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Modeling the impact of fronts and mesoscale circulation
on the nutrient supply and biogeochemistry
of the upper ocean
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Abstract. A new model for three-dimensional mesoscale flow is used to simulate
the vertical transport of nutrients into the euphotic zone from deeper waters. We
use the model to diagnose the effects of mesoscale motions on the upper ocean
biogeochemical cycles of NO3, CO3, O9, sea surface exposure tracers that resemble
dissolved organic carbon (DOC) and HyO9, and the corresponding rates of new
production and gas exchange in regions near the Joint Global Ocean Flux Study
(JGOFS) oligotrophic time series sites of Hawaii and Bermuda during late summer.
The physical model is nonhydrostatic and designed to handle open boundaries
without excessive damping as described by Mahadevan and Archer [1998]. It is
initialized and driven at the open boundaries with flow fields from the 1/4° global
circulation model of Semtner and Chervin [1992]. We examine the effect of model
resolution and the attending increase in mesoscale and frontal-scale motions on the
nutrient and carbon chemistry of the upper ocean. New production, approximated

and diagnosed as an exponential uptake of nutrients within the euphotic zone,
increases with model resolution. Nutrient is supplied for new production where
isopycnals from the subsurface outcrop at the base of the euphotic zone, primarily
at fronts. The rate and spatial scale of upwelling and nutrient uptake are more
sensitive to model resolution than are temperature or the more slowly respondmg

geochemical tracers such as COs.

1. Introduction

The chemistry of the upper ocean and the interac-
tion of the ocean with atmospheric COs are intimately
controlled by the pattern of flow and mixing in near
surface waters. Photosynthesis in sunlit surface waters
fixes dissolved CO; into particulate and dissolved or-
ganic carbon (DOC). Some of this carbon is exported
into the deep by sinking or by entrainment with down-
welling water. In oligotrophic subtropical waters the
rate of particulate organic carbon and DOC export,
which equals the rate of new (nonregenerative) produc-
tion in the steady state, is limited by the availability
of macronutrients NOs and PO4. The export of nu-
trients from the euphotic zone in the form of dissolved
nitrogen and particulate organic nitrogen in sinking or-
ganic matter must be replenished to maintain the level
of production in surface waters.

!Now at Atmospheric and Environmental Research, Cam-
bridge, Massachusetts.

Copyright 2000 by the American Geophysical Union.

Paper number 1999JC900216.
0148-0227/00/1999JC906216$69.00

Measurements of oxygen concentrations at the sea
surface have provided a new means for estimating net
carbon export production [Spitzer and Jenkins, 1989)
that does not rely on the trapping of sinking particu-
late organic matter. Net photosynthesis leaves behind
relict oxygen, which either mixes to deeper waters, re-
mains within a supersaturated oxygen maximum zone
below the mixed layer until it is ventilated by winter
mixing, or evaporates to the atmosphere. The rate of
oxygen degassing, which is an indicator of the mini-
mum rate of new production, can be calculated from
oxygen supersaturation measurements of surface waters
using the kinetics of gas exchange (after correction for
temperature-related solubility changes and bubble en-
trainment). Such measurements [Emerson et al., 1991,
1997] document high rates of carbon export produc-
tion in the subtropical gyres (~2.7 moles carbon m™2
yr!). A helium budget for surface waters [Jenkins,
1988] near Bermuda suggests considerable vertical ex-
change of subsurface waters with the euphotic zone,
also supporting a higher new production rate in agree-
ment with the oxygen-based estimates. Other meth-
ods for estimating net carbon export include short-term
changes in the oxygen anomaly and nitrogen concen-
trations [Michaels et al., 1994b], carbon isotopic bud-
gets [Quay and Anderson, 1996], isotopically labeled ni-
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trogen uptake [Emerson and Hayward, 1995], tritium-
based estimates of oxygen utilization rates [Sermiento
et al., 1990], and remote sensing [Sathyendranath et al.,
1991]. Measurements of new production based on the
export of particulate organic carbon [Karl et al., 1996;
Lohrenz, 1992; Altabet, 1989] can differ somewhat from
oxygen- and tracer-based measurements, both due to
certain limitations of sediment traps [Michaels et al.,
1994; Buesseler, 1991] such as grazing, solubilization of
particulate matter, and hydrodynamic overtrapping or
undertrapping, and the fact that export of organic car-
bon in dissolved form can be significant at times [Carl-
son et al., 1994]. Hence the nonparticulate methods
of estimating new production can be considered more
reliable and representative of the total organic carbon
(TOC) exported from from the euphotic zone, rather
than merely the particulate organic carbon. These var-
ious measurements suggest that rates of carbon export
production within the subtropical gyres are in the range
of 2-4 moles carbon m~2 yr~}, much higher than esti-
mated earlier [Eppley and Peterson, 1979]. The im-
plication of these higher modern estimates of carbon
export in the oligotrophic oceans is that the vast sub-
tropical gyres are far more productive than envisioned
and contribute significantly to the global biological or-
ganic carbon pump.

In oligotrophic waters such as those sampled by the
Joint Global Ocean Flux Study (JGOFS) Hawaii Olig-
otrophic Time-series (HOT) and Bermuda Atlantic Time-
series Study (BATS) stations the mechanism for the
replenishment of nutrients in the surface waters is not
obvious. The diurnal and seasonal deepening and shoal-
ing of the mixed layer explain the abundance of phy-
toplankton in the spring time but do not explain the
continued production that is observed in the late sum-
mer. The thermocline maximum in nutrient concentra-
tion is maintained by decomposition of organic matter
sinking from above, thereby depleting sea surface con-
centrations. The simplest potential source of dissolved
nutrients is this nutrient-rich subsurface water, but the
means by which it is brought to the surface remained
somewhat of a mystery. Turbulence within the thermo-
cline mixes substances irreversibly across the density
stratification, but typical rates of mixing of 0.1 cm?
s~! (inferred from microstructure temperature or ve-
locity fluctuations [Caldwell, 1983] and measurements
of the spreading of an artificially introduced tracer in
the thermocline [Ledwell et al., 1993]), acting on ob-
served nutrient-depth profiles in this region, result in a
nutrient flux that is an order of magnitude smaller than
that inferred from tracer estimates of new production.
Estimates of nutrient fluxes based on fine-scale turbu-
lent kinetic energy measurements and nutrient profiles
in the upper ocean [Lewis et al., 1986] also underpredict
new production by a factor of 3—4.

Large-scale upwelling or the Ekman flux resulting
from wind divergence is only of the order of 50-100
m yr~! and makes no contribution in the subtropical
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gyres where the net flux is downward. Much of the
diapycnal mixing in the ocean may occur at bound-
aries, but the depleted surface concentration precludes
much horizontal transport of nutrient to oligotrophic
waters in surface currents. The oceanographic obser-
vation is that surface waters are entirely depleted of
dissolved inorganic nutrients throughout large regions
of the subtropical gyre for most or all of the annual cy-
cle. Three-dimensional ocean circulation models with
biogeochemistry [Najjar, 1990; Bacastow and Maier-
Reimer, 1991; Najjar et al., 1992; Maier-Reimer, 1993;
Sarmiento et al., 1993] tend to underpredict rates of car-
bon export production in oligotrophic waters unless sea
surface nutrient concentrations are elevated unrealisti-
¢ally, or nutrients in dissolved organic form are thought
to be significant, thus allowing horizontal transport of
nutrients in surface currents from equatorial and coastal
upwelling zones | Williams and Follows, 1998]. This sug-
gests that though the coarse-resolution global circula-
tion models are able to resolve large-scale horizontal
flow, there is some mechanism for nutrient transport
to the oligotrophic euphotic zone that is missing from
them.

The magnitude of vertical exchange between sub-
surface and surface waters inferred from the *He de-
gassing rate [Jenkins, 1988] is sufficient to account for
the observed levels of production. This implies that
even though other biological or chemical mechanisms
for nutrient supply, such as the active transport of nu-
trients by diatoms and nitrogen fixation in stratified
waters, may make a contribution, the physical trans-
port of subsurface water facilitates a major part of the
nutrient replenishment to the surface. Nutrients can
also remain concealed in the form of dissolved organic
matter (DOM), but DOM generally contains reduced
carbon that would be released and oxidized if the dis-
solved nutrients (dissolved organic nitrogen) were con-
sumed. Hence the supply of nutrients through DOM
would not support the same high observed rate of oxy-
gen degassing to the atmosphere. Other mechanisms
such as atmospheric deposition are thought to make lit-
tle contribution to the supply of the nitrate and phos-
phate in the subtropical gyres and are neglected in this
study.

Several observations suggest that mesoscale eddies
and fronts (regions of high horizontal gradients in wa-
ter density) play a significant role in vertical transport
and in the supply of nutrients to the euphotic zone.
A significant portion of the ocean’s kinetic energy re-
sides. in the mesoscale (10-100 km length), character-
ized by the Rossby radius of deformation, a length scale
at which the Coriolis and hydrostatic pressure gradient
forces come into balance. Eddies typically equilibrate
in features of this size and exhibit a doming of isopy-
cnals or a circular front-like structure. Fronts are also
continually generated in surface waters by the stretch-
ing and deformation of the evolving flow field. They are
characterized by an even smaller length scale (typically
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~10 km) in the across-gradient direction. Frontogenesis
theories [Hoskins and Bretherton, 1972], observations
of ocean fronts [Pollard and Regier, 1990] and eddies
[Rudnick, 1996; Shearman et al., 1999], and models of
frontogenesis [Bleck et al., 1988; Spall, 1995] indicate
that the vertical velocities in fronts are orders of mag-
nitude larger than the vertical velocity due to Ekman
pumping. Frontal regions, where isopycnals rise sharply
to the surface, and the enhanced vertical transport that
takes place within them are not captured by the resolu-
tion that is typically afforded in large-scale circulation
models.

The role of eddies in pumping nutrients to the surface
has recently been identified as the dominant nutrient
supply mechanism in the Sargasso Sea [McGillicuddy
et al., 1998]. In a modeling study, MecGillicuddy and
Robinson [1997] characterize the effect of eddies on bi-
ological new production by driving a quasigeostrophic
model with a periodic artificial eddy field made up of

the most dominant modes observed in the Mid-Ocean .

Dynamics Experiment (MODE) data near Bermuda.
Their nutrient model test bed is a subregion in the inte-
rior of their domain where nonlinearities make the flow
develop into what it may look like in the real ocean.
They simulate perpetual summer for several hundred
days and achieve rates of biological production in close
agreement with observed values of 50 g carbon m™2
yr~}. The strength of eddy pumping and estimated
rate of nutrient transport differ, however, from nutri-
ent supply rates of Oschlies and Garcon [1998] and ear-
lier attempted measurements of eddy pumping rates by
Falkowski et al. [1991].

In this study we attempt to characterize the effect of
frontal and mesoscale features on the nutrient cycles at
the JGOFS stations in the subtropical gyres. We use
a new high-resolution three-dimensional model to sim-
ulate a region of the subtropical gyre and to observe
the effect of increasingly smaller scales on the vertical
transport of nutrients across the base of the euphotic
zone and the biogeochemistry of the surface waters. We
use initial and time-varying open boundary conditions
taken from the 1/4° global circulation model of Semtner
and Chervin [1992] (hereafter SC). Nutrient concentra-
tions are initialized using an artificial nutrient-density
relationship that produces a nutrient-depth profile sim-
ilar to that observed in the region. We simulate non-
regenerative biological activity by a Newtonian restora-
tion of nutrient to zero concentration within the eu-
photic zone. Initial and lateral boundary conditions on
the euphotic zone are such that the simulated new pro-
duction is entirely due to the vertical flux of nutrient
from beneath the euphotic zone. We present late sum-
mer simulations near both JGOFS oligotrophic time se-
ries stations, Hawaii (HOT) and Bermuda (BATS).

Since our model is initialized and driven at the bound-
aries with the SC model output, the flow field in our
model domain is largely dependent on it. The SC
model flow fields have been tested by detailed com-
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parison with with TOPEX/Poseidon sea surface height
data and drifters [McClean and Semtner, 1997; Stam-
mer et al., 1996]. They are found to underrepresent the
variability and eddy kinetic energy of the interior ocean
but are otherwise quite realistic. In spite of a few short-
comings in the SC flow fields a regional model driven by
them can serve very well as a tool to study the processes
and understand the mechanisms of nutrient transport.
One aim of this paper is to assess the effect of mesoscale
and frontal processes on the transport of nutrients and
on the geochemical cycles of the upper ocean by using
a range of model resolutions but identical initial and
forcing conditions. A second goal is to search for geo-
chemical signatures of mesoscale motions that might be
detectable in the field. We examine the statistics of the
chemical properties in the surface ocean and the de-
pendence of biological production and its geochemical
signatures on the density and structure of the flow.
Besides nutrient supply an enhanced vertical exchange

between the surface and subsurface ocean also has im-
plications on the exchange of heat and salt fluxes, trac-
ers, and gases such as CO,. While fossil fuel CO, will
ultimately find its way into the deep oceans, the rate
of CO; invasion into the thermocline is limited by the
stratification of surface waters. Increased vertical ex-
change by mesoscale and frontal motions, however, im-
plies greater mixing across the thermocline that allows
more fossil fuel CO, laden surface water to mix down
into the deep sea. Surface waters tend to have higher
concentrations of DOC than do subsurface waters, im-
plying that some component of DOC is generated and
lost quickiy relative to the timescale of mixing with sub-
surface waters. Enhanced exchange of surface water
with subsurface waters by mesoscale motions will in-
crease our estimates of the rate of DOC export from
the euphotic zone.

2. Modeling

We use a three-dimensional nonhydrostatic model to
simulate the mesoscale flow field in a limited region of
the open ocean. The fluid dynamical model is particu-
larly suited to modeling a region with open boundaries
without the use of eddy viscosity or damping at the
boundaries. For details on the model, boundary condi-
tion implementation and a discussion on the limitations
of using such a model in a limited region, see Mohade-
van and Archer, 1998. The model equations are solved
numerically using a finite volume approach. The model
domain, defined by four vertical boundary faces, the
sea surface and the ocean bed is initialized and driven
at the lateral boundaries using the 0.4° (This is better
known as the 1/4° SC model as the globally averaged
resolution of the Mercator grid is 1/4°. In the regions
that we model the longitudinal and latitudinal resolu-
tion are 0.4° and 0.33°, respectively.} resolution flow
fields from the global circulation model of SC which we
interpolate in time and space onto our grid.
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The horizontal grid is defined by lines of latitude and
longitude. We use a resolution of 0.4° (as in SC) and,
subsequently, increase it to 0.2° and 0.1°. In each case
the 0.4° boundary and initial conditions are interpo-
lated onto the grid used by the model. We are thus able
to model the region at higher resolution than the model
that provides the initial and boundary conditions. In
the vertical we use an exponentially stretched grid with
a total a 24 grid cells. The topmost layer of grid cells
forms the mixed layer. Its depth is varied between 10
and 125 m by the bulk mixed layer model of Chen and
Rothstein [1994]. The thermocline is finely discretized
by eight layers up to a depth of 510 m. The midsection
of the grid has horizontal surfaces, while the bottom-
-most five layers are draped over the seafloor to conform
to the topography. The grid spacing increases smoothly
within each section and also from the surface to the
bottom. As the mixed layer depth changes, water flows
across the mixed layer boundary, and the thermocline
section of the grid reconfigures itself to the new spec-
ification. The model also allows for convective adjust-
ment once every several time steps. Since we find the
model results to be more sensitive to horizontal rather
than vertical refinement, we use the same vertical grid
structure for all the different horizontal resolution cases
described here.

We use the Hellerman and Rosenstein [1983] clima-
tological monthly wind forcing and restore the surface
temperature and salinity fields to monthly climatologi-
cal Levitus [1982] data using a time constant of 1 month
as is done in the SC model. The time step used for the
model simulations presented here is 50 min.

We deploy the model in two 10° x 10° regions of the
pelagic subtropical gyre: (1) 30°-40°N, 50°-60°W, in
the vicinity of the BATS site, and (2) 10°-20°N, 140°-
150°W, in the vicinity of the HOT site. At each of
these sites we simulate the postsummer 120 day period
from August through November, when the mixed layer
is generally at its shallowest and any nutrients made
‘available through seasonal mixed layer changes are al-
ready depleted from the euphotic zone. For each of the
regions, initial and boundary conditions are extracted
from the SC model fields corresponding to the same pe-
riod and arbitrarily chosen from the year 1987. (The
SC model was driven with smoothed European Cen-
tre for Medium-Range Weather Forecasts (ECMWF)
monthly wind stresses for the period 1985-1989.) Al-
though it would be nice to run the model for a period
of several years in order to investigate long-term bal-
ances and seasonal phenomena such as the observed dis-
solved inorganic carbon (DIC) drawdown at Bermuda
[Michaels et al., 1994a], we are limited in the length
of model simulations we can perform in a regional do-
main with boundary conditions prescribed from another
model [Mahadevan and Archer, 1998].

Along with the fluid dynamical equations we model
the distribution of nitrate and its uptake in the euphotic
zone. In the oligotrophic ocean we may safely assume
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that the nutrient fluxed vertically into the euphotic zone
is consumed by phytoplankton. The nutrient, denoted
by N, is advected in a conservative manner everywhere,
except in the euphotic zone, where it is consumed by
biology. We model the nutrient consumption to occur
at an exponential rate with an e-folding timescale of 2

weeks. Hence
DN

E = —-QanN N, (1)
where

aN = 0 (2)

beneath the euphotic zone, and
ay = (14 days)™ (3)

in the euphotic zone. Here

is the material derivative, and u is the fluid velocity.
Nitrate uptake or biological production is simulated in
grid cells that lie within (or partly within) the euphotic
zone.

Nitrate is taken to be the limiting nutrient in both
locations and is used to limit production in the model.
The nutrient concentrations are initialized as constant
values on density surfaces using a nutrient-density re-
lationship that reproduces the nutrient-depth distribu-
tion from the HOT and BATS data sets (Figure 1).
Nutrient levels are observed to be fairly constant along
isopycnals, but simply using the Levitus nutrient-density
relationship to initialize the model results in a deeper
nutricline than is observed at either the BATS or HOT
locations. This is because the density in the upper lay-
ers of the SC model is lower than is observed at the
BATS and HOT sites. At Bermuda the isopycnal spac-
ing in the upper 400 m of the SC model fields is greater
than in observations (see Figure 1). This results in our
initial model nutrient values being lower than the data
at a depth of 100-200 m. In order to contend with
a more gradual increase of nutrient with depth in the
model as compared to the data at BATS, we set the
model’s euphotic zone to be 160 m deep at Bermuda
and 100 m deep at Hawaii.

Within the euphotic zone the nutrient concentration
is initialized to zero. Water flowing horizontally into
the euphotic zone through the boundaries is also spec-
ified to have zero nutrient concentration so that the
diagnosed rate of production is supported entirely by
vertical nutrient fluxes. An eddy diffusivity term and
convective mixing are omitted so that the vertical nu-
trient fluxes are mimicked as advective. Nitrate up-
take is converted into new production of carbon using
a Redfield ratio (which specifies the molar proportions
in which the constituent elements are found to occur
in biological matter as well as in ocean water) C:N of
8:1 [ Takahashi et al., 1985]. Beneath the euphotic zone,



MAHADEVAN AND ARCHER: IMPACT OF FRONTS ON NUTRIENT SUPPLY

1213

Density NO,, uimol kg*! Oy, umol kg~ £CO,, umol kg!
a 22 24 26 28 0 4 8 12 150 200 250 2000 2050 2100 2150
0 RN . et . L R
R o - e - temme
e ; T ik
T 3 PO T
2 < Lo T
¥ Data viE. e S
200 3 cdee ———r e
Model e
. - . - e
400 . - -
600
22 24 26 28 0 10 20 30 40 0 50 100 150 200 250 1900 2100 2300
b 0 r—ry £ : - a—
B3, l Z. 3
Tens * T
TN X
% 3 S
% i 3 B
5 -, % -
—‘ . rd Setm Lyl
400 Dis “ .
Y PRV PRRCERIE g
: s, -
600 : ’ o

Figure 1. The range of initial fields of density, nitrate, oxygen, and total COs used in the
model at (a) Bermuda and (b) Hawaii are plotted as a function of depth (shaded bars) alongside
measurements of these fields at the Hawaii Oligotrophic Time-series (HOT) and Bermuda Atlantic
Time-series Study (BATS) sites (solid circles), respectively. The initial density distribution in the
model (interpolated from the Semtner and Chervin [1992] (SC) model field) does not match the
data very well, particularly near Bermuda. Hence we generate a nutrient-density relationship that
reproduces the nutrient-depth profile at BATS and HOT, rather than use the Levitus nutrient-
density relationship. Oxygen and total CO- are initialized using the Redfield ratios (-176:140:16

NO3).

nutrient is resupplied to the water by the redissolution
of sinking organic matter. The downward flux of sink-
ing organic matter is modeled as decreasing (on account
of remineralization) with depth by a power law as sug-
gested by sediment trap measurements [Martin et al.,
1987]. The nitrate content of the sinking matter is given

by
(4)

Ns(z) = Ns(ze) (Z/Ze)_&s,

where N is the sinking flux of nitrate (in moles m™
s71), z is the depth, and z, is the euphotic horizon
depth (set as 100 m). The difference in the sinking flux
between two levels contributes a source of nutrient to
the layer between.

Other biological tracers, Oz, total CO,, alkalinity,
and pCO,, are coupled to NOj for their biological
sources and sinks. Biological production occurs with
CO, uptake and O, production, while remineraliza-
tion is with O» uptake and CO5 release. O, and CO,
stoiciometries are modified Redfield ratios (-176:140:16
NO3) [Takahashi et al., 1985]. Alkalinity is conserved
and only advected. It is used to calculate pCO5. At the

sea surface we compute the concentration of carbonic
acid and the surface saturation state of CO4 from al-
kalinity, total CO3, temperature, and salinity using the
Henry’s law constant. The dissociation constants for

"carbonic acid and borate are taken from Mehrbach et

al. [1973] and Lyman [1956], respectively. We let gas
exchange adjust O, and CO. toward atmospheric sat-
uration with a constant piston velocity of 3 m day™!.
The atmospheric flux is computed as the exchange coef-
ficient (piston velocity) times the difference in concen-
tration between the surface and saturation partial pres-
sure. Initial distributions of O; and CO- are coupled to
NO3 and resemble their observed vertical distributions
at BATS and HOT as seen in Figure 1.

Two other idealized sea surface exposure tracers are
also modeled following the development of Archer et al.
[1997]. The tracers are normalized to a 0-1 range using

c= (C - Cdeep)/(Colig.Surf. - Cdeep)a (5)

where C is the tracer concentration. The normalized
tracer ¢ ranges from 0 in the deep ocean to 1 at the ex-
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posed surface. The value of ¢ is maintained by a depth-
dependent production rate Piaxexp(—z/z.), where z.,
the euphotic zone depth, is taken to be 100 m. The de-
pletion of ¢ is modeled as first-order depth-independent
decay Ac, where X is a decay constant in units of inverse
time. Since in the steady state we would desire a value
of ¢ = 1 be maintained at the surface (2=0) we set the
production equal to decay so that

Prpax = A =71, (6)

where 7, is the timescale of both production and con-
sumption. Hence, in the absence of flow,
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dc/dt = 7 (e /% —¢), (7)
and the steady state scaled tracer concentration is given
by

cs = exp(—2z/ze)- (8)

It ranges from 1 at the sea surface to 0 at depth with
a scale depth of z., and deviations from this steady
state profile are restored by exponential relaxation with
timescale 7.. To model this tracer in the flow field, we
use D
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Figure 2a. A snapshot of the surface ocean near Bermuda on day 75 of the simulation. In
each column, we show results from the (a) 0.4°, (b) 0.2° and (c) 0.1° models. The vertical grid
in all our model runs is the same. The initial and boundary conditions for all model runs were
interpolated from the SC flow fields. The sea surface properties plotted are temperature (°C),
dissolved organic carbon (DOC)-like (slow) tracer (normalized 0-1), and H30,-like fast tracer

(normalized 0-1).
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Figure 2b. Same as Figure 2a but for new production (moles carbon m~2yr~!), Oy (umol
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where D¢/ Dt is the material derivative, and allow the
tracer concentration to evolve in the flow.

Two implementations of the ventilation tracer are run
with timescales 7, of 60 and 3 days, respectively. The
slower recovering tracer is thought to simulate the sea
surface excess of DOC concentration as in the equatorial
Pacific Ocean [Archer et al., 1997]. The faster tracer is
intended to capture some of the behavior of hydrogen
peroxide (H,03) [Johnson et al., 1989], which is pro-
duced photochemically in surface waters on something
like a 3 day timescale. '

3. Results

3.1. Effects of Mesoscale Motion on Upper
Ocean Geochemistry

In our simulations, the ocean is transformed dramat-
ically from relatively featureless at 0.4° and 0.2° reso-
lution, to active and eddy-filled at 0.1° resolution. This
can be seen in the sea surface temperature (SST) field
plotted at different resolutions in Figures 2 and 3. In
the regions modeled the internal Rossby radius is 40—
60 km. It gets resolved only when the grid spacing is
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Figure 3a. A snapshot of the surface ocean near Hawaii on day 75 of the simulation. In each
column, we show results from the (a) 0.4°, (b) 0.2°, and (c¢) 0.1° models. The vertical grid in
all our model runs is the same. The initial and boundary conditions for all model runs were
interpolated from the SC flow fields. The sea surface properties plotted are temperature (°C),

DOC-like (slow) tracer (normalized 0-1), and H,0s-like fast tracer (normalized 0-1).

~ 0.1° or less, since at least four grid points are re-
quired to resolve a wavelength. The effect of increasing
resolution on the temperature and tracer distributions
is greatest when crossing the threshold at which the in-
ternal Rossby radius can manifest itself. In the future
we would like to use yet higher resolution to confirm
this, but for now we believe that the effect of further
grid refinement would not be as dramatic as the transi-
tion from 0.2° to 0.1°.

Increasing model resolution greatly enhances vertical
transport and nutrient uptake in the simple biological
model. In Figure 4 we plot the rate of new produc-
tion (averaged over the area of the model domain) in-

ferred from the rate of nutrient uptake in the euphotic

zone for different model resolutions. The simulations
show increased biological activity at higher resolution
on account of an increased supply of nutrient. The 0.1°-
resolution model estimates a new production rate that is
much closer to observations (see Table 1) than the 0.4°
and 0.2° models in which the production is too low on
account of the unresolved frontal and mesoscale trans-
port mechanisms. Near Bermuda our 0.1°-resolution
model predicts new production to be in the range of
2.2-3.6 moles carbon m~2? yr~! in the post summer,
generally a period of low productivity. Recent studies
based on oxygen utilization rates [Platt and Harrison,
1985], oxygen cycling, and *He [Jenkins and Goldman,
1985] estimate new production to be in the range of
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3-4 moles carbon m™2 yr~! in the Sargasso Sea near

Bermuda. In the Hawaii region we predict values of
new production that are in the range of 2.5-3.5 moles
carbon m~? yr~! in the postsummer period. Values
of production measured at the HOT station [Emerson
et al., 1997] are in the range of 2 moles carbon m~—2
yr~! and vary significantly with time [Karl et al., 1996;
Winn et al.,, 1993]. The model is by no means an ac-
curate representation of the ocean at a particular time
and the values of new production predicted by the very
simple biological model are highly dependent on the ini-
tial nutrient distribution and the SC-driven flow field in
the domain. It demonstrates, nonetheless, that much
higher values of new production can be predicted when
higher resolution is used to capture the processes that
supply nutrient to the euphotic zone.

The nitrate fluxes and new production diagnosed by -
the model could clearly not be supported by small scale
mixing. A vertical eddy diffusivity of 1.3-2.3 cm? s™!
acting on the initial nitrate profile would be required
across the base of the euphotic zone (160 m) near
Bermuda to support the levels of production (2.2-3.6
moles carbon m~2 yr~—!) diagnosed there by the model.
Since the initial nutrient profile is set to have zero nutri-
ent in the euphotic zone, initial gradients are artificially
high. At later times an even higher eddy diffusivity
would be required to maintain the same nutrient flux.

Several lines of evidence suggest that vertical mo-
tion is considerably enhanced at fronts and that water
is upwelled to the surface layer or subducted from it
along sloping isopycnal surfaces that may outcrop into
it. Fronts and mesoscale jets that are often associated
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Figure 4. New phytoplankton production rate averaged over the area of the domain for the
three different resolution model runs from August through November 1987 at (a) Bermuda and
(b) Hawaii. The model is initialized with no nutrient in the euphotic zone and permits no
horizontal flux of nutrient into the euphotic zone either. In general (except for the 0.2° and 0.4°
curves at Hawaii, which are not significantly different,), the higher resolution model runs show
higher levels of new production. We have used the middle 80 days of the model run (based on
Mahadevan and Archer, [1998, Figure 5]) average values of production for the region. The flow
takes some time to spin up, especially on the finer grid for which coarse initial conditions are
used, and begins to show some deterioration toward the ¢¢ =f the model run because of the
growing mismatch between the model’s interior and forcing coradary conditions.

Table 1. Model and Field Estimates of New Production Rates (moles carbon m~2 yr=1)

Near Bermuda

Using K, = 0.1%cm?%s~! on the mean nutrient profile 0.15
0.4° resolution model 0.2-0.33
0.2° resolution model 1.6-1.9
0.1° resolution model 2.0-3.6
Based on *C [Platt and Harrison, 1985] 2.1 £0.58
From sediment traps [Lohrenz, 1992] 0.78
From sediment traps [Altabet, 1989] 2.8
From OUR at Stn S [Jenkins and Goldman, 1985] 4.17
Based on He [Jenkins, 1988] 3.7
From O: concentrations (using 0:C -176:140) [Spitzer and Jenkins, 1989] 44 +1.2
From OUR estimates based on *He inventories [Sarmiento et al., 1990] 3.36 + 1.8

Near Hawait

0.4° resolution model 0.75-3.1
0.2° resolution model 0.75-3.1
0.1° resolution model 2.5-3.5
From sediment traps [Karl et al., 1996] 0.88
From on '*C/'*C and DIC [Quay and Anderson, 1996] 1405
Based on proteins [Laws, 1991] 2.5
Mass balances [Emerson et al., 1997]:

dissolved oxygen 2.7+ 1.7

inorganic carbon 1.6 £ 0.9

organic carbon 20+09

In our model, new production is inferred from the vertical flux of nutrients into the euphotic
zone. Model rates presented here are the range of average values for the region, negiecting
the first few days after initializing the euphotic zone with zerc nutrient. The model values are
representative of the postsummer period when production is low. OUR is oxygen utilization

rate; and DIC is dissolved inorganic carbon.

2The value of the vertical mixing coefficient K’ is chosen to represent observed values [Ledwell

et al., 1993).
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Figure 5a. Results for the Bermuda site. The density and nitrate distribution plotted at the
base of the euphotic zone alongside the depth of a particular isopycnal surface. In each column we
show fields from the (a) 0.4°, (b) 0.2°, and (c) 0.1° model resolutions. The nitrate distribution at
the base of the euphotic zone is very similar to the pattern of new production that results from its
being fluxed upward (see Figures 2 and 3). New production is concentrated in regions where the
nutrient-rich isopycnals outcrop into the euphotic zone. Increasing the model resolution results in
more undulation of the isopycnal surfaces and an increased length of the frontal zone or isopycnal

outcropping.

with them are ubiquitous to the surface ocean. The
mesoscale jets have a steeply sloping isopycnal structure
in the cross-flow direction on account of geostrophic bal-
ance. They are unstable and meander, sometimes form-
ing eddies. In the simulations, fronts are not only in-
tensified with increasing resolution, but the length of
the frontal zone is also comsiderably increased. Qur
high-resolution model results are consistent with obser-
vations of fronts made by Voorhis and Bruce [1982] and
later by Pollard and Regier [1992] during the Frontal
Air-Sea Interaction Experiment (FASINEX) survey in

the Sargasso Sea near Bermuda. These include strain-
ing of the surface temperature field into elongated (100
km) tongues of alternating warm and cold water with
vertical velocities of 30-50 m day~! and the largest ver-
tical velocity occurring at ~200 m depth. When we
qualitatively compare the modeled nutrient uptake or
new production (Figures 2 and 3) which is indicative
of upwelling, with a plot by Rudnick [1996] that shows
positive vertical velocities computed from the omega
equation, the size and distribution of the upwelling re-
gions look comparable. These observational data are
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Figure 5b. Same as Figure 5a but for the Hawaii site.

at a resolution of 3.5 km along the ship track but at
a spacing of 25 km in the other direction. Small-scale
(10-20 km) variations in the potential vorticity plotted
by Pollard and Regier [1990] in the much more finely
resolved along-track direction (the sea scar completes
a cycle every 3 km) indicate that variations in vertical
velocity may occur on a similar- 10-20 km scale to fa-
cilitate the conservation of potential vorticity by fluid
parcels. A grid spacing of 2.5-5 km would be required
to resolve this fine-scale structure.

In Figure 5 we plot snapshots of the density field and
nutrient availability at the base of the euphotic zone,
alongside the depth of an isopycnal surface for differ-
ent model resolutions at Bermuda and Hawaii. The
intense patches of biological activity (new production)
in the model (Figures 2 and 3) match the patches of
high nitrate concentration (Figure 5) and are focussed

in regions where denser isopycnals carrying nutrient-
rich subsurface water outcrop at the base of the eu-
photic zone. At higher resolution the isopycnal surfaces
rise and fall more abruptly, fronts are more developed,
horizontal gradients are stronger and vertical motion is
enhanced. Once subsurface water is brought to the near
surface isopycnally (this is pronounced along fronts), it
is mixed across isopycnals much more easily by hori-
zontal motion and wind-induced stirring of the surface
layer. Nutrient supply to the euphotic zone is depen-
dent on the ambient nutrient distribution and the den-
sity structure and flow field that control the vertical
motion. Internal waves that cause a heaving of isopyc-
nals make almost no contribution to the biological pro-
duction since their timescale is shorter than what is
required by the biology to convert nutrient to organic
matter.
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The eddy-pumping mechanism of nutrient supply de-
scribed by McGillicuddy and Robinson [1997] and Mec-
Gillicuddy et al. [1998] is not inconsistent with the more
generalized frontal mechanism described here. Eddies
may be viewed as circular fronts. While their doming
isopycnals provide a pathway for subsurface nutrients,
substantial nutrient transport can occur even in their
absence as is evidenced by the enhanced supply of nutri-
ents seen at outcropping isopycnals in this model. Since
a quasigeostrophic model [McGillicuddy and Robinson,
1997] does not produce the same complexity of the flow
field and frontal structure as a fully three-dimensional
model, we believe that the latter does a much better
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job of simulating the vertical transport mechanisms in
the ocean.

The model results show, like observations, that rates
of new production are highly variable in time and space.
Small localized regions of strong upwelling can support
rates of new production as high as 60-80 moles carbon
m~2 yr~! in small patches for a few days at a time
(Figures 2 and 3). Over a larger region these produc-
tion rates average out to the values presented above
and in Figure 4. Increased model resolution results in
an increased variance in the new production rate over
the region, indicating that upwelling is intensified at
higher resolution on account of better resolved gradi-
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Figure 6. The correlation coeflicient (defined in (10)) plotted for various sea surface properties
for the 0.4°- (closed circles) and 0.1°- (open circles) resolution models.
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ents. Since the scale corresponding to the thickness of
fronts is typically even smaller than the internal Rossby
radius of deformation, the patches of vertical velocity,
biological production, and near-surface nutrient are also
correspondingly fine-scaled.

In order to diagnose the characteristic length scales
of the various geochemical tracer distributions we plot
the correlation coefficient

R = 3[c (z)c (z + Az)]/Z[c (z)?], (10)

where ¢’ is the deviation of the property from its mean
value, for the different tracers (Figure 6). From a per-
fect R =1 at Az = 0 we see a decrease in correlation
with distance. New production, O,, and the HyO»-like
fast tracer show smaller correlation length scales than
the temperature, pCO2, and slow ventilation tracer.
New production is the most anomalous of the tracers,
with the smallest correlation length scale. The steep
decline in correlation even one grid point away in the
0.1° model suggests that nutrient upwelling and bio-
logical production are not resolved at coarser resolu-
tions (as that used by Oschlies and Garcon [1998]) and
may not be adequately resolved even at 0.1° resolu-
tion. The other tracers, pCO5, total CO,, alkalinity,
and the DOC-like slow ventilation tracer, do not show
the small-scale variability seen in the nutrient uptake,
02, and HsOs-like fast tracer that respond rapidly to
the vertical motion (Figures 2 and 3).

3.2. Signatures of Mesoscale Motions for Field
Detection

In addition to understanding the mechanism by which
mesoscale motion affects the nutrient and carbon bud-
get of the upper ocean, we would like to assess the effect
of these motions on geochemical tracers that might be
measurable in the field. The mesoscale dynamics of the
upper ocean can be reconstructed from a high resolu-
tion subsurface density field obtained with a seasoar
[Pollard and Regier, 1990; Rudnick, 1996] and the hori-
zontal velocity structure obtained from a ship-mounted

Table 2. Statistics of Sea Surface Properties
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acoustic doppler current profiler (ADCP). Vertical mo-
tions are not directly detectable using these methods -
but can be constructed assuming quasigeostrophy from
the omega equation [Hoskins et al., 1978]. Our hope
is to find geochemical proxies for vertical motions that
could provide an independent corroboration of the ver-
tical motions implied by these techniques.

Typically, field measurements show a greater variabil-
ity than one-dimensional upper ocean biogeochemical
models [Archer et al., 1993; Doney et al., 1996]. Ta-
ble 2 reveals, however, that there is no systematic de-
pendence of the the sea surface variance on model reso-
lution for most properties, the excéeption being nutrient
uptake or new production. The variance of nitrate up-
take increases significantly with model resolution. It
is intriguing that this is not the case for the the other
biogeochemical tracers and could mean that the biogeo-
chemical tracers are not a very good diagnostic for the
intensity of upwelling or magnitude of nutrient uptake.

The gaseous tracers pCO2 and Oy are both affected
by biological production and by equilibration with the
atmosphere. They differ primarily in the buffering ef-
fect of seawater to CQO2, which enhances the storage
capacity of seawater for CO; and lengthens the equi-
libration time by roughly a factor of 10 |Broecker and
Peng, 1982]. Two factors suggest a greater sensitivity
of sea surface oxygen than pCO; to biological forcing.
The first is a visual comparison of the snapshots (Fig-
ures 2 and 3); oxygen has a greater resemblance to ni-
trate uptake than does pCO,. The second is the spatial
correlation result (Figure 6), which shows smaller spa-
tial scales for sea surface oxygen than for pCOs, and
a greater sensitivity to model resolution, as seen for
the nutrient uptake distribution statistics. We conclude
that one of the best indicators for vertical motions in
the ocean may be simply the fine-scale variability in the
sea surface oxygen distribution.

The oxygen supersaturation values from the model
at Bermuda (0-5% above saturation) are considerably
smaller than those measured at Bermuda by Spitzer and

Bermuda Hawaii
0.4° 0.1° 0.4° 0.1°

mearn a mean a mean a mean [e2
Nitrate uptake 0.13 0.17 0.41 0.63 0.20 0.38 0.31 0.63
Temperature 24.70 0.86 24.34 0.87 26.10 0.39 25.63 0.53
Density 1024.45 0.22 1024.53 0.21 1022.49 0.23 1022.71 0.29
AQOU 2.79 3.33 2.43 3.10 -0.92 3.67 -0.88 1.91
TCO, 2035.61 11.19 2040.86 11.49 1973.07 2.00 1975.22 3.64
Alkalinity 2378.69 12.87 2383.94 8.73 2299.16 2.98 2300.94 3.04
pCO2 368.60 15.26 364.44 17.66 370.35 4.36 365.48 6.11
Fast tracer 0.92 0.04 0.91 0.04 0.87 0.04 0.86 0.04
Slow tracer 0.84 0.08 0.82 0.06 0.88 0.05 0.8 0.0

Here o is the standard deviation; AQU is apparent oxygen utilization; and TCQs3 is total COs.
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Jenkins [1989] (generally, 10-15% above saturation dur-
ing the summer months). In part, this can be explained
by the lower net carbon export production predicted in
the model. (It is roughly 35% of the Spitzer and Jenkins
[1989] predicted values, which were supported by a high
rate of vertical mixing ~ 0.9 x 107% m? s~!.) Some of
the discrepancy may be due to the seasonal temperature
cycle of the upper ocean. Its contribution to oxygen su-
persaturation is expected to be roughly equal to the 3%
summer supersaturation of argon observed in the field.
While our regional model does account for sea surface
warming, it is initialized with saturation values of oxy-
gen, thus probably negating much of the contribution
of seasonal warming to summertime oxygen values. Fi-
nally, the mesoscale model neglects the effects of bubble
injection, which would tend to offset both the oxygen
and the argon toward higher steady state sea surface
concentrations.

The two tracers of sea surface exposure time, simi-
lar in their dynamics to DOC and HyOs, tell a similar
story (Figures 2 and 3). In our simple model formula-
tion, there is no explicit link to biological activity, and
the tracers respond directly to vertical displacement due
to fluid flow. The faster equilibration timescale tracer
has a closer link to the same vertical motions that drive
biological activity. The spatial scale of the fast tracer
is somewhat smaller than the spatial scale for the slow
sea surface exposure tracer, but the distinction is not as
dramatic as it is between pCQO, and Os. The model re-
sults suggest that high-resolution surface or subsurface
measurements of HaO2 might be useful for discerning
regions of recent vertical motion and associated biolog-
ical activity if the variations in HyOz are not, in reality,
obscured by other factors.

It seems then that nutrients, O2, and the H505-like
tracer, which are closely tied to the vertical motion of
the fluid, show variations on smaller scales than do trac-
ers that are affected by the horizontal motion. The im-
plication is that vertical motion occurs on smail scales,
and the exchange of subsurface water with the surface
takes place during events when sloping subsurface isopy-
cnals outcrop at the base of the euphotic zone. Such
isopycnal transport is greatly enhanced in fronts and
eddies. They need to be resolved in order to capture
the biological response and the distribution of proper-
ties that respond on short timescales to the vertical mo-
tion.

4. Conclusions

. We find that in the pelagic ocean the vertical trans-
port of nutrient-rich waters to the euphotic zone takes
place predominantly at mesoscales and frontal scales
along isopycnals. It is therefore necessary to resolve the
mesoscale and possibly even the frontal scale in order to
fully capture the nutrient transport and resulting bio-
logical production. The vertical motion associated with
the straining and deformation of the flow field and with
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eddies and fronts is highly underrepresented in coarse-
resolution ocean models. It is an important mechanism
for nutrient supply that is missing in large-scale bio-
geochemical models of the ocean and could account for
much of the observed new production in the oligotrophic
subtropical gyres.

The sea surface variability of all properties shows a
marked increase when the internal Rossby radius of de-
formation is resolved. However, there are indications
that tracers and processes that respond rapidly to the
vertical motion vary on yet smaller scales corresponding
to the width of fronts. Tracers such as pCO, and alka-
linity that are not as closely tied to the vertical velocity
vary on a slightly larger scale (the mesoscale) than that
of the nutrient uptake. Sea surface oxygen seems to be
an excellent indicator of new production.

Finally, we should keep in mind that the large-scale
isopycnal structure of the ocean and its underlying nu-
trient distribution are important in determining the na-
ture of the small-scale upwelling events through which
the bulk of nutrient supply to the subtropical gyres
takes place. Hence small changes in the large-scale
structure over climatic timescales could lead to substan-
tial changes in the chemistry and biological productivity
of the ocean basins.
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