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Key Points:

« Diapycnal mixing and advection and mesoscale eddy stirring supply nutrients to
some of the most oligotrophic waters in the North Atlantic

« Diapycnal loss of nutrients below the seasonal boundary layer is partly replenished
by eddy stirring in the upper thermocline

« Relay race of nutrient supply by eddy stirring to the upper thermocline passed on
by diapycnal mixing and advection to the euphotic zone
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Abstract

Sustaining biological export over the open ocean requires a physical supply of nutrients
to the mixed layer and thermocline. The relative importance of diapycnal mixing, di-
apycnal advection and isopycnal stirring by mesoscale eddies in providing this nutrient
supply is explored using a field campaign in oligotrophic waters in the subtropical North
Atlantic, consisting of transects over and off the mid-Atlantic ridge. Eddy stirring rates
are estimated from the excess temperature variance dissipation relative to the turbulent
kinetic energy dissipation, and using eddy statistics from satellite observations combined
with 9-month-long mooring data. The vertical nutrient fluxes by diapycnal mixing, di-
apycnal advection and isopycnal mesoscale eddy stirring are assessed using nitrate mea-
surements from observations or a climatology. Diapycnal mixing and advection provide
a nutrient supply within the euphotic zone, but a loss of nutrients within the upper ther-
mocline. Eddy stirring augments, and is comparable to, the diapycnal transfer of nutri-
ents within the summertime upper thermocline, while also acting to replenish nutrients
within the deeper parts of the thermocline. The eddy supply of nitrate is relatively small
in the centre of the subtropical gyre, reaching up to 0.06 mol N m~2yr~!, but is likely
to be enhanced on the flanks of the gyre due to larger isopycnal slopes and lateral ni-
trate gradients. The nutrient supply to the euphotic zone is achieved via a multi-stage
mechanism: a diapycnal transfer of nutrients by small-scale turbulence to the euphotic
zone, and an isopycnal stirring of nutrients by mesoscale eddies replenishing nutrients

in the upper thermocline.

Plain Language Summary

Phytoplankton growth requires a supply of nutrients to the base of the euphotic
zone, which is usually provided by a combination of vertical mixing or vertical upwelling
of nutrients. However, in the oligotrophic waters of the central North Atlantic, it is un-
clear how the vertical supply of nutrients is sustained. Here we use field data to explore
the roles of mixing across density surfaces, advection across density surfaces and mesoscale
eddy stirring along density surfaces in supplying nutrients to some of the most nutrient-
depleted surface waters in the central North Atlantic. Diapycnal mixing and advection
are found to be important in supplying nutrients to the euphotic zone during summer,
but at the expense of eroding the nutrients in the upper thermocline. In contrast, mesoscale
eddy stirring augments the diapycnal supply of nutrients to the euphotic zone, and re-
plenishes nutrients in the upper thermocline.

1 Introduction

Biological export of organic matter in the open ocean is usually viewed as being
sustained by a vertical supply of nutrients to the euphotic zone from the upper thermo-
cline. This vertical transfer of nutrients is easily provided in regions of climatological wind-
driven upwelling, but is more difficult to achieve in downwelling areas, where a combi-
nation of diapycnal transfer and time-dependent upwelling needs to take place.

Maintaining biological export is particularly challenging in the oligotrophic waters
of the North Atlantic subtropical gyre, where tracer-based estimates of export produc-
tion range from 0.42 to 0.65 mol N=?m~2y~! in the Sargasso Sea (Jenkins & Goldman,
1985; Jenkins, 1988; Jenkins & Wallace, 1992; Stanley et al., 2015). These estimates of
export production are at least twice as large as those based on conventional estimates
of nitrate supply, combining together the contributions from atmospheric deposition (Knap
et al., 1986), convective entrainment (Michaels et al., 1994), diapycnal mixing (Lewis et
al., 1986; Dietze et al., 2004) and horizontal Ekman transfers (Williams & Follows, 1998).

Time-varying circulations involving mesoscale eddies and fronts have been invoked
to partly explain the mismatch between estimates of nutrient supply and export (McGillicuddy Jr
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& Robinson, 1997; McGillicuddy et al., 1998; Lévy et al., 2001). Such mesoscale circu-
lations may affect both vertical and horizontal transfers of nutrients (Lee & Williams,
2000; Williams & Follows, 2003; Resplandy et al., 2011; Lévy et al., 2012). In particu-
lar, time-varying eddy flows have been argued to provide a rectified pumping of nutri-
ents into the euphotic zone: an upward intrusion of nutrients into the euphotic zone leads
to biological consumption, while a downward intrusion of nutrients into the dark ocean
interior leads to no biological response (McGillicuddy Jr & Robinson, 1997). While this
rectification process is appealing in potentially sustaining an enhanced nutrient supply

to the euphotic zone, there is a price that remains unresolved from this process: an un-
derlying loss of nutrients from the thermocline.

This difficulty in sustaining nutrient levels in the upper thermocline is highlighted
in two contrasting model experiments. McGillicuddy Jr et al. (2003) illustrated how time-
varying eddies may provide a dominant supply of nitrate to the euphotic zone over the
subtropical gyre, overcoming the effects of large-scale wind-driven downwelling, in an eddy-
resolving model study including an artificial restoring of nutrients below the euphotic
zone. In contrast, Oschlies (2002) found a much weaker eddy supply of nutrients to the
euphotic zone in model integrations without this interior restoring. Thus, the mainte-
nance of the nutrient concentrations in the thermocline is central to whether time-varying,
vertical motions may account for a sustained nutrient supply to the euphotic zone.

In our work, the question of how nutrients in the thermocline are sustained against
the action of processes supplying nutrients to the overlying euphotic zone is explored in
terms of the competing effects of nutrient transfers by small-scale mixing across density
surfaces, referred to as diapycnal mixing, advection across density surfaces, referred to
as diapycnal advection, and mesoscale eddy stirring along density surfaces, referred to
as isopycnal stirring. First, a theoretical context is provided for how the nutrient bud-
get for a density layer is affected by advective and diffusive nitrate fluxes, including di-
apycnal transfers from microstructure and the isopycnal effects of mesoscale eddy ad-
vection and diffusion (Section 2). Then, observations from a summer field campaign con-
ducted in some of the most oligotrophic waters of the subtropical North Atlantic, in the
vicinity of the Mid-Atlantic Ridge (Tuerena et al., 2019), are considered (Section 3) to

estimate the rates of diapycnal mixing, diapycnal advection and isopycnal stirring by mesoscale

eddies (Section 4). The supply of nutrients by diapycnal mixing, diapycnal advection and
isopycnal stirring is then assessed, for different density classes, along two transects over
and off the Mid-Atlantic Ridge (Section 5). The relevance of our findings is then discussed
for our field site and for the rest of the North Atlantic subtropical gyre (Section 6).
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2 Theoretical context

Our aim is to focus on the transfers of nutrients by both microscale turbulence and
by mesoscale eddies using an isopycnal formulation. The layer-integrated tracer equa-
tion is firstly discussed for a nutrient, then the relevant diffusive transfer terms identi-
fied, and closures applied to estimate these terms.

2.1 Thickness-weighted tracer equation

Following Bleck and Boudra (1981), Bleck (1998) and McDougall (1984), the tracer
equation integrated over the thickness of the density layer may be written as

0
a(hN) + Vo - (huN) 4+ (W*N)|pot — (W' N)|top =V - (WAVoN) + Fuialvot — Faialtop + hS
tendency  isopycnal diapycnal isopycnal diapycnal  biological

advection advection diffusion diffusion source (1)

where h is the vertical thickness of the isopycnal layer, N is the nutrient tracer, u is the
velocity along the density layer, V, is the gradient along a density surface, w* is the di-
apycnal velocity across the bounding density surfaces, denoted bottom and top, v is the
isopycnal diffusivity from microscale turbulence, Fy;, is the diapycnal tracer flux across
the bounding density surfaces, and S is the biological source. The gradient V, is eval-
uated with the distance taken from a projection along a horizontal plane, which avoids
the inclusion of metric terms (Bleck & Boudra, 1981). The diapycnal velocity, w*, fol-
lows the notation of McDougall (1984) and is equivalent to $9z/0¢ in the notation of
Bleck and Boudra (1981). The diffusive and diapycnal transfers are all taken to be rep-
resentative of microscale turbulence.

Following Gent et al. (1995), consider the effect of time-varying mesoscale eddies,
which are assumed to act to transfer tracers along density surfaces. Take a prime to rep-
resent a mesoscale eddy deviation and an overbar to represent a time average over the
lifetime of many mesoscale eddy events, so that all variables are separated into mean and
mesoscale eddy contributions, such as u = T + u’. Applying this partitioning to the
thickness-weighted flux of tracer along the density layer, hulN, and then applying a time
average over the lifetime of many mesoscale eddies, obtains

uN-  (u+ o) N N 2
hu (hu + h'’) + (hu)' N, (2)
isopycnal tracer flux advective tracer flux diffusive tracer flux

where (i) the time-mean tracer N is advected along the density layer by the time-mean
velocity u and the time-varying mesoscale eddies, h/u’/h, involving a correlation in ve-
locity and layer thickness, and (ii) the tracer is diffused along the density layer by the
mesoscale eddy correlations in the volume flux, (hu)’, and tracer concentration, N’.

Combining (1) and (2), the tracer equation integrated over a density layer and in-
cluding a time average over the lifetime of eddy events is given by

o — . _ _
a(hN) +V,- ((hﬁ+ h’u’) N) 4+ (w*N)|pot — (W*N)|top = —Ve-(hu)N'+V, - (vhV,N)
~———

tendency isopycnal advection diapycnal advection isopycnal diffusion

+Fdia|bot - Fdia‘top + ﬁ )

diapycnal diffusion biological source

3)

The evolution of the nutrient in the layer is then determined by (i) the isopycnal
advection by the time-mean flow and the mesoscale eddies; (ii) the diapycnal advection



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

of the tracer across the bounding density surfaces; (iii) an isopycnal diffusive transfer by
a combination of mesoscale eddies and microscale turbulence; (iv) a diapycnal diffusion
by microscale turbulence; and (iv) a biological source including a rectification by eddy
changes in layer thickness.

The mesoscale and microscale turbulent processes affect the tracer balance in dis-
tinct ways. The microscale turbulence provides a diapycnal diffusion and isopycnal dif-
fusion of tracer together with a diapycnal advection of tracer (McDougall, 1984, 1987;
Groeskamp, Griffies, et al., 2019). Mesoscale eddies provide an isopycnal transfer of tracer,
involving both an isopycnal advection defining a bolus velocity given by h’u//h, and an
isopycnal diffusion given by (hu)’N’. There may also be an additional eddy advection
of the tracer due to a skew flux contribution linked to the tracer distribution (Canuto
& Dubovikov, 2011), which we ignore here. These isopycnal advective and diffusive ef-
fects of mesoscale eddies have distinctive tracer signals (Lee et al., 1997) and are param-
eterised separately in ocean models (Gent & McWilliams, 1990; Redi, 1982).

2.2 Diffusive nutrient supply

Using field data, we wish to compare the magnitude of the different nutrient sup-
ply terms within the seasonal boundary layer and thermocline in the tracer equation (3)
involving the convergences of the diapycnal diffusion by microstructure, the diapycnal
advection by microstructure, and the isopycnal diffusion by mesoscale eddies over an isopy-
cnal layer of thickness h, which are represented respectively by

(Faialvot = Faialtop)/hy (W N)lbor = (w*N)|rop) /B and  —(1/h)V, - (hu)' N/,

diapycnal diffusion diapycnal advection isopycnal diffusion

which are in units of mol N m—3s~!. The isopycnal diffusion from mesoscale eddies is
much larger than the contribution from microscale turbulence (Tennekes & Lumley, 2018),
so the microscale turbulence contribution is ignored here.

2.2.1 Closure for diapycnal diffusion

The diapycnal diffusive flux of nutrients associated with microscale turbulence is
parameterised here by a down-gradient closure,

— ON
Faiq = ~hdia (4)

where kg4, is a diapycnal diffusivity. Hence, the convergences in the diapycnal diffusive

tracer fluxes in (3) may be re-expressed as
ON
+ (ran)| ) )
bot z top

Fdia|bot - Fdia'top o 1 BN

— == | — | Kdia—m5—
h h 0z

Diapycnal advection is generated by contrasts in the diapycnal diffusive density flux.

The diapycnal velocity, w*, is defined here by

*_aFdia,’y_g . @
w = 7@/_)/ = 6/_)/ ( Rdia 82) ) (6)

2.2.2 Closure for diapycnal advection

where Fi;, ~ is the diapycnal diffusive flux of density, v is the neutral density and Kgiq
is the diapycnal diffusivity (Nurser et al., 1999; de Lavergne et al., 2016). The diapyc-
nal velocity is directed towards the regions of enhanced mixing. Here we define the di-
apycnal velocity as positive towards lighter classes due to our focus on upward nutrient



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

fluxes towards the euphotic zone, even though previous studies often define it as posi-
tive towards denser classes. This closure excludes the effective advection driven by the
non-linearity of the equation of state, however, this effect is typically small at low and
mid latitudes (Klocker & McDougall, 2010).

The diapycnal advection of nitrate is found to be important on annual time scales
when integrated over the entire water column (Groeskamp, Griffies, et al., 2019), although
it is unclear how important this diapycnal advection of nitrate is within the thermocline.

2.2.3 Closure for isopycnal diffusion by mesoscale eddies

The isopycnal diffusive transfer of nutrients is viewed here as being provided by mesoscale
eddies, involving quasi-geostrophic circulations stirring nutrients along density surfaces

in an adiabatic manner. The thickness-weighted diffusive flux of nutrients, (hu)/N’, is
assumed to be mainly determined by the eddy correlations in velocity and nutrient con-
centration, such that (hu)’ N’ ~ h u’ N’ which is parameterised in terms of the isopy-

cnal gradient in nutrients, so that the isopycnal flux of nutrients, F,,,, is given by

Fiso = (hu)'N'/h = —K;5oVs N, (7)

where ks, is an isopycnal diffusivity and V, denotes the gradient along density surfaces.
Hence, the convergences in the isopycnal diffusive tracer flux from mesoscale eddies in
(3) may be re-expressed as

V(M) N = —V, - (R Fiyy) = Vo - (k150 V). (8)

The convergence in the diffusive isopycnal flux of nutrients in (8) can be re-written
using a co-ordinate transformation where the isopycnal gradient is made up of the sum
of a horizontal gradient at a constant depth and the isopycnal slope multiplied by a ver-
tical gradient at the density surface,

Vo (hu)yN' =V, (hu)N' +S - ;(hu)’N’ (9)
z

where V, is the horizontal gradient operator and the vector representing the isopycnal
slope is given by S = i0z/0z|,+j0z/0y|, with i and j unit vectors in the z and y di-
rections.

Next, we apply this theoretical framework to field observations to assess the rel-
ative roles in sustaining nutrients in the upper thermocline of the North Atlantic sub-
tropical gyre from the diapycnal diffusive nutrient supply from microscale turbulence in
(5), the diapycnal advective nutrient supply from microscale turbulence (6), and the isopy-
cnal diffusive nutrient supply from mesoscale eddies in (8).

3 Field programme

The observations analysed here were obtained by a field study in some of the most
oligotrophic waters of the North Atlantic subtropical gyre, between 24°N to 36°N, as part
of the RidgeMix programme to investigate the role of internal tides in diapycnal nutri-
ent supply to the euphotic zone (Fig. 2a). The sampling campaign was conducted on the
RRS James Clark Ross (cruise JR15007) in May to June 2016. The field programme in-
volved 67 stations sited either along the crest of the Mid-Atlantic Ridge or in the ad-
jacent deep-ocean basin (Fig. 2a, blue and red dots, respectively). There is a marked dif-
ference in the intensity of small-scale turbulence and associated nutrient fluxes between
the on- and off-ridge regions (Tuerena et al., 2019), so that our subsequent analyses are
accordingly separated into on- and off-ridge areas.
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Figure 1. The diffusive nutrient flux, F, may be separated into diapycnal and isopycnal com-
ponents for a density layer with a nutrient concentration /N and layer thickness h, the diffusive
nutrient flux, F, may be viewed as the sum of a diapycnal component directed across density sur-
faces (driven by microscale turbulence), Fyiq, and an isopycnal component induced by mesoscale
eddy stirring, F;s.. Diapycnal advection, w*, is formed by contrasts in the diapycnal diffusive flux
of density and is directed towards regions of turbulence, and so also provides a diapycnal nutrient
flux, w*N. The diapycnal and isopycnal transfers are potential mechanisms to supply nutrients,
N, to the upper thermocline and mixed layer, and so contribute to sustaining export production

from the euphotic zone.

At all of the CTD stations, temperature, salinity and water samples were measured
for the full depth or the upper 1000 m of the water column. Micro-molar nutrient mea-
surement was carried out at all CTD stations, for the analysis of nitrate, nitrite, phos-
phate and silicate, using a four-channel Bran and Luebbe AAIII segmented flow, colori-
metric, autoanalyzer. Two internal standards for nitrate, phosphate, and silicate were
analysed in each run, covering the range of concentrations in the deep and surface lay-
ers. Certified reference materials (Kanso) were analysed every 2-3 runs to ensure con-
tinued precision throughout the cruise, and cruise averages within the accepted range
for each nutrient and with a 99% precision.

In this region, the mixed layer extends to a depth of less than 50 m during sum-
mer, and increases to respective depths of 150 m to 100 m at the end of winter at 36°N
and 24°N, based upon climatology (Fig. 2b,c, red and blue dashed lines). The density
surfaces, strictly Neutral Density (Jackett & McDougall, 1997), outcropping in the win-
ter mixed layer over the region include v = 26 to 26.5 (kg m~2). The cruise sections re-
veal the expected southward deepening of density surfaces within the subtropical gyre
(Fig. 2c, black lines). The euphotic zone ranges from depths of 50 m to 150 m, and con-
tains waters that are relatively depleted in nitrate (Fig. 2¢, dashed magenta line and green
dots). Below the euphotic zone, there are relatively enriched nutrients, reaching typically
5 pmol kg=1 at 250 m both along and off the ridge (Fig. 2c, green dots). The deep chloro-
phyll maximum deepens southward from a depth of 150 m at 36°N to 200 m at 26°N (Fig.
2¢, dashed magenta line and blue shading).

Measurements of microstructure temperature variance and velocity shear were made
at 30 of the stations using a free-falling Vertical Microstructure Profiler (VMP-6000, Rock-
land Scientific). The microstructure was measured on the length scales of dissipation of
turbulent flows, typically a few millimetres to tens of centimetres. The rates of dissipa-
tion of turbulent kinetic energy, ¢ (W kg=!), and of temperature variance, y (°C?s™1),
were estimated following the standard methods after Oakey (1982).

A mooring provided measurements of horizontal velocity for the full water column
for 9 months between September 2015 and July 2016 at 36.23°N, 32.75°W (Fig. 2a). The
mooring included two Teledyne RD Instruments 75-kHz Long Ranger acoustic Doppler
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Figure 2. Context of the observational study showing: (a) map of the February surface den-
sity from climatology, with the locations of: stations marked with circles, separated into on-ridge
(blue) and off-ridge (red); the mooring (green star); and the location of climatology sections (grey
lines). The inset shows the positions of the observations against the backdrop of topography.
Climatological meridional sections for (b) August and (c) February for nitrate (umol kg™, back-
ground colours), neutral density (black lines), and the base of the mixed layer (red dashed line).
Observed meridional sections for (d) on-ridge or (e) off-ridge, showing nitrate (green circles),
neutral density (black lines), deep chlorophyll maximum (DCM, blue shading), and the base of
the euphotic zone (dashed magenta line). The DCM is defined by the depth of a 10% variation in
the maximum fluorescence, and the base of the euphotic zone is defined by 1% of photosynthetic

radiation measured at a depth of 6 m.
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current profilers (ADCPs) and two Flowquest 75-kHz ADCPs. All ADCPs recorded hourly-

averaged horizontal velocity in 8 m vertical bins (Vic et al., 2018).

4 Estimating diapycnal mixing, diapycnal advection and isopycnal eddy
stirring from observational data

The rates of diapycnal mixing and advection by small-scale turbulence and isopy-
cnal stirring by mesoscale eddies are now assessed using the field observations. Although
the diapycnal diffusivity associated with small-scale turbulence is typically 8 orders of
magnitude smaller than the isopycnal diffusivity linked to mesoscale eddy stirring, the
nutrient gradient across density surfaces is much greater than the nutrient gradient along
density surfaces, such that diapycnal and isopycnal diffusive fluxes of nutrients are broadly
comparable in magnitude.

4.1 Diapycnal diffusivity

The diapycnal diffusivity associated with small-scale turbulence is diagnosed us-
ing a turbulence closure (Osborn, 1980), which assumes a balance between the rates of
turbulent kinetic energy dissipation and the turbulent buoyancy flux,

€

7 (10)

Rdia = r

where, I' is the dissipation ratio indicating the proportion of the turbulent kinetic en-

: ; 2 2_ _gd
ergy being used to mix tracers, N< is the buoyancy frequency defined as N* = 753—‘;
(where o is the local potential density and g is the gravitational acceleration), and the
empirical choice of I' = 0.2 is representative for stratified shear turbulence (Gregg et
al., 2018). The diapycnal diffusivity, K4:q, is diagnosed in neutral density bins of 0.12 kg

m~? calculated using the routines of Jackett and McDougall (1997).

The diapycnal diffusivity is systematically enhanced over the Mid-Atlantic Ridge
relative to off the ridge by a factor of typically 2 to 6, ranging from 5x 10~°m?s~! to
4x107%m?s™! for neutral surfaces between v = 25.5 and 28 (Fig. 3a, blue and red lines).

In both cases these diffusivities are much larger than molecular diffusivity, typically 10~ "m?s™!,

implying the diffusivity can reasonably be applied to any tracer.

4.2 Diapycnal advection

The diapycnal advection, w*, is generated by a convergence in the diapycnal dif-
fusive density flux, Fiq,~ from (6). The diapycnal diffusivity is larger on the lighter and
denser surfaces with a minimum at v =26.2, and the vertical gradient in the neutral den-
sity is larger for density layers lighter than v =26.2, but relatively weak for denser lay-
ers (Fig. 4a,b). The resulting diapycnal diffusive density flux, Fiiq,, is directed towards
denser surfaces, with larger values along lighter surfaces and a minimum value close to
v =26.4 (Fig. 4c). The diapycnal advection, w*, is then directed towards the regions
of elevated turbulence, i.e. from dense to light surfaces for densities lighter than v =26.4,
but towards larger densities from vy =27 (Fig. 4d). There is the same vertical structure
for the diapycnal advection both on and off ridge, although w* is typically an order of
magnitude higher on the ridge due to the stronger tidal mixing. The errors in the esti-
mate of w* are large due to taking the diapycnal gradient of the diapycnal diffusivity,
which has large uncertainties, combined with the vertical gradient of neutral density.

Hence, this structure of the diapycnal velocity, w*, directed towards the density
extremes, is consistent with the most intense turbulence in the water column occurring
near the surface and bottom boundaries, most likely driven by wind forcing and flow-
topography interaction, and a mid-water column minimum. Such vertical structure in
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95% bootstrap confidence interval.

the intensity of turbulent mixing and resultant diapycnal velocities is compatible with
previous observations on a global scale (Kunze et al., 2006; Waterhouse et al., 2014).
4.3 Isopycnal diffusivity from a tracer variance approach

The isopycnal diffusivity associated with mesoscale eddy stirring is diagnosed us-
ing a temperature variance budget approach (Ferrari & Polzin, 2005),

s 77 73 — o7
. (wf’? 19/2 _ 2 97 . _ _
or T V(@07 +wh? — kg VO?) + uf ye X (11)
tendency advective and diffusive fluxes Production  dissipation

where 6 is the potential temperature, x is the rate of dissipation of temperature vari-
ance, kg is the molecular diffusivity of temperature, the velocity is a full three-dimensional
velocity and V is a full three-dimensional gradient operator here, and again the overbar
indicates a time average over many eddy events and the primes indicate the deviation
from this average. There is a balance between the tendency of temperature variance, the
divergence of the advective and diffusive fluxes of variance, production of temperature
variance, and the dissipation of temperature variance.

In our observations, the root mean square temperature anomalies on density sur-
faces are 62 = 0.1 °C at depth, increasing to 0.3 °C towards the surface. By combin-
ing these estimates with temperature variance dissipation rates, typically x = 1079 °C?s~!
at depth to 1078 °C?s~! near the surface, then a lifetime for the temperature variance
can be estimated of typically 100 days (see Naveira Garabato et al. (2016)). Assuming
a background mean flow for this region of 0.01 ms~?!, then the temperature variance is
likely to be advected over a horizontal scale of 100 km before being dissipated, which is
a much smaller scale than the horizontal extent of our sections spanning 1000 to 2000 km.
Hence, the tendency, advection and diffusion terms in (11) are neglected, so that an ap-
proximate local balance is assumed to hold between the production and dissipation of

—10—



306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

(@) rgiq (b) /o2 (© Fya, (d) w*
5 On Ridge

Neutral Density (kg m‘3)
N N N
~ (o))

N
o]

103 104 -0.01 0 10% 107 10° 50 0 50

Off Ridge
25 :

26 | | I

Neutral Density (kgm‘a)

10°® 10° -0.01 0 1x10% 3x10°® S5 0 5
K (m2s1) oz (kgm"') Fdia; (kg m2s1) w* (x108ms™)

Figure 4. The diapycnal advection for the on-ridge (upper row) and off-ridge (lower row)
stations. The profiles: (a) diapycnal diffusivity, xaia (m2s™), (b) vertical density gradient, 8v/0z
(kg m~*), (c) the diapycnal diffusive flux of density, Faiq, (kg m~2s™!), positive directed to-
wards denser surfaces and (d) diapycnal advection, w* (m s™'), positive directed upwards. The
black lines show the mean values derived from the microstructure data and the cruise-observed

gradients. The shaded regions indicate 95% confidence ranges using a bootstrap method.

temperature variance, _
uo - Vo =—x/2. (12)

Following Naveira Garabato et al. (2016), the production of temperature variance

is decomposed into (i) microscale turbulence providing a diapycnal transfer and (ii) mesoscale

eddy stirring providing an isopycnal transfer:
ey 90 7 n
w5, +ulfd - V,0=—-x/2, (13)
where contributions of the mesoscale (.) and microscale (;) are separated from the long-
term average (denoted by the overbar). Employing down-gradient closures for the di-

apycnal and isopycnal eddy stirring terms, (4) and (7), then

90>
—KRdia 87 - fiiso|v09|2 = _X/Qa (14)
z
which allows the isopycnal diffusivity, k;s,, to be diagnosed using
X/2 — “dia|% >

(15)

is0 —

V02
An example of this diagnostic method applied to a single station is shown in Appendix A.

The isopycnal diffusivity, s, is estimated within different neutral density bins, using
x and € from 30 VMP-6000 casts, N2 from the CTD casts adjacent to the VMP deploy-
ments, and large-scale potential temperature gradients estimated either across density
surfaces from the CTD sections or along density surfaces in the World Ocean Atlas cli-
matology (Locarnini et al., 2013; Zweng et al., 2013). Unphysical values of ks, are re-
moved from the data, based upon the occurrence of either negative x5, (where x is less
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than the production of temperature variance) or near-zero isopycnal temperature gra-
dients (less than 5 x 1077 °C m™1).

The resulting estimates of isopycnal diffusivity typically range from 1000 to 4000 m2s~*
along the ridge (Fig. 3b, blue line). Isopycnal stirring rates are weaker off the ridge, typ-
ically by a factor of 2 to 4 (Fig. 3b, red line). There is a similar enhancement in diapy-
cnal and isopycnal diffusivity on the ridge for densities greater than 26, which is prob-
ably a result of the enhanced tidal mixing there (Vic et al., 2018; Tuerena et al., 2019).

4.4 TIsopycnal diffusivity from a mixing-length approach

The isopycnal diffusivity, x;so, is also estimated using a mixing-length approach based
upon assumed quasi-geostrophic dynamics (Ferrari & Nikurashin, 2010). This estimate
entails a two-stage process. First, the isopycnal diffusivity in the absence of a mean flow,
Kiso,0, 1S estimated from the horizontal scale over which mesoscale eddy stirring is pre-
dicted to operate, k~!, related to perturbations in sea surface height, A/, and to eddy
kinetic energy, EKE,

1
V2 Sdoh™ EK B2, (16)

g [
Kiso,0 = dlm(hQ)
where dy and d; are empirically-derived coefficients, linked to the decorrelation time scale,
which have been applied in different dynamical regimes of the Southern Ocean (Ferrari
& Nikurashin, 2010). Second, the isopycnal diffusivity in the presence of a mean flow,
Kiso, 18 expressed as a modification to the diffusivity without a mean flow (Naveira Gara-

bato et al., 2011),
Riso,0

Kiso = ,
0 1+ dUREKE!

where ds is an empirically-derived coeflicient, linking the phase speed of generated ed-

dies to the mean flow, and Uy is the background mean flow velocity. An alternative ac-

count for the suppression entails the replacement of the mean flow speed (Up) with the
Rossby wave speed (¢,,) (Klocker & Abernathey, 2014).

(17)

The isopycnal diffusivity in (17) is evaluated using a combination of altimetric data
and mooring observations, by following this procedure:
(i) The mixing length scale k=1 is estimated from altimetry by comparing the diffusiv-
ity derived from sea surface height to the EKE (16) based upon a daily-gridded altimet-
ric product with 1/4 degree horizontal resolution between September 2015 and June 2017;
(ii) A profile of the isopycnal diffusivity in the absence of a mean flow, k50,0, (16) is di-
agnosed from a profile of EKE (derived from mooring-based horizontal velocity data pro-
cessed with a 40-hour low-pass Butterworth filter) combined with the mixing-length scale
in (i) averaged in a 1-degree box around the mooring;
(iii) A profile of the isopycnal diffusivity in the presence of the mean flow, k;s,, is cal-
culated (17) using the output of (ii), plus the mooring-based estimates of the mean flow
and EKE, and coefficients derived by Ferrari and Nikurashin (2010).

At the site of the mooring, EKE reaches just over 0.007 m?s—2 close to the surface,
where the mean flow speed is 2.9 cm s~!. Both EKE and mean flow speed decrease rapidly
over a depth scale of 500 m to 0.0036 m?s~2 and 0.5 cm s~ !, respectively (Fig. 5a,b).

The first baroclinic Rossby wave speed for this location is given by ¢,, = —3L2, where

B is the meridional gradient in the Coriolis parameter and Ly is the first baroclinic mode
Rossby deformation radius. Taking typical values for these inputs at the mooring site,

B =18 x 107" m~ts7!t and Ly = 30 km (Tulloch et al., 2009), gives a wave speed

of ¢, = 1.6 cm s~!. This speed is comparable to the mean flow speeds shown by the

mooring (Fig. 5b), implying that the suppression is not strongly sensitive to the choice
between the mean flow and Rossby wave speeds. The isopycnal diffusivity peaks at 1550 m?s™
at the surface and reduces to typically 630 m?s~! at a depth of 1000 m (Fig. 5c, black

line).

1
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Figure 5. Profiles from the mooring (lines) and surface estimates from altimetry (stars) of:
(a) eddy kinetic energy, (b) the time-mean velocity, (c) the isopycnal diffusivity in the absence
(blue dashed line) and presence (black line) of the mean flow, and (d) the isopycnal diffusivity
from the mooring with mean flow (black line) and the isopycnal diffusivity on the ridge cal-
culated using the temperature variance approach (red lines and boxes). The diffusivity from
temperature variance is remapped using the median depth of the density surface across the sur-

vey.

4.5 Comparison with other estimates of isopycnal diffusivity from eddy
stirring

In this study, the effect of mesoscale eddies in providing an isopycnal diffusivity has
been estimated for the North Atlantic subtropical gyre using two independent methods,
one utilising a tracer variance approach and the other founded on mixing length theory.
Both estimates indicate a maximum isopycnal diffusivity near the surface of approximately
2000 to 4000 m? s~!, characteristically decaying with depth to 500 to 2000 m? s~ off
and on ridge, respectively. The mixing length estimates are typically slightly lower than
the temperature variance estimates, although they are indistinguishable within error en-
velopes for most depth bins (Fig. 5d).

There have been a range of investigations of isopycnal diffusivity in the Northeast
Atlantic, particularly in the region of the Mediterranean outflow, that yield diffusivity
estimates at 250 m of 800 to 1400 m? s~! based on measurements of thermohaline vari-
ability (Joyce et al., 1998) and of order 1000 m? s~! from a tracer release experiment
(Ledwell et al., 1998). Similar estimates of the diffusivity, 1100 m? s~! near the surface
and 100 to 300 m? s~! at depth, have been made for the region on the basis of conser-
vation of salt and temperature (Zika & McDougall, 2008; Zika et al., 2010).

There have also been a range of global estimates of the isopycnal diffusivity that
are broadly in line with our diagnostics. Theoretical arguments applied to a global cli-
matology at the location of our mooring imply an isopycnal diffusivity that reaches a sur-
face maximum of 1000 m? s~! and decays to 400 m? s~! at 1000 m depth (Groeskamp
et al., 2020). Global surface calculations give an approximate surface diffusivity of 1000
to 2000 m? s~! for our region, using separation of surface floats (Roach et al., 2018) and
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altimetry (Abernathey & Marshall, 2013; Klocker & Abernathey, 2014). Isopycnal dif-
fusivities of 500 to 1500 m? s~! at 1000 m depth are given by Argo float observations,
both from float separation statistics (Roach et al., 2018) and thermohaline distributions
in combination with model velocities (Cole et al., 2015).

Thus, the results presented in this study are broadly consistent, in terms of both
magnitude and vertical structure, with isopycnal diffusivity estimates from a range of
previous studies.

5 Nutrient supply by diapycnal mixing, diapycnal advection and isopy-
cnal eddy stirring

The estimates of the diapycnal and isopycnal diffusivities, respectively associated
with microscale turbulence and mesoscale eddies, and the diapycnal advection, are next
combined with the nitrate data to assess their relative roles in nutrient supply to the up-
per layers of the North Atlantic subtropical gyre. Here we focus on the contributions of
three terms in the nutrient budget: the vertical convergences in the diapycnal diffusion,
diapycnal advection, and isopycnal diffusion (see Section 2.2):

(Fdia‘bot - Fdia|t0p)/ﬁv ((W)lbot - (W)ltozi)/ﬁv and (S/E) : (%(E“isovaﬁ)) .

diapycnal diffusion diapycnal advection isopycnal diffusion (18)

These analyses were also applied to phosphate and lead to broadly similar inferences (not
shown here) and the details of the calculation of the gradients are provided in Appendix
B.

5.1 Diapycnal diffusive nitrate fluxes

For the diapycnal contribution to the diffusive nitrate flux, Fy;,, the diapycnal dif-
fusivity, Kgiq, is estimated from cruise measurements along the ridge, ranging from an
upper bound of 4 to 5x107°m?s~! at v = 25.4 and 27.8, to a lower bound of 4x10~5m?s~!
at v = 25.8 (Fig. 6a). The diapycnal nitrate gradient, 9N/9z, varies in the opposite
sense, from relatively low values at v = 25.4 and 27.8, to higher gradients between v =
26.2 and 27.2 (Fig. 6b, black lines for CTD stations). The diapycnal contribution of the
diffusive nitrate flux, Fy;,, thus varies from lower values of 6x107° and 8x10™* mol N m~2yr—
at v = 25.4 and v = 28, to higher values of 2 x 1072 to 3 x 1072 mol N m~2yr~! at
v = 26.5 to 27.2 (Fig. 6¢). This density variation of Fy;, resembles the variation of ON/0z
more closely than that of Kgiq.

Estimates of the diapycnal component of the vertical nitrate flux, Fy;,, decrease
in magnitude off the ridge by a factor of typically 2 to 3, due to the smaller diapycnal
diffusivity, Kgiq, there (Tuerena et al., 2019). The estimates of Fy;, increase slightly in
magnitude if the nitrate gradients are taken from climatology (Fig. 6b, red lines) rather
than from the cruise observations.

5.2 Diapycnal advective nitrate fluxes

On the ridge, the diapycnal advection, w*, is relatively large and positive, directed
towards lighter surfaces at v =25.6 ,and becomes smaller and negative, directed towards
denser surfaces at v =27 (Fig. 7a). The accompanying nitrate concentrations are close
to zero on the density surfaces lighter than v =26 and become largest around v =27.4
(Fig. 7b). Consequently, the diapycnal advection of nutrients is small on lighter surfaces
and becomes negative at v =27.2 (Fig. 7c). There are, however, large errors in this es-
timate arising from the estimate of w* and the dependence on vertical gradients in k4, .

—14—



|[—VMP/CTD Stations — Climatology

(@) Kdia (b) ON/oz () Fdia
_.__OnRidge
@25, 25 25
£ ni | I
o UL
= 26+ I 26 26 l
N |
= |
2 |
C
9] |
Q27 I | 27 27 :
g | 3
=] , ‘
V28! S e 28 < 28 L _LIN
=
_.__ Off Ridge
25 i 25 I 25 I
| | (N |
g I
26 26 26
> II Il
2 | |
827 M 27 27
= | I
5 I 11
=] | F
é’ 28t | 28 28 |
100 10° 10* 10% 10% 10* 10° 10% 107
B gia (m?st) AN/oz (mol m™) Fdia (mol m™ yr‘l)

Figure 6. The diapycnal component of the vertical diffusive nitrate flux, Fy;q, plotted versus
neutral density, for the on-ridge (upper row) and off-ridge (lower row) stations: (a) diapycnal dif-
fusivity, kaio (m?s™"), (b) nitrate gradient directed across density surfaces, 9N/9z (mol N m™*)
and (c) Faie (mol N m™2yr~!). The black lines show the mean values derived from the mi-
crostructure data and the cruise-observed gradients. The red lines are estimates for which the
gradients have been derived from climatological data. The shaded regions indicate 95% confi-

dence ranges using a bootstrap method.
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Figure 7. The diapycnal advection contribution to the vertical nitrate supply plotted versus
neutral density, for the on-ridge (upper row) and off-ridge (lower row) stations. The profiles of
(a) diapycnal advection, w* (m s™') directed positive upwards, (b) nitrate concentration on den-
sity surfaces, N (mol m~2), and (c) diapycnal advective nitrate flux, w*N (mol N m~2?yr~"'). The
black lines show the mean values derived from the microstructure data and the cruise-observed
gradients. The green lines are estimates for which the gradients have been derived from climato-

logical data. The shaded regions indicate 95% confidence ranges using a bootstrap method.
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Off the ridge, the diapycnal advection, w*, is again positive on lighter surfaces at
v =26.5 and negative on denser surfaces at v =27.2. The diapycnal advection is an or-
der of magnitude weaker off the ridge, and the upwelling extends onto denser surfaces
compared with on the ridge. The vertical structure of the nitrate is similar to that on
the ridge. The diapycnal advection of nutrients is then small and positive on lighter sur-
faces at v =26.6 and changes to negative at v =27.2 (Fig. 7c). There are again large
errors associated with the diapycnal velocity calculation, which is carried through to the
nitrate flux.

5.3 Isopycnal diffusive nitrate fluxes
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Figure 8. The isopycnal stirring contribution to the vertical diffusive nitrate flux plotted
versus neutral density, for the on-ridge (upper row) and off-ridge (lower row) stations. The pro-
files: (a) isopycnal diffusivity, siso (m2s™'), (b) nitrate gradient along density surfaces, V, N
(mol N m~*), (c) isopycnal nitrate flux, —#isoVoN (mol N m~2yr~'), (d) slope parallel to den-
sity surfaces, S, and (e) vertical component of the isopycnal nitrate flux, SFis (mol N m™2yr™').
The black lines show the mean values derived from the microstructure data and the cruise-
observed gradients. The blue lines are estimates for which the gradients have been derived from
climatological data. The green lines show the mixing length-estimated isopycnal diffusivity based
on climatological gradients. The shaded regions indicate 95% confidence ranges using a bootstrap
method.

For the isopycnal contribution to the diffusive nitrate flux, Fj,,, the isopycnal dif-
fusivity, Kiso, is estimated from cruise measurements along the ridge, ranging from an
upper bound of 8 x 10>m?s~! at v = 25.4 to a lower bound of 6 x 10?m?s~! at v =
25.8 (Fig. 8a). The nitrate gradient along density surfaces, V,N, is very low along v =
25 (less than 10! mol N m~*), and increases to a higher value of typically 1 x 10~°
to 4 x 107%mol N m~* for v = 26.2 to 27.8 (Fig. 8b).
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The resulting isopycnal contribution to the vertical diffusive nitrate flux, Fjs,, ranges
from a lower value of 1.4 mol N m~2yr~—! along v = 25.3 to an upper value of 430 mol N m~2yr—
along v = 27.7 (Fig. 8c). Most of this isopycnal stirring of nitrate is effectively hori-
zontal. However, a small fraction of the stirring is directed vertically, and this fraction
is given by the isopycnal slope, S, which typically varies from 1x107° to 2x10~* (Fig. 8d).
The resulting isopycnal contribution to the vertical diffusive flux, Fj,,, varies between
lower values of 5x107° at v = 25.3 and higher values of 1.5x1072 to 5.5x1072 mol N m—2yr—!
at v = 26.5 to 27.2 (Fig. 8e).

Estimates of Fj, decrease in magnitude off the ridge by a factor of typically 2, due
to the smaller isopycnal diffusivity, x;s., there, linked to the smaller dissipation of ther-
mal variance off the ridge from (15). The estimates of Fj,, increase slightly in magni-
tude if the nitrate gradients are taken from climatology, especially on lighter surfaces.

5.4 Vertical structure of the nitrate fluxes and the seasonal boundary
layer

The relative importance of the diapycnal and isopycnal contributions to the ver-
tical diffusive nitrate fluxes, Fy;, and Fjs,, and the diapycnal advection of nitrate, w* N,
vary with the proximity to the mixed layer and euphotic zone along the ridge, irrespec-
tive of whether the nutrients are from climatology or the cruise sections (Fig. 9a,b).

For light density surfaces that intersect the summer mixed layer and euphotic zone
from v =25.2 to 26.0, the vertical component of the diapycnal diffusive nitrate flux, Fy;q,
is generally larger than that of the isopycnal diffusive nitrate flux, Fjs,. The diapycnal
advection is small in the summer surface mixed layer, where the nutrients are generally
deplete. For surfaces that intersect the winter mixed layer between v =26.2 and 26.8,
the nutrient transfer components are comparable to each other, sometimes with the di-
apycnal diffusive component, Fy;,, or the isopycnal diffusive component, Fjg,, dominat-
ing. The diapycnal advective flux, w* N, is directed towards lighter surfaces, with this
upward transfer being due to the enhanced mixing in the surface boundary layer.

For denser surfaces below the winter mixed layer from v =26.8, the isopycnal dif-
fusive nitrate flux, Fjs,, is generally larger than the diapycnal diffusive nitrate flux, Fy;,,
with a maximum value of 0.055 mol N m~2yr—! at v = 27. The diapycnal advection
of nitrate, w* N, on denser surfaces close to v = 27, is negative, and so opposes the di-
apycnal diffusive and eddy stirring transfers. The diapycnal advection of nitrate is weakly
positive on denser surfaces, v = 27.5, towards the bottom boundary. Hence, the ver-
tical nitrate flux is controlled, by reinforcing contributions from diapycnal diffusion, di-
apycnal advection and isopycnal eddy stirring at the base of the summer mixed layer,
and by a loss from diapycnal advection and a supply from isopycnal eddy stirring be-
low the seasonal boundary layer.

In comparison, off the ridge, there are smaller diapycnal diffusive nitrate fluxes, Fg;q,
and smaller diapycnal advective fluxes, w* N, due to the weaker tidal mixing (Tuerena
et al., 2019). There is a more varied structure, with the vertical component of the isopy-
cnal nitrate flux, Fjs,, usually being comparable to or larger than both the diapycnal dif-
fusive nitrate flux and the diapycnal advective flux, with a maximum value of 0.02 mol N m~2yr~
at v = 27.5 (Fig. 9¢,d).

In terms of the seasonality, in winter and into early spring, the nitrate supply to
a density layer is likely to be dominated by the isopycnal nitrate transfer as winter mixed
layers intersect denser surfaces and there are stronger nutrient gradients. In summer, the
diapycnal nitrate transfer instead may dominate as there are weaker isopycnal nitrate
gradients. The diapycnal advective flux is likely to increase in autumn and winter as the
strong turbulence extends deeper into the water column and the depletion of surface nu-
trients is reduced.
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Profiles, in neutral density, of the diapycnal diffusion, diapycnal advection, and

isopycnal diffusion contributions to the vertical nitrate flux for the on-ridge stations (a,b) and

off-ridge stations (c,d), taken from microstructure-derived diffusivities and (a,c) the climatology-

derived nutrient gradients or (b,d) the cruise-derived nutrient gradients. Blue shades indicate the

isopycnal diffusion contributions, green shades indicate the diapycnal advection contributions,

and red shades the diapycnal diffusion contributions. The shaded areas are the 95% confidence

intervals derived from a bootstrap method. The grey bars indicate the range of neutral density

surfaces in the cruise region representing, from left to right: the base of the summer mixed layer,

the base of the summer euphotic zone, and the base of the winter mixed layer.
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5.5 Vertical convergence of nitrate fluxes

Whether there is a nitrate supply to a density class is determined by the vertical
convergence of the vertical nitrate flux. On the ridge, there is generally a positive nitrate
supply from the sum of the diapycnal diffusion, diapycnal advection and isopycnal dif-
fusion of nitrate (Fig. 10a,b, black crosses).

Within the seasonal boundary layer extending over the summer and winter mixed
layers between v =25.6 and 26.4, there is generally a reinforcing supply of nitrate from
the vertical convergence of diapycnal diffusive, diapycnal advective and isopycnal diffu-
sive components of the vertical nitrate flux (Fig. 10a,b, red, green and blue dots).

Below the winter mixed layer within the thermocline, there is instead a loss of ni-
trate from diapycnal advection, w* N, between v =26.8 and 27.2 (Fig. 10a,b, green dots)
and a loss of nitrate from diapycnal mixing, Fy;,, at v =27.2 (Fig. 10a,b, red dots). These
losses of nitrate are though offset by a supply of nitrate from the isopycnal diffusive com-
ponent, F;, at v =26.8 to 27.2 (Fig. 10a,b, blue dots) and by diapycnal advection, w*N,
on denser surfaces.

Off the ridge, the overall nitrate supply is positive over most 7 surfaces, but is neg-
ative for v =27.2 for the climatology, and for v =26.9 for the cruise section (Fig. 10c,d,
black crosses). Within the seasonal boundary layer for v =25.4 to 26.5, there is again
a supply of nitrate from reinforcing contributions from the diapycnal diffusive and isopy-
cnal components of the vertical nitrate flux, Fy;, and Fjs,, and the convergence in the
diapycnal advection, w*N (Fig. 10c,d, red, blue and green dots). Below the winter mixed
layer, for v =27.2 in the climatology and from v =26.9 to 27.3 in the cruise section, there
is instead a loss of nitrate from the convergences of the diapycnal nitrate flux, Fy;, and
the diapycnal advection of nitrate, w* N, which is partly offset by a nitrate supply by
the convergence of the isopycnal nitrate flux, Fiq,.

Hence, the vertical nitrate supply changes from (i) a nitrate supply from reinforc-
ing diapycnal and isopycnal transfers within the seasonal boundary layer, to (ii) a loss
of nitrate below the seasonal boundary layer from either the diapycnal diffusion or di-
apycnal advection of nitrate, which is partly offset by an isopycnal diffusive supply in-
volving the stirring by mesoscale eddies.

6 Discussion and conclusions

There is a problem of understanding how export production is sustained in olig-
otrophic waters within the extensive downwelling zones of the subtropical gyres. In the
Sargasso Sea, tracer-based estimates of export production (Jenkins & Goldman, 1985;
Jenkins, 1988; Jenkins & Wallace, 1992; Stanley et al., 2015) exceed by a factor of two
or more the combined estimates from nitrate supply from entrainment, Ekman trans-
ports, atmospheric deposition and diapycnal mixing (McGillicuddy et al., 1998; Williams
& Follows, 2003). This conundrum might be solved by an enhanced physical supply of
nutrients through the effects of transient eddy and frontal upwelling of nutrients into the
euphotic zone (McGillicuddy Jr & Robinson, 1997; McGillicuddy et al., 1998; Lévy et
al., 2001, 2012) and regionally-enhanced diapycnal mixing over rough topography (Tuerena
et al., 2019). Both these possible physical solutions lead to a new issue, as the time-varying
upwelling and diapycnal supply will cease to be effective when the nutrient concentra-
tions in the upper thermocline become eroded (Oschlies, 2002; Williams & Follows, 2003).
The resolution of this conundrum might involve the lateral supply of nutrients to the up-
per thermocline, thereby sustaining nutrient concentrations below the euphotic zone.

The lateral supply of nutrients may be achieved through the time-mean geostrophic
flow, although this transfer becomes weak at the gyre boundaries as geostrophic stream-
lines align with nutrient contours along density surfaces. The Ekman-induced horizon-
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Figure 10. Profiles, in neutral density, of the diapycnal diffusion, diapycnal advection and
isopycnal diffusion contributions to the vertical nitrate convergence for the on-ridge stations
(a,b) and off-ridge stations (c,d), taken from the microstructure-derived diffusivities and (a,c)
the climatology-derived nutrient gradients or (b,d) the cruise-derived nutrient gradients. Blue
shades indicate the isopycnal diffusion contributions, green shades indicate the diapycnal advec-
tion contributions, and the red shades the diapycnal diffusion contributions. The horizontal lines
indicate the 95% confidence intervals derived from a bootstrap method. The grey bars show the
range of neutral density surfaces in the cruise region representing, from left to right: the base of
the summer mixed layer, the base of the summer euphotic zone, and the base of the winter mixed
layer. Convergences of vertical nitrate fluxes are calculated using the median separation of the
neutral surfaces over the relevant subset of data, with fluxes that have been smoothed using a

3-span moving average.
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tal transport of nutrients does provide an effective supply across time-mean geostrophic
streamlines along the flanks of the subtropical gyres (Williams & Follows, 1998), but this
supply becomes weak in the upper thermocline and towards the central parts of the gyre.
There may also be a transfer of nutrients across the time-mean geostrophic streamlines
via a combination of eddy-induced advection and diffusion along density surfaces, as il-
lustrated in idealised eddy-resolving model studies (Lee & Williams, 2000; Lévy, 2008).

In this field-based investigation, which targeted some of the most oligotrophic wa-
ters of the North Atlantic subtropical gyre, the relative importance of diapycnal mix-
ing, diapycnal advection and eddy stirring in supplying nutrients is assessed over the sea-
sonal boundary layer and the thermocline. This region is far from the complicating ef-
fects of boundary current flows or areas of strong air-sea interaction, but does lie over
the mid-Atlantic ridge, where there is enhanced diapycnal mixing from the spring-neap
cycle of the tides interacting with the topography (Vic et al., 2018; Tuerena et al., 2019).
In our data analysis, we find that the combination of diapycnal diffusion and diapycnal
advection leads to a supply of nutrients to the euphotic zone, but at the same time to
a loss of nutrients in the upper thermocline. Isopycnal diffusion from the stirring by mesoscale
eddies augment the diapycnal supply of nitrate to the lighter density surfaces intersect-
ing the euphotic zone. This eddy stirring crucially provides nutrients to the upper ther-
mocline and so acts to offset the loss of nutrients associated with the diapycnal trans-
fer. Thus, the eddy-induced lateral transfer of nutrients along density surface may be
part of the solution to the long-standing question of how the supply of nutrients to the
euphotic zone is sustained.

While our study reveals clear signals of how the eddy stirring acts to augment and
partly sustain the diapycnal supply of nutrients, our combined estimates of diapycnal

mixing and eddy stirring-driven supply of nitrate at 300 m only reaches 0.03 and 0.05 mol N m~2 yr~

on the ridge for climatological and observed nutrients. Our estimates are thus smaller

by a factor of 3 to 4 than estimates of nitrate export of 0.17 mol N m~2yr~! from oxy-

gen utilisation rates (Jenkins, 1987) at a nearby 1000 km triangular site centered at 26.5°N,
32°W. Hence, there is a possibility that the eddy stirring is only providing a modest, back-
ground contribution to the nutrient supply to the euphotic zone and upper thermocline.

However, our estimates of the nutrient supply role of eddy stirring are based on a
field programme at the centre of a subtropical gyre and the eddy stirring is expected to
provide a larger contribution toward the flanks of the gyre. The eddy stirring supply of
nitrate, evaluated from the vertical component of the convergence of the diffusive isopy-
cnal nitrate flux , (S/h)-0/0z(hkis,V,N) in (18), is proportional to the product of the
isopycnal diffusivity, k;s0, the isopycnal nitrate gradient, V,N and the slope of the den-
sity surfaces, S. Both the nitrate gradient and isopycnal slope are relatively low over our
field site in the centre of the subtropical gyre (Fig. 11a,b), as revealed by the climato-
logical distributions of nitrate and density during summer for the v = 26.5 surface, which
spans depths of 50 m to 300 m (Garcia et al., 2013). Both of these contributions to the
vertical nitrate flux are amplified by a factor of at least 10 on the boundaries of the sub-
tropical gyre (Fig. 11c,d). The lateral diffusivity associated with eddy stirring is though
inhibited toward the surface by the presence of strong flows (Ferrari & Nikurashin, 2010;
Groeskamp et al., 2020), which leads to a reduction in s, from 500 to 1000 m2s~! (Groeskamp
et al., 2020) in the gyre interior, to 200 m2s~! over the Gulf Stream (Bower et al., 1985;
Abernathey & Marshall, 2013).

While our field study has by necessity focussed on the vertical component of the
mesoscale eddy-induced diffusive transfer of nutrients, eddies also provide a lateral ad-
vective transfer of nutrients, which may be important in transferring nutrients across gyre
boundaries (Lee & Williams, 2000; Williams & Follows, 2003) and augment the lateral
nutrient supply by the horizontal Ekman transport (Williams & Follows, 1998; Letscher
et al., 2016).
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Figure 11. Maps showing (a) the magnitude of the isopycnal gradients of nitrate, |V, N|

(mol m™*), (b) the slope of the isopycnal surfaces, S, and in (c) and (d), the enhancement
relative to the study region for (a) and (b). The nitrate and density fields are taken from the
summer World Ocean Atlas climatology along the v = 26.5 surface. The black box represents the

region of our observations and the numbers are the average within that box.

In summary, the nutrient supply to the euphotic zone in the centre of the oligotrophic
subtropical gyre may be achieved via a multi-stage mechanism: a diapycnal transfer of
nutrients by microscale turbulence to the euphotic zone from the upper thermocline, and
an isopycnal transfer of nutrients by mesoscale eddies acting to both augment the sup-
ply to the euphotic zone and replenish upper thermocline nutrients. The wider gener-
ality of our central result is suggested by the similar multi-stage process uncovered in
a modelling study of the Southern Ocean supply of trace metals (Uchida et al., 2020),
whereby eddy stirring was found to replenish the thermocline and diapycnal mixing to
provide the transfer to the euphotic zone.

Appendix A Estimates of diffusivity from station data

Following Naveira Garabato et al. (2016), the production and the dissipation of the
temperature variance is estimated from the CTD/VMP stations, allowing the isopycnal
diffusivity to be diagnosed as a residual,

- < x> /2—TeN—2|%m 2
Vo Om|?

(A1)

The dissipation of the temperature variance for a single station usually exceeds the pro-
duction term from the microscale turbulence (Fig. Alc), taken from the combination of
the diapycnal diffusivity and temperature gradients (Fig. Ala,b). With the addition of
the isopycnal temperature gradients (Fig. Ald), the diffusivity for a single station can
then be calculated (Fig. Ale).
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Figure Al. Profiles at a single station in neutral density space of: (a) the diapycnal dif-
fusivity; (d) absolute temperature gradients across density surfaces; (¢) temperature variance
dissipation (cyan line) and temperature variance production by diapycnal mixing (magneta line)
with the shaded area indicating the production by isopycnal stirring; (d) absolute temperature

gradients along density surfaces; and (d) the diffusivity along density surfaces.

Appendix B Calculation of isopycnal slopes and gradients

Isopycnal gradients of potential temperature and nutrient are taken both from ob-
servations and from a climatology. The methodology is set out due to complexities of
evaluating these gradients on isopycnal or neutral surfaces (Groeskamp, Barker, et al.,
2019).

For the observations, each cast is linearly interpolated in the vertical onto a con-
sistent neutral density grid (Jackett & McDougall, 1997) with a spacing of 0.12 kg m~—3,
such that each cast has a profile of depth, potential temperature and nitrate in neutral
density space. This interpolation avoids making a local assumption in calculating gra-
dients from the combination of horizontal and vertical gradients. All subsequent calcu-
lations are then performed on the same neutral density grid. For each value of neutral
density, a flat surface (linear in x and y directions) is fitted using distance north and east
from a fixed position for each variable (Fig. B1). The zonal and meridional gradients
in depth, potential temperature and nitrate, are then extracted from these fitted surfaces.
These surfaces effectively smooth over the local gradients driven by mesoscale processes
and provides gradients representative of the size of the survey of the order of 1000 km.

For the climatology, individual profiles are again remapped onto a consistent neu-
tral density grid using the routines of (Jackett & McDougall, 1997). It is assumed that
in the construction of the climatology, the gradients associated with mesoscale features
are already removed, so that local gradients are used. The gradients are taken on the
same grid as the climatology using centered differencing, such that the resulting gradi-
ents are taken over twice the horizontal spacing of the climatology resolution. These gra-
dients are then applied to the observations using the closest position in the climatology
grid.
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Figure B1l. Maps showing the fitted surfaces of depth (slope) and nitrate for the surface
v=26.54 kg m~3. The observations, interpolated onto the density surface, are shown by the

circles. The background colour shows the fitted surface from which the gradients are extracted.
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