineralisation of this organic
matter increases the concentration of nitrate rel-
ative to phosphate in thermocline waters. A sig-
nal of elevated nitrate to phosphate concentra-
tions extends over much of the North Atlantic,
indicated by excess nitrate, DINxs = NO−

3 −
16PO3−

4 , with values greater than 2.5 μmol kg−1

in the upper thermocline, as illustrated in
Fig. 11.14a.

The contribution of nitrogen fixation to the
maintenance of productivity in the subtropi-
cal gyres is still uncertain with direct mea-
surements over a year ranging from 0.02 to
0.08 mol N m−2 y−1 (Mahaffey et al., 2005). While
nitrogen fixation plays a role in closing the nitro-
gen budget of the subtropical North Atlantic, it
demands a corresponding supply of phosphorus,
which has no analogous source.

Dissolved organic nutrients
Over much of the ocean, the dissolved inor-
ganic pools of nitrogen and phosphorus are
much greater in concentration than the dissolved
organic pools of nitrogen (DON) and phospho-
rus (DOP). However, in the surface waters of the
subtropical gyres, where biological consumption
draws down the concentrations of inorganic nutri-
ents, surface concentrations of DON and DOP sig-
nificantly exceed those of nitrate and phosphate,
as seen over the North Atlantic in Fig. 11.15a,b.

Dissolved organic matter (DOM) represents a
spectrum of molecules with different properties.
A fraction of the dissolved organic matter can be
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Figure 11.15 Composite maps of (a) phosphate (μmol kg−1), and (b) DOP (μmol kg−1), over the upper 100 m (original data
marked by dots). In (c), a schematic figure denoting pathways for DON and DOP, which are preferentially produced in productive
upwelling zones, then transferred by the flow over the basin, involving gyre circulation, Ekman, eddy and boundary flows. Panels (a)
and (b) from Sinhue Torres-Valdes; see Torres-Valdes et al. (2009) for further details.

utilised by bacteria on relatively short timescales
of up to a few days or months; typically referred
to as labile and semi-labile DOM respectively.
Other components are not so easily utilised and
are referred to as refractory. A larger fraction of
the DON is refractory, perhaps originating from
structural proteins, while DOP is generally more
labile, originally associated with genetic mate-
rial or lipids in the cell. DOM, by definition, is
the fraction of organic detritus which is trans-
ported by the circulation, convection and mixing,
and does not sink gravitationally. The transport
and remineralisation, or utilisation, of the semi-
labile components of DON and DOP are potentially

important for the maintenance of productivity in
oligotrophic regimes which are bounded by pro-
ductive regions.

DON and DOP are formed in productive
upwelling zones in the tropics or by the coast
and transferred by the circulation of the sub-
tropical gyre (Fig. 11.15c); as illustrated in the
case of boundary currents and separated jets in
Fig. 11.4b. The gradients of DON in the subtropi-
cal gyres suggest that its transport and recycling
might provide an additional nitrogen source of
up to 0.05 mol N m−2 y−1 in the subtropical North
Atlantic; a relatively small contribution to annual
production in terms of nitrogen. In contrast, the
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Figure 11.16 Observed meridional
sections of phosphate, PO3−

4
(μmol kg−1) in (a) the Atlantic along
20◦W, and (b) the Pacific along 170◦W;
see Plates 6b and 7b.

transport and cycling of DOP is probably more
important for the phosphorus budget since DOP
is more reactive and there is no equivalent of
nitrogen fixation. Numerical model studies sug-
gest that as much as half of the biological export
of phosphorus in the region might be sustained
by recycling of DOP.

In summary, production over the subtropical
gyres is sustained by a range of physically and
biologically mediated processes which provide the
necessary nitrogen, phosphorus and trace metals.
There is still considerable debate as to the relative
importance of the different sources for the whole
gyre, possibly reflecting uncertainties in the esti-
mates, but also their real spatial variations. For
example, eddy transfers are likely to be impor-
tant near the intense boundary currents where

there are strongly sloping density surfaces, nitro-
gen fixation is locally significant where there is
atmospheric dust deposition and the transport of
dissolved organic matter might be important near
tropical and coastal upwelling sites.

11.3 What sets the nutrient
distributions in the ocean
interior?

We now consider how macro-nutrients are
returned to the dark interior of the ocean by
both transport and the export and respiration of
organic detritus, setting the basin-scale distribu-
tions illustrated in Fig. 11.16.
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Some of the nutrients in the euphotic layer
are subducted back into deeper waters in inor-
ganic form, without being consumed by living
organisms or having been consumed and quickly
regenerated. The remaining nutrient transfer is
in organic form, either as gravitationally sink-
ing particles or subducted dissolved organic mat-
ter. Almost all of the exported organic matter is
returned to inorganic form by respiration before
arriving at the sea floor. In the following sections,
we set out a framework for mapping and inter-
preting the contributions of subduction and bio-
logical export to the ocean’s nutrient and carbon
reservoirs.

11.3.1 Preformed and regenerated
nutrients

The concentration of an inorganic nutrient, such
as phosphate PO3−

4 , below the euphotic layer may
be separated into two components (Redfield et al.,
1963):

PO3−
4 = POpre

4 + POreg
4 , (11.2)

the preformed contribution, POpre
4 , that which the

water parcel had at the time of subduction, and
the regenerated contribution, POreg

4 , the result
of the accumulated regeneration from organic
matter in the water parcel since the time of sub-
duction, as depicted in Fig. 11.17. Nutrient utili-
sation, P∗, is defined as the relative magnitude of
the regenerated and total phosphate concentra-
tions in a water parcel below the mixed layer and
euphotic zone (Ito and Follows, 2005).

P∗ = POreg
4

PO3−
4

. (11.3)

The limit P∗ = 0 indicates that all of the phos-
phate in the water parcel was present at the
time of subduction, while the limit P∗ = 1 indi-
cates that all of the phosphate in the water
parcel is due to the respiration of organic
detritus.

11.3.2 Estimating the regenerated
contribution using oxygen
observations

The regeneration of inorganic nutrients is accom-
panied by the consumption of dissolved oxygen
through respiration. The dissolved oxygen concen-

thermocline

mix

pre

atmosphere

mixed layer

Figure 11.17 A schematic view of the nutrient distribution in
an ocean section. Below the mixed layer, the concentration of a
generic nutrient tracer, N , is defined to be the sum of
preformed and regenerated contributions: the preformed
concentration is the nutrient concentration at the time of
subduction, while the regenerated concentration is the
subsequent accumulation of inorganic nutrient regenerated
through the respiration of organic detritus.

tration may also be separated into a preformed
and a regenerated component (which will have a
negative value),

O2 = Opre
2 + Oreg

2 . (11.4)

In the surface ocean, oxygen is observed to be very
close to its saturated concentration due to the rel-
atively short air–sea equilibration timescale, so we
assume that

Opre
2 ≈ Osat

2 (T , S). (11.5)

Since the mixing ratio of oxygen in the atmo-
sphere is effectively unchanging, the saturation
concentration may be described simply in terms
of its solubility, varying as a function of tem-
perature, and salinity (Garcia and Gordon, 1992).
Potential temperature, θ , and salinity are con-
served below the surface mixed layer so, for an
isolated water parcel, their interior values are the
same as their surface values at the time of subduc-
tion. Assuming fixed elemental ratios, the oxygen
consumed in respiration, Oreg

2 , is related to the
regenerated phosphate by

Oreg
2 = ROPPOreg

4 . (11.6)

Using Redfield ratios, C : N : P : O2 = 106 : 16 : 1 :
−170 (Takahashi et al., 1985), the ratio of oxygen
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Figure 11.18 Meridional sections of regenerated biological phosphate, POreg
4 = −AOU/ROP, (μmol kg−1) in (a) and (b), diagnosed

from apparent oxygen utilisation, AOU (magnitude of AOU in brackets, μmol kg−1) assuming ROP = −170; and local nutrient
utilisation, P∗ = POreg

4 /PO3−
4 , in (c) and (d) for the Atlantic and Pacific.

consumption to phosphate regeneration, ROP, is
taken to be −170. Combining (11.4) to (11.6), allows
the regenerated phosphate concentration to be
expressed in terms of measured properties (O2,
θ and S),

POreg
4 	

(
O2 − Osat

2 (θ, S)
)

ROP
= −AOU

ROP
, (11.7)

where Apparent Oxygen Utilisation, AOU, is
defined as the difference between the saturated
and measured oxygen concentrations,

AOU ≡ Osat
2 (θ, S) − O2 . (11.8)

The efficiency of nutrient utilisation, P∗ is like-
wise diagnosed as

P∗ = POreg
4

PO3−
4

	 −AOU

ROPPO3−
4

. (11.9)

We now consider diagnostics of POreg
4 and P∗ over

the Atlantic and Pacific, while accepting there are

some significant uncertainties; deep waters are
probably undersaturated in oxygen at the time of
subduction (Körtzinger et al., 2004) causing P∗ to
be over-estimated by as much as 0.2 in some dense
water masses (Ito et al., 2004).

11.3.3 Nutrient utilisation in the Atlantic
and Pacific basins

The regenerated phosphate, POreg
4 , distributions

of the Atlantic and Pacific contrast strongly, as
depicted in Fig. 11.18a,b. In the Atlantic basin, the
regenerated phosphate, POreg

4 , ranging in value
between 0.3 to 0.9 μmol P kg−1, broadly resem-
bles the distribution of water masses. There is
elevated POreg

4 in the intermediate and bottom
waters originating from the Southern Ocean, and
lower POreg

4 in the deep waters of the North
Atlantic, mimicking the interleaving of fresh and
salty waters, respectively. POreg

4 is particularly ele-
vated over the upper few hundred metres in the
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Box 11.1 Nutrient utilisation

The regenerated nutrients in the deep ocean are controlled by the efficiency of
nutrient utilisation in the euphotic layer : the fraction of upwelled nutrients that is
returned to depth in organic form (Francois et al., 1992; Ito and Follows, 2005).
This balance is illustrated in a simple model, where w is a vertical exchange velocity
(m s−1) and E is the biological export (molN m−3 s−1).

h E

w

euphotic
layer

deep
 ocean 

N pre

N = N pre + N reg

The nutrient concentration in the deep ocean is the sum of preformed and
regenerated contributions, {N } = {N p re} + {N r eg }. The rate of change of sur-
face nutrient concentration, {N p re} (molN m−3) is determined by the balance
between the physical nutrient supply, from upwelling of nutrient-rich deep waters
minus the subduction of surface waters, and the biological consumption and
export, E ,

hA
d{N p re}

dt
= A w ({N } − {N p re}) − hA E , (11.10)

where A is the surface area (m2) and h the thickness of the euphotic layer
(m). Assuming a steady state, d/dt = 0, (11.10) can be manipulated to provide
equilibrium solutions for the regenerated nutrient,

{N r eg } = E h
w

, (11.11)

and the extent of nutrient utilisation,

P∗ = N r eg

N = E h
w {N } . (11.12)

The efficiency of nutrient utilisation is thus set by the competition between the
biologically driven downward flux of phosphorus E h , versus the physical supply
of nutrients to the surface, w {N } (both mol m−2 s−1). The regenerated store
of phosphate (and carbon) in the ocean interior is proportional to the nutrient
utilisation, P∗ .

tropics, enhanced due to high tropical productiv-
ity and regeneration from sinking organic parti-
cles. The relatively weak signature of POreg

4 in the
deep waters of the North Atlantic, and the dom-
inance of transport-related water mass patterns,
reflects the relatively young age and rapid ven-
tilation of these waters. In addition, regenerated
phosphate accumulates relatively slowly at depth
because most of the exported organic matter is
respired higher in the water column.

In contrast, in the Pacific basin, POreg
4 is much

larger, varying from 0.9 to 1.8 μmol P kg−1, in the
deep and mid-depth waters, (Fig. 11.18b), and there
is a greater vertical contrast than seen in salin-
ity. The deep waters of the Pacific are filled by
the northward transport, upwelling and mixing of
bottom waters originating in Antarctica. During

this slow transit, the waters acquire POreg
4 from the

regeneration of exported organic matter. The ‘old-
est’ waters in the ocean, those which have spent
the longest time since last at the surface, are at the
mid depths in the North Pacific, coincident with
the highest values of POreg

4 .
The higher values of POreg

4 in the deep Pacific
compared with the Southern Ocean or Atlantic are
consistent with less vigorous physical exchanges
of nutrients (see Box 11.1 for a simple model
description).

The efficiency of nutrient utilisation, P∗, typ-
ically reaches 0.3 over the Atlantic basin, only
enhanced to 0.5 in the tropical thermocline, but
is generally larger over the Pacific basin, ranging
from 0.4 to 0.5 (Fig. 11.18c,d). Hence, nutrient util-
isation, P∗, averaged over the globe is less than
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Figure 11.19 Observed meridional
sections of dissolved inorganic carbon DIC
(μmol kg−1) in (a) the Atlantic along 20◦W,
and (b) the Pacific along 170◦W; see Plates
6a and 7a. Data from Key et al. (2004).

0.5, so the efficiency with which living organisms
are consuming and exporting available phospho-
rus is less than 50% of its full potential. If each
mole of exported organic phosphorus brings with
it about 106 moles of organic carbon (the Redfield
ratio), there is a corresponding store of carbon in
the deep ocean, proportional to POreg

4 . Apparently
this store of carbon is less than half of its possible
upper limit. If the efficiency of nutrient utilisation
were to increase, the biological storage of carbon
in the deep ocean could be enhanced, as it might
have been in other periods of Earth’s history. How
large is this biologically mediated reservoir of
carbon in the ocean and how does it relate to other
reservoirs of carbon in the ocean? These questions
are addressed in the next section.

11.4 Quantifying the ocean’s
carbon reservoirs

The observed distribution of DIC reveals a back-
ground concentration of about 2200 μmol kg−1

with variations on the order of ±10%. The Atlantic
basin has lower concentrations than the Pacific,
and DIC decreases towards the surface, as depicted
in Fig. 11.19. What are the relative contributions
of solubility and biologically mediated processes
that set these patterns? To answer this question,
we extend the preformed and regenerated frame-
work to the carbon system (Fig. 11.17), broadly fol-
lowing the approach taken by Brewer (1978), Chen
and Millero (1979) and Gruber et al. (1996).
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11.4.1 Surface ocean
In the surface mixed layer, there is active
exchange of dissolved gases with the atmosphere,
so that the dissolved inorganic carbon, DIC, may
be separated into the sum of two components: Csat,
the concentration the water parcel would have at
equilibrium with the partial pressure of carbon
dioxide in the overlying atmosphere, and �C, the
remaining disequilibrium contribution,

DIC = Csat + �C. (11.13)

The saturated contribution, Csat(pCOat
2 , θ, S, AT ),

in the surface ocean may be evaluated
from the water parcel’s potential tempera-
ture, salinity, alkalinity, and partial pressure
of CO2 in the atmosphere (see Section 6.6.4).
The magnitude of �C reflects the effect of
physical, biological and chemical processes
which continually drive the surface waters
away from local equilibrium, in competition
with the damping effect of air–sea gas exchange.
�C, the disequilibrium of carbon, is significant
due to the slow equilibration timescale, about
one year (whereas the disequilibrium of oxygen is
usually neglected due to the faster equilibration
timescale of a few weeks, see Section 6.6.5).

11.4.2 Subsurface ocean
Below the surface mixed layer, DIC may again be
separated into two contributions: the preformed
carbon Cpre, the DIC that the water parcel had
at the time of subduction, and the regenerated
carbon, Creg, accumulated since subduction due
to biologically mediated processes:

DIC = Cpre + Creg. (11.14)

Preformed carbon
Preformed carbon, Cpre may be further separated
into saturation and disequilibrium components
of the mixed layer at the time of subduction,
following (11.13),

Cpre = Csat + �C. (11.15)

Csat(pCO2, θ, S, Apre
T ) may be evaluated for a water

parcel in the interior of the ocean: using the
local potential temperature θ and S, since they
are assumed to be conserved in the interior; and
the preformed alkalinity, Apre

T , estimated from S
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Figure 11.20 Mixing ratio of atmospheric carbon dioxide,
XCO2 (ppmv) over the past millennium from ice-core
measurements from Law Dome, Antarctica (data from Etheridge
et al., 1998) and direct observations at Mauna Loa, Hawaii since
1958 (Keeling et al., 1976; data from Dr. Pieter Tans,
NOAA/ESRL). The ice-core record, pre-1958, was derived from
a spline fit with a 75-year cut-off. Annual averages are displayed
for the post-1958 Mauna Loa record.

taking advantage of the tight linear relationship
between the two variables in the surface ocean.
The reference pCOat

2 , related to the mixing ratio
XCO2 , needs to be chosen in order to estimate the
equilibrium Csat.

While atmospheric pCO2 exhibits only small
variations with latitude and season, anthro-
pogenic emissions have led to an extremely rapid
rise in XCO2 relative to the preceding millen-
nium, as illustrated in Fig. 11.20. During the
pre-industrial period, the atmospheric mixing
ratio of CO2 was very stable, with a time-mean
surface value of 278 ppmv evaluated from air-
bubbles trapped in Antarctic and Arctic ice sheets
(Fig. 11.20). Assuming that during the millennia
preceding the industrial revolution, the whole
ocean approached equilibrium with the stable
pCOat

2 , then Csat may be separated into Csat
pre, the

saturation concentration for the pre-industrial
era (where XCO2 = 278 ppmv) and Csat

ant represent-
ing the anthropogenic contribution due to the
increase in pCOat

2 since the 1750s.

Csat = Csat
pre + Csat

ant . (11.16)

Csat
pre may be evaluated in the modern ocean using

measured θ and S, along with estimated Apre
T
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Box 11.2 Regenerated alkalinity

The regenerated alkalinity A reg
T may be related to contributions from the dissolution

of calcium carbonate and the respiration of organic matter to nitrate. Start with
the definition of alkalinity as the sum of charge concentration associated with
conservative ions,

A T = [Na+] + 2[Mg2+] + 2[Ca2+] + · · · − [Cl−] − 2[SO2−
4 ] − [Br−]

− [F−] − [NO−
3 ] − · · · (11.17)

Calcium carbonate dissolution and the respiration of organic matter alters [Ca2+]
and [NO−

3 ], while all other concentrations remain constant, so that the changes in
alkalinity may be described as

δA T = 2δ[Ca2+] − δ[NO−
3 ] , (11.18)

so the regenerated alkalinity, A reg
T , may be diagnosed from δA T . Each mole of

calcium released from dissolving calcium carbonate is accompanied by a mole of
carbon released into the dissolved inorganic pool, so Ccarb = δ[Ca2+]. Assuming
fixed Redfield ratios, for each mole of oxygen consumed in the respiration of
organic matter, R NO = −16/170 moles of nitrate are regenerated, so δ[NO−

3 ] =
−R NO AOU, and then the regenerated alkalinity may be expressed in terms of
Ccarb as

A reg
T = 2Ccarb + R NOAOU . (11.19)

and XCO2 , assuming that temperature, salinity and
alkalinity have not significantly changed since the
pre-industrial era.

Regenerated carbon
The regenerated carbon, Creg, may be further sep-
arated into contributions due to the respiration
of organic matter, Csoft (often termed the soft-tissue
pump), and the dissolution of calcium carbonate,
Ccarb (the carbonate pump),

Creg = Csoft + Ccarb. (11.20)

Assuming fixed elemental ratios in biolog-
ically mediated transformations between inor-
ganic and organic forms, the soft-tissue contribu-
tion, Csoft, is simply related to the regenerated
phosphate, POreg

4 , by Csoft = RCPPOreg
4 and evaluated

from AOU,

Csoft = −RCOAOU, (11.21)

where RCO = −106/170.
The carbonate contribution, Ccarb, may be esti-

mated from the change in alkalinity, AT , which

is also separated into preformed and regenerated
components:

AT = Apre
T + Areg

T . (11.22)

Apre
T , the alkalinity that the water parcel had when

last in the mixed layer, may be estimated from the
measured salinity since it has a relatively tight,
linear relationship to AT in the surface ocean (Sec-
tion 6.3). Regenerated alkalinity, Areg

T , is related to
Ccarb, the source of carbonate ions from the disso-
lution of CaCO3, and AOU due to the regeneration
of nitrate from organic matter (see Box 11.2). Com-
bining (11.19) and (11.22), the carbonate pump,
Ccarb, is then defined by the change in alkalin-
ity due to the production of calcium ions since
subduction and any changes associated with the
regeneration of nitrate,

Ccarb = 1

2

(
AT − Apre

T − RNOAOU
)
, (11.23)

where RNO = −16/170. Ccarb can then be evaluated
from the measured properties of a water parcel
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and the empirical relationship between surface
salinity and alkalinity.

11.4.3 Mapping the carbon reservoirs of
the ocean

DIC is thus described as the sum of the saturation,
soft-tissue, carbonate and disequilibrium compo-
nents:

DIC = Csat
pre + Csoft + Ccarb + Csat

ant + �C. (11.24)

Both �C and Csat
ant are very difficult to evaluate

from observations. Here we simply combine the
two components into a ‘residual’ reservoir, Cres =
�C + Csat

ant. The subsurface DIC concentration, DIC,
is then defined as the sum of four contributions,

DIC = Csat
pre + Csoft + Ccarb + Cres. (11.25)

Here we evaluate the components Csat, Csoft and
Ccarb using measurements of DIC, together with
concurrent observations of salinity, temperature,
alkalinity and oxygen, as described above. Then
Cres is inferred as the residual, subtracting the sum
of Csat

pre , Csoft and Ccarb from DIC.
Again, there are several sources of uncertainty.

Firstly, the assumption of fixed elemental ratios
in all transformations to and from organic mat-
ter. Secondly, seawater samples represent a mix-
ture of contributions which have multiple origins
and different pathways through the ocean. If the
solubility of a gas is not a strictly linear func-
tion of temperature and salinity, an error is intro-
duced by inferring saturation from local θ and S.
Thirdly, it is assumed that water parcels were at
equilibrium with respect to oxygen at the time
of subduction, but oxygen disequilibrium in sub-
ducted dense waters may lead to errors of up to
40 μmol kg−1 in the corresponding Csoft (Ito et al.,
2004). Accepting these caveats, we can gain some
insight into the ocean’s carbon reservoirs from
this framework.

11.4.4 How are the carbon reservoirs
distributed in the ocean?

The components of ocean DIC are diagnosed from
observations along sections through the Atlantic
and Pacific Oceans and displayed in Figs. 11.21
and 11.22.

Saturated DIC contribution
The saturated contribution referenced to the pre-
industrial atmosphere, Csat

pre, accounts for about
90% of DIC over the globe, typically exceeding
2000 μmol kg−1 (Figs. 11.21a and 11.22a). Cooler,
denser waters have a higher saturation DIC and
there is a strong decrease in Csat

pre towards the sur-
face in the thermocline. While surface Csat

pre is mod-
ulated by both temperature and alkalinity, the
increase in Csat

pre with depth indicates that temper-
ature is the dominant control. There is very little
contrast between the Atlantic and Pacific basins
and the deep and bottom waters have nearly uni-
form values. This enhancement of Csat with depth
in the ocean is often referred to as the solubility
pump.

Soft-tissue contribution
The soft-tissue pump, Csoft, is the second largest
contribution, ranging between 50 and 100
μmol kg−1 over most of the Atlantic and South-
ern Oceans, reaching 150 μmol kg−1 in the
tropical Atlantic thermocline, and greater than
100 μmol kg−1 over most of the Pacific, reaching
200 μmol kg−1 in the nothern basin (Figs. 11.21b
and 11.22b). While Csat accounts for the largest
fraction of DIC globally, Csoft contributes much
of the large-scale structure in the distribution
(Fig. 11.19).

Csoft is proportional to the regenerated phos-
phate, POreg

4 (Fig. 11.18), with the lowest values
at mid depths in the Atlantic where there are
recently ventilated waters and low regeneration
rates below the thermocline. The older waters of
the Pacific have the largest accumulation of Csoft

from the carbon regenerated from sinking organic
particles. Other than a sharp, near-surface gradi-
ent, the waters around Antarctica are relatively
homogeneous with respect to Csoft, reflecting the
relatively rapid communication by the Antarctic
Circumpolar Current around the Southern Ocean.

Carbonate contribution
Ccarb measures the direct contribution of the for-
mation and dissolution of sinking calcium car-
bonate particles to the distribution of DIC. Ccarb

is relatively small in the Atlantic, only reaching
20 μmol kg−1 in the Southern Ocean, but increases
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Atlantic

Atlantic

Atlantic

AtlanticCresCcarb

Csat Csoft

Figure 11.21 Meridional diagnostics of Atlantic carbon pumps: (a) saturated carbon concentration, Csat
pre (μmol kg−1), with respect

to the pre-industrial atmosphere (pCOat
2,pre = 278 μatm); (b) soft-tissue pump of carbon, Csoft (μmol kg−1); (c) carbonate pump,

Ccarb (μmol kg−1); (d) residual carbon concentration, Cres (μmol kg−1), which includes contributions from anthropogenic carbon,
the disequilibrium component of preformed carbon, and errors introduced through approximations made in the estimation of other
terms.

to 60 μmol kg−1 in the deep waters of the Pacific
(Figs. 11.21c and 11.22c). Both carbonate and soft-
tissue pumps are associated with sinking particles.
The organic matter in sinking particles is mostly
regenerated at shallower depths, while the dis-
solution of calcium carbonate occurs at greater
depths. Consequently, the carbonate pump affects
waters deeper than the soft-tissue pump.

The carbonate pump contribution is of greater
magnitude in the Pacific and extends significantly
higher within the water column (Figs. 11.21c
and 11.22c). The basin-to-basin contrast reflects
the reduced [CO2−

3 ] in the thermocline and deep
waters of the Pacific, relative to the Atlantic
(Fig. 11.23).

The accumulated DIC from the soft-tissue
pump in the older waters of the deep Pacific Ocean
decreases the pH and moves the speciation of the

carbonate system towards CO∗
2 and away from

CO2−
3 (Fig. 6.12b). The lower carbonate ion con-

centration in the Pacific then leads to a shallower
saturation horizon and an enhanced Ccarb. At the
same time, less calcium carbonate arrives at the
sea floor in the Pacific, witnessed by the smaller
percentage of calcium carbonate in North Pacific
core-top sediments (Archer, 1996).

Residual contribution from anthropogenic
and disequilibrium components
The residual contribution, Cres, combines �C, the
disequilibrium between the surface ocean and
atmosphere at the time of subduction, and Csat

ant,
the enhancement of Csat due to the increase
in atmospheric pCO2 since pre-industrial times.
Cres varies from about 75 μmol kg−1 in the upper
thermocline of both basins to slightly negative
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Pacific

Pacific

Pacific

CresCcarb

Csat Csoft

Pacific

Figure 11.22 Meridional diagnostics of Pacific carbon pumps: (a) saturated carbon concentration, Csat
pre (μmol kg−1), with respect

to the pre-industrial atmosphere (pCOat
2,pre = 278 μatm); (b) soft-tissue pump of carbon, Csoft (μmol kg−1); (c) carbonate pump,

Ccarb (μmol kg−1); (d) residual carbon concentration, Cres (μmol kg−1), which includes contributions from anthropogenic carbon,
the disequilibrium component of preformed carbon, and errors introduced through approximations made in the estimation of other
terms.

20 40 60 80 100 120

carbonate ion at 2000 m (µmol kg−1) Figure 11.23 Distribution of the
carbonate ion, [CO2−

3 ] (μmol kg−1) at
2000 m depth in the global ocean.
Evaluated using data from Conkright et al.
(2002) and Key et al. (2004).
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Figure 11.24 An estimate of
Csat

ant (μmol kg−1, shading), the
contribution to DIC due to the
anthropogenic increase in atmospheric
pCO2 since the pre-industrial period, in
(a) the Atlantic Ocean, and (b) the Pacific
Ocean, together with σθ (kg m−3,
contours). The estimate is based on
observations from the 1990s, as
described by Sabine et al. (2004). Data
from Key et al. (2004).

concentrations over much of the Atlantic basin
below the thermocline (Figs. 11.21d and 11.22d).
The pattern of the deep Cres is plausible, although
its magnitude is comparable to the uncertainties
in the analysis.

The residual contribution, Cres, has positive val-
ues over much of the upper ocean (Figs. 11.21d
and 11.22d). This sign is consistent with a domi-
nant contribution from Csat

ant, the influx of anthro-
pogenic carbon over the past century or so, as
atmospheric carbon dioxide levels have rapidly
increased. The anthropogenic component Csat

ant has
been estimated using the record of atmospheric
pCO2 and estimates of ventilation age (the time
since subduction) and transport pathways evalu-
ated using other ocean tracers (e.g., Gruber et al.,
1996); as illustrated in Figure 11.24.

The anthropogenic signal reveals an influx of
carbon over the upper thermocline of both basins
(Fig. 11.24), consistent with the thermocline hav-
ing a ventilation timescale of several decades.
There is more anthropogenic carbon being trans-
ferred into the deeper waters of the northern

North Atlantic, reflecting the more vigorous ven-
tilation there. Most of the deeper waters are still
largely unaffected by the anthropogenic CO2.

In the deep waters of the Atlantic, Cres is
slightly negative (Fig. 11.21d), probably because
these dense waters are cooling at the time of
subduction. Cooling increases the solubility of
CO2, driving down pCO2 and leading to under-
saturation and a negative �C. Due to the long
air–sea equilibration timescale (∼1 year), air–sea
exchange is unable to eradicate this surface dis-
equilibrium, �C, and the negative �C signal is
subducted into the interior.

In contrast, in the deep waters of the South-
ern Ocean and Pacific, Cres is slightly positive
(Fig. 11.22d). This signal can be attributed to the
upwelling of waters rich in regenerated carbon,
Csoft, in the Southern Ocean. On reaching the sur-
face layer, the regenerated carbon increases both
pCO2 and �C. The positive anomaly of �C might
be reduced by cooling, biological consumption
and gas exchange. However, if the water parcel
remains in the mixed layer for only a short time,
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relative to air–sea equilibration, the remaining
positive anomaly of �C can be subducted into
deep waters and propagated over the deep South-
ern Ocean and Pacific basin (Fig. 11.22d).

11.5 Summary

The patterns of biological production and nutri-
ent transport processes are linked over a broad
spectrum of space and timescales. On a daily
to seasonal timescale, biological productivity in
the euphotic zone is mainly sustained by the
convective, vertical redistribution of nutrients
within the seasonal boundary layer. Time-varying
circulations may locally enhance biological pro-
duction through a rectified transfer of nutrients
across the base of the euphotic zone.

On longer timescales, nutrients must be sup-
plied to the seasonal boundary layer to maintain
biological productivity and offset the loss due to
the export of organic matter to the ocean inte-
rior. This supply involves both horizontal and ver-
tical redistributions of nutrients by a range of
physical phenomena. A combination of the gyre
and overturning circulation transports nutrients
over ocean basins, partly achieved via intense
western boundary currents and separated jets.
Nutrients are transferred along isopycnals in
the upper thermocline and are eventually swept
downstream into deep mixed layers at the end
of winter. This advective influx of nutrients then
sustains the convective, vertical transfer of nutri-
ents into the euphotic zone. The imprint of this
advective transfer into the mixed layer enhances
surface nutrient concentrations in the subpolar
gyres and reduces them in the subtropical gyres.
There are also transfers of nutrients across gyre
boundaries in the upper ocean through boundary
currents, surface Ekman flows and time-varying
eddies.

The interior nutrient distributions are princi-
pally determined by a combination of subduction
from the surface mixed layer and regeneration
from organic detritus. Subduction is the domi-
nant process in the Atlantic, while the two con-
tributions are comparable in the Pacific. Glob-
ally, less than half the nutrients in the deep

ocean arrived there through the fallout of organic
matter.

The carbon distribution may be understood
in terms of contributions from saturation with
the atmosphere, regeneration from organic car-
bon and calcium carbonate, disequilibrium in
the surface, and the uptake of anthropogenic
CO2. The vast majority of carbon in the ocean
is attributable to near saturation with the atmo-
sphere. The next largest contribution is from
the soft-tissue pump, notably a large biologically
driven store in the deep Pacific. The carbonate
pump provides a smaller contribution, and is mod-
ulated by the variations in DIC and pH caused by
the other pumps. There is a clear signal of the
invasion of anthropogenic carbon in the upper
thermocline.

11.6 Questions

Q11.1. Global export production over the oligotrophic,
subtropical gyres.

Export production has been estimated to reach
2 mol C m−2 y−1 close to Hawaii in the North
Pacific subtropical gyre (Emerson et al., 1997).
Assuming that this export is representative of
other subtropical oceans and that their collec-
tive surface area makes up 60% of the global
ocean (with the ocean making 71% of the
surface area of the Earth), then estimate the
following:

(a) the surface area of the subtropical gyres over
the globe (assume the Earth’s radius of 6400 km);

(b) the area-integrated export production over the
subtropical gyres (note that 1 mole of carbon is
equivalent to 12 g of carbon); and

(c) what proportion of the global export estimated
as 10 PgC y−1 is provided by export from the olig-
otrophic subtropical gyres.

Q11.2. Nutrient fluxes in boundary currents.

Consider the nutrient fluxes in a western
boundary current and their likely downstream
fate.
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(a) If a boundary current has an along-stream
velocity of 1 m s−1 and a nitrate concentration of
10 mmol N m−3 over a width of 100 km and a ver-
tical scale of 500 m, then what is the along-stream
flux from the area integral of the product of veloc-
ity and concentration? Give your answer in units
of mol N y−1.

(b) If this nutrient flux directed along a bound-
ary current is eventually transferred onto den-
sity surfaces outcropping in the downstream,
winter mixed layer in the subpolar gyre, then
what is the effective nutrient flux per unit
horizontal area passing into the winter mixed
layer? Assume the surface horizontal area of
the winter mixed layer in the subpolar gyre
is given by 4000 km by 3000 km. Give your
answer in units of mol N m−2 y−1 and compare
your answer to the nutrient transfer estimates in
Section 11.1.

Q11.3. Scale analysis of the nitrate budget for the
mixed layer.

Consider a simplified nitrate budget over a mixed
layer of thickness, h, given by

h
∂Nm

∂t
= FN + �(N th − Nm)

∂h

∂t

+ Kv

∂N
∂z

∣∣∣∣
z=−h

− Ue · ∇Nm − hλNm

(11.26)

where Nm represents here, FN is the air–sea
flux into the mixed layer, �(N th − Nm) ∂h

∂t is

the entrainment flux, Kv

(
∂N
∂z

)
z=−h

is the ver-

tical diffusive input at the base of the mixed
layer, and −Ue · ∇Nm is the Ekman advec-
tive supply, and −hλNm represents biological
consumption.

Identify (a) the dominant balances for the win-
ter versus the summer, and (b) identify the rela-
tive importance of advection over a year. Make the
following assumptions:

(i) The air–sea flux from deposition, FN , typi-
cally reaches 0.01 mol N m−2 y−1;

(ii) The entrainment flux, �(N th − Nm) ∂h
∂t , only

occurs when the mixed layer thickens (repre-

sented by � = 1 when ∂h/∂t > 0 and other-
wise 0) and N th − Nm represents the differ-
ence in nutrient concentration between the
thermocline and mixed layer. Estimate this
entrainment flux by

−�h
∂N
∂z

∂h

∂t
,

where h ∼ 50 m in summer and h ∼ 200 m
in winter with the deepening occurring over
6 months, and the vertical nutrient profile is
assumed to be ∂N /∂z ∼ 3 × 10−5 mol N m−4;

(iii) Assume that the diffusive supply of nutri-
ents has a vertical diffusivity of Kv =
10−5 m−2s−1;

(iv) The Ekman advective transfer is simply taken
from the meridional transfer,

−Ue · ∇Nm ∼ −Ve
∂Nm

∂y
,

where the Ekman volume flux per unit length
Ve ∼ 1 m2 s−1 (equivalent to an Ekman veloc-
ity of 1 cm s−1 over a thickness of 100 m) and
∂Nm/∂y ∼ 10−9 mol N m−4.

(v) The biological consumption of nitrogen is
simply represented here by an exponential
decay of the mixed-layer nitrate with a decay
timescale of (1/λ). Assume that the decay
timescale is typically the order of 2 weeks
in summer, but there is no consumption
in winter due to light limitation, and the
mixed-layer nutrient concentration is typi-
cally, Nm ∼ 0.5 × 10−3 mol N m−3.

11.7 Recommended reading

An accessible, descriptive view of ocean
biogeochemical cycles is provided by S. R. Emerson
and J. I. Hedges (2009). Chemical Oceanography and the
Marine Carbon Cycle. Cambridge: Cambridge
University Press.

A mechanistic view of how nutrients are transported is
given by R. G. Williams and M. J. Follows (2003).
Physical transport of nutrients and the maintenance
of biological production. In Ocean Biogeochemistry: The
Role of the Ocean Carbon Cycle in Global Change. ed. M.
Fasham. Berlin: Springer-Verlag, pp. 19–51.
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A review of the effects of mesoscale and frontal
circulations on biological productivity is provided by
M. Lévy (2008). The modulation of biological
production by mesoscale turbulence, Lect. Notes
Phys., 744, 219–261. In Transport in Geophysical Flow:
Ten Years After, ed., J. B. Weiss and A. Provenzale.
Heidelberg: Springer.

A comprehensive and high-level review of
biogeochemical cycling with an in-depth assessment
of organic matter production, remineralisation
and the carbon cycle is provided by J. L. Sarmiento
and N. Gruber (2006). Ocean Biogeochemical Dynamics.
Princeton, NJ: Princeton University Press,
526pp.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




