
Chapter 2

Physical Transport of Nutrients
and the Maintenance of Biological Production

Richard G. Williams  ·  Michael J. Follows

2.1 Introduction

The oceanic distributions of nutrients and patterns of
biological production are controlled by the interplay of
biogeochemical and physical processes, and external
sources. Biological and chemical processes lead to the
transformation of nutrients between inorganic and or-
ganic forms, and also between dissolved and particulate
forms. Physical processes redistribute nutrients within
the water column through transport and mixing. The
combined role of biogeochemical and physical processes
is reflected in the observed distributions of nitrate, phos-
phate and silicate (macro-nutrients). These distributions
broadly reflect those of classical water masses, as de-
fined by temperature and salinity, highlighting the im-
portant role of physical transport. However, there are
also significant differences between the nutrient and
water-mass distributions, notably with nutrients show-
ing stronger vertical and basin-to-basin contrasts. Bio-
logical production leads to these greater nutrient con-
trasts with inorganic nutrients consumed and converted
to organic matter in the surface, sunlit ocean. A small
fraction of the organic matter in this euphotic zone is
exported to depth, driven by the gravitational sinking
of particles and subduction of dissolved organic mat-
ter. This organic fallout is eventually remineralised lead-
ing to an accumulation of inorganic nutrients in deeper
and older water masses.

Biological production would eventually cease with-
out other processes acting to supply nutrients to the
surface ocean. This supply is largely achieved by ocean
transport and mixing processes, redistributing nutrients
within the water column, with some contribution from
external inputs such as atmospheric deposition, river
runoff in the coastal zone and nitrogen fixation. On long
timescales, the external inputs are balanced by burial of
organic nutrients in the sediments or denitrification.
Traditionally, the physical transfer of nutrients from the
deep to the surface ocean has been predominately
viewed in terms of a vertical supply arising from large-
scale vertical advection, diffusion and convection
(Fig. 2.1a). Whether this picture holds outside upwelling

zones depends on the strength of diapycnic mixing
within the upper ocean. In order to explain the vertical
profile of tracers, Munk (1966) diagnosed that the diabatic
diffusivity needed to reach the order of 10–4 m2 s–1. How-
ever, direct observations of the mixing suggest that the
diapycnic diffusivity is an order of magnitude smaller
over much of the ocean interior, particularly in the sub-
tropical thermocline(1). Hence, such diffusive transfer is
unlikely to dominate within the upper ocean or explain
the nutrient supply to the euphotic zone.

Instead the maintenance of biological production is
affected by the three-dimensional, time-varying circu-
lation (Fig. 2.1b). The global-scale overturning plays a
key role in transporting nutrients and modulating bio-
logical production. However, smaller-scale processes
involving horizontal variations in convection, gyre cir-
culations, boundary currents, eddies and fronts are also
significant. For example, the spatial patterns of surface
chlorophyll partly reflect those of physical processes, as
shown later in Fig. 2.15 for a remotely-sensed view of
the Gulf Stream.

Despite the important role of physical processes, there
are significant differences in the individual nutrient and
trace-metal distributions. For example, silicate differs
from nitrate and phosphate distributions due to the rela-
tively slow remineralisation of silica from sinking par-
ticles (Gnanadesikan 1998). Total nitrogen and phospho-
rus distributions become decoupled from each other
through fixation of nitrogen gas at the surface and, per-
haps, differential cycling of their dissolved organic
forms (Wu et al. 2000). The processes controlling the
distribution of iron, an important micronutrient, are not
fully understood but appear to involve a combination of
atmospheric deposition, geothermal inputs, and scaveng-
ing and complexation within the water column (e.g. Mar-
tin and Fitzwater 1988; Archer and Johnson 2000). Con-
sequently, individual nutrients and trace metals have dif-
ferent distributions and each can be the limiting factor
over different regions and at different times in the sur-
face ocean (see a model illustration by Moore et al. 2002).

In this review, we address the following questions
concerning the role of physical processes and their im-
pact on biogeochemical cycling over the open ocean:
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� How are observed nutrient distributions over global
to kilometre scales controlled by physical transports
and physical-biogeochemical interactions?

� What is the role of physical processes in maintaining
and modulating biological productivity?

� How are the temporal variations in nutrient distri-
butions and biological productivity, on interannual
and longer timescales, connected to changes in at-
mospheric physical forcing and ocean circulation?

We adopt a mechanistic approach discussing the
physical processes and their effect on biogeochemical
cycles in the open ocean on horizontal scales ranging
from global to frontal. The role of the overturning cir-
culation is discussed in terms of the transport between
ocean basins and the Southern Ocean. The role of con-
vection is considered in terms of the seasonal cycle and

its limited role in maintaining levels of export produc-
tion. The role of gyres and boundary currents is out-
lined in terms of vertical and horizontal transports
within ocean basins. The role of smaller-scale eddies and
fronts is addressed in terms of both their local and far
field transport effects. Finally, interannual and longer-
term variability is discussed in terms of regional exam-
ples: the El Niño-Southern Oscillation, the North Atlan-
tic Oscillation, the eastern Mediterranean and the gla-
cial North Atlantic.

This review complements the reviews of Denman and
Gargett (1995), who focussed on vertical and small-scale
transport processes, and Barber (1992), who discussed
large-scale processes and the geological record. For a more
complete description of ocean circulation, modeling and
data analysis, see contributions in the WOCE book ed-
ited by Siedler et al. (2001).

Fig. 2.1.
Schematic figure displaying
one- and three-dimensional
views of the physical proc
esses affecting biological pro-
duction: a In the vertical, there
is a phytoplankton growth
within the ecosystem, export
of organic matter and remin-
eralisation at depth, which is
partly maintained through the
physical transfer of nutrients
within the ocean involving
vertical advection, diapycnic
diffusion and convection;
b a more complete view in-
cludes the physical transfer of
nutrients by the three-dimen-
sional circulation involving
contributions from the over-
turning, gyre, eddy and fron-
tal circulations, as well as in-
volving interactions with spa-
tial variations in convection
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2.2 Global Overturning Circulation

and Nutrient Transport

2.2.1 Overturning Circulation

and Water-Mass Distributions

The overturning circulation transports water masses and
nutrients through individual basins and, via the South-
ern Ocean, around the globe; see reviews by Schmitz
(1995) and Zenk (2001). The transport is primarily
achieved by narrow boundary currents, jets and recircu-
lating gyres (together with contribution from eddies,
particularly over the Southern Ocean). An estimate of
the global ocean circulation from Macdonald (1995) is
shown in Fig. 2.2, determined from observed sections of
temperature, salinity and tracers using an inverse model;
also see Macdonald and Wunsch (1996) and Macdonald
(1998). This inverse solution emphasises the separate
overturning circulations contained within each basin and
their connection with the Southern Ocean, as well as
basin-scale recirculations. There is a mean northward
transport of relatively warm surface waters in the Atlan-
tic Basin (red arrow in Fig. 2.2), a transformation to
colder, deep waters at high latitudes, and a return south-
wards transport of cool waters at depth (blue arrow in
Fig. 2.2). There is a strong eastwards volume flux associ-
ated with the Antarctic Circumpolar Current. There are
influxes of cold deep waters into the Indian and Pacific
Oceans and return flow of warmer water, including a
warm-water pathway from the Pacific to Indian Ocean.

This hydrographic solution is more complex than the
widely held view of the global circulation as a large over-
turning cell, often described as the ‘conveyor-belt’ circu-
lation (Broecker 1991). The distributions of longer-lived
oceanic tracers, such as radiocarbon, and the accumula-
tion of nutrients are consistent with the latter view. How-

ever, the global hydrographic analyses (e.g. Schmitz 1995)
and inverse models (Macdonald and Wunsch 1996;
Fig. 2.2) suggest a more complex global circulation, em-
phasizing separate overturning cells in the Atlantic and
Pacific Basins each connecting independently with the
Southern Ocean. This more complex circulation is also
found to be consistent with the nutrient distributions in
inverse models (Ganachaud and Wunsch 2002).

Meridional nutrient sections broadly reflect the clas-
sic water-mass distributions over the globe (Fig. 2.3), but
have elevated vertical and basin contrasts compared with
other characteristics, such as temperature. Water masses
are formed within the mixed layer and then transferred
into the ocean interior involving a combination of sub-
duction, deep convection and mixing at overflows. In
the North Atlantic, surface waters are nutrient depleted
and are transformed to intermediate and deep waters at
high latitudes. North Atlantic Deep Water (NADW) is
formed through a combination of overflow waters,
spreads southwards (green in Fig. 2.3a) and gradually
increases in nutrient concentration by the accumulation
of remineralised nutrients from organic fallout. In the
Southern Ocean, the deep waters circulate around the
globe acquiring high nutrient concentrations through
exchanges with Pacific waters and further accumulation
of remineralised sinking particulate matter. These nu-
trient-rich waters of the Southern Ocean partly return
into the Atlantic through the northwards flux of Ant-
arctic Intermediate Water (AAIW) and Antarctic Bot-
tom waters (AABW) (orange in Fig. 2.3a).

In contrast, the deep and bottom waters of the Pacific
are not ventilated locally. Instead the water masses are ad-
vected into the Pacific from the Southern Ocean (Fig. 2.3b)
where they have acquired characteristically high concen-
trations in silica. The deep waters spread northwards and
continue to accumulate nutrients from sinking particu-

Fig. 2.2.
Global inverse solution for the
ocean circulation from Macdon-
ald (1995): red and blue lines
depict the volume transport
(Sverdrup; 1 Sv = 106 m3 s–1) as-
sociated with fluid warmer or
cooler than 3.5 °C respectively.
The overturning cell over the
Atlantic is revealed with 16 Sv
of cold water exported from
the North Atlantic, as well as
strong zonal transports over
the Southern Ocean
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lates. There is also a northwards spreading of AAIW in
the Pacific (Hanawa and Talley 2001); but this signal is
not pronounced in Fig. 2.3b due to the high background
nutrient concentrations. The silica distributions suggest
that the deep and bottom waters in the Pacific are even-
tually returned southwards at mid-depths to the South-
ern Ocean, rather than transformed locally into surface
waters (Gnanadesikan 1998; Wunsch et al. 1983). The re-
striction of ventilation to the upper waters of the North
Pacific leads to the underlying mid-depth waters having
a local maximum in apparent oxygen utilisation and the
highest nutrient concentrations over the global ocean.

2.2.2 Southern Ocean

The Antarctic Circumpolar Current (ACC) is the domi-
nant feature of the Southern Oceans, circumnavigating
the globe, and connecting the separate ocean basins; see
Rintoul et al. (2001) for a comprehensive review. The

surface nitrate distribution across the Southern Ocean
is characterised by high concentrations to the south of
the Polar Front and lower concentrations to the north(2).
The meridional transport of water masses across the
Southern Ocean varies with depth: upper waters spread
northwards including subducted AAIW, while the un-
derlying NADW spreads southwards and AABW spreads
northwards along the bottom (Fig. 2.3 and 2.4). These
meridional transfers are crucial in redistributing nutri-
ents around the globe and returning nutrients from deep
waters to intermediate and surface waters.

2.2.2.1 Dynamics of the Meridional Transport

The meridional transport of nutrients and other trac-
ers is described in terms of an idealised, double meridi-
onal cell across the Southern Ocean (Fig. 2.4), although
the important transfers also involve zonal and meridi-
onal excursions that are often linked to topography. The

Fig. 2.3.
Meridional WOCE sections
of nitrate (colour shading in
µmol kg–1) and potential tem-
perature (contours in °C) for
a Atlantic (A16) and b Pacific
(P15). In the Atlantic, there
are signals of a southwards
spreading of North Atlantic
Deep Water (green), as well as
northwards spreading of Ant-
arctic Intermediate Water and
Antarctic Bottom Water (up-
per and lower orange plumes).
In the Pacific, there is a north-
wards influx of bottom and
deep water from the Southern
Ocean, which is probably
returned southwards at mid-
depth



23CHAPTER 2  ·  Physical Transport of Nutrients and the Maintenance of Biological Production

meridional transfer involves different dynamical bal-
ances throughout the water column:

i In the upper cell, the westerly wind drives a north-
wards Ekman transport across the ACC (Toggweiler
and Samuels 1995). Nutrient-rich and fresh AAIW is
formed north of the Polar Front and probably involves
a freshening and cooling of Subantarctic Mode Wa-
ter in the SW Pacific (McCartney 1977). AAIW is
subducted and spreads northwards probably via the
gyre circulation between continental barriers.

ii In the lower cell, AABW spreads northwards along
the bottom through a geostrophic flow supported by
pressure contrasts across topographic ridges.

iii The return flow of the upper and lower cells is asso-
ciated with the southwards spreading of NADW. This
NADW spreading is fed from the northern hemi-
sphere, rather than by a local ‘Deacon’ cell with
diabatic transfer across the thermocline (as mislead-
ingly implied by averaging velocities at fixed points
and depths). The physical balance controlling this
southwards return flow is still an open question. Gen-
eral circulation models suggest that the southwards
spreading is achieved through an adiabatic eddy
transport involving contributions from standing and
transient eddies (Döös and Webb 1994; Danabasoglu
et al. 1994; McIntosh and McDougall 1996)(3).

iv Finally, NADW upwells south of the Polar Front and
is converted to lighter surface waters through surface
buoyancy gain, as well as converted to denser AABW
through surface buoyancy loss (Speer et al. 2000).

2.2.2.2 Interplay of Transport and Biology

Nutrient distributions across the Southern Ocean, as
elsewhere, are controlled by the competition between
biological production and transport. Biological produc-
tion is always acting to increase the nutrient concentra-
tions in deep waters, whereas transport processes act to
decrease the vertical contrast. This competition is illus-
trated here through idealised integrations of a global
biogeochemical model. The model transport includes
Ekman and parameterised eddy-induced transport con-
tributions (as depicted later in Fig. 2.21). In the surface
ocean, inorganic nutrients are converted to organic nu-
trients based on a prescribed lifetime. The organic nu-
trients are exported as sinking particles, falling rapidly
relative to the vertical circulation, and are remineralised
at depth based on an e-folding depth scale.

Export and remineralisation act to reduce nutrient
concentrations in the surface and increase them in
the thermocline, enhancing the vertical gradient. In
upwelling regions, the nutrient transport acts to further
enhance this gradient by supplying nutrients from be-
low, whereas it is weakened in downwelling regions.
When the efficiency of biological export is weak rela-
tive to the advective transport, the gradients in nutri-
ents become eroded and surface nutrient concentrations
become high (Fig. 2.5, top panel). When biological ex-
port is strong relative to transport, the gradients become
strong – both vertically and horizontally – and surface
nutrient concentrations become very low (Fig. 2.5, bot-

Fig. 2.4. Schematic figure of the two-cell meridional overturning in the Southern Ocean. The upper cell is primarily formed by north-
wards Ekman transport and gyre transport of surface and Antarctic Intermediate Water (AAIW). The lower cell is primarily driven by
dense water formation near the Antarctic continent with a northwards transport of Antarctic Bottom Water (AABW). Both cells are fed
by the southwards transport of Circumpolar and North Atlantic Deep Waters (NADW), which is partly achieved by an eddy transport.
The Polar Front is denoted by PF (reproduced from Speer et al. (2000))
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tom panel). The modern Southern Ocean appears to fall
in an intermediate regime where the biological and
physical influences are comparable (Fig. 2.5, middle
panel); roughly half the nutrients are exported from the
euphotic zone as organic matter and the rest are
subducted as inorganic nutrients.

2.2.3 Nutrient Supply to the Northern Basins

The basin contrast in overturning circulation suggests sig-
nificant differences in nutrient supply with implications
for biological production. In the North Atlantic, the over-
turning might be expected to lead to a net flux of nutrients
out of the basin with an inflow of surface, nutrient-de-
pleted waters and an outflow of deep, nutrient-enriched
waters. Hence, both the zonally-averaged overturning
circulation and the downward biological transfer are
likely to inhibit the nutrient supply to the euphotic zone
and reduce biological production. The converse occurs
over the Pacific and Indian Oceans, where the overturn-
ing circulation is expected to enhance biological produc-
tion through the inflow of nutrient-rich waters at depth.

2.2.3.1 Nutrient Transport over the North Atlantic

This overturning view of the global transport of nutri-
ents overlooks the regional-scale contributions of many
physical processes. For example, Fig. 2.6 shows the zon-
ally-averaged fluxes of nitrate at 24° N and 36° N in the
Atlantic estimated from hydrographic data by Rintoul
and Wunsch (1991). Analysis of these sections revealed
a northwards flux of nitrate in the upper part of the water
column associated with the Gulf Stream, also highlighted
by Pelegri and Csanady (1991), countered by a southward
flux in the deeper waters associated with the NADW. In
this particular inversion, the nitrate flux is southward
across the basin at 24° N and northwards at 36° N, reach-
ing –8 ±39 kmol N s–1 and 119 ±35 kmol N s–1 respec-
tively. This northwards nitrate flux at 36° N is contrary
to the southward flux expected from a simple overturn-
ing in the Atlantic. The northwards nitrate flux is in-
stead due to the contribution from the horizontal gyre
transport (the product of zonal deviations in nitrate
concentration and volume flux) dominating over an
opposing contribution from the overturning cell.

However, while the contribution of the horizontal
circulation is very important, it is not yet clear whether
it necessarily dominates. A more recent global inversion
by Ganachaud and Wunsch (2002) shows a net south-
wards nitrate flux over the North Atlantic, although they
were unable to include reliable data along 36° N and di-
rectly compare with the diagnostics of Rintoul and
Wunsch (1991). The relative abundance of nitrate to phos-
phate, however, suggests that the subtropical North At-

Fig. 2.5. Idealised nutrient experiments over the Southern Ocean
from a coarse resolution ocean circulation and biogeochemical
model, which illustrate the roles of transport and biological proc-
esses in setting nutrient distributions and export production. In-
organic nutrients are converted into organic nutrients within the
surface, euphotic zone (modelled very simply as a specified life-
time in the euphotic zone). The organic nutrients are exported as
rapidly sinking, particulate fallout and remineralised to inorganic
nutrients at depth (here with an e-folding length scale of 300 m).
Inorganic nutrient distributions are controlled by the relative
magnitude of the nutrient lifetime in the euphotic zone and the
time for fluid to be transported meridionally across domain in
the surface waters. In the transport-dominated regime, where the
biological export timescale is long relative to the transit time
(10 years, upper panel), nutrient gradients in the horizontal and
vertical are relatively weak and export production is low. For a
biologically dominated regime where the export timescale is rela-
tively short (3 months, lower panel), there are strong horizontal
gradients of nutrients below the euphotic zone and high rates of
export production. The Southern Ocean for the present day prob-
ably lies in an intermediate regime (middle panel) where physical
transport and biological influences are comparable
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lantic may be a source of new nutrients through nitro-
gen fixation (Michaels et al. 1996; Gruber and Sarmiento
1997), which would be qualitatively consistent with a net
southwards nitrate flux out of the North Atlantic.

In summary, the nutrient transports by the vertical
and horizontal large-scale circulation are opposing and
both significant over the North Atlantic. The role of trans-
port as a net source or sink of nitrogen to the basin has
not yet been decisively identified. An uncertainty aris-
ing from inverse models is whether the inversion is cho-
sen to apply globally or locally, which either leads to glo-
bal constraints being satisfied or particular hydrographic
sections being simulated. In addition, there is the poten-
tially important omission of the transport of organic
nitrogen, as raised by Rintoul and Wunsch (1991).

2.2.4 Summary

The overturning circulation is important in determining
the global distribution of nutrients in the ocean and in
supplying nutrients to the upper ocean where biological
productivity occurs. On seasonal to interannual timescales,
however, biological productivity is more sensitive to the
basin-scale gyre circulations, which control regional
upwelling and downwelling patterns close to the surface,
and to convective activity, which controls the transfer of
nutrients through the seasonal-boundary layer to the eu-
photic zone. We now focus in more detail on the influence
of these physical processes including convection, the gyre
circulation, and finer-scale eddy and frontal circulations.

2.3 Convection

Surface convection occurs throughout the ocean in
response to a surface buoyancy loss or wind stirring; see
the review by Marshall and Schott (1999). The combina-
tion of solar irradiance and atmospheric forcing induces
characteristic diurnal and seasonal cycles in the mixed-
layer thickness. Convective changes can alter biological

production through the nutrient and trace metal supply
to the euphotic zone, change the light experienced by
phytoplankton, as well as impact on grazers and com-
munity structure. Here, we focus on the seasonal changes
in nutrient supply and light received by phytoplankton.

2.3.1 Vertical Transfer of Nutrients

Convection increases the surface nutrient concentra-
tions whenever the mixed layer thickens and nutrients
are entrained from the underlying thermocline
(Fig. 2.7a). The maximum thickness of the mixed layer
usually occurs at the end of winter (defined by when
the surface buoyancy loss to the atmosphere ceases) and
denotes the extent of the seasonal boundary layer.

2.3.1.1 North Atlantic Example

Over the North Atlantic, the surface buoyancy loss at high
latitudes leads to a pronounced thickening of the mixed
layer at the end of winter (Fig. 2.7b). Convection redistrib-
utes nutrients vertically within this layer every year; a
climatological estimate of the annual convective supply of
nitrate to the euphotic zone is shown in Fig. 2.7c (Williams
et al. 2000). The convective supply broadly increases
polewards as the winter mixed-layer thickens and ranges
from 0.05 to 1.4 mol N m–2 yr–1 over the basin. There is a
similar magnitude of the convective flux diagnosed from
in situ observations at Bermuda of 0.1 mol N m–2 yr–1

(Michaels et al. 1994). In addition, there are interannual
variations in the mixed-layer thickness, surface nitrate
and chlorophyll cycles, as discussed later in relation to
Fig. 2.24 for the Bermuda Time-Series site.

2.3.2 Biophysical Interactions and Convection

The supply of macro-nutrients to the euphotic zone is
only one factor in constraining the levels of biological

Fig. 2.6.
Zonally-averaged fluxes of nitrate over
model layers (103 mol N s–1) for a 24° N
and b 36° N in the N. Atlantic from an
inverse solution of Rintoul and Wunsch
(1991). The net transport of nitrate
across 24° N is –8 ±39 kmol N s–1, which
is indistin-guishable from zero, while
there is net northwards transport of ni-
trate across 36° N of 119 ±35 kmol N s–1.
Each layer corresponds approximately
to a neutral surface with layer 1 at the
surface and layer 18 at the seafloor; the
typical depths are included (redrawn
from Deep-Sea Res. 1, 38, Rintoul SR
and Wunsch C, Mass, heat, and oxygen
budgets in the North Atlantic Ocean,
S355–S377, Copyright (1991), with per-
mission from Elsevier Science)
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activity, for example, as measured by the amplitude and
timing of the annual maximum phytoplankton abun-
dance. A strong spring bloom occurs over the North At-
lantic, but not over the North Pacific or Southern Ocean.
The lack of a spring bloom and full macro-nutrient
drawdown over much of the global ocean has been ex-
plained in terms of different hypotheses involving iron
and trace metal limitation, light limitation or zooplank-
ton grazing; these competing processes are reviewed by
Fasham (1995).

2.3.2.1 Response of the North Atlantic Bloom

There are contrasting responses in the phytoplankton
growth over the subpolar and subtropical gyres of the
North Atlantic; also see Strass and Woods (1991) for a

description of how the passage of the bloom leads to a
subsurface, deep chlorophyll maximum extending over
the North Atlantic.

In the subpolar region, the winter mixed layer may
be hundreds of metres thick and nutrients may be abun-
dant. Photosynthesis is light limited during winter, so
the bloom occurs in spring when the mixed layer shoals
sufficiently to allow phytoplankton to remain within the
sunlit region and enable net growth (Sverdrup 1953)
(Fig. 2.8a, left panel). Here, enhanced convective mix-
ing during the bloom period, perhaps due to the pas-
sage of storms, leads to a weakened bloom through phy-
toplankton spending less time in the euphotic zone.

In the subtropical gyres, insolation and stratification
are both strong, and winter mixed layers may be only
100 m or so thick. The system is nutrient limited and
the bloom occurs in winter when the mixed layer deep-

Fig. 2.7. a Schematic figure for the convective boundary layer denoting the variations in the vertical turbulent nutrient flux, w'
–

N '
–

,
where w is a vertical velocity and N is a nutrient concentration (a prime denotes a turbulent deviation and an overbar represents a
time-average over many turbulent events). Climatological estimates of b end of winter mixed-layer thickness (m) and c convective
flux of nitrate (mol N m–2 yr–1) into the upper 100 m over the North Atlantic. The thickness is diagnosed from climatological density
profiles assuming a density increase of 0.125 kg m–3 from the surface. The convective flux is diagnosed by combining the seasonal
change in mixed-layer thickness with climatological nitrate profiles. For further details, see Williams et al. (2000)
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ening provides new nutrients (Menzel and Ryther 1961)
(Fig. 2.8a, right panel). Here, enhanced convection dur-
ing the bloom period leads to a strengthened bloom
through the increase in nutrient supply.

These regimes and responses can be identified in the
North Atlantic ocean from remote ocean colour obser-
vations and meteorological data as illustrated in Fig. 2.8b
(Follows and Dutkiewicz 2002; Dutkiewicz et al. 2001).
The subtropical and subpolar regimes exhibit opposing
relationships to regional changes in surface heat flux out
of the ocean and wind mixing. In the subpolar region,
the bloom occurs during periods of restratification
(Fig. 2.8b, left panel) when the heat flux is into the ocean
(marked as negative values). The strength of the bloom
is inversely proportional to the strength of wind mixing.
The opposite is true in the subtropical region where there
is a positive correlation between chlorophyll concentra-
tion and the heat flux out of the ocean, as well as with the

strength of wind mixing (Fig. 2.8b, right panel). These
responses are consistent with the phytoplankton growth
being initially limited by light over the subpolar gyre and
instead by nutrients over the subtropical gyre. The broad
classification of subtropical and subpolar regimes, along
with other significant processes, such as zooplankton
grazing, ecological variability and mesoscale motions
leads to a significant spread in the data (as marked by
the shaded regions in Fig. 2.8b indicating one standard
deviation either side of a linear least squares fit).

2.3.2.2 Role of Convective Plumes

Convection involves an overturning of dense water in
narrow plumes with horizontal scales of a few kilome-
tres (Marshall and Schott 1999). Convection is tradition-
ally represented in models by turbulent mixing in the

Fig. 2.8.
a Schematic depiction of the annual
cycle of mixed-layer thickness (hm)
and critical layer depth (hc) for sub-
polar (left panel) and subtropical
(right panel) regimes. The critical
depth is the region where photosyn-
thetic production outstrips respira-
tion or grazing (e.g. Townsend et al.
1994) – this depth is typically up to
a few 10s of metres in spring. The
mixed-layer thickens in winter and
shoals in spring. In the light-limited
subpolar region (left panel) the bloom
occurs in spring when phytoplankton
are confined within the critical layer. In
the subtropics (right panel) it occurs
when winter convection supplies nu-
trients. b Illustration of the relation-
ship of bloom intensity and physical
forcing for 1997 bloom in the N. At-
lantic. The figures show remotely ob-
served chlorophyll (SeaWiFS, level 3)
vs. heat flux out of the ocean (Wm–2)
and wind forcing (m3s–3) (Follows
and Dutkiewicz 2002); the latter de-
fined by a friction velocity cubed de-
rived from NCEP reanalysed mete-
orological data. The bloom-period is
defined here as the two months brack-
eting the annual maximum surface
chlorophyll at each latitude, and data
points represent area averages from
5° square regions. In the subpolar re-
gion (left panel), the bloom is more
intense where greatest heat input fa-
vours restratification. In the subtropi-
cal region (right panel), the bloom is
intensified where there is greater sur-
face heat loss and wind mixing, con-
sistent with nutrient limitation. The
shading denotes one standard devia-
tion either side of a linear least squares
fit (redrawn from Deep-Sea Res. II 49,
Follows MJ and Dutkiewicz S, Mete-
orological modulation of the North
Atlantic spring bloom, 321–344, Copy-
right (2002), with permission from
Elsevier Science)
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vertical, rather than an advective transfer. In many situ-
ations, the integrated effect of many convective plumes
is equivalent to large-scale turbulent mixing. It is possi-
ble, however, that the biogeochemical processes might
be sensitive to the vertical velocities associated with
convective plumes. The localised sinking in a plume is
accompanied by larger-scale upwelling, such that the
overall downwards mass flux is close to zero. This com-
pensating upwelling can prevent the sinking of phyto-
plankton, zooplankton and the fallout of organic mat-
ter during winter (Backhaus et al. 1999). If organic par-
ticles are produced at a constant rate over the winter
period, then organic fallout to the deep ocean should
locally peak when convection ceases following a surface
buoyancy input. There may then be a subsequent burst
in ‘new’ organic fallout associated with any subsequent
spring bloom.

The restratification of convective plumes is also sig-
nificantly altered by lateral buoyancy transfers by
mesoscale eddies (Marshall and Schott 1999). Conse-
quently, the emergence of the spring bloom and its spa-
tial character and intensity in region of deep convec-
tion can partly depend on the baroclinic eddy scales
(Lévy et al. 1998; see later discussion).

2.3.3 Limited Role of Convection

Convection provides significant nutrient fluxes to the
euphotic zone, but by itself only has a limited role in
maintaining biological production over timescales of
several years or more. Convection redistributes nutri-
ents within the seasonal boundary layer with the con-
vective flux of nutrients vanishing at the base of the win-
ter mixed layer. Hence, if there is fallout of organic mat-
ter out of the base of the winter mixed layer, the nutri-
ent concentration over the seasonal boundary layer will
gradually decrease in time unless there is another source
of nutrients. This result is illustrated in the following
derivation.

Consider the evolution of a nutrient, N, representing
the sum of inorganic and dissolved organic forms, which
may be written as

(2.1)

The supply of N is controlled by the divergence of
the advective fluxes, uN, and the vertical divergence of
the turbulent fluxes, w'

–
N'
–

, within the mixed layer (rep-
resenting convective mixing). Here u is the three-dimen-
sional velocity vector and w' is the turbulent vertical
velocity where a prime represents a turbulent event in
the mixed layer and an overline represents a time-aver-
age of these turbulent events. F represents the vertical
sinking flux of particulate organic matter, and ∂F /∂z

represents the net rate of biological consumption or re-
generation of N in terms of a vertical flux divergence.

On seasonal timescales, the evolution of N over a sur-
face layer (representing either a mixed layer or the eu-
photic zone) is largely controlled by a one-dimensional
balance. Integrating Eq. 2.1 over this layer of thickness h
(Fig. 2.7a), and neglecting advective and surface sources
leads to

(2.2)

where N in the surface layer increases in concentration
through convective mixing and entrainment in winter
and decreases in summer through biological consump-
tion and export; w'

–
N'
–

z=–h represents a turbulent flux of
nutrients into the surface layer from the entrainment of
nutrient-rich, thermocline fluid and F(–h) represents the
export flux of organic matter out of the surface layer.

However, if this nutrient balance (Eq. 2.1) is instead
integrated over the seasonal boundary layer (defined by
the maximum thickness, H, of the winter mixed layer),
then the entrainment flux vanishes, w'

–
N'
–

z=–h ≈ 0, below
this level (Fig. 2.7a). If advective and surface sources of
nutrients are again neglected, as well as diffusion within
the thermocline, then

(2.3)

This balance implies that the nutrients within the
surface boundary layer will eventually be exhausted
through biological export into the main thermocline,
since the right-hand side of Eq. 2.3 is negative. Conse-
quently, a flux of nutrients into the seasonal boundary
layer is required in order to offset this loss and main-
tain nutrient concentrations. Wind-driven gyre and eddy
transfer mechanisms may account, at least in part, for
this source, and are discussed later.

2.3.4 Summary

Convection provides a nutrient flux into the euphotic
zone, as well as altering the light phytoplankton receive
by modifying how much time they spend in the euphotic
zone. Seasonal or interannual changes in convection
have contrasting effects on biological production accord-
ing to whether phytoplankton growth is limited by the
availability of nutrients or trace-metals, or by the light
received. Convection only redistributes nutrients within
the seasonal boundary layer. Consequently, other proc-
esses, such as advective transport, must provide a nutri-
ent source to the seasonal boundary layer offsetting the
loss from export of organic matter organic fallout into
the underlying thermocline.
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2.4 Wind-Driven Circulations:

Gyres and Boundary Currents

2.4.1 Wind-Induced Upwelling

and Gyre Circulations

The atmospheric winds induces a horizontal (Ekman)
volume flux over the surface (Ekman) layer of the up-
per ocean, directed to the right of the wind stress in the
northern hemisphere and to the left in the southern
hemisphere(4). A horizontal divergence of this volume
flux in turn drives upwelling into the surface Ekman
layer and, conversely, a horizontal convergence drives
downwelling.

2.4.1.1 Tropical and Coastal Upwelling

Over the tropics, the surface Trade winds are generally
directed westwards and equatorwards (as part of the
atmospheric Hadley circulation). Accordingly, this wind
pattern drives a polewards Ekman volume flux on ei-
ther side of the equator (Fig. 2.9a) and an off-shore
Ekman flux along the eastern boundary of an ocean
basin. Consequently, the divergence of this horizontal
Ekman volume flux drives a band of upwelling along
the equator, which extends along the eastern boundary.

This equatorial and coastal upwelling supplies macro-
nutrients to the euphotic zone elevating local produc-
tivity; see later Fig. 2.23 (lower panel) for an example of
elevated chlorophyll in the equatorial Pacific due to
equatorial and coastal upwelling. Since coastal upwelling
is driven by the local winds, the nutrient supply is modu-
lated on atmospheric synoptic timescales. A succession
of phytoplankton species follow upwelling events and
the frequency of such events can modulate the domi-
nant community structure; see reviews of the physical
and biogeochemical aspects of coastal upwelling sys-
tems by Smith (1995) and Hutchings et al. (1995) respec-
tively.

2.4.2 Gyre-Scale Circulations

The surface winds drive double-gyre systems over ocean
basins (Fig. 2.9a,b). Subpolar gyres are characterised by
a cyclonic circulation, upwelling and a raised thermo-
cline. Conversely, subtropical gyres are associated with
an anticyclonic circulation, downwelling and a depressed,
thicker thermocline. These thermocline changes are re-
flected in the nutrient distribution with uplifted or de-
pressed nutriclines occurring over the subpolar and sub-
tropical gyres respectively (see Fig. 2.3). In turn, there
are generally higher concentrations in remotely-sensed
estimates of surface chlorophyll and primary produc-

tion over the subpolar gyre (Fig. 2.10) (Sathyendranath
et al. 1995; Behrenfeld and Falkowski 1997). Higher lev-
els of primary production generally appear to coincide
with upwelling regions over the subpolar gyre and along
coastal boundaries (Fig. 2.10) (Williams and Follows
1998a; McClain and Firestone 1993).

The subtropical and subpolar gyre circulations are
directly connected to each other. For an idealised wind-
driven double-gyre, fluid particles follow trajectories
making up an idealised ‘figure of eight’ (Fig. 2.9c):

Fig. 2.9. Schematic figure of the gyre circulation within a basin:
a Ekman volume fluxes along a vertical meridional section,
b surface view of geostrophic streamlines, and c possible trajec-
tory circuiting the double gyre system (dashed and full lines are
within the subpolar or subtropical gyres respectively). Divergence
of the horizontal Ekman flux induces upwelling and a raised nutri-
cline in the tropics and subpolar gyre, as well as downwelling and
a depressed nutricline in the subpolar gyre. The surface geo-
strophic flow follows a cyclonic pattern over the subpolar gyre
and an anticyclonic pattern over the subtropical gyre. Fluid is ex-
changed between the gyres through a boundary current trans-
port along the western boundary, as well as through an Ekman
and time-varying eddy transport over the entire domain. This ide-
alised gyre picture is also modified through the contribution of
the overturning circulation, which can further enhance or oppose
the gyre transport of upper waters along the western boundary
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(i) fluid particles upwell and recirculate around the
subpolar gyre, (ii) transfer into the subtropical gyre
through a lateral flux across the inter-gyre boundary,
(iii) downwell and recirculate around the subtropical
gyre, and (iv) eventually return to the subpolar gyre via
the western boundary current. This interpretation is
consistent with simplified models of a subtropical gyre
emphasising the balance between a volume influx from
the surface Ekman transfer and a volume outflux in the
western boundary (Veronis 1973). In a similar manner,
nutrients should be transferred between the subtropi-
cal and subpolar gyres through the lateral fluxes across
the inter-gyre boundaries. This idealised picture is also
modified through the overturning circulation acting
over the basin.

2.4.3 Subduction and Fluid Transfer

into the Seasonal Boundary Layer

The gyre-scale circulation transfers fluid between the
mixed layer/seasonal boundary layer and the underly-
ing thermocline (Fig. 2.11a); see Marshall et al. (1993) and
a review by Williams (2001). This subduction process
helps to determine the properties of the interior ocean.
Fluid is preferentially subducted into the main thermo-
cline at the end of winter (due to the seasonal migra-
tion of density outcrops) leading to the interior water-
mass properties matching those of the mixed layer at
the end of winter (Stommel 1979; Williams et al. 1995).

Local maxima in the subduction process lead to forma-
tion of ‘mode’ waters, weakly stratified fluid with nearly
homogeneous properties, which can spread over rela-
tively large geographic regions (e.g. Hanawa and Talley
2001).

The reverse of the subduction process is important
in determining nutrient distributions over the upper
ocean, where fluid is transferred from the ocean inte-
rior into the seasonal boundary layer. The annual vol-
ume flux, or induction flux, into the seasonal boundary
layer from the time-mean circulation consists of verti-
cal and horizontal contributions:

wb + ub.∇H (2.4)

where wb and ub are the vertical velocity and horizontal
velocity vector at the base of the seasonal boundary layer
with a thickness H and a horizontal gradient ∇H. This
contribution of the time-mean circulation can be aug-
mented by a rectified contribution from the time-vary-
ing circulation (Marshall 1997). This volume exchange
from the time-mean and time-varying circulations de-
termines whether nutrient-rich thermocline waters are
advected into the seasonal boundary layer or nutrient-
depleted surface waters are subducted into the thermo-
cline. In turn, this advective transfer of nutrients helps
to determine whether the surface waters are nutrient rich
or poor.

2.4.3.1 North Atlantic Example

The induction flux over the North Atlantic is controlled
by both the vertical and horizontal transfers between
the mixed layer and thermocline (Eq. 2.4). Climatologi-
cal estimates of the vertical Ekman volume flux and in-
duction flux into the seasonal boundary layer evaluated
from climatology are shown in Fig. 2.11b,c; details of the
calculation are described in Marshall et al. (1993). The
induction flux is evaluated assuming the thickness H is
defined by the base of the end of winter mixed layer
(Fig. 2.7b).

Over the subpolar gyre, fluid is transferred from the
thermocline into the seasonal boundary layer. The in-
duction flux reaches 300 m yr–1, compared to a vertical
Ekman flux of only about 50 m yr–1 (where the volume
fluxes are expressed per unit horizontal area). There-
fore, the flux is dominated by the horizontal transfer due
to the thickening of the seasonal boundary layer, caused
by the surface cooling, along the cyclonic circuit of the
gyre. Hence, the nutrient-rich surface waters of the
subpolar gyre are sustained through both the horizon-
tal and vertical advective influx from the nutrient-rich
thermocline.

Over the subtropical gyre, fluid is subducted from the
mixed layer into the thermocline. The induction flux is

Fig. 2.10. Annual primary productivity (colour shaded in
mol C m–2 yr–1) and wind-induced (Ekman) upwelling (solid con-
tours in m yr–1). The annual primary productivity is inferred from
satellite observations of surface chlorophyll by Sathyendranath
et al. (1995) and the upwelling inferred from a wind-stress clima-
tology. The primary productivity shows maximum values in the
subpolar gyre and reduced values over the subtropical gyre,
broadly following the patterns of gyre-scale upwelling (reproduced
from Williams and Follows (1998b))
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typically –50 m yr–1 with similar contributions from the
vertical and horizontal transfer. Any surface nutrients
are transported into the thermocline by the gyre-scale
circulation. The nutrient-rich waters in the thermocline
are only likely to reach the euphotic zone over the inte-
rior of the subtropical gyre through diapycnic mixing
or fine-scale upwelling (discussed later). Instead, the
thermocline nutrients are more likely to be transported
into the western boundary current and either to
recirculate around the subtropical gyre or enter the
subpolar gyre.

2.4.4 Oligotrophic Subtropical Gyres

The gyre-scale subduction process leads to surface wa-
ters being relatively nutrient rich over the subpolar gyre,
and nutrient poor over the subtropical gyre. This dif-

ferent nutrient supply is reflected in patterns of primary
production as suggested by remotely-sensed estimates
of surface chlorophyll (Fig. 2.10). Much of the primary
production is associated with recycling of organic mat-
ter, but a fraction is associated with sinking organic par-
ticles or dissolved organic matter transported out of the
euphotic zone. This fraction is referred to as export pro-
duction. Estimates of export production over subtropi-
cal gyres reach 0.48 ±0.14 mol N m–2 yr–1 in the Sargasso
Sea from transient-tracer and oxygen diagnostics
(Jenkins 1982, 1988; Jenkins and Goldman 1985), as well
as 0.19 mol N m–2 yr–1 near Hawaii from sediment-trap
estimates (Emerson et al. 1997).

If these modest levels of export production are rep-
resentative, then the extensive area of the subtropical
gyres means that they might account for half of the glo-
bal export of organic carbon to the ocean interior
(Emerson et al. 1997). Consequently, this level of export

Fig. 2.11. a Schematic figure of the subduction process involving fluid being transferred between the mixed layer and stratified ther-
mocline. A fluid particle is advected by the vertical velocity, w, and horizontal velocity, u. The volume flux into the mixed layer is given
by the sum of the vertical and horizontal transfer into the mixed layer: w + u∇H where H is the thickness of the mixed layer at the end
of winter (or equivalently the extent of the seasonal boundary layer). The lateral transfer is important when the mixed layer thickens
polewards, as depicted here. Climatological estimates of b Ekman upwelling velocity (m yr–1) and c volume flux into the seasonal
boundary layer per unit horizontal area (m yr–1) for the North Atlantic; see Marshall et al. (1993) for details of the calculation. The
volume flux into the seasonal boundary layer in c exceeds the contribution from Ekman upwelling b due to the lateral transfer
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production raises the question of how sufficient nutri-
ents are supplied to the euphotic zone in these
oligotrophic waters?

For example, over the Sargasso Sea, the supply of
nitrate from the traditionally considered sources
only amounts typically to 0.21 mol N m–2 yr–1 (see the
review by McGillicuddy et al. 1998); the separate con-
tributions are 0.13 ±0.05 mol N m–2 yr–1 from entrain-
ment (Michaels et al. 1994), 0.05 ±0.01 mol N m–2 yr–1

from diapycnic diffusion (Lewis et al. 1986) and
0.03 mol N m–2 yr–1 from atmospheric deposition (Knap
et al. 1986). Accordingly, the shortfall in the nutrient
supply over the Sargasso Sea needed to explain the
transient-tracer and oxygen based estimates of export
production is typically 0.27 mol N m–2 yr–1. Part of this
mismatch might be explained by a further source of ni-
trogen due to nitrogen fixation over the subtropical
North Atlantic; this source is implied by a geochemical
signal of an increased nitrate/phosphate ratio in the un-
derlying thermocline (Michaels et al. 1996; Gruber and
Sarmiento 1997).

In addition, diagnostics of Rintoul and Wunsch (1991)
suggest that there is a divergence in the nitrate trans-
port between 24° N and 36° N in the Atlantic (as dis-
cussed previously with Fig. 2.6). The additional nutri-
ent flux needed to sustain the levels of export produc-
tion and the nutrient budget might be provided by the
following mechanisms: lateral transfer of nutrients
across inter-gyre boundaries, the action of the finer-scale
eddy or frontal circulations, or non-advective sources,
such as nitrogen fixation or atmospheric deposition of
organic nitrogen. The role of the lateral transfer of nu-
trients is discussed next and later the role of the time-
varying circulation.

2.4.4.1 Lateral Transfer of Nitrate

Downwelling over the subtropical gyre is induced by a
convergence of the horizontal Ekman volume flux. These
lateral Ekman fluxes likewise transfer nutrients horizon-
tally into the subtropical gyre from the neighbouring
nutrient-rich tropics and subpolar gyre (Fig. 2.9a). The
convergence of the horizontal Ekman flux of nitrate is
significant over the flanks of the subtropical gyre and is
comparable to that from the vertical flux over upwelling
regions (Fig. 2.12) (as diagnosed from climatology by
Williams and Follows 1998a).

The annual Ekman flux of nitrate is dominated by
the winter and spring contributions when the surface
nitrate concentration is enhanced through entrainment.
Over the North Atlantic, the annual convergence of the
Ekman horizontal nitrate flux reaches a maximum of
0.1 mol N m–2 yr–1 along the flanks of the subtropical
gyre, but decreases rapidly over the gyre interior due to
the limited lifetime of nitrate in surface waters.

2.4.4.2 Lateral Transfer of Organic Nutrients

Organic and inorganic nutrients can be transported in
different directions due to their different spatial distri-
butions and lifetimes in the euphotic zone (Jackson and
Williams 1985). For example, total organic nitrogen
(TON) is generally surface intensified, whereas nitrate
has a higher concentration at depth, and semi-labile
TON has a longer lifetime than nitrate in the euphotic
zone(5). Rintoul and Wunsch (1991) suggested that or-
ganic nitrogen might be transferred into the subtropi-

Fig. 2.12. Convergence of Ekman nitrate flux (10–3 mol N m–2 yr–1)
over the North Atlantic for April for a vertical and b horizontal
components; the diagnostics are based on a climatological analy-
sis (Williams and Follows 1998a). The vertical Ekman transfer pro-
vides a nitrate supply to the euphotic zone over the subpolar gyre,
while the horizontal Ekman transfer provides a supply over the
flanks of the subtropical gyre (reprinted from Deep-Sea Res. I 45,
Williams RG and Follows MJ, The Ekman transfer of nutrients and
maintenance of new production over the North Atlantic, 461–489,
Copyright (1998), with permission from Elsevier Science)
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cal gyre, offsetting the loss of nitrate and maintaining
the total nitrogen budget. Indirect support is provided
by observations suggesting that more organic carbon is
consumed by respiration in the centre of subtropical
gyres, than produced by photosynthesis (Duarte and
Agusti 1998). The necessary organic carbon might be
laterally transferred into the subtropical gyre along with
organic nutrients.

Abell et al. (2000) observe that there is a meridional
gradient in surface total organic phosphorus (TOP) over
the North Pacific subtropical gyre while there is no sig-
nificant gradient in TON. These signals are consistent
with the hypothesis that any production in the subtropi-
cal gyre is sustained by a combination of nitrogen fixa-
tion providing the required nitrogen and perhaps a lat-
eral influx of TOP providing the required phosphorus.
The organic phosphorus might be brought into the sub-
tropical gyre through a combination of the Ekman and
eddy transfer across the intergyre boundaries. This re-
sponse is illustrated in an eddy-resolving model experi-
ment shown in Fig. 2.13 (Lee and Williams 2000): dis-
solved inorganic and organic nutrients are released
along a northern boundary and are transferred south-
wards through the Ekman and eddy circulations. The
dissolved organic nutrient penetrates further from the
source than for inorganic nutrient due to its longer life-
time in the euphotic zone.

Closing the nitrogen and phosphorus budgets re-
quires a systematic set of hydrographic sections includ-
ing the measurement of organic nutrients. In our view,
the lateral transfer of organic phosphorus is likely to be
important in closing the budget, but it is unclear whether

a lateral transfer of organic nitrogen is needed given the
potential role of nitrogen fixation at least over the North
Atlantic. In explaining how export production is main-
tained over subtropical gyres, there is an important ad-
ditional contribution from time-varying currents (dis-
cussed later in relation to Fig. 2.17 and 2.22).

2.4.5 Western Boundary Transport of Nutrients

Western boundary currents are crucial in transporting
water masses over ocean basins and providing ‘nutrient
streams’ passing from the subtropical gyre to the sub-
polar gyre in the upper ocean (as depicted in Fig. 2.9c).

2.4.5.1 Gulf Stream Example

Hydrographic sections reveal subsurface, enhanced nu-
trient fluxes coinciding with the core of the Gulf Stream
(Pelegri and Csanady 1991; Pelegri et al. 1996); centred
along σt = 26.8 surface at typically 500 m depth, see
Fig. 2.14. The nitrate flux associated with the Gulf Stream
(defined by the product of the nitrate concentration and
the geostrophic velocity normal to the section) increases
by a factor of 3 from Florida Strait (24° N) to the mid-
Atlantic Bight (36° N) where it reaches 860 kmol N s–1,
and then decreases downstream. The increase in nitrate
transport along the Gulf Stream can be attributed to the
recirculating, nutrient-enriched thermocline waters of
the subtropical gyre joining the boundary current. The
nitrate flux at the mid-Atlantic Bight partly passes into

Fig. 2.13.
Modelled distributions of
a nitrate and b dissolved
organic nitrogen (DON)
(µmol kg–1) in the euphotic
zone from an eddy-resolving
model for a wind and buoy-
ancy-driven zonal channel.
The nutrients are transferred
from a northern source equa-
torwards through a combina-
tion of the surface Ekman and
eddy circulations. The nitrate
and DON are chosen to have
lifetimes of 3 and 6 months
respectively. Consequently,
DON penetrates further equa-
torwards than nitrate and helps
to enhance export production
within the interior of the do-
main (reproduced from Lee
and Williams (2000))
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the subpolar gyre and is partly recirculated within the
subtropical gyre. Hence, this western boundary flux of
nitrate is important in maintaining elevated nitrate con-
centrations over the subpolar gyre.

The western boundary flux of the upper waters also
includes an overturning contribution, which balances

the export or import of dense water into the basin. The
gyre and overturning contributions to the volume and
heat fluxes within the western boundary reinforce each
other over the North Atlantic, but oppose each other over
the North Pacific. Whether the associated boundary cur-
rent contributions to the nutrient flux reinforce or op-

Fig. 2.14.
Diagnostics of how the Gulf
Stream acts as a ‘Nutrient
Stream’: a dashed lines depict
the boundaries of the ‘nutrient
stream’ and full lines depict the
hydrographic sections used in
the analysis; b velocity and ni-
trate flux density along 36° N;
c volume flux (Sv), and nitrate
flux (kmol s–1) along the Gulf
Stream (redrawn from Pelegri,
JL and Csanady GT, J. Geophys.
Res. 96, 2577–2583, 1991, Copy-
right by the American geophysi-
cal Union)
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pose each other depends on the nutrient distributions.
For the North Atlantic, the nutrient fluxes associated
with the gyre and overturning circulations oppose each
other (Fig. 2.6; Rintoul and Wunsch 1991), but elsewhere
either response might occur.

2.4.6 Summary

The combination of gyre and overturning circulations, and
patterns of convection determine the large-scale contrasts
in nutrient concentration and biological production within
ocean basins. The gyre-scale circulation transfers fluid
both horizontally and vertically between the thermocline
and mixed layer. This transfer leads to the surface waters
being nutrient rich over the subpolar gyre and nutrient
poor over the subtropical gyre. Nutrients are transferred
between each gyre through western boundary currents,
Ekman and time-varying eddy circulations.

2.5 Smaller-Scale Circulations: Mesoscale Eddies,

Waves and Sub-Mesoscale Fronts

Until recently the nutrient supply to the euphotic zone
has been considered primarily in terms of the large-
scale, time-mean circulation and diapycnic mixing.

However, there is an energetic, time-varying circulation,
particularly associated with mesoscale eddies and sub-
mesoscale fronts. For example, Fig. 2.15 shows a snap-
shot of the chlorophyll distribution (derived from Coastal
Zone Colour Scanner data) in the Northwest Atlantic
Ocean. This snapshot reveals signatures of a range of
physical processes: the meandering of the Gulf Stream,
the formation of mesoscale eddies and finer-scale fron-
tal filaments drawn out between the larger-scale circu-
lations.

2.5.1 Formation of Mesoscale Eddies

and Sub-Mesoscale Fronts

2.5.1.1 Mesoscale Eddies

Ocean eddies are formed predominately through
baroclinic instability of boundary currents and density
fronts. Baroclinic instability occurs preferentially on the
scale of the internal Rossby radius of deformation,
Ld = N H / f, which is typically 30–50 km in the open
ocean; here N is the buoyancy frequency, f is the Coriolis
parameter and H is a typical thickness scale for the
motion. In the ocean, these eddies are usually referred
to as mesoscale features, although they are dynamically
analogous to atmospheric synoptic-scale, weather sys-

Fig. 2.15.
Chlorophyll picture derived
from CZCS over the North-
western Atlantic. Higher con-
centrations of chlorophyll (red)
are evident along the coastal
boundary and at higher lati-
tudes. Lower concentrations
(blue) correlate with the Gulf
Stream boundary, the subtropi-
cal gyre and anticyclonic ed-
dies. Note the range of physi-
cal processes revealed here in-
cluding boundary currents,
mesoscale eddies and finer-
scale fronts and filaments
(figure courtesy of NASA)
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tems. See Rhines (2001) for a brief review of mesoscale
eddies, Green (1981) and Gill et al. (1974) for physical
descriptions of the instability process and energetics for
the atmosphere and ocean respectively.

Baroclinic instability involves a slantwise exchange
of fluid across a jet or frontal zone. Available potential
energy is released through isotherms being flattened:
warm, light fluid rises and is replaced by colder, dense
fluid (Fig. 2.16a). For a poleward decrease in tempera-
ture, this slantwise exchange leads to the warm fluid ris-
ing and moving poleward, and cool fluid sinking and
moving equatorward, such that there is a poleward eddy

heat flux. In the growth phase of a baroclinic eddy, mean-
ders develop with the rising warm fluid occurring down-
stream of the trough (region of low pressure) and sink-
ing cold fluid occurring downstream of the ridge (re-
gion of high pressure) (Fig. 2.16a). The meanders of the
jet amplify and may break off as warm-core, anticyclonic
and cold-core, cyclonic eddies, which preferentially oc-
cur on the colder and warmer sides of the jet respec-
tively.

2.5.1.2 Sub-Mesoscale Fronts

Sub-mesoscale features include fronts and drawn out fila-
ments between mesoscale eddies, as seen in the satellite
image in Fig. 2.15. These sub-mesoscale features have a
horizontal scale across the flow which is much smaller
than the internal Rossby radius of deformation, Ld. When
the flow along a jet accelerates, a secondary circulation
develops across the jet leading to upwelling on the anti-
cyclonic side and downwelling on the cyclonic side(6).
In turn, when the flow along the jet decelerates, a sec-
ondary circulation of the reverse sign is formed.

The frontal response may also be understood in terms
of conservation of a dynamical tracer, potential vorticity
defined by (ζ + f) / h where h is the thickness of an
isopycnic layer, ζ = ∂v /∂x – ∂u /∂y and f = 2Ωsin θ are
the vertical components of relative and planetary
vorticity respectively; u and v are the eastwards and
northwards velocities, Ω is the Earth’s angular velocity
and θ is the latitude. When a jet accelerates, the absolute
vorticity, ζ + f, increases on the cyclonic side of the front
and decreases on the anticyclonic side. Consequently, the
layer thickness h increases (or decreases) wherever the
absolute vorticity, ζ + f, increases (or decreases) in or-
der to conserve potential vorticity. Hence, for the upper
ocean, there is downwelling on the cyclonic side and
upwelling on the anticyclonic side of a front (Fig. 2.16b).
This frontal circulation is discussed further by Woods
(1988), as well as for observed ocean case studies by
Voorhis and Bruce (1982), and Pollard and Regier (1992).

2.5.2 Local Response to Planetary Waves, Eddies

and Fronts

2.5.2.1 Rectified Transfer of Nutrients

into the Euphotic Zone

A time-varying flow can provide a rectified transfer of
nutrients into the euphotic zone through the asymmetri-
cal response of the ecosystem. Over the upper ocean,
there is a usually an increase in nutrient concentrations
with depth and, in regions such as the subtropical gyres,
the euphotic zone is depleted in nutrients by biological
export. Undulating motions associated with the time-

Fig. 2.16. Schematic figure for a baroclinic eddy and b frontal-scale
circulations. In a, baroclinic instability releases available potential
energy through the flattening of isotherms. This flattening is
achieved by a slantwise transfer, as depicted by the dashed arrow.
For a jet with cooler fluid on the polewards flank, baroclinic insta-
bility leads to warm fluid rising and moving polewards downstream
between the trough (low pressure) and ridge (high pressure). Con-
versely, cold fluid sinks and moves equatorwards downstream be-
tween the ridge and trough. Eventually, the meanders may develop
and form cut-off eddies. The cold-core, cyclonic eddies are formed
on the warm flank of the jet and warm-core, anticyclonic eddies on
the cold flank. In b, frontal-scale circulations are often embedded
in the eddy-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. This sec-
ondary circulation reverses if the jet decelerates
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varying flow can lift nutrient-rich isopycnal surfaces into
and out of the euphotic zone. When the isopycnal sur-
face is lifted into the euphotic zone, their illumination
may result in photosynthesis and the production of or-
ganic matter. In contrast, there is no biological response
when the isopycnal surface with nutrient-rich waters is
pushed out of the euphotic zone. Consequently, a net
biological production can occur as aresult of the time-
varying flow(7). This rectification occurs as long as there
is sufficient time for the phytoplankton, which have a
doubling timescale of typically one day, to respond to
an increased nutrient supply, and provided that all the
necessary trace elements are available. This process is
depicted in Fig. 2.17; the figure is a generalised version
of the schematic by McGillicuddy and Robinson (1997)
to include horizontal, as well as vertical transfer. Exam-
ples of elevated nutriclines and enhanced biological pro-
duction in cyclonic eddies are provided by Falkowski
et al. (1991) and McGillicuddy and Robinson (1997).

2.5.2.2 Planetary Wave Signals

The passage of planetary waves and tropical waves might
induce rectified upwelling of nutrients. Uz et al. (2001)
and Cipollini et al. (2001) identify signatures of plan-
etary waves in surface chlorophyll observations at lati-
tudes less than 40°. There is a westward propagation of
surface chlorophyll anomalies and, more importantly, a
more rapid propagation towards the equator. These fea-
tures are broadly consistent with wave theory; e.g. see a
review by Killworth (2001). However, it is presently un-
clear how these chlorophyll signals should be inter-

preted: the planetary waves might induce enhanced bio-
logical production through the rectified upwelling of
nutrients into the euphotic zone or the signals might
simply be due to a vertical or horizontal advection of
existing chlorophyll anomalies.

2.5.2.3 Mesoscale-Eddy Signals

from Baroclinic Instability

Baroclinic instability leads to the formation of cyclonic
eddies with a raised thermocline and anticyclonic ed-
dies with a depressed thermocline. If the nutricline and
thermocline are coincident, then enhanced production
is expected in cyclonic eddies (in accord with the sche-
matic in Fig. 2.17).

The raised thermocline and associated nutricline in
a cold-core, cyclone formed by baroclinic instability is
not due to a simple vertical transfer, since cold fluid sinks
and warm fluid rises in slantwise exchange (Fig. 2.16a).
Instead in the background environment, the thermo-
cline and associated nutricline have to be raised on the
cold side of a frontal zone and depressed on the warm
side. Consequently, cyclones acquire their signature of
a raised thermocline and nutricline through their hori-
zontal movement to a new warmer environment. Like-
wise, the depressed thermocline and nutricline in an
anticyclone is due to its movement into a new colder
environment.

Lévy et al. (2001) conduct a careful model study of
the instability of a jet, examining where fluid upwells
and identifying the biogeochemical response for a range
of model resolutions. In their study, they initialise the
model with a flat nutricline and integrate for 24 days.
For a mesoscale resolution of 6 km, they find enhanced
new production occurring preferentially in an anticy-
clonic eddy and anticylonic filaments where there is
upwelling (Fig. 2.18, upper panel). Here, they only find
a weaker response for a cyclonic eddy.

Consequently, in our view, baroclinic instability leads
to an enhancement of biological production in cyclones
due to the lateral transfer of cold, nutrient-rich waters,
rather than a vertical transfer. However, there is a range
of other processes which might provide a direct vertical
transfer of nutrients. If instead of baroclinic instability,
the cyclones are generated by the interaction of the large-
scale flow and topographic features (as speculated by
Falkowski et al. 1991), then a vertical uplift of the nutri-
cline should provide enhanced production (Fig. 2.17).
There might also be eddy-eddy interactions (as specu-
lated by McGillicuddy and Robinson 1997), which in
some cases might intensify features and lead to a local
uplift of the nutricline. In addition, there might be en-
hanced production associated with the vertical contri-
butions from smaller-scale, frontal upwelling (discussed
subsequently).

Fig. 2.17. Schematic figure depicting 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 a proc-
ess maintaining the nutrient concentrations in the thermocline,
which might be achieved by remineralisation of organic fallout,
diapycnal transfer or a lateral influx of nutrients from the time-
mean or time-varying circulations. The schematic figure is gen-
eralised from that of McGillicuddy and Robinson (1997)



38 Richard G. Williams  ·  Michael J. Follows

Eddies can also alter the ecosystem by changing the
mixed-layer structure and hence altering the light
limitation for phytoplankton. Baroclinic slumping of
fronts leads to an increase in the stratification and hence
a reduction in the thickness of the mixed layer; see
modeling studies by Visbeck et al. (1996), Lévy et al.
(1998) and Nurser and Zhang (2000). This eddy-induced
shallowing can then lead to an onset of a spring bloom
prior to the buoyancy input from the atmosphere (Lévy
et al. 1998).

2.5.2.4 Frontal-Scale Signals

Frontal-scale circulations can also lead to a rectified sup-
ply of nutrients to the euphotic zone, since there is
upwelling on the anticyclonic side and downwelling on
the cyclonic side of an accelerating jet. The observational
support for this process acting in the ocean is rather in-
direct, although maxima in surface chlorophyll have been
observed on the anticyclonic side of fronts (Strass 1992).

Fig. 2.18.
Modelled new production
(10–3 mol N m–2) within the
euphotic layer for a zonal jet
undergoing baroclinic insta-
bility (Lévy et al. 2001). Snap-
shots of the new production
are shown at days 14 and 22
for integrations at mesoscale
(upper panel) and sub-meso-
scale (lower panel) resolutions
of 6 km and 2 km respectively.
Over the integration, mean-
ders develop leading to anti-
cyclones to the north and cy-
clones to the south of the jet.
The new production increases
in intensity as the resolution
increases and becomes concen-
trated along anticyclonic fila-
ments. The area-averaged new
production increases from
6.5 to 10.7 × 10–3 mol N m–2

as the resolution is increased
from 6 km to 2 km; in com-
parison, the area-averaged
new production only reaches
3.7 × 10–3 mol N m–2 if the
resolution is reduced to 10 km
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In addition, plumes of short-lived chlorophyll have been
observed penetrating up to 400 m in the stratified ther-
mocline on a horizontal scale of several tens of kilome-
tres (Fig. 2.19). These chlorophyll plumes cannot be
formed by convection as they penetrate below the mixed
layer. Instead they are consistent with frontal-scale sub-
duction occurring on the cyclonic side of an accelerat-
ing front (Fig. 2.16b). This response is analogous to fron-
tal subduction in the atmosphere (Follows and Marshall
1994): ozone-rich stratospheric air is transferred into the
weakly stratified, troposphere and assimilated into the
troposphere through diabatic forcing (Danielson 1968).

Modeling studies suggest that there is a marked increase
in biological activity when frontal circulations are resolved
(e.g. Flierl and Davis 1993; Spall and Richards 2000; Maha-
devan and Archer 2000; Lévy et al. 2001). The enhance-
ment in biological production is more pronounced at the
frontal scale than the ocean eddy scale. For example, the
idealised experiments by Lévy et al. (2001) reveal increased
levels of new production (and phytoplankton concentra-
tion) when the model resolution is increased from 6–2 km
(compare upper and lower panels respectively in Fig. 2.18).
In the higher-resolution integration, the maxima in new
production becomes concentrated at the edges of the anti-
cyclonic eddy, in the anticyclonic area surrounding the
cyclonic eddy and within narrow anticyclonic filaments.
This response is consistent with the frontal dynamics dis-
cussed in relation to Fig. 2.16b. In addition, in a more real-
istic environment in the vicinity of BATS, Mahadevan and
Archer (2000) also demonstrate that there is enhanced nu-
trient supply to the euphotic zone as the sub-mesoscale is
resolved for integrations lasting 120 days (Fig. 2.20).

Specific questions remain though as to how the fron-
tal response alters the productivity over a larger basin
scale and the extent that the initial enhancement is sus-
tained over many eddy lifetimes?

2.5.2.5 Maintenance of Rectified Supply of Nutrients

The rectified supply of nutrients to the euphotic zone
by the time-varying circulations is an appealing mecha-
nism to sustain the export productivity of oligotrophic
gyres. Estimates of the eddy supply of nitrate in the Sar-
gasso Sea, based on a combination of hydrographic ob-
servations and satellite altimetry, typically reach
0.19 ±0.10 mol N m–2 yr–1 (McGillicuddy et al. 1998) and
0.24 ±0.10 mol N m–2 yr–1 (Siegel et al. 1999). These es-
timates are significant and might help bring estimates
of nitrate supply into consistency with estimates of ex-
port production inferred from oxygen utilisation and
‘age’ tracers (Jenkins 1982).

If the rectified supply of nutrients is indeed a domi-
nant process and involves a vertical transfer (irrespec-
tive of whether it is due to planetary waves, mesoscale
eddies or sub-mesoscale fronts), then this raises the
question of how the underlying nutrients in the ther-
mocline are maintained? If the nutrients in the thermo-
cline are not maintained, then any rectified supply will
only provide an initial enhancement in productivity,
which will gradually decreases in time until an equilib-
rium state is reached with lower productivity. This is-
sue is directly analogous to the limited role convection
plays in sustaining biological production over several
years; see discussion related to Eq. 2.1 to 2.3.

McGillicuddy and Robinson (1997) speculate that an
eddy-induced, upwards transport of inorganic nutrients
is balanced locally by remineralisation of the downwards
flux of sinking organic matter over eddy lifetimes last-
ing typically a year. However, this local vertical balance
cannot hold on longer timescales if any subsequent re-
mineralisation of organic matters occurs at depths
greater than the vertical scale for the eddy displacement

Fig. 2.19.
A vertical section of chloro-
phyll concentration from the
Vivaldi cruise through the
eastern North Atlantic in
spring 1991. The filaments of
chlorophyll extend below the
euphotic zone and mixed layer
to a depth of up to 400 m and
so cannot be formed by con-
vection. Instead the filaments
might be formed through fron-
tal subduction occurring on a
horizontal scale of 10 km (re-
printed from Nurser AJG and
Zhang JW, J. Geophys. Res. 105,
21851–21868, 2000, Copyright
by the American Geophysical
Union)
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of isopycnals. In our view, the concentration of nutri-
ents in the upper thermocline are maintained through
the lateral transport and diffusion of nutrients along
isopycnals from surrounding nutrient-rich regions, such
as the tropics or subpolar gyre, together with contribu-
tions from upwards diapycnal transfer and reminerali-
sation of organic fallout (Fig. 2.17).

2.5.3 Far Field Effects: Eddy Transport and Diffusion

While eddies may provide important local impacts on
nutrient supply and the ecosystem, they also provide a
far field effect. Eddies systematically transfer heat, trac-
ers and nutrients laterally along isopycnals. This larger-
scale transfer of tracers consists of a diffusion and a rec-
tified advection along isopycnals (e.g. see Andrews et al.
1987; Gent et al. 1995). The diffusion always acts to trans-
fer tracers down gradient, whereas the rectified advection
can lead to an up or down-gradient transfer of tracers.

2.5.3.1 Eddy Transport of Tracers

Eddies induce a transport through a correlation in the
velocity, v, and vertical spacing between isopycnals, h;
the eddy transport velocity or ‘bolus’ velocity is given
by v* = v'

–
h'
–

/ h
–

 where the overbar represents a temporal
average and a prime represents a deviation from the
temporal average. In the idealised example depicted in
Fig. 2.21a, there is a greater volume flux directed to the

Fig. 2.20. A model simulation of the height of an isopycnal surface and nitrate concentration at a sub-mesoscale resolution of 0.1° integrated
at 30–40° N, 50–60° W in the vicinity of the BATS site (Mahadevan and Archer 2000). The model is initialised and forced at the boundaries
using output from a global circulation model, with nitrate initialised with data from the BATS, and the regional model integrated for 3 months.
The simulation includes folds and frontal-scale undulations in the isopycnal surface. The modelled nitrate concentration reaches a maximum
value of 4.3 µmol kg–1 at a resolution of 0.1°, which decreases to 1.4 µmol kg–1 when the resolution is reduced to 0.4° (not shown here). Hence,
this model study suggests that the vertical transport of nitrate takes place primarily at frontal scales, rather than through larger mesoscale
features (reprinted from Mahadevan A and Archer D, J. Geophys. Res 105, 1209–1225, 2000, Copyright by the American Geophysical Union)

Fig. 2.21. Schematic figure of the eddy-induced transport or ‘bo-
lus’ velocity, v* = v'

–
h'
–

/ h
–

, for a a single layer and b a meridional
section. The transport arises through a temporal correlation in
the velocity, v, and vertical spacing between isopycnals, h, where
a prime denotes an eddy deviation and an overbar represents a
time average over many eddy events. In a, consider an isopycnic
layer with no time-mean flow and a layer thickness and velocity
oscillating in time. There is a rectified transport whenever the
oscillating velocity is correlated with the layer thickness, which is
directed to the right as drawn here. In b, the eddy-induced
advection occurs when there is slumping of the interface, which is
usually associated with baroclinic instability (reproduced from
Lee et al. (1997))
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right than to the left due to the temporal correlation
between v and h. The slumping of isopycnals in baro-
clinic instability generates this rectified transport. For
a polewards shoaling of isopycnals, as sketched in
Fig. 2.21b, the eddy transport is directed polewards in
the surface layer and equatorwards at depth. Conversely,
for an equatorwards shoaling of isopycnals, such as on
the equatorial side of a subtropical gyre, the eddy trans-
port is directed equatorwards in the surface layer and
polewards at depth.

The spreading of a tracer is initially controlled by
down-gradient diffusion, but eventually on larger space
scales can be controlled by advection(8); this result is
illustrated for idealised tracers and nutrients in eddy-
resolving experiments by Lee et al. (1997) and Lee and
Williams (2000). The time-varying circulation can lead
to different tracer distributions according to whether
eddy-induced transport and diffusion either reinforce
or oppose each other. The eddy-induced transport is
particularly important in controlling the spreading of
water masses over the large scale of the Southern Ocean
(Danabasoglu et al. 1994; Marshall 1997), as well as across
intense and unstable currents, such as the Gulf Stream,
and inter-gyre boundaries.

2.5.3.2 Impact of Eddies on Export Production

over the Basin Scale

On the basin scale, eddies lead to a lateral transport and
down-gradient diffusion of nutrients and tracers along
isopycnals, which may be important in determining re-
gional nutrient budgets. Eddy transport acts to flatten
isopycnals and stratify the water column (Fig. 2.21). Con-
sequently, the eddy transport will only increase biologi-
cal production if the flattening of isopycnals brings nu-
trients to the surface. This possibility is unlikely to oc-
cur over the basin scale, since inorganic nutrient con-
centrations generally increase with density over the
upper ocean (as revealed by gyre-scale undulations of
the nutricline reflecting those of the pycnocline).

For a subtropical gyre, eddy diffusion and Ekman
transfer should supply nutrients to the euphotic zone
(Fig. 2.22, black curly and white arrows respectively).
Conversely, the eddy transport should reduce the nutrient
supply to the euphotic zone and inhibit biological pro-
duction (Fig. 2.22, black straight arrows), while enhanc-
ing the lateral influx of nutrients at depth, and help to main-
tain nutrient concentrations within the thermocline.

For the North Atlantic, the eddy enhancement of ex-
port production over the basin scale has been examined
over the basin scale using a simplified ecosystem model
coupled with eddy-permitting circulation models at 1/3°
(Oschlies and Garçon 1998; Garçon et al. 2001) and 1/9°
horizontal resolution (Oschlies 2002). Resolving (at least
partially) the eddy mesoscale leads only to a modest

enhancement in export production of typically 1/3 over
the subtropical gyre. This enhancement is principally
achieved through an eddy vertical transfer around the
Gulf Stream and an eddy horizontal transfer along the
flanks of the subtropical gyre (Oschlies 2002). The in-
clusion of finer eddy scales also leads to a shallowing of
the mixed layer, which reduces the convective supply of
nutrients. Further modeling studies are needed to iden-
tify how the response over the basin scale alters as sub-
mesoscale fronts are fully resolved.

2.5.4 Summary

Fine-resolution observations and modeling studies sug-
gest that nutrient supply by the time-varying circula-
tion supports a significant fraction of biological pro-
duction, although basin-scale integral estimates of their
contribution are difficult to obtain. The time-varying
circulation modifies the nutrient distributions and

Fig. 2.22. Schematic figure of the eddy-induced nutrient transfer
for a subtropical gyre. In a, the eddy-induced advection (black
straight arrows) and diffusion (curly arrows) oppose each other at
the surface, but reinforces each other at depth. In b, the Ekman
advection (white arrow) is included and dominates over the oppos-
ing, eddy-induced advection. Hence, the combination of the eddy
and Ekman transfer leads to an influx of nutrients into the interior
of the subtropical gyre. The same balance should occur over the
Southern Ocean where at the surface, there should be a northwards
Ekman flux and eddy diffusive transfer of nutrients, which is par-
tially opposed by a southwards eddy-induced advective transfer of
nutrients (consistent with the left side of this schematic)
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biological production on a local scale through a recti-
fied transfer of nutrients into the euphotic zone and a
modification of the mixed-layer cycle. The rectified
transfer involves a horizontal, as well as a vertical trans-
fer of nutrients. There are signals associated with both
mesoscale and sub-mesoscale frontal features, but it is
presently unclear as to their relative importance and the
extent that any initial enhancement is sustained over
many eddy lifetimes. On horizontal scales larger than
the mesoscale, eddies provide a rectified volume trans-
port and diffusion of nutrients along isopycnals, which
might be crucial over the Southern Ocean and across
inter-gyre boundaries.

2.6 Interannual and Long-Term Variability

The effect of physical processes on nutrient distribu-
tions and biological production has been emphasised
in terms of a steady-state view. However, there is clearly
significant interannual variability of both the physical
processes and the biological cycling. Interannual vari-
ability in physical forcing might alter the nutrient or
trace metal supply, which in turn can lead to changes in

biological production or in the ecosystem through shifts
in community structure. However, other ecosystem
changes might occur independently of the physical forc-
ing, for example, from result of complex, non-linear in-
teractions in the ecosystem.

2.6.1 Coupled Atmosphere-Ocean Changes: ENSO

The most striking pattern of interannual climate change
is El Niño-Southern Oscillation (ENSO) of the tropical
Pacific which has far reaching climatic effects around the
globe; see reviews by Philander (1990) and Godfrey et al.
(2001). This coupled ocean-atmosphere phenomenon,
ENSO, is characterised in the oceans by a reduction of
the normal Eastern Pacific tropical upwelling related to
changes in wind patterns, together with the formation
of an anomalously warm surface layer and deep thermo-
cline in the region. These physical changes have a signifi-
cant impact on the biogeochemical system of the Pacific
Ocean and beyond. For example, Fig. 2.23 illustrates the
strong contrast in the standing stock of Equatorial Pacific
chlorophyll between the January 1998 (El Niño) and Janu-
ary 1999 as observed from the SeaWiFS remote platform.

Fig. 2.23.
December–January composites
of Eastern Pacific chlorophyll
derived from SeaWiFS ocean
colour observations (level 3
processing). The upper panel is
for 1997–1998 (during a strong
El Niño event), and the lower
panel is for 1998–1999. Note the
suppressed chorophyll concen-
trations along the equator dur-
ing the El Niño, corresponding
to reduced equatorial and
coastal upwelling, a warm sea-
surface temperature anomaly,
and depressed thermocline and
nutricline (data courtesy of
NASA)
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In ‘normal’ periods the surface waters of the eastern
Equatorial Pacific are relatively cool and rich in macro-
nutrients, sustained by a narrow band of equatorial and
coastal upwelling of nutrient bearing waters, and rela-
tively inefficient biological export. Consequently, there is
typically a band of enhanced chlorophyll associated with
the upwelling region (Fig. 2.23, lower panel). Modeling
studies have emphasised the important role of the Equa-
torial Undercurrent (EUC) which advects cool, oxygen-
ated waters eastwards at depths of a few tens to hundreds
of metres as part of the closure of the wind-driven up-
per ocean circulation. The EUC is actually depleted in
nutrients relative to the adjacent waters on the isopycnic
surfaces, but enriched relative to the equatorial surface.
Vertical mixing brings nutrients from the EUC to the
surface, sustaining local productivity (Toggweiler and
Carson 1995; Chai et al. 1996). The relative inefficiency
of the biological drawdown of macro-nutrients in the
region, and the presence of an HNLC (High Nutrient Low
Chlorophyll) regime, may be due to iron limitation. The
EUC is also a source of iron to the surface Equatorial
Pacific (Coale et al. 1996), although it remains depleted
in iron relative to the macro-nutrients. Due to its com-
plex biogeochemical cycling and significant atmospheric
and geothermal sources (Christian et al. 2002), the role
of iron is, as yet, not fully understood.

During an El Niño event, the easterly Trade Winds are
reduced in strength with the equatorial and coastal up-
welling weakened or suppressed; the thermocline, nutri-
cline and EUC become anomalously deep. Consequently,
the supply of macro-nutrients and iron to the surface
from the upwelling and EUC is reduced. In the 1997/1998
El Niño event, even the macro-nutrients eventually be-
came depleted in the region and the chlorophyll concen-
trations became very low (Fig. 2.23, upper panel) (Chavez
et al. 1998; Chavez et al. 1999; Murtugudde et al. 1999).

El Niño events occur at irregular intervals of about three
to seven years presently, but their frequency and inten-
sity varies on decadal and longer timescales. This longer-
term variability may have consequences for nutrient sup-
ply and community structure in the Pacific Basin. In this
context, there may have been an abrupt shift in the eco-
system of the North Pacific subtropical gyre, during the
past 30 years, which has shifted in favour of nitrogen-
fixing micro-organisms (Karl et al. 1995; Karl 1999). It is
speculated that such an ecosystem shift might be a con-
sequence of the changing physical environment, though
the underlying mechanisms are not yet fully revealed.

2.6.2 North Atlantic Oscillation

There is strong interannual variability over the upper
ocean of the North Atlantic, which is associated with
atmospheric anomalies and changes in air-sea fluxes
(Bjerknes 1964). The interannual changes in sea surface

temperature (SST) are probably excited by atmospheric
anomalies, since the tendency in SST anomalies corre-
lates with latent and sensible heat flux anomalies (Cayan
1992). The dominant mode of atmospheric variability
over the North Atlantic is associated with the North At-
lantic Oscillation (NAO) (Hurrell 1995), where the NAO
index is defined in terms of a sea-level pressure differ-
ence between Iceland and Portugal. A high NAO index
correlates with enhanced winter surface heat loss and
deep convective mixing over the Labrador Sea (Dickson
et al. 1996). The opposite is true during periods of low NAO
index with anomalous surface heat loss and enhanced
convection over the Greenland Sea and Sargasso Sea.

Interannual changes in the ecosystem have been sta-
tistically related to regional climate indicators over the
North Atlantic. For example, in situ observations of
plankton species in the Northeast Atlantic have been
correlated with the NAO index (Aebischer et al. 1990)
and the position of the northern wall of the Gulf Stream
(Taylor et al. 1992). However, in attempting to correlate
changes in the ecosystem and physical forcing, there is
an inherent problem in the shortness of the temporal
records, which could lead to erroneous conclusions(9).

Notwithstanding this reservation, atmospheric forced
changes in convection and circulation should modulate the
nutrient supply to the euphotic zone, as well as the irradi-
ance phytoplankton receive in spring. Consequently, there
are likely to be interannual changes in new and primary
production. Variability in local winter mixing has been
observed to alter nutrient supply and primary production
in the Sargasso Sea (Menzel and Ryther 1961). Interannual
variability is apparent in the mixed-layer thickness, and
surface nutrient and chlorophyll concentrations at BATS
(Bermuda Atlantic Time-Series Station; Fig. 2.24).

Bates (2001) examines the decade long record from
the BATS and finds a correlation of –0.33 between the
annual primary productivity anomaly there and the NAO
index. To the extent that it is significant, the negative cor-
relation indicates the enhancement of convection and
nutrient supply there associated with negative anoma-
lies of the NAO. In addition, Williams et al. (2000) pre-
dict that much of the variability in convective nitrate
supply is correlated with the NAO index over the west-
ern and central Atlantic (negative and positive correla-
tions respectively), but not over the eastern Atlantic. Their
prediction is consistent with the data analysis of Bates
(2001). Their model study is based on an array of one-
dimensional mixed-layer models forced by a time-series
of atmospheric heat fluxes for 25 years over the North
Atlantic. The modelled variability is entirely due to the
local atmospheric heat fluxes. Therefore, their predicted
lack of correlation with the NAO over the eastern Atlan-
tic is due to the basin-scale mode of the NAO only repre-
senting 1/3 of the atmospheric variability. Hence, it is
important when interpreting biogeochemical records
that the projection of the basin-scale NAO mode is known
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Fig. 2.24.
Time series of a mixed-layer
thickness (m), b nitrate con-
centration (µmol kg–1) and
c chlorophyll concentration
over the upper 100 m of the
water column at the Bermuda
Atlantic Time-Series Site
(32° N, 65° W) in the North
Atlantic subtropical gyre.
The mixed-layer thickness
is diagnosed by the depth at
which the density increases by
0.125 kg m–3 from the surface
value. The time-series illus-
trates the interannual vari-
ability in winter-time convec-
tion and the corresponding
influence on the supply of ni-
trate to the euphotic zone and
the response in primary pro-
duction. For example, the
winter-mixed layer is thin in
1990 and thick in 1992, which
correlates with reduced and
enhanced concentrations in
nitrate and chlorophyll re-
spectively (data from BATS)

Fig. 2.25.
Deep salinity shift for 1987
(upper panel) and 1995 (lower
panel) for a zonal section
through the Eastern Mediter-
ranean (see inset). The deep
salinity is relatively uniform
in 1987, but then dramatically
changes by 1995 with an influx
of new saline bottom water
originating from the Aegean
(modified from Roether et al.,
Recent changes in Eastern Medi-
terranean deep waters, Science
271, 333–335, Copyright (1996)
American Association for the
Advancement of Science)
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for a particular region, since other more regional atmos-
pheric modes might sometimes become important.

Interannual variations in the spring bloom of the
North Atlantic are subject to the same meteorological
influences that lead to regional variations illustrated and
discussed in Fig. 2.8. In the subtropical gyre, much of the
variability in local interannual variations of the spring
bloom may be attributed to changes in meteorological
forcing (Follows and Dutkiewicz 2002), although other
processes, such as mesoscale motions and ecosystem
changes probably become more significant at other times
of year. In the subpolar gyre, the interannual variability
of the spring bloom does not appear to exhibit any clear
relationship with meteorological forcing due to the domi-
nance of ecosystem changes or the control by mesoscale
eddies of the restratification process.

2.6.3 Changes in Overturning Circulation

Major changes in the global overturning circulation
might result in dramatic changes in biological produc-
tion. Here, we discuss two specific examples related to

changes in nutrient distributions: a present day, abrupt
change over the eastern Mediterranean and a larger-
scale, inferred glacial change over the North Atlantic.

2.6.3.1 Abrupt Change in the Eastern Mediterranean

A unique present day example of such an overturning shift
has occurred in the eastern Mediterranean. There is an
internal overturning cell within the eastern Mediterranean
with dense waters usually formed in the Adriatic and
spreading over the eastern Mediterranean. This mode of
deep circulation appears to have persisted over the last
century (as implied by hydrographic observations), which
has led to the deep water masses being particularly homo-
geneous. However, between 1987 and 1995, there has been
an abrupt change with the Aegean forming the most dense
water mass and, temporarily, replacing the Adriatic as the
source of bottom water (Roether et al. 1996). This signal is
revealed by an influx of warm, salty water at depth across
the eastern Mediterranean in 1995 (Fig. 2.25). The result-
ing uplift of the previous bottom water has moved the
nutricline much closer to the euphotic zone (Fig. 2.26)

Fig. 2.26.
Nutricline shift (m) for 1987
(upper panel) and 1995 (lower
panel) over the Eastern Medi-
terranean, which corresponds
to the salinity sections shown
in Fig. 2.25. The nutricline is
defined by the depth below the
surface where the nitrate concen-
tration reaches 3 µmol N kg–1.
The nutricline is typically 300 m
to 400 m deep in 1987, but is
uplifted to a depth of 200 m
by 1995 following the influx
of dense water (reprinted from
Deep-Sea Res. 1, 46, Klein B et al.,
371–414, Copyright (1999) with
permission from Elsevier Sci-
ence)
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(Klein et al. 1999), which provides a ‘natural fertilization
experiment’ for the oligotrophic surface waters. Subse-
quently, enhanced biological production is likely to occur
in the spring following severe winters when there is in-
creased entrainment of nutrient-rich, thermocline waters;
a signal of winter-induced, interannual variability in the
phytoplankton bloom is observed over the Adriatic (Gacic
et al. 2002). Such a localised change might, in principle,
occur elsewhere over the global ocean.

2.6.3.2 Change in the Phosphorus Distribution

over the Glacial North Atlantic

Larger-scale shifts in the nutrient distributions, prob-
ably achieved by overturning changes, have also been
suggested by the paleo-record in ocean sediments. For
example, studies of the cadmium content of benthic
foraminifera suggest that the ocean distribution of phos-
phorus has changed over glacial-interglacial timescales.
Variations of cadmium around the ocean are closely
correlated with the variations of phosphorus, since the
two elements are assimilated into organic matter and
regenerated in close accord (Boyle et al. 1976; Boyle
1988). The cadmium is assimilated into calcium carbon-
ate shells, the Cd/Ca ratio reflecting the waters of ori-
gin and, in turn, the phosphate concentration.

Boyle and Keigwin (1987) compared a phosphorus
profile from the modern western North Atlantic with a
reconstruction from Cd/Ca ratios in sediment cores for
the last glacial period, as shown in Fig. 2.27. There ap-
pears to have been a significant shift in the phosphorus
distribution over the North Atlantic with increased con-
centrations in the bottom waters and an enhanced ver-
tical gradient for the last glacial period. They speculate
that these changes are due to variations in the overturn-
ing circulation with an increased influx of AABW and a
decreased formation of NADW occurring over the last
glacial period for the North Atlantic.

2.6.4 Summary

There is marked interannual and longer-term variabil-
ity in the physical forcing and biogeochemical response
over the ocean. This variability can involve coupled at-
mosphere-ocean interactions, such as ENSO, or atmos-
pheric-triggered changes (with probably little immedi-
ate atmospheric feedback) such as NAO. This variabil-
ity is not only restricted to the upper ocean, but can in-
volve abrupt changes in the deep ocean, as evident in
recent changes in the eastern Mediterranean. All of this
variability can also occur in the paleo-environment.
An important challenge is to interpret both present day
and paleo-oceanographic records in terms of physical
and biogeochemical mechanisms in a well-constrained
manner.

2.7 Conclusions

Ocean circulation, nutrient transports, and biological
productivity are intimately linked over a broad spec-
trum of space and time scales. The physical supply of
nutrients and trace metals can sometimes limit the lev-
els of export production. However, even in regions where
other processes become limiting, the physical supply of
nutrients and trace metals needs to be consistent with
the levels of export production for there to be a steady
state. Here, we have reviewed the role of physical phe-
nomena, on horizontal scales from global to frontal, in
determining nutrient distributions and modulating the
supply of nutrients to the euphotic zone over the open
ocean. The key points of our review may be summa-
rised as follows:

� The large-scale overturning circulation and its trans-
port of nutrients is the principal physical mechanism
determining the nutrient contrasts between ocean
basins. Together with the biological fallout and re-
mineralisation of organic matter, the overturning cir-
culation leads to the deep waters of the Pacific and

Fig. 2.27. A phosphorus profile representative of the present day,
western North Atlantic compared with a glacial profile recon-
structed from Cd / Ca ratios of benthic foraminifera in sediment
cores (from Boyle and Keigwin 1987). The glacial reconstruction
assumes that the Cd-P relationship of the glacial oceans was similar
to the present day. The observed Cd-P curve is well represented as
two intersecting linear relationships which is reflected in the
change of scale on the Cd/ Ca axis (see Boyle 1988). The reconstruc-
tion suggests a significant increase in the vertical gradient in phos-
phorus over the North Atlantic during the last glacial period
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Indian Oceans having much higher concentrations
in inorganic nutrients than the Atlantic Ocean. Sepa-
rate and independent overturning cells connect each
basin with the Southern Ocean.

� Convective mixing acts to transfer nutrients from the
seasonal boundary layer into the euphotic zone and
is significant in modulating productivity on seasonal
and interannual timescales.

� The gyre-scale circulation transfers nutrients both
vertically and horizontally within ocean basins. In
association with biological consumption and fallout,
this advective transfer leads to the surface waters
being nutrient rich over subpolar gyres and nutrient
poor over subtropical gyres. The western boundary
currents and lateral Ekman transfers across the in-
ter-gyre boundaries help to maintain the nutrient
concentrations within each gyre.

� Time-varying circulations may locally enhance bio-
logical production through rectified transfer of nu-
trients across the base of the euphotic zone. This fine-
scale enhancement can occur at the ocean eddy and
frontal scale, and involves both vertical and horizon-
tal advection of nutrients. Eddies also provide a large-
scale, rectified volume transport and diffusion of
nutrients along isopycnals. This isopycnic transfer is
particularly important in determining nutrient dis-
tributions over the Southern Ocean and in transfer-
ring nutrients across inter-gyre boundaries.

� In addition, these physical phenomena affect the
inter-annual and longer-term variability of the bio-
geochemical system, as evident in changes associated
with circulation modes: ENSO and the North Atlan-
tic Oscillation. For example, atmospheric modulation
of convection or the circulation might alter the lev-
els of biological production or the state of the eco-
system through changes in nutrient or trace-metal
supply.

While we have attempted to provide a mechanistic
view of the competing physical processes for the open
ocean, we are aware of several difficulties. Firstly, for
clarity, we have described each process separately and
independently, rather than adopt a purely regional
view. However, each process is naturally connected to
each other. For example, boundary currents are part of
both the gyre and overturning circulations, energetic
circulations contain a mixture of eddies and fronts,
and atmospheric variability induces changes in convec-
tion, circulation and inputs of trace metals. Secondly,
the biogeochemical response to the physical processes
has only been discussed in a qualitative manner. The
lack of quantitative constraints is one of the principal
challenges that need to be addressed for both present
day and paleo analyses. In assessing the role of differ-
ent processes, a distinction needs to be made between

how important a process is in perturbing the system
(such as providing a short-term burst in nutrient sup-
ply to the euphotic zone) and in maintaining a long term
equilibrium.

Understanding the impact of the present-day vari-
ability requires maintenance and further development
of long term time-series stations in order to provide a
reliable observational context. In addition, regional and
global surveys of the organic forms of nutrients are re-
quired in order to quantify the fluxes and budgets of
the total nutrient pools. Addressing these outstanding
issues will be challenging due to the importance of rec-
tified signals in biogeochemistry, such as those involv-
ing temporal variations in convection, the mesoscale
eddy and frontal circulations. One approach is to adopt
an increased use of targeted experiments, combined with
models, to identify the observational signals and assess
the competing processes.
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Notes

1. The diapycnic diffusivity is typically 10–5 m2 s–1 in the
main thermocline (e.g. Ledwell et al. 1993), but
reaches much higher values above rough topography
(Polzin et al. 1997) and near coastal boundaries.
Munk and Wunsch (1998) argue that the combina-
tion of the weak background mixing and localised
enhanced mixing might lead to an effective diffusiv-
ity of 10–4 m2 s–1 acting over the deep ocean. They sug-
gest that this mixing is driven by the mechanical in-
puts of energy from the winds and tides. However,
even with a higher mixing rate over the deep ocean,
there is still a difficulty in explaining the nutrient
transfer over the upper ocean in terms of diapycnic
diffusion and vertical advection by the large-scale cir-
culation.

2. Traditionally, frontal definitions are used to define
the regions over which water masses form and spread
over the Southern Ocean (Orsi et al. 1995). The sur-
face signatures of fronts are particularly evident in
maps of the gradient in sea surface temperature in-
ferred from remotely-sensed observations (Hughes
and Ash 2001). These remotely-sensed observations
and general circulation model experiments suggest
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though that these fronts are not always continuous
features around the Southern Ocean, but instead
merge or separate according to the topography (Pol-
lard et al. 2002).

3. The eddy transport was first discussed in the atmos-
phere to explain how tracers can be transported in
the opposite direction to the time-mean Eulerian cir-
culation; e.g. Andrews et al. (1987). This eddy trans-
port explains the polewards heat transport across the
troposphere and cancellation of the ‘Ferrel’ cell, as well
as the transport of ozone-rich, tropical air towards
the high latitude, winter hemisphere in the strato-
sphere. For the Southern Ocean, the dominant eddy
contribution across latitude circles occurs from stand-
ing eddies involving spatial deviations in a zonal av-
erage (Döös and Webb 1994; Karoly et al. 1997), al-
though transient eddies control the transfer across
time-mean streamlines (Hallberg and Gnanadesikan
2001).

4. The eastwards and northwards Ekman volume fluxes
are defined by U = τy / (ρf) and V = –τx / (ρf) respec-
tively; here τx and τy are the eastwards and north-
wards components of the wind stress, ρ is the den-
sity and f is the Coriolis parameter. The upwelling at
the base of the surface Ekman layer is given by the
convergence of the horizontal Ekman flux or equiva-
lently the curl of the wind stress divided by the
Coriolis parameter.

5. Model estimates of the lifetime of semi-labile, dis-
solved organic nitrogen (DON) range from several
months in the surface to years in the main thermo-
cline. For example, Anderson and Williams (1999)
model the cycling of organic matter and obtain DON
lifetimes of 0.4 years at the surface and increasing to
6 years at 1 000 m as the concentration of bacteria
decreases with depth.

6. Along a front, there is a balance between the accel-
eration of the along front velocity, Du / Dt and the
cross-frontal Coriolis acceleration, –fv, where

where, u and v are the velocities aligned along and
across the front, f is the Coriolis parameter and D/Dt
is the rate of change following a fluid parcel (Eliassen
1962). The secondary circulation associated with the
cross-frontal flow satisfies

where w is the vertical velocity. Thus, for an acceler-
ating eastwards jet, Du /Dt > 0, then the secondary
circulation is with a polewards surface flow (v > 0),

inducing downwelling (w < 0) on the polewards, cy-
clonic side of the front and upwelling (w > 0) on the
equatorwards, anticyclonic side of the front; see New-
ton (1978) for a discussion of both ocean and atmos-
pheric cases.

7. The asymmetrical response of the ecosystem to tran-
sient upwelling is directly analogous to the interac-
tion of a time-varying circulation and photochemis-
try in the stratosphere. Ozone-rich air in the strato-
sphere survives when transferred towards the darker,
winter pole and is destroyed when transferred to the
sunlit equator. This asymmetry leads to a rectified
transport of ozone towards the winter pole and maxi-
mum concentration in total ozone occurring away
from its photochemical source.

8. Consider a patch of dye spreading from a localised
source through advection and diffusion. Scale analy-
sis suggests that the dye spreads advectively over a
spatial scale

Ladv ~ Vt

where V is the transport velocity including the recti-
fication of the time-varying flow from the correla-
tion of the velocity and layer thickness, and t is time.
The dye will also spread diffusively over a spatial
scale,

Ldif ~ (Kt)1/2

where K is the eddy-induced diffusivity of tracer. The
ratio of these length scales is

Thus, for non-zero V and K, the initial spreading
will be diffusive, since the ratio of Ladv / Ldif is small.
Over longer timescales, however, advection becomes
important, as the horizontal scales inflate, and may
eventually dominate over diffusion. For example, as-
suming K ~ 1 000 m2 s–1 and V ~ 1 cm s–1 suggests that
advection and diffusion becomes comparable after a
timescale of order several years.

9. The issue of misleading correlations arising from the
shortness of the time record compared with the pe-
riod of any oscillations is discussed by Wunsch (1999)
in terms of the North Atlantic and Southern Oscilla-
tions. In addition, Wunsch (2001) reports on a cli-
mate example where the water level of Central Afri-
can lakes were thought to be correlated with monthly
sunspot numbers based on a 20 year record. How-
ever, this correlation turned out to be erroneous when
the lake record was extended to 70 years and included
more cycles in the sunspot numbers.
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