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Abstract. The maintenance and interannual variability of export production is

partly controlled by the convective and Ekman supply of nutrients to the euphotic
zone. This dynamical supply of nitrate to the euphotic zone is estimated over the
North Atlantic from 1968 to 1993. First, a matrix of one-dimensional mixed-layer
models are integrated over the North Atlantic forced by surface and Ekman fluxes
of heat and freshwater. Second, nitrate fluxes to the euphotic zone are estimated by
combining the mixed-layer thickness cycle and wind stress data with climatological

nitrate profiles. The model suggests that the convective supply of nitrate ranges

from 0.1 mol N m—2yr~!

in the subtropics to 1.4 mol N m~2yr~
gyre. The interannual variability in convective supply reaches £0.2 mol N m~2yr

! over the subpolar

-1

This variability in nitrate supply is significantly correlated with the North Atlantic
Oscillation index over parts of the central and western Atlantic but not over the

eastern Atlantic. This convectively induced variability should modulate the levels
of export production wherever the nitrate supply is limiting. The Ekman transfer

is relatively small, reaching 0.1 mol N m~—2yr~!

over the subpolar gyre, but is

important in maintaining nitrate concentrations within the seasonal boundary

layer.

1. Introduction

Export production, defined by the loss of organic
matter from the euphotic zone, is maintained both
through physical processes which transfer nutrients
within the ocean and external inputs of nutrients from
the atmosphere and land (Figure 1a). The basin-scale
patterns in export production over the North Atlantic
broadly reflect the combined effects of convection and
circulation in transferring nutrients (Figure 1b).

For example, remotely sensed estimates of primary
production [Sathyendranath et al., 1995; Behrenfeld and
Falkowski, 1997] indicate more vigorous productivity
over the subpolar gyre, tropics and coastal boundaries,
which are consistent with high export fluxes as im-
plied from sediment-trap measurements [Lampitt and
Antia, 1997]. In these productive regions, convection
and large-scale upwelling combine to transfer nutrient-
rich, thermocline waters into the euphotic zone. Over
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the subpolar gyre, this vertical supply of nutrients is
enhanced by the lateral transfer of thermocline waters
into the poleward deepening, winter mixed layer [Mar-
shall et al., 1993]. Primary production and perhaps
export production is weaker over the subtropical gyre
where there is large-scale downwelling. Over the flanks
of the subtropical gyre, export production is probably
maintained through a combination of convection and a
lateral, wind-driven transfer of nutrients from neighbor-
ing upwelling zones [ Williams and Follows, 1998]. How-
ever, independent, transient-tracer estimates of export
production over the Sargasso Sea [Jenkins, 1982, 1988;
Jenkins and Goldman, 1995] are only partly explained
by traditional sources of nitrogen involving convection
[Michaels et al., 1994], diapycnic diffusion [Lewis et al,
1986], and atmospheric deposition [Knap et al., 1986].
Instead, additional nitrogen sources have been proposed
involving rectified eddy-induced upwelling of nutrients
[McGillicuddy and Robinson, 1997], a lateral transfer
of organic nutrients [Rintoul and Wunsch, 1991], and
nitrogen fixation [Michaels et al., 1996; Gruber and
Sarmiento, 1997).

While a steady-state view is a useful starting point
to understand patterns of export production, there is
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Figure 1. (a) Export production involves an export
of organic matter from the euphotic zone. This process
is maintained through a combination of external inputs
of nutrients and physical processes supplying nutrients
from the thermocline. The bases of the euphotic zone
and mixed layer are marked here by the upper and lower
dashed lines, respectively. (b) The physical supply of
nutrients varies over the basin due to the poleward in-
crease in convection and the gyre-scale variations in the
wind-driven circulation; the seasonal boundary layer is
defined by the thickness of the end of winter mixed layer
(marked by the dashed line).

strong interannual variability over the upper ocean of
the North Atlantic involving both physical and bio-
geochemical variables. Interannual changes in sea sur-
face temperature (SST) are associated with atmospheric
anomalies and changes in air-sea fluxes [ Bjerknes, 1964;
Kushnir, 1994; Cayan, 1992a]. Cayan [1992b] argued
that the atmospheric anomalies drive the SST changes
on interannual timescales, since the tendency in SST
correlates with latent and sensible heat flux anoma-
lies. This interpretation is supported by Battisti et al.
[1995], who successfully simulated wintertime variations
in SST (away from the Gulf Stream) over the North
Atlantic only using air-sea fluxes (and without includ-
ing any anomalous advection of SST). The atmospheric
anomalies also alter the strength and pattern of oceanic
convection over the North Atlantic [Dickson et al., 1996]
as well as modifying the circulation.
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In turn, the meteorologically forced interannual
changes in convection and circulation modulate the nu-
trient supply to the euphotic zone and thus alter ex-
port production in regions limited by macronutrients.
For example, local winter mixing has been found to al-
ter primary production in the Sargasso Sea [Menzel and
Ryther, 1961] and to influence the interannual variabii-
ity of the modeled particulate export at Hydrostation S,
near Bermuda [Sieel and Henderson, 1993]. In addition,
biogeochemical modeling and remote ocean color stud-
ies of the North Atlantic show interannual changes in
convection controlling both spring-time phytoplankton
abundance [Dutkiewicz et al., 2000; M.J. Follows and
S. Dutkiewicz, Meteorological modulation of the North
Atlantic spring bloom, submitted to Deep Sea Research,
2000] and air-sea exchange of gases [McKinley et al.,
2000].

In this study, we adopt a simpiified modeling ap-
proach in order to estimate the convective and wind-
induced (Ekman) supply of nitrate to the euphotic zone
over the North Atlantic for a 26-year period from 1968
t0 1993. A matrix of one-dimensional, mixed-layer mod-
els is used to estimate changes in mixed-layer thickness
over the North Atlantic forced by air-sea fluxes; this
approach is similar to that adopted by Battist: et al.
[1995]. The convective and Ekman transfer of nitrate
to the euphotic zone is estimated by melding the mod-
eled mixed-layer thickness changes with climatological
nitrate profiles.

In section 2, the convective supply of nutrients to the
euphotic zone is discussed in terms of its contribution
to export production. In section 3, a one-dimensional
mixed-layer model is developed and tested by compar-
ing with observations at the Bermuda Atlantic Time-
Series Study (BATS). In section 4, the one-dimensional
model is used to estimate the convective and Ekman
supply of nitrate to the euphotic zone over the North
Atlantic using time series for surface fluxes of heat and
freshwater, and wind stress, combined with climatolog-
ical nitrate profiles. This dynamical supply of nitrate
is correlated with changes in the North Atlantic Os-
cillation (henceforth referred to as NAO). Finally, the
results are discussed in section 5.

2. Convective Nutrient Supply and
Export Production

The local evolution of a dissolved inorganic nutri-
ent, NV, is controlled by the divergence of the advective
fluxes, V- (uN), the vertical divergence of the turbulent

fluxes, g—zw’./\/", and biological cycling, F/0z:
ON 0

! /_@

(1

where u is the three-dimensional velocity vector, w is
the vertical velocity, w'AN’ represents a vertical tur-
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bulent nutrient flux, the prime represents a turbulent
event in the mixed layer, and the overline represents
a time average of these turbulent events. Geostrophic
eddy transport and mixing is included in the term
V - (uN). The biological sources and sinks of inorganic
nutrients are simply represented by the convergence of
the downward flux of particulate and dissolved organic
matter, F'. Export production is defined here as the
flux of organic matter out of the euphotic zone, F/(—h.),
which includes the sinking of particulate organic mat-
ter and the advection and turbulent mixing of dissolved
organic matter. The export production is related to
the nutrient supply by integrating (1) over the euphotic
zone of thickness h,:

h————+/ V- (uN)dz

tw N g — w'N r=—h. = —F(=h.), (2a)
where the subscript m denotes a value in the mixed layer
and the surface flux of organic nutrients is neglected.
The export production, F(—h.), is driven by the tem-
poral change in nutrient concentration in the euphotic
zone, advective supply of nutrients, surface input of nu-
trients, or the convective supply of nutrient-rich water
(represented by the first to fourth terms on the left-hand
side of (2a), respectively).

On a seasonal timescale, this nutrient balance over
the euphotic zone (see the scale analysis in the Ap-
pendix of Williams and Follows [1998]) reduces to

p, Nm

ot WNseh, =

—F(=he), (2b)

where mixed-layer nutrients decrease in concentration
through biological consumption and export during
spring and summer and increase again through convec-
tive supply during autumn and winter. For a steady
state, the convective supply of nutrients approximately
balances the export production over the year:

/ w'N’z:_hedtz/ F(—h,)dt. (3)
year year

Hence we attempt here to estimate the convective sup-
ply of nutrients each winter in order to estimate export
production over the following year.

The dominant nutrient balance differs from (2b) when
integrated over the seasonal boundary layer as discussed
by Williams and Follows [1998], since the entrainment
flux, w' N, becomes much smaller at the base of the sea-
sonal boundary layer. The depth-integrated nutrients
over the seasonal boundary layer are instead maintained
by the combination of convection, advective fluxes, and
surface nutrient inputs.

We now develop a simplified mixed-layer model to es-
timate the convective and Ekman supply of nitrate in
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order to diagnose their contributions to export produc-
tion. The model is first tested at BATS (section 3) and
then applied over the North Atlantic (section 4).

3. A Mixed-Layer Model Applied in the
Sargasso Sea

3.1. One-Dimensional Mixed-Layer Model

A one-dimensional, Kraus and Turner [1967] style,
mixed-layer model is used to solve the density and tur-
bulent kinetic equations on seasonal timescales, which
includes parameterized heat and freshwater advection
to obtain a closed annual cycle; further details are given
by Williams [1988] and Lascaratos et al. [1993]. The
density budget for the mixed layer involves a balance
between local temporal change, advection of density,
surface fluxes, and entrainment:

6pm

0
) __« ]
6t /_hV (up)dz = c H+wp ey, (4)

p

where, for clarity, we do not include surface fresh water
fluxes or penetrating solar radiation in (4) but do in-
clude these terms in the subsequent model integrations;
h is the mixed-layer thickness, p,, is the mixed-layer
density, H is the surface heat flux, w'p',__, is the tur-
bulent density flux at the base of the mixed layer, a is
the density expansion coefficient for temperature, and
C, is the heat capacity.

The mixed-layer density budget is controlled by sur-
face forcing and entrainment over seasonal timescales,
but advection becomes important on an annual
timescale. Our objective is to develop a mixed-layer
model that can be applied over different parts of the
basin by including a parameterized advection; our ap-
proach has been applied in the eastern Mediterranean
[Lascaratos et al., 1993] and is similar to that used by
Battisti et al. [1995] for the North Atlantic.

First, the advection is separated into contributions
from the geostrophic velocity uy and the horizontal Ek-
man volume flux U, and (4) is rewritten as

8pm / V - (ugp)dz + Ueg - Vppm

= —fC—p H+w'p' oo, (5)
where Vj, represents a horizontal derivative.

Second, we assume that the interannual changes in
surface and Ekman fluxes are larger than those in
geostrophic advection; this assumption is supported by
the studies of Cayan [1992b] and Battisti et al. [1995].
The climatological-mean contribution from geostrophic
advection must be parameterized. If there is a nearly
repeating annual cycle, time-averaging (5) and integrat-
ing over the seasonal boundary layer of thickness H (de-
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fined by the maximum thickness of the winter mixed-
layer) gives

0
QA ——c —_ ¢
JIR A LR v sy )
-H Cyp

where the temporal change, first term in (5), is ne-
glected by assuming a nearly steady state, the entrained
density flux, w'p’,__g, at the base of the climatologi-
cal, seasonal boundary layer is assumed to be relatively
small, and the overline with superscript ¢ represents a
climatological-annual average.

Here, we choose to parameterize the vertically inte-
grated, geostrophic advection of density into the sea-
sonal boundary layer using (6) in terms of the residual
of the time-averaged surface density and Ekman fluxes.
The contribution from geostrophic advection is only in-
cluded over the climatological seasonal boundary layer.
The advective flux is assumed to decay exponentially
with depth with an e-folding depth scale equal to half
the thickness of the climatological end of winter mixed-
layer. Note that Battisti et al. [1995] also includes an
additional heat flux in order to obtain a closed heat
balance but instead applies this Aux only at the sur-

o

BATS +++ 1D: no advection
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face. Our advective parameterization supplying addi-
tional heat and freshwater over the seasonal boundary
layer leads to an improved seasonal cycle in the upper
thermocline; for example, the model correctly simulates
the summer formation of a subsurface salinity minimum
over the eastern Mediterranean [Lascaratos et al., 1993],
which is not possible to obtain with only surface forcing.
The mixed-layer thickness and density are solved for
from the density budget (equation (5)) and the turbu-
lent kinetic energy equation of the mixed-layer model
[ Williams, 1988] using surface density fluxes and winds,
together with the parameterization for the geostrophic
advection (equation (6)). The mixed-layer model and
advective parameterization is extended to include pen-
etrating solar radiation and surface freshwater fluxes.

3.2. Mixed-Layer Thickness Cycle at BATS

The mixed-layer model is first assessed at BATS
(31°45’N, 64°10'W) for the period from 1989 to 1995
where there are in situ observations [Michaels and Knap,
1996]; note that there has been a detailed mixed-layer
modeling study at that site by Doney [1996] from 1988
to 1992. The one-dimensional, mixed-layer model is
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Figure 1. (a) Export production involves an export of organic matter from the euphotic zone.
This process is maintained through a combination of external inputs of nutrients and physical
processes supplying nutrients from the thermocline. The bases of the euphotic zone and mixed
layer are marked here by the upper and lower dashed lines, respectively. (b) The physical supply
of nutrients varies over the basin due to the poleward increase in convection and the gyre-scale
variations in the wind-driven circulation; the seasonal boundary layer is defined by the thickness
of the end of winter mixed layer (marked by the dashed line).



WILLIAMS ET AL.: CONVECTIVE NITRATE SUPPLY OVER NORTH ATLANTIC

integrated with and without the geostrophic advection
parameterization and compared with a general circu-
lation model, which explicitly includes the geostrophic
advection contribution. The observed density profiles

diagnosed from bottle data at BATS suggest that the
mixed-layer thickness at the end of winter varies inter-

annually from 159 m in 1990 to 324 m in 1995 (Fig-
ure 2a, thick black line); using a mixed-layer thickness
defined by a density jump of 0.125 kg m™3 from the
surface.

The mixed layer is modeled using the idealized one-
dimensional mixed-layer model and a three-dimensional
general circulation model (GCM) [Dutkiewicz et al.,
2000]. The GCM has been integrated at 1° x 1° res-
olution over the North Atlantic over this period us-
ing twice-daily NCEP analyzed heat and freshwater
fluxes and wind stresses [Kalnay et al., 1996], as well
as including an additional surface relaxation term for
temperature. In order to assess the role of advection,
the one-dimensional model is forced using the same
monthly surface fluxes as the GCM including the ar-
tificial surface relaxation for temperature. The an-
nual surface heat flux applied in the model varies from
3 W m~?% over 1990 to —15 W m~2 in 1993 as shown in
Figure 2b (these annual averages are evaluated from
July to June). Ekman heat and salinity fluxes are
evaluated from NCEP monthly winds combined with
monthly SST [Reynolds and Smith, 1994] and climato-
logical monthly salinity [Levitus et al., 1994].

The one-dimensional model monotonically deepens,
unrealistically, when forced only by surface fluxes due
to the overall long-term surface heat loss (Figure 2a,
dotted line). The parameterized geostrophic advection
of heat and freshwater is chosen to be 14 W m~2 and
0.4 m yr~!, which offsets the integrated surface and
Ekman heat and freshwater fluxes between 1989 and
1995. The advection is applied over the climatological
seasonal boundary layer and decays exponentially with
a depth scale of 130 m. When the parameterized advec-
tion is included, the one-dimensional model gives much
improved results, with the modeled variability broadly
following observed changes and estimating a thickness
of 128 m in 1990 and 318 m in 1995 (Figure 2a, thin
full line). The correlation coefficient between the end of
winter mixed-layer thickness from the one-dimensional
model and the observations is 0.905, which is significant
at a confidence level of 99%.

The GCM results are broadly similar to the one-
dimensional model with parameterized advection show-
ing only slightly improved agreement with the observed
time series. Hence, the mixed-layer variability at BATS
appears to be controlled by the integrated heat loss
to the atmosphere, rather than interannual changes in
geostrophic advection.

In comparison, Doney [1996] found that a one-
dimensional, mixed-layer model reproduced much of the

1303

observed behavior in sea surface temperature, heat con-
tent, and mixed-layer thickness at BATS between 1988
and 1992. However, he argued that there was a poor
representation of the end of winter mixed layer due to
the omission of mesoscale features passing through the
region. This omission is important for a detailed fore-
cast at a specific site but may be less crucial on the
basin scale.

3.3. Convective Nitrate Supply at BATS

The nitrate concentration in the mixed layer is in-
ferred by combining the mixed-layer thickness and ni-
trate profiles using the integral method of Glover and
Brewer [1988]. The annual entrainment flux of nitrate
into the base of the euphotic zone is evaluated from
monthly contributions from September until the end of

winter:
w

T Sept

where the end of winter, W, is defined to be when the
surface heat flux changes from negative to positive and
T represents 1 year, and the thickness of the euphotic
zone is assumed always to be 100 m.

The entrainment flux into the euphotic zone in (7) is
linearly related to the flux at the base of the mixed layer
whenever the mixed layer is deeper than the euphotic
zone and otherwise is zero:

wNOy' __, dt, (7)

[E— he _—
wlNO;lz:—he = AeT{w,NO;Iz:~h7 (8)

where A, = 1 when h > h. and otherwise is 0. The
entrainment flux at the base of the mixed layer is pa-
rameterized in terms of the mixed-layer deepening and
nitrate difference between the mixed layer and underly-
ing thermocline:

WwNO ., = A(NOg , ~NOT,) 3, (9
where NOj ,, is the nitrate concentration in the fluid
entrained from the thermocline and A is defined as 1
when there is entrainment with h/0t > 0 and other-
wise is 0.

The convective nitrate flux is determined at BATS
from (7) to (9) using two independent methods. First,
using the observed hydrography and monthly in situ
nitrate profiles, the convective supply is estimated to
reach 0.1 mol N m~2yr~!(Figure 2c, thick full line).
This data-derived estimate varies from a minimum of
0.01 mol N m~2yr~! in 1990 to 0.14 mol N m~2yr—!
in 1993. Second, the mixed-layer thickness is modeled
and combined with the climatological-average of in situ
nitrate profiles at BATS. The model-derived estimate is
generally close to the data-derived estimate with values
reaching 0.02 mol N m~2yr~! in 1990 and 0.15 mol
N m~2yr~! in 1995 (Figure 2c, thin full line). The
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modeled and observed convective fluxes do significantly
differ in 1994 when observed nitrate profiles show low
concentrations in the upper water column, which has
been attributed to anomalous advection [Michaels and
Knap, 1996].

Our estimates of the convective nitrate flux over the
winter are similar in magnitude to estimates of new pro-
duction of 0.09 mol N m~2 and 0.11 mol N m~2 for a
spring bloom in 1989 by Michaels et al. [1994] (us-
ing oxygen excess and nitrate reduction methods, re-
spectively). However, independent transient tracer ev-
idence suggests that export production reaches higher
values of typically 0.5 mol N m~2yr~! gver the Sargasso
Sea [Jenkins, 1982, 1988; Jenkins and Goldman, 1985].
These higher values of export production are proba-
bly maintained by other nutrient sources becoming im-
portant (Figure la), such as fixation of nitrogen gas
[Michaels et al., 1996: Gruber and Sarmiento, 1997],
mesoscale eddy transport [McGillicuddy and Robinson,
1997; Oschlies and Garcon, 1998], and lateral transport
of organic matter [Rintoul and Wunsch, 1991]; see the
review by McGillicuddy et al. [1998].

4. Interannual Change Over the North
Atlantic

4.1. Model Formulation

We now employ the one-dimensional model in order
to examine the convective and Ekman transfer of nitrate
over the North Atlantic basin. Our approach assumes
that interannual changes in the mixed layer over the
basin scale are principally driven by interannual changes
in air-sea fluxes. The model is integrated for separate
stations at intervals of 1? in latitude and longitude over
the basin north of 20°N, in a similar manner to that
employed by Battisti et al. [1995].

The surface solar heat flux is evaluated using astro-
nomical relations and using monthly values of cloud
cover [da Silva et al., 1994] and climatological monthly
albedo [Payne, 1972]. The solar irradiance is applied
throughout the water column using an empirical, three
exponential profile [Horch et al., 1983, defined accord-
ing to ocean color following a map of Sechi disc mea-
surements over the North Atlantic [Dickson, 1972).

Monthly latent heat, sensible heat, longwave, precip-
itation fluxes and wind stress are taken from National
Centers for Environmental Prediction (NCEP) [Kalnay
et al., 1996]. The Ekman fluxes of heat and freshwater
are evaluated using monthly sea surface temperature
[da Silva et al., 1994] and climatological monthly salin-
ity [Levitus et al., 1994]. The model is initialized with
climatological Levitus data in 1958 and integrated for
35 years: the first 10 years are considered as a spin up
and the output is analyzed from 1968 to 1993.

The convective flux of nitrate is evaluated by com-
bining the modeled cycle of mixed-layer thickness with

WILLIAMS ET AL.: CONVECTIVE NITRATE SUPPLY OVER NORTH ATLANTIC

climatological nitrate profiles [Conkright et al., 1994].
The Ekman nitrate flux is evaluated by combining the
time series of wind stress and the modeled mixed-layer
nitrate concentrations. The resulting physical supply of
nitrate to the euphotic zone provides an initial estimate
of how much new and export production occurs over the
following spring and summer assuming the simplified
balance in (3). New and export production might be
enhanced over our estimates owing to the contribution
of other processes, such as atmospheric sources of nu-
trients, geostrophic eddy transport, and the transport
of organic nutrients.

4.2. Model Test at Hydrostation S

We illustrate the performance of the array of one-
dimensional models by a long-term comparison between
the model and observed data at Hydrostation S in the
Sargasso Sea (32°10°N, 64°30'W) [Michaels and Knap,
1996]. The annual surface and Ekman heat flux varies
from —45 W m™2 in 1969 to 3 W m~2 in 1989 and is
shown in Figure 3a together with its 10-year running
average. The 10-year running mean reveals an over-
all surface cooling of —25 W m~2 in 1968 reducing to
-2 W m~? in 1993. The interannual variations in sur-
face heat flux dominate over the Ekman heat flux, which
has a climatological mean of —2 W m™2 here.

The mixed-layer thickness is predicted using the
mixed-layer model with the parameterized geostrophic
advection evaluated either from a 1- or 10-year run-
ning mean of the surface heat flux and the Ekman heat
flux using (6). The interannual variability in the mod-
eled field becomes unrealistically small when a 1-year
running mean is used to evaluate the geostrophic ad-
vection, but becomes more plausible when a 10-year
running mean is applied (Figure 3b). Henceforth, the
geostrophic advection in the mixed-layer model is pa-
rameterized in terms of a 10-year running mean of the
surface and Ekman density fluxes.

The observed and modeled variability in winter
mixed-layer depth show some agreement for timescales
of several years (there is a gap in the observed record in
1979 and 1980). The correlation coefficient between the
observed and modeled variability is 0.44 for the annual
fields and is significant at a level of 97.5%. When the
modeled and observed time series’ are smoothed over a
timescale of 3 years (using a Gaussian filter) as shown in
Figure 3c, the correlation coefficient rises slightly to 0.51
and is significant at a level of 99%. However, this value
of the correlation coeflicient suggests that the model
only explains 26% of the variability. The model fore-
cast exhibits less skill than at BATS, which might in
part be due to increasing errors in the historical surface
heat fluxes during this longer period of 26 years. In
addition, the assumptions of the geostrophic heat bal-
ance parameterization are more uncertain on this longer
timescale.
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Figure 3. (a) Time-series of surface and Ekman heat flux (W m~?) at Hydrostation S (solid

line) and 10-year running mean (dashed line).

(b) Mixed-layer thickness (m) at end of winter

diagnosed from observations (thick solid line) and predicted from the one-dimensional mixed-
layer model with geostrophic advection assumed to balance 1- or 10-year running mean of the
surface heat flux (thin solid or dashed lines, respectively). (c) Smoothed version of Figure 3b
over a 3-year timescale (using a Gaussian weighting).

4.3. Climatological Estimate of Convection

The model-derived, mixed layer is now examined over
the North Atlantic, poleward of 20°N. The mixed-layer
thickness in March, from an average of values between
1968 to 1993, is shown in Figure 4a. There is a tongue
of a thicker mixed-layer extending to the northeast from
250 m at 35°N, 70°W to 500 m at 45°N, 20°W, and fur-
ther thickening westwards along the northern rim of the
subpolar gyre (Figure 4a). Mixed-layers of thickness
greater than 150 m generally coincide with regions of
net annual surface heat loss (derived from da Silva et al.
[1994] and NCEP fluxes described in Section 4.1) (Fig-
ure 4b). The mixed-layer thickness is also diagnosed
from climatology assuming a jump of 0.125 kg m™3
in potential density profiles, which are evaluated from
temperature and salinity data [Levitus and Boyer, 1994;
Levitus et al., 1994]. The model-derived, winter mixed-
layer topography is similar to that diagnosed from the
Levitus climatology but is systematically slightly deeper
(Figure 4c). However, our emphasis is assessing the in-
terannual variability, which appears to be reasonably

captured from the comparison at BATS. The standard
deviation of the annual deviations in the thickness of
the mixed layer in March varies from 25 m at low lat-
itudes to greater than 150 m over the subpolar gyre
(Figure 4d).

The convective flux of nitrate to the euphotic zone
(defined by the upper 100 m) is evaluated using from the
contributions between September to the end of winter
for each year (equation (7)), from 1968 to 1993 is shown
in Figure 5a. The annual convective supply broadly fol-
lows the pattern of the mixed-layer thickness with mini-
mum values of 0.05 mol N m~2yr—! at 25°N, 60°W and
maximum values of 1.4 mol N m~2yr~! in the subpolar
gyre. There are zero convective fluxes where the mixed
layer is thinner than 100 m located at 30°N, 40°W oft
Africa and Newfoundland. The standard deviation of
the annual variations in the convective flux range from
0.05 t0 0.2 mol N m~2yr~! over this period from 1968 to
1993 (Figure 5b). This variability is comparable to the
climatological mean nitrate supply at low latitudes but
becomes an order of magnitude smaller than the mean
supply at high latitudes. This reduced variability at
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high latitudes is partly due to smaller relative changes
in the mixed-layer thickness but also due to the weaker
vertical nitrate gradient in the thermocline beneath the
winter mixed layer.

a) Model March h

latitude

longitude

WILLIAMS ET AL.: CONVECTIVE NITRATE SUPPLY OVER NORTH ATLANTIC

4.4. Interannual Variability of Convection

The variability in the surface heat and Ekman flux
over winter (December-March), end of winter mixed-
layer, and convective nitrate supply are shown in Fig-
ure 6 through a series of maps for all the pentads be-
tween 1968 and 1992. The variability in the heat flux
over winter drives the modeled variability in the end of
winter mixed-layer thickness and convective flux of ni-
trate. The heat flux anomaly is positive (into the ocean)
over the western Atlantic during 1968-1972, weakly pos-
itive over the central Atlantic at 45°N, 40°W during
1973-1977 and 1978-1982, then weakly negative in 1983-
1987 and strongly negative in 1988-1992 (Figure 6a).

Positive heat flux anomalies lead to thinner mixed
layers. For example, the mixed layer is thinner over
the western Atlantic and thicker over the eastern At-
lantic during 1968-1972, while the reverse pattern oc-
curs in 1988-1992 (Figure 6b). Accordingly, there is
a reduced convective supply of nitrate whenever the
mixed layer is thinner. In turn, the convective supply
is weaker over the western Atlantic and stronger over
the eastern Atlantic during 1968-1972, while the reverse
occurs in 1988-1992 (Figure 6¢). While the zero lines
of mixed-layer thickness and convective flux anomaly
are generally coincident, their gradients differ since the
convective flux is also modulated by the vertical gradi-
ent of nitrate in the thermocline. Generally, the thick-
ness anomalies are significantly greater at high latitudes
compared to the subtropics. In contrast, the convec-
tive flux anomalies are comparable at mid-latitudes and
high-latitudes owing to the poleward weakening of the
nitrate gradient beneath the mixed layer.

4.5. Connection With the North Atlantic
Oscillation

The dominant mode of atmospheric variability over
the North Atlantic is associated with the North Atlantic
Oscillation [Hurrell, 1995], where the NAO index is de-
fined in terms of a sea-level pressure difference between
Iceland and Portugal. A high NAO index correlates
with enhanced winter surface heat loss and deep con-
vective mixing in the subpolar gyre and Labrador Sea.
The opposite is true during periods of low NAO index,
with anomalous surface heat loss and enhanced convec-
tion in the subtropical gyre [Dickson et al., 1996]. Con-

Figure 4. Mixed-layer thickness in March and an-
nual heat flux: (a) model-derived, mixed-layer thick-
ness (m) from an average of model output from 1968
to 1993; (b) diagnosed annual surface and Ekman heat
flux (W m~?); (c) data-derived, mixed-layer thickness
(m) from climatological density profiles; and (d) stan-
dard deviation in the model-derived mixed-layer thick-
ness (m) in March between 1968 and 1993.
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a) Climatological convective nitrate flux

latitude

longitude

Figure 5. Model-derived convective flux of nitrate into
the euphotic zone (mol N m~?yr~!) for the period from
1968 to 1993: (a) annual-mean contribution and (b)
standard deviation in annual contributions.

sequently, we expect a similar relationship to occur for
the winter entrainment of nutrients into the euphotic
zone.

The correlation coefficients between the NAO index
and modeled convective flux are shown in Figure 7.
There are three regions of high correlation above a mag-
nitude of 0.4, which is statistically significant to a level
of 97.5%: in the subpolar gyre (55°N, 45°W) and south-
ern and western parts of the subtropical gyres (25°N,
45°W and 35°N, 70°W). Elsewhere, there are extensive
regions of weak correlation with the NAO index, par-
ticularly over the eastern Atlantic. The tripole pattern
in the correlation coincides with the typical centers of
change in sensible and latent heat flux associated with
the NAO [Cayan, 1992a]. This pattern is to be expected
since the modeled changes in winter convection are prin-
cipally driven by changes in air-sea heat fluxes, rather
than wind mixing or Ekman fluxes; in the mixed-layer
model, wind mixing is only important during summer
but not in winter.

Time series of the convective flux and the NAO in-
dex are shown over three 5° x 5° regions over the North
Atlantic (Figure 8), which include two of the regions of
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most significant correlation (Figure 7). Over the central
subpolar gyre (e.g., 58°N, 43°W), the convective supply
varies from 0.6 mol N m~2yr~! to 1.4 mol N m~2yr~!
and has a strong positive correlation with the NAO in-
dex with a correlation coefficient of 0.76 (Figure 8a). In
the western subtropical gyre (e.g., 28°N, 73°W), there
are weaker variations from 0.01 mol N m~?yr~! to 0.1
mol N m~2yr~!, which have a strong negative correla-
tion with the NAO index with a correlation coefficient
of —0.59 (Figure 8b). In contrast, in the eastern sub-
tropical gyre (e.g., 48°N, 18°W), there is still marked
variability with the convective flux varying from 0.7 mol
N m~2yr~! to 1.3 mol N m~2yr~!, but the variability is
not significantly correlated with the NAO index (with
a correlation coefficient of only —0.10) (Figure 8c).

The important inference here is that while there is
variability in the convective flux, only a part of this
variability is significantly associated with shifts in the
NAO index. For example, the previous correlation coef-
ficients suggest that the NAO explains typically 58% of
the variability over the central subpolar gyre and 35%
over the western subtropical gyre, but only 1% over the
eastern subtropical gyre. Accordingly, we would expect
there to be a similar correlation between changes in the
NAO index and export production over the western and
central Atlantic but no significant correlation over the
eastern Atlantic.

To give further insight into the variability, we show
composite maps for NAO+ and NAO- states (Fig-
ure 9). The NAO years selected to makes these maps
are the 5 individual years with either the highest or low-
est index between 1968 to 1993: the NAO+ composite
is an average of 1983, 1989, 1990, 1992, and 1993, and
the NAO— composite is an average of 1968, 1969, 1970,
1977, and 1979. The difference plot for the surface heat
input over winter (December-March) (Figure 9a) shows
the expected cooling over the subpolar gyre and warm-
ing over the western subtropical gyre reaching a mag-
nitude of 50 W m~?; also see the analysis by Cayan
[1992a]. This heat flux anomaly drives a March mixed-
layer deepening of more than 100 m in the subpolar gyre
and a shallowing of 50 m in the western and eastern sub-
tropical gyre (Figure 9b). While the heat flux change is
only weakly positive over the eastern subtropical gyre,
there is a significant shallowing of the mixed layer there.
The resulting convective supply of nitrate to the eu-
photic zone is enhanced by 0.1 mol N m~2?yr~! over
the subpolar gyre and weakened by 0.1 mol N m~2yr~*
over the western and eastern sides of the subtropical
gyre (Figure 9c¢).

4.6. Climatology and Interannual Variability of
the Ekman Supply

The climatological influence of Ekman advection on
new and export production was examined by Williams
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a) Winter heat flux anomalles b) March h anomalles c) Convectlve nitrate flux anomalies

Figure 6. Pentad maps from 1968 to 1993 showing anomalies in (a) diagnosed surface and
Ekman heat flux over winter (W m™2), (b) model-derived, mixed-layer thickness (m) in March,
and (c) model-derived, convective flux of nitrate into the euphotic zone (mol N m~2yr~1). These
anomalies are relative to the climatological means shown in Figures 4b, 4a, and 5a.
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Correlation: NAO and Convective nitrate flux

latitude

longitude

Figure 7. Map of the correlation coefficient between
the model-derived, convective flux of nitrate and the
North Atlantic Oscillation index [Hurrell, 1995]. Sta-
tistically significant values at a level of 97.5% have a
correlation coefficient greater than 0.4 in magnitude.

and Follows [1998]. The Ekman circulation transfers
nitrate to the euphotic zone via upwelling over the sub-
polar gyre and lateral transfer over the subtropical gyre
(Figure 1b). The Ekman flux of nitrate is evaluated
from the monthly contributions between September and
April (when there is little biological activity) from 1968
to 1993 using the time series in wind stresses [Kalnay
et al., 1996] and our predicted nitrate concentrations in
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the mixed layer. The annual Ekman nitrate flux varies
from 0.05 mol N m~2yr~! in the subtropical gyre to 0.1
mol N m~2yr~! over the subpolar gyre (Figure 10a).
The standard deviation of the annual Ekman supply
between 1968 and 1993 reaches 0.05 mol N m~2yr—!
over the subpolar gyre (Figure 10b). While this Ek-
man transfer is generally an order of magnitude smaller
than the convective transfer, the Ekman supply makes
a significant contribution in the intergyre region and
is important in maintaining the nutrient budget of the
seasonal boundary layer.

Here, we examine the interannual variations in the
Ekman contribution. The North Atlantic storm track
varies with stronger westerly winds in the NAO+- state
and a weaker, westerly jet shifted to the south dur-
ing the NAO— phase. These wind stress changes al-
ter the vertical and horizontal Ekman nitrate supply in
contrasting ways. The positive correlation between the
Ekman supply and the NAO index around 50°N is due
to enhanced horizontal Ekman transfer through both
stronger winds and stronger meridional gradients in
surface nitrate with enhanced convection in the subpo-
lar gyre (Figure 10c). The negative correlation around
35°N is due to more extensive upwelling occurring with
a southward shift of the westerly jet. However, the dif-
ference in the Ekman supply of nitrate between the com-
posite of NAO+ and NAO— states is relatively small
compared with the convective change, only reaching 0.1
mol N m~2yr~! around 50°N, 45°W (Figure 10d).

a) 55-60°N, 40-45°W
T

1.5 r T T
NAO+
E 3
[ c
g - o3
= - <
B — Nitrate flux z
— = NAO index 4NAO-
05 L 1 1 1 Il
1970 1975 1980 1985 1990
b) 25-30°N, 70-75°W.
0.1 T T T T
I\
NAO+
2 3
£0.05 o £
© []
H E
NAO-
| | |
1970 1975 1980 1985 1990
c) 45-50°N, 15-20°W
1.5 T T T T
NAO+
E 2
z 3
NAO-
1 1

L
1980
Year

i
1975

L
1970

1985 1990

Figure 8. Time series for the model-derived, convective flux of nitrate (full line) together with
the North Atlantic Oscillation index (dashed line): (a) subpolar gyre, 55-60°N, 40-45°W; (b)
western subtropical gyre, 25-30°N, 70-75°W; (c) eastern subtropical gyre, 45-50°N, 15-20°W.
The correlation coeflicients between the time series and the NAO index are 0.76, —0.59, and

—0.10, respectively.
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a) Winter heat flux difference
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Figure 9. Difference plots between composite NAO+
and NAO— states for (a) diagnosed surface and Ek-
man heat flux (W m~?) over winter, (b) model-derived,
end of winter mixed-layer thickness (m), and (¢) model-
derived, convective flux of nitrate (mol N m~2yr—1).

Consequently, the convective supply to the euphotic
zone dominates over the Ekman supply for both its cli-
matological mean and variability. However, the Ekman
supply is still important in the long-term maintenance
of the nutrient concentrations over the seasonal bound-
ary layer. The variability in the Ekman supply is more
strongly correlated with the NAO index over a greater
part of the North Atlantic basin than is the convective
supply. This difference in correlation patterns is prob-

WILLIAMS ET AL.: CONVECTIVE NITRATE SUPPLY OVER NORTH ATLANTIC

ably due to the NAO index being defined in terms of
sea-level pressure difference, which is directly related
to surface winds that drive Ekman fluxes but is less
directly related to surface heat fluxes that drive con-
vection.

5. Discussion

In this study, the convective and Ekman supplies
of nitrate to the surface ocean are estimated over the
North Atlantic, addressing both the climatological mean
and interannual variations over a 26-year period. Qur
focus on the mean contribution and variability of ni-
trate transport does not account for other, potentially
important, contributions in the supply of new nitrogen,
such as nitrogen fixation, transport of dissolved organic
matter, and eddy-rectified transport.

5.1. Climatological-Mean Supply of Nitrate

A matrix of one-dimensional, mixed-layer models is
used to estimate the mixed-layer thickness from 1968 to
1993, forced by time series of surface and Ekman fluxes
of heat and fresh water and including parameterized
geostrophic advection. The convective and Ekman sup-
ply of nitrate to the euphotic zone is evaluated by com-
bining the mixed-layer predictions with wind stresses
and climatological nitrate profiles. There is a general
poleward increase in convective supply from 0.1 mol N
m~%yr~! in the subtropics to 1.4 mol N m~2yr=! over
the subpolar gyre. The climatological, annual-mean Ek-
man transfer is relatively small, reaching 0.1 mol N
m2yr~! over the subpolar gyre but is important in
maintaining nitrate concentrations within the seasonal
boundary layer. The details of the model predictions
should be viewed with some caution due to a number
of significant uncertainties in our approach. The air-sea
fluxes used to force the model have errors of typically
+25 W m~2, which is comparable to the climatologi-
cal mean over much of the basin. The model neglects
changes in the geostrophic flow on timescales shorter
than 10 years. The convective nitrate supply might also
be over estimated in instances where there is repeated
annual deepening of the winter mixed-layer, since the
model assumes that the nitrate profile in the main ther-
mocline is always maintained. However, despite these
uncertainties, the resulting maps of the annual convec-
tive nitrate supply have a plausible basin-scale struc-
ture.

The convective flux into the euphotic zone will even-
tually diminish (over a period of several years) unless
there is some other process fluxing nutrients into the
seasonal boundary layer. Over the subpolar gyre, the
wind-induced upwelling and cyclonic circulation gener-
ally transfer nutrients from the thermocline into the sea-
sonal boundary layer, which thickens poleward. Over
the subtropical gyre, the horizontal Ekman and eddy
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transport is important in providing nutrients to the eu-
photic zone on the flanks of the gyre and across frontal
zones, such as the Gulf Stream and Azores Current.
Over the central part of the subtropical gyre, convec-

a) Climatological Ekman nitrate flux

latitude

longitude
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tion or the gyre transport is too weak to explain the
levels of export production. Instead, these processes
have to be augmented by other physical transfers, such
as rectified eddy upwelling and lateral influx of dissolved
organic nutrients, or other atmospheric sources, such as
nitrogen fixation.

5.2. Interannual Variations in the Nitrate
Supply

Our study assumes that atmospheric anomalies drive
the interannual variability on the basin scale over the
upper ocean. Over a period of 26 years, the model sug-
gests that the interannual variability in the nitrate sup-
ply reaches +0.2 mol N m~2yr~" in the eastern Atlantic.
The interannual variability in nitrate supply is largely
controlled by convection rather than Ekman transfer.
The convective variability is only significantly corre-
lated with the NAO between parts of the western and
central Atlantic but not the eastern Atlantic. Instead,
there is significant convective variability controlled by
the local heat loss to the overlying atmosphere, rather
than the basin-scale measure provided by NAO. The
Ekman transfer of nitrate shows a stronger correlation
with the NAO over much of the subtropical gyre with
enhanced nitrate supply occurring when the westerly
jet shifts southward during a NAO— state.

Expressed in terms of equivalent carbon fluxes, the
area-averaged convective flux of nitrate from 20°N to
65°N is equivalent to a carbon flux of 1.1 Gt C yr~*
assuming a Redfield ratio of C:N = 105:15. The stan-
dard deviation in this carbon flux is 0.13 Gt C yr— .
However, we do not expect the variability in the con-
vective flux of nitrate significantly to impact on the at-
mospheric uptake of carbon dioxide, since the nitrate
flux will be accompanied by a carbon flux in approx-
imate Redfield ratio (through the biological control of
the vertical gradients in carbon and nitrogen).

Interannual changes in the ecosystem may be statis-
tically correlated with the state of the atmosphere. For
example, in situ observations of plankton species in the

Figure 10. Maps of Ekman nitrate flux (mol N
m~2yr~!) into the euphotic zone for (a) model-derived,
annual flux between 1968 and 1993, (b) standard de-
viation in the annual flux between 1968 and 1993, (c)
correlation coefficient between the annual flux between
1968 and 1993 with the NAO index with statistically
significant values at a level of 97.5% having a value
greater than 0.4, and (d) difference map for the model-
derived, Ekman nitrate flux between composite NAO+
and NAO-— states.
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North Atlantic appear to correlate with indicators of re-
gional climate patterns related to the NAO index [Tay-
lor and Stephens, 1980; Aebischer et al., 1990]. How-
ever, the significance of the NAO index and any statis-
tical correlations might be unreliable due to the short
length of the time record [ Wunsch, 1999].

The causal mechanisms connecting the detailed
ecosystem response to the atmosphere have yet to be
identified. In our view, such connections might, in part,
be stimulated in nutrient-limited areas by meteorolog-
ical modulation of oceanic convection and circulation
altering, in turn, the nutrient supply to the euphotic
zone. In nutrient replete, light-limited areas, interan-
nual changes in convection also impinge on the ecosys-
tem by modifying the light experienced by biota dur-
ing the spring [Dutkiewicz et al., 2000] and, possibly,
the winter survival rate of zooplankton and their sub-
sequent grazing of phytoplankton [Fasham, 1995].
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