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Abstract. In nutrient limited conditions, phytoplankton growth at fronts3

is enhanced by winds, which drive upward nutrient fluxes via enhanced tur-4

bulent mixing and upwelling. Hence, depth-integrated phytoplankton biomass5

can be ten times greater at isolated fronts. Using theory and two-dimensional6

simulations with a coupled physical-biogeochemical ocean model, this pa-7

per builds conceptual understanding of the physical processes driving up-8

ward nutrient fluxes at fronts forced by unsteady winds with timescales of9

4-16 days. The largest vertical nutrient fluxes occur when the surface mix-10

ing layer penetrates the nutricline, which fuels phytoplankton in the mixed11

layer. At a front, mixed layer deepening depends on the magnitude and di-12

rection of the wind stress, cross-front variations in buoyancy and velocity at13

the surface, and potential vorticity at the base of the mixed layer, which it-14

self depends on past wind events. Consequently, mixing layers are deeper and15

more intermittent in time at fronts than outside fronts. Moreover, mixing16

can decouple in time from the wind stress, even without other sources of phys-17

ical variability. Wind-driven upwelling also enhances depth-integrated phy-18

toplankton biomass at fronts; when the mixed layer remains shallower than19

the nutricline, this results in enhanced subsurface phytoplankton. Oscilla-20

tory along-front winds induce both oscillatory and mean upwelling. The mean21

effect of oscillatory vertical motion is to transiently increase subsurface phy-22

toplankton over days to weeks, whereas slower mean upwelling sustains this23

increase over weeks to months. Taken together, these results emphasize that24
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wind-driven phytoplankton growth is both spatially and temporally inter-25

mittent and depends on a diverse combination of physical processes.26
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1. Introduction

Observations reveal significant spatiotemporal variability in phytoplankton chlorophyll27

at the ocean mesoscale (10 to 100 km, days to weeks) [e.g. Gower et al., 1980; Denman28

and Abbott , 1994] and submesoscale (0.1 to 10 km, hours to days) [e.g. Strass , 1992; Yoder29

et al., 1993; Washburn et al., 1998; Thyssen et al., 2009; van Gennip et al., 2016; Moses30

et al., 2016]. However, the phytoplankton variability at these scales is driven by coupled31

physical, biogeochemical and ecosystem dynamics that are mostly unresolved in global32

coupled ocean-biogeochemistry models, difficult to observe, and poorly understood.33

In some circumstances, frontal dynamics may significantly modify phytoplankton34

biomass distributions and growth rates at the mesoscale and submesoscale [e.g. Woods ,35

1988; Strass , 1992; Lévy et al., 2001; Lévy and Klein, 2004; Klein and Lapeyre, 2009;36

McGillicuddy , 2016;Mahadevan, 2016]. Mesoscale and submesoscale fronts are ubiquitous37

[e.g. Mied et al., 1986; Pollard and Regier , 1992; Orsi et al., 1995; Rudnick and Luyten,38

1996; Nagai et al., 2009; Belkin et al., 2009; Inoue et al., 2010; Li et al., 2012], and obser-39

vations show that fronts are associated with anomalous biogeochemical properties relative40

to the waters on either side. In particular, fronts are associated with elevated nutrients41

and stronger upward nutrient fluxes [e.g. Allen et al., 2005; Li et al., 2012], higher primary42

productivity [e.g. Fernández and Pingree, 1996], more chlorophyll and depth-integrated43

biomass [e.g. Claustre et al., 1994; Granata et al., 1995; Fernández and Pingree, 1996;44

Niewiadomska et al., 2008; Davis et al., 2008; Li et al., 2012], different plankton com-45

munities [e.g. Claustre et al., 1994; Taylor et al., 2012; Krause et al., 2015], and larger46

organic carbon export fluxes [e.g. Omand et al., 2015; Stukel et al., 2017]. Moreover,47
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numerical simulations suggest several reasons why fronts are associated with anomalous48

biogeochemistry. For example, in regions where phytoplankton growth is limited by low49

nutrient concentrations, phytoplankton growth is enhanced at fronts, where the nutrient50

transport to the euphotic zone is enhanced due to: 1) upwelling driven by meandering and51

frontogenesis [e.g. Woods , 1988; Mahadevan and Archer , 2000; Lévy et al., 2001; Martin52

et al., 2001; Lima et al., 2002; Klein and Lapeyre, 2009], 2) upwelling in wind-driven53

vertical circulations [e.g. Franks and Walstad , 1997; Nagai et al., 2008; Mahadevan et al.,54

2008; Lévy et al., 2009], 3) upwelling in symmetric instability (SI) cells [e.g. Brannigan,55

2016], and 4) nutrient entrainment into deeper surface mixing layers (SXLs) [e.g. Lévy56

et al., 2009; Whitt et al., 2017]. However, the global significance of frontal physics for57

biogeochemistry is still a subject of ongoing study because fronts are difficult to resolve58

in global ocean-biogeochemistry simulations and difficult to observe in the ocean [e.g. Os-59

chlies , 2002; McGillicuddy et al., 2003; Ferrari , 2011; Lévy et al., 2012a, b; McGillicuddy ,60

2016; Mahadevan, 2016].61

Moreover, the conceptual models of the physical processes driving biogeochemical dy-62

namics at fronts are incomplete. For example, although it is well known that wind can63

modify biogeochemistry at a front by enhancing vertical mixing and vertical advection at64

the front, it is not known how the different timescales associated with unsteady wind [see65

e.g. Gille, 2005] impact vertical nutrient transport and biogeochemistry at a front. Lévy66

et al. [2009] and Whitt et al. [2017] suggest that high-frequency near-inertial wind vari-67

ance (at periods ranging from about 0.5 to 2 days), which generates inertial oscillations68

in the ocean mixed layer, significantly enhances vertical transport of nutrient and hence69

phytoplankton growth at fronts. This paper takes another step toward a more complete70
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conceptual understanding of how wind-stress variability impacts biogeochemistry at fronts71

by exploring how lower-frequency synoptic-to-planetary scale wind variance (at periods72

ranging from 4 to 16 days) impacts vertical nutrient transport and phytoplankton biomass73

at fronts in nutrient-limited open-ocean conditions in the midlatitudes (this context will74

be assumed hereafter).75

The analysis is conducted using output from numerical simulations of idealized fronts76

in a two-dimensional (2D) coupled physical-biogeochemical ocean model configuration77

similar to Franks and Walstad [1997] and forced by different wind scenarios; the simulation78

setup is described in section 2. In order to highlight the effects of the time-dependent79

winds, several potentially-relevant physical processes are excluded from the simulations80

presented here, including frontal meandering [unlikeWoods , 1988; Lévy et al., 2001], three-81

dimensional mixed-layer baroclinic instabilities [unlike Mahadevan et al., 2012; Taylor ,82

2016], spatial variations in the wind stress on the horizontal scale of the ocean fronts83

[unlike Martin and Richards , 2001; McGillicuddy et al., 2007], and explicit influences84

from larger scale oceanic processes. In addition, only modest wind stress magnitudes85

|τ | < 0.25 N/m2 (wind speeds less than about 12.5 m/s at 10 m height) are considered;86

the effects of very intense storms are not considered.87

This paper makes three main contributions to the literature on physical-biogeochemical88

interaction at ocean fronts. First, section 3 characterizes the nutrient transport and89

phytoplankton biomass response at a front forced by a transient (i.e. 8-day-long) along-90

front wind stress with a constant magnitude. Although the physics that modifies nutrient91

transport and phytoplankton biomass at a front forced by a transient constant wind stress92

has been discussed previously [e.g. Franks and Walstad , 1997; Thomas , 2005; Mahade-93
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van et al., 2008; Nagai et al., 2008; Brannigan, 2016], novel insights are derived from94

a new physical theory, which encapsulates the primary physical processes that modify95

phytoplankton biomass at a front forced by a transient constant wind stress in a single96

differential equation. The second main contribution, in section 4, is a characterization97

of the nutrient transport and phytoplankton biomass response at a front forced by oscil-98

latory low-frequency wind (with 4-16 day periods characteristic of synoptic-to-planetary99

scale atmospheric variability). These simulation results reveal two physical hysteresis ef-100

fects that modify biogeochemistry under oscillatory wind, are absent in the simulation101

forced by a transient constant wind and, as far as we know, have not been noted in a102

previous publication. The third main contribution, in section 5, is a characterization of103

the nutrient transport and phytoplankton biomass response at a front forced by a realistic104

wind. Although it is beyond the scope of this article to fully explore how phytoplankton105

respond to unsteady wind over a front, the simulation forced by the realistic wind provides106

some insight into: 1) how phytoplankton biomass might respond to unsteady wind at a107

front under a more realistic wind forcing, and 2) the robustness of the conclusions derived108

from more idealized simulations.109

2. Simulation setup

This paper’s interpretation of the biogeochemical response to wind at a front is based110

primarily on simulations with a 2D coupled physical-biogeochemical ocean model. The111

first three sections below describe the 2D model, including (2.1) the physical model and112

initial conditions, (2.2) the biogeochemical model and initial conditions, and (2.3) the113

wind forcing scenarios. Section 2.4 describes a 1D version of the physical-biogeochemical114

model that is used to help interpret the 2D simulations.115
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2.1. Two-dimensional physical model and initial condition

The 2D physical model is based on the incompressible hydrostatic primitive equations116

on a midlatitude f -plane (f = 10−4 s−1) with the Boussinesq approximation and only117

one dynamical tracer, that is density ρ or equivalently buoyancy b = −gρ/ρ0, where118

ρ0 = 1027 kg/m3 is the reference density of seawater and g = 9.81 m/s2 is the acceleration119

due to gravity. Only low-aspect-ratio hydrostatic motions are explicitly resolved in the120

simulations; non-hydrostatic processes such as convection, Kelvin-Helmholtz type shear121

instabilities, mixing by high-frequency internal wave breaking, and three dimensional122

turbulence are parameterized by the K-profile-parameterization (KPP) scheme [e.g. Large123

et al., 1994]. The analysis will refer at various points to the surface boundary layer124

(SBL), which is defined as in Large et al. [1994] [see (1) in the supporting information] and125

represents the depth of the surface layer of high vertical diffusivity and viscosity. The SBL126

is to be compared with the surface mixing layer (SXL), a term which is used in this paper127

to loosely describe the dynamically active layer encompassing strong wind-driven vertical128

tracer and momentum fluxes due to both resolved and parameterized processes. The SXL129

and the SBL are in many cases nearly identical, but sometimes differ in the simulations130

presented in this paper due to low-aspect-ratio SI with horizontal wavelengths ∼ 1 km [e.g.131

Thomas , 2005; Taylor and Ferrari , 2010], which is partially resolved here [Bachman and132

Taylor , 2014] and sometimes extends below the SBL. The explicit horizontal viscosity133

νh = 1 m2/s is constant and crudely represents the horizontal mixing of momentum134

by small scale internal waves and vortical motions that are not resolved. The explicit135

horizontal diffusivity Kh = 0 m2/s in order to isolate the effects of tracer transport by136

resolved advection and parameterized vertical mixing. The chosen computational grid has137
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a uniform horizontal grid spacing of ∆y = 300 m and a stretched vertical grid spacing with138

higher resolution near the surface (∆z ≈ 2 m at z = −100 m depth). The resolution is139

sufficiently fine that halving the grid spacing in both the horizontal and vertical directions140

(e.g. in the simulation labeled DR for double resolution in Table 1) does not significantly141

change the results (see Figure S10). Additional details of the numerical implementation142

in the Regional Ocean Modeling System (ROMS) appear in section S2 of the supporting143

information [Shchepetkin and McWilliams , 2005; Smolarkiewicz and Margolin, 1998; Large144

et al., 1994].145

The physical initial condition is constructed, as described in section S3 of the supporting146

information, to represent an open-ocean region without boundaries or variable bathymetry147

and with isolated geostrophic fronts with characteristics that are intermediate between the148

mesoscale and submesoscale. The initial density and velocity fields for all the simulations149

are shown in Figure 1 (A). The domain contains a pair of isolated surface-intensified150

geostrophic fronts superimposed on a background stratification ∂b/∂z = 2 × 10−5 s−2.151

The domain is periodic in the cross-front direction and bounded by a flat bottom at152

z = −1000 m and a free surface at z = 0 m. Since fronts are anisotropic features with153

much stronger vertical and cross-front gradients than along-front gradients [e.g. Fedorov ,154

1986], the simulated fronts have strong vertical (z) and cross-front (y) gradients and zero155

along-front (x) gradient. That is, all three components of the velocity vector are retained,156

but all resolved processes are uniform in the along-front direction (∂/∂x = 0).157

This paper builds a conceptual understanding of the physical and biogeochemical re-158

sponse to unsteady winds at a geostrophic front with physical characteristics that are159

broadly representative of observed fronts. In particular, the simulations are not designed160
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to represent any particular ocean, or any particular time of year, or any particular front.161

However, it may be noted that the peak velocity and horizontal scale of the frontal jets in162

Figure 1 (A) are qualitatively similar to the frontal jets observed by Mied et al. [1986] and163

Pollard and Regier [1992] in the Sargasso Sea, by Claustre et al. [1994] in the East Alboran164

Sea, and in the California Current System by Li et al. [2012]. On the other hand, the ve-165

locity magnitudes, velocity gradients, and horizontal and vertical frontal length scales are166

smaller than those observed in the Kuroshio [e.g. Nagai et al., 2009] and the Gulf Stream167

[e.g. Inoue et al., 2010]. Further discussion of oceanic context of the physical initial condi-168

tion is presented in section S3 of the supporting information in terms of non-dimensional169

physical parameters [Hoskins , 1974; Gill , 1982; Thomas et al., 2008; McWilliams , 2016].170

Although the sensitivity of the results to the physical parameters of the initial condition is171

not explicitly explored with 2D sensitivity simulations here, theoretical arguments, which172

are developed throughout the paper, provide insight into how the biogeochemical response173

depends on the physical parameters that characterize the front.174

2.2. Biogeochemical model and initial conditions

The physical model is coupled to a four-component nutrient, phytoplankton, zooplank-175

ton, and detritus (NPZD) biogeochemical model [e.g. Fasham et al., 1990]. The biogeo-176

chemical model equations, which appear in section S4 of the supporting information, are177

slightly modified from those of Powell et al. [2006], which are implemented in the publicly-178

available version of ROMS. The model parameters, which are presented in Table S1, differ179

significantly from those of Powell et al. [2006] so that the biogeochemical equilibrium in a180

1D column with a modest background vertical diffusivity Kz = 2× 10−5 m2/s [i.e. Figure181

1 (B)] is crudely representative of an idealized nutrient-limited open ocean in the midlat-182
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itudes. Yet, the biogeochemical model is not tuned to represent any specific ocean at any183

specific time of year, and the qualitative results may apply anywhere deep nutrients limit184

phytoplankton growth in the euphotic zone.185

The biogeochemical initial condition for the 2D model consists of the horizontally-186

uniform profiles in Figure 1 (B) and is characterized by an equilibrium (i.e. steady-state)187

subsurface phytoplankton maximum (SPM). This initial condition for the 2D model is188

obtained from a ten-year simulation with only a constant vertical diffusivity Kz = 2×10−5
189

m2/s driving vertical fluxes of the biogeochemical constituents in a 1D column on the same190

stretched vertical grid as the 2D model and initial N = 14 mmol N/m3 and P,Z,D = 2191

mmol N/m3. An interpretation of this equilibrium in the initial condition, which manifests192

as a balance primarily between sinking detritus and upward diffusion of nutrient, was given193

by Riley et al. [1949], but see also the recent review by Cullen [2015] and the references194

therein. Although a SPM appears with a wide range of NPZD model parameters and in195

many different oceanic regimes, the detailed structure, such as the depth, thickness, and196

magnitude of the maximum phytoplankton concentration in the SPM are controlled by the197

modeling choices made here [e.g. Beckmann and Hense, 2007]. The biogeochemical model198

parameters are chosen so that the SPM depth is within the range of observed SPM depths.199

An explicit description of how variations in the model parameters modify the initial profile200

and the SPM is included in section S4.1 [Franks et al., 1986; Steele and Henderson, 1992;201

Edwards and Brindley , 1999; Edwards and Yool , 2000]. Although the sensitivity of the202

results to the biogeochemical model and model parameters is not explicitly addressed with203

2D sensitivity simulations here, a discussion of how the biogeochemical response to wind204
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forcing depends on the depth of the initial SPM and hence the biogeochemical model205

parameters is in section 3.2 below.206

2.3. Forcing the two-dimensional model

Unless otherwise stated, the wind stresses are specified as spatially-uniform surface207

stress boundary conditions with the different time-dependent forms given in Table 1, the208

vertical mixing coefficients are set internally by KPP for density and momentum, and bio-209

geochemical variables are mixed with the same vertical diffusivity as density. However, in210

some cases (e.g. CM, VM, and VMT in Table 1) the vertical viscosity νz and/or diffusiv-211

ity Kz are specified externally via input, rather than internally via KPP. All other model212

parameters—with the exception of the surface stress and the vertical mixing scheme—are213

the same in all 2D simulations in order to isolate the effects of the wind. Table 1 contains214

a list of the forcing functions and mixing schemes for all the 2D simulations that are215

discussed in this paper.216

2.4. One-dimensional model

Oscillatory winds naturally induce a mostly oscillatory physical response, and the time217

mean physical response to the oscillatory forcing emerges only as a smaller residual. Some218

important questions arise in this context: what are the average biogeochemical effects of219

purely oscillatory vertical transport [e.g. Holloway , 1984]? How do the time-integrated220

biogeochemical effects due to the purely oscillatory vertical transport compare with the221

time-integrated biogeochemical effects due to the time-mean or forcing-period-averaged222

vertical transport in a front? These questions are addressed in section 4 with the aid of223
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a 1D advection-diffusion physical model coupled to the same biogeochemical model used224

in the 2D simulations.225

The 1D model is implemented in Matlab [see Whitt , 2017a], as described in Section S5226

of the supporting information, in order to facilitate rapid exploration of the biogeochem-227

ical response to different combinations of oscillatory and mean vertical motions, different228

vertical diffusivities, and different biogeochemical parameters. Although the 1D model229

grid and numerical differentiation are not identical to those of the 2D model, the number230

of grid points in the 1D model is sufficiently large and the domain sufficiently deep that231

the 1D simulation results are effectively unchanged if the grid spacing is doubled and the232

domain depth is doubled (Figures S1-S2). Hence, the numerical implementation of the233

1D model should not have any significant implication for the results.234

The biogeochemical fields in the 1D model are advected by imposed vertically-uniform235

vertical velocity time series w(t), which are derived from time series of Lagrangian drifter236

displacements obtained from the online advection of an array of 38 virtual Lagrangian237

drifters in the 2D simulations. The drifters are initially evenly spaced from y = −12.5 to238

+12.5 km at z = −105 m (below the SXL) and advected forward in time online during a239

2D simulation by the full velocity field using a fourth-order Milne predictor [Abramowitz240

and Stegun, 1964] and a fourth-order Hamming corrector scheme [Hamming , 1973]. The241

drifter positions are saved every hour; Figure S4 shows the drifter trajectories in the XW242

simulation (see Table 1) before any additional post-processing. This Lagrangian approach243

is used to define the Eulerian vertical velocity in the 1D model because the Eulerian mean244

vertical velocity derived from the 2D model can—in some circumstances—misrepresent the245

mean vertical circulation that drives tracer fluxes in a flow dominated by perturbations,246
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for example when the generalized Stokes drift is significant [e.g. Andrews and McIntyre,247

1978; Plumb, 1979].248

The post-processing steps to construct the vertical velocities for input into the 1D model249

are as follows: first, the array of 38 drifters is used to obtain 25 time series of Lagrangian250

vertical displacement ζ(yi, t), one for each cross-front kilometer from y1 = −12 km to251

y25 = +12 km. Each ζ(yi, t) represents the average vertical displacement of the group of252

drifters that are initially within ±500 m of yi (one or two drifters per group). Then, the253

ζ(yi, t) are time-filtered with a 48 hour moving average to eliminate high-frequency inertia-254

gravity waves (which are non-negligible at the beginning of the simulations) and retain255

the low frequency Ekman suction. Third, a discrete time derivative is applied to obtain256

the vertical velocity w(yi, t) = dζ(yi, t)/dt. Fourth, the Lagrangian mean vertical velocity257

⟨w⟩(yi) is calculated at each yi, where ⟨w⟩(yi) = 1
T

∫ T

0 w(yi, t)dt with T ≈ 72 days or 9258

forcing periods, and the perturbation vertical velocity is calculated as w(yi, t)− ⟨w⟩(yi).259

Then, for a given 2D simulation, three sets of 25 1D simulations are executed: in260

one set the vertical advection is by the full vertical velocity w(t), in a second set the261

vertical advection is by the time-mean vertical velocity ⟨w⟩, and in a third set the vertical262

advection is by the perturbation vertical velocity w(t)− ⟨w⟩. In all cases presented here,263

the vertical diffusivity in the 1D simulations is set to a background constant Kz = 2×10−5
264

m2/s. Each 1D simulation represents a one-kilometer wide region (in y) of the primary265

2D simulation where the relevant drifters were initialized.266

3. Transient constant wind

This section analyzes the transient physical and biogeochemical response to a wind with267

a constant stress at a modest amplitude τx = 0.06 N/m2 (equivalent to a wind speed of268
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about 6 m/s at 10 m height) maintained for 8 days; this wind scenario is referred to as269

the constant wind (CW) scenario in Table 1. Although the wind stress is always unsteady270

in the real ocean, several previous model-based process studies of biogeochemistry at271

fronts have focused on the biogeochemical response to transient periods of constant wind272

stress [e.g. Franks and Walstad , 1997; Nagai et al., 2008; Mahadevan et al., 2008]. To273

our knowledge, no previous study has explicitly explored the biogeochemical response to274

a purely oscillatory (i.e. zero time mean) wind at a front [except the companion study275

Whitt et al., 2017] [but see Mahadevan et al., 2010; Siedlecki et al., 2011, 2012]. Hence,276

the results of this paper begin with an analysis of the simpler and more familiar CW277

simulation before analyzing simulations with oscillatory wind forcing. This CW simulation278

and the associated analysis serve as a point of reference, to which the simulations forced279

by oscillatory and realistic wind can be compared.280

3.1. Description of the CW simulation

The magnitude of the wind stress in the CW simulation is not sufficiently strong to281

drive SXLs deep enough to modify the nutrient N or phytoplankton P concentration282

distributions outside the front. Hence, the vertical profiles of N and P remain essentially283

unchanged outside the front throughout the 8-day simulation. However, the wind induces284

N and P anomalies at the fronts by driving vertical velocities at the nutricline and by285

driving entrainment of nutrient into deep SXLs, which vary across the fronts and reach286

their deepest depths on the less dense side of the front centered at y = ±60 km (Figures287

2 - 3).288

At both fronts, the vertical displacements of the nutricline and the associated N anoma-289

lies below the SXL exhibit a tripolar structure [Figures 2 (E)-(F)], which is characteristic290
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of vertical advection by Ekman suction [e.g. Stern, 1965; Niiler , 1969; Stern, 1975; Lee291

et al., 1994],292

wEk =
∂MEk

∂y
, (1)293

where the generalized cross-front Ekman transport294

MEk = − τx

ρ
(
f − ∂u

∂y

) . (2)295

Even when the along-front stress does not vary across the front, as in all the simulations296

presented in this paper, MEk varies across the front due to variations in the absolute297

vertical vorticity f − ∂u/∂y at the surface, which is between 0.3f and 1.7f at the start298

of the simulations. The divergence of the Ekman transport drives Ekman suction. When299

the wind is down-front (i.e., in the same direction as the geostrophic frontal jet centered300

at y = ±60 km), the nutricline rises near the middle of the front and descends near the301

flanks [near y = ±50 km, see Figure 2 (F)]. When the wind is up-front (i.e. opposite to302

the geostrophic jet centered at y = 0 km), the nutricline descends near the middle of the303

front and rises near the flanks [near y = ±10 km, see Figure 2 (E)]. After 4 days, the304

locations where the nutricline has risen are associated with positive anomalies in N and P305

at the SPM and increased depth-integrated phytoplankton biomass Pint =
∫ 0

z=−1000 Pdz,306

whereas the locations where the nutricline has descended are associated with negative307

anomalies in N and P at the SPM and reduced Pint [Figures 2 (C)-(H)].308

The cross-front average Pint increases with time in both fronts in the CW simulation.309

However, the cross-front-average Pint increases more rapidly at the front forced by down-310

front wind compared to the front forced by up-front wind [c.f. Figures 2 (G)-(H)]. In fact,311

after 8 days of down-front wind, Pint is 10-15 times larger on the less dense side of the312

front than outside the front or at the initial time [Figure 4 (F)]. In contrast, after 8 days313
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of up-front wind Pint is at most a factor of 2 larger than outside the front (Figure S12314

shows the same panels as Figure 2, but after 8 days; the results are qualitatively similar315

but the net biogeochemical impacts of the vertical transport are greater).316

Down-front wind induces a greater increase in Pint than up-front wind because there is317

a large and sustained vertical flux of nutrient into the SXL on the less dense side of the318

front after about 4 days of down-front wind, which does not occur under up-front wind319

(see Figures 2, 3 and S12). The nutrient flux to the SXL under down-front wind can be320

categorized into two types in this simulation: 1) an entrainment flux of nutrient into the321

highly-diffusive SBL (Figures 3 (F) and 4 (E), see Appendix A for a precise statement322

of the definition of entrainment, which is essentially the same as in Stevenson and Niiler323

[1983]), and 2) a vertical advective flux associated with narrow cells of strong upwelling324

and downwelling characteristic of forced SI [Figures 3 (B) and 4 (D)]. Both types of flux325

depend sensitively on the depth of the SXL.326

The SXL is deeper in the front forced by down-front wind primarily because the Ekman327

buoyancy flux,328

EBF =
−τx
ρf

∂b

∂y
, (3)329

reduces the buoyancy and stratification at the front forced by down-front wind, whereas330

the EBF increases the buoyancy and stratification at the front forced by up-front wind331

[e.g. Franks and Walstad , 1997; Thomas , 2005; Thomas and Ferrari , 2008; Taylor and332

Ferrari , 2010; Mahadevan et al., 2010]. Taylor and Ferrari [2010] suggest a mathematical333

model for the depth of the SXL at a spatially-uniform front (i.e. with constant initial334

∂b/∂y and −∂u/∂y = 0). However, the model of Taylor and Ferrari [2010] fails to335

completely characterize either the magnitude or the spatial structure of changes in the336
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SXL that occur in the CW simulation due to cross-front variations in e.g. ∂b/∂y and337

−∂u/∂y at an isolated front (see Figure S11).338

3.1.1. Modeling entrainment at an isolated front339

To address the limitations of the model for SXL deepening given by Taylor and Ferrari340

[2010], a new model for SXL deepening under a destabilizing EBF is derived in Appendix341

B, which adds the essential physics associated with cross-front variations in the vertical342

vorticity of the frontal jet to the model given by Taylor and Ferrari [2010]. In this model,343

the SXL depth is defined to be the deepest depth Hq, over which the depth-integrated344

potential vorticity (PV)345

q = f

(
f − ∂u

∂y

)
∂b

∂z
+ f

∂u

∂z

∂b

∂y
(4)346

is zero, that is347

∫ 0

Hq

q dz = 0, (5)348

which is shown in Figure 3 (note that Hq is defined to be negative and is referred to as349

the low-PV layer). This low-PV definition of the SXL is motivated by the idea that wind-350

driven turbulent mixing in the SXL and down-front winds in particular induce negative351

PV [e.g. Figure 3 (D)], which is restored toward zero on a relatively short timescale352

! 1/f by SI [e.g. Hoskins , 1974; Thomas , 2005; Taylor and Ferrari , 2010] that transports353

high-PV water up from the pycnocline along slanted isopycnals [see Figures 3 (B) and354

(D)].355

The time evolution equation for Hq is derived by integrating the flux form of the PV356

equation [e.g. Marshall and Nurser , 1992; Thomas , 2005] over the depth Hq using the357

Leibniz rule and some assumptions (see Appendix B). In addition to the physical moti-358

vation based on SI, the definition (5) is also beneficial mathematically because it results359

D R A F T May 1, 2017, 9:04pm D R A F T



WHITT ET AL.: WIND, PHYTOPLANKTON, AND FRONTS X - 19

in the exact elimination of explicit horizontal advective fluxes of potential vorticity by360

the depth-integrated cross-front flow in the low-PV layer. The resulting model represents361

SXL deepening due to the simultaneous action of Ekman suction [e.g. Stern, 1965; Niiler ,362

1969; Stern, 1975] and entrainment due to SI [e.g. Straneo et al., 2002; Taylor and Ferrari ,363

2010]. The associated differential equation,364

∂Hq

∂t
= wEk + wen =

∂MEk

∂y︸ ︷︷ ︸
suction velocity

+
f 2EBF

q(Hq)Hq︸ ︷︷ ︸
entrainment velocity

, (6)365

can be integrated to obtainHq(y, t) assuming ∂u/∂y, ∂b/∂y and q(Hq) are known functions366

of y and the initial Hq(y) is also known. Solutions can be written in closed form using the367

Lambert W function [Corless et al., 1996] or obtained via numerical integration. Once368

Hq(y, t) is obtained, one can obtain the time-integrated entrainment velocity at any time369

t, i.e.
∫ t

0 wen(y, s)ds, which is directly related to the time-integrated flux of water across370

the base of the low-PV layer.371

Comparing the predicted depth Hq from (6) to the simulated depth Hq from the CW372

simulation provides a means for testing the applicability of the approximations that lead373

to (6). In order to apply (6) to the CW simulation, the coefficients are obtained from the374

initial u(y), b(y), and q(y) at z = −100 m, and the stratified Ekman depth of Pollard et al.375

[1972], Hq(t = 0) = HEk = −1.7
√
|τx|/ρNf = −20 m, is used as an initial condition.376

With those inputs, the theoretically predicted Hq(y, t = 4 days) after four days of down-377

front wind is shown in Figure 3. The theoretical prediction is qualitatively consistent378

with the values for Hq obtained from the CW simulation over the same time period,379

which suggests that the theoretical model for Hq provides useful information about the380

essential physics of the response to down-front winds in the CW simulation.381
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The success of the full model (6) compared to reduced forms of (6) that neglect either382

Ekman suction or cross-front variations in relative vertical vorticity (see Figure S11),383

suggests that bothHq and the associated time-integrated entrainment velocity
∫ t

0 wen(s)ds384

depend significantly on wEk(y) and −∂u
∂y (y) in the CW simulation. Indeed, Figure S11385

shows that the effects of cross-front variations in relative vertical vorticity shift the cross-386

front location of the deepest SXLs toward the less dense side of front by about 7 km and387

deepen the deepest SXLs by more than 50% after 4 days in the CW simulation. Moreover,388

the effects of variable vertical vorticity in (6) result in a doubling of the magnitude of the389

maximum time-integrated entrainment velocity over 4 days, i.e. maxy |
∫ t=4

0 wen(s)ds|,390

which depends on the vertical vorticity explicitly via q(Hq) [as in (4)] and implicitly via391

Hq. A more detailed analysis of the physics of the interaction between Ekman suction and392

entrainment at a front is beyond the scope of this paper and will be reported elsewhere.393

However, the following section uses the results of the CW simulation and the mathematical394

model (6) to develop a more general list of conditions that facilitate a strong phytoplankton395

response to a wind event at a front.396

3.2. Conditions favoring phytoplankton biomass accumulation in response to

wind at a front

The CW simulation considered here demonstrates that a modest-amplitude wind event,397

characteristic of synoptic-to-planetary scale atmospheric variability, can significantly en-398

hance nutrient fluxes to the euphotic zone and phytoplankton biomass at a front in a399

nutrient limited ocean. It may be noted that the depth and gradient of the nutricline,400

which depend on the parameters of the biogeochemical model (see sections 2.2 and S4.1),401

are crucial factors that precondition the response of Pint to vertical transport. In partic-402
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ular, both Ekman suction and wind-driven mixing are associated with surface-intensified403

vertical transport (Figure 3), so the upward flux of nutrients due to either process depends404

sensitively on the depth and gradient of the nutricline. Furthermore, even under identical405

physical and biogeochemical initial conditions, the spatial distribution and magnitude of406

the change in P to a wind event differs substantially depending on the wind direction407

(Figures 2 and S12), which significantly impacts vertical transport at a front (Figure 3).408

The remainder of this section synthesizes the simulation results and theory into a sum-409

mary of the physical conditions that facilitate deep SXLs, strong Ekman suction velocities410

and hence larger nutrient fluxes and more phytoplankton biomass accumulation at fronts411

forced by winds in nutrient limited oceans.412

In the CW simulation, the largest increases in Pint occur where nutrient is entrained413

into deep SXLs at the front forced by down-front wind, because boundary layer turbu-414

lence drives much larger vertical tracer fluxes than Ekman suction. These specific results415

support a more general hypothesis: fronts modulate the SXL depth and deeper SXLs are416

associated with enhanced nutrient fluxes and enhanced phytoplankton growth in nutrient417

limited conditions. Three physical ingredients facilitate deeper wind-driven SXLs and418

hence enhanced vertical nutrient fluxes via turbulent mixing at fronts:419

1. strong and/or sustained down-front winds,420

2. strong horizontal buoyancy gradients at the surface, and421

3. low potential vorticity just below the SXL.422

Together these three physical ingredients are associated with both large and negative423

time-integrated entrainment velocities
∫ t

0 wen(s)ds and hence deeper SXLs. The first two424

ingredients are associated with large time-integrated Ekman buoyancy fluxes
∫ t

0 EBF (s)ds425
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[EBF is defined in (3)], that is greater losses of buoyancy due to the cross-front Ekman426

transport. Low potential vorticity [defined in (4)]—due to low stratification, strong anti-427

cyclonic vertical vorticity (−∂u/∂y ∼ −f), and/or steep isopycnal slopes—increases the428

sensitivity of the SXL depth to wind-driven buoyancy loss via EBF .429

In the CW simulation, Ekman suction is the primary contributor to the total phyto-430

plankton response in the front forced by up-front wind. At this front, SXLs do not reach431

the nutricline, and the vertical tracer fluxes associated with Ekman suction are larger432

than those associated with the weak parameterized turbulent mixing in the pycnocline433

(where Kz ≈ 2× 10−5 m2/s). Although the fronts are associated with both upwelling and434

downwelling (i.e. suction and pumping), the increase in Pint due to Ekman suction (i.e.435

upwelling) is greater than the decrease in Pint due to Ekman pumping (i.e. downwelling),436

hence the cross-front averaged Pint increases in both fronts. These results support another437

more general hypothesis: where the SXL is shallower than the nutricline, Ekman suction438

drives upwelling and advective nutrient flux to the euphotic zone below the SXL and there-439

fore enhances phytoplankton growth at the SPM at fronts in nutrient limited conditions.440

Three physical ingredients facilitate stronger Ekman suction velocities at fronts:441

1. strong/sustained along-front wind stress,442

2. large spatial variations in the absolute vertical vorticity of the frontal jet, and443

3. a small SXL depth relative to the depth of the frontal jet.444

Together, these three physical ingredients are associated with larger wind-driven vertical445

displacements below the SXL due to Ekman suction, i.e.
∫ t

0 wEk(s)ds. The first ingredient446

is associated with large cross-front Ekman transports, whereas the second two ingredients447

cause the cross-front Ekman transport to be divergent. The last condition, which holds448
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in the simulation but not always in the real ocean, is not a consequence of (1), but rather449

is a required assumption made during the construction of the Ekman suction model [see450

section 8.2 of Stern, 1975].451

4. Oscillatory wind

In the real ocean, the Ekman suction velocity and Ekman buoyancy flux vary in time,452

primarily due to changes in the wind stress direction and amplitude, but also due to453

temporal variations in the spatial orientation of the fronts in the ocean [e.g. Thomas454

et al., 2016; Thompson et al., 2016]. Hence, a question arises: what is the time-integrated455

effect of synoptic-to-planetary scale wind oscillations on entrainment, pumping/suction,456

nutrient fluxes, and phytoplankton biomass distributions at a front? The definitions457

of wEk (2) and EBF (3) integrate to zero if the background horizontal buoyancy and458

velocity gradients are assumed constant in time and the wind stress integrates to zero. If,459

in addition, the potential vorticity in the pycnocline is assumed to be constant in time,460

then the time-integrated change in Hq in (6) is also theoretically zero. Hence, the time-461

integrated physical and biogeochemical effects of an oscillatory spatially-uniform wind462

stress over a front are expected to be small to a first approximation. However, the CW463

simulation results show that the large increase in Pint in response to a transient period464

of down-front wind is associated with irreversible turbulent mixing, which suggests that465

oscillating along-front winds with zero time-mean stress might have a substantial impact466

on biogeochemistry at a front due to deep mixing in the SXL that occurs when the wind467

stress is pointed down-front. In addition, persistent oscillatory vertical transport may468

induce changes in the time-averaged partitioning of Nint + Pint + Zint +Dint between the469

four biogeochemical constituents due to nonlinearities in the biogeochemical reactions.470
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This section explores the physical and biogeochemical response to oscillatory winds471

with frequencies and amplitudes characteristic of synoptic-to-planetary scale atmospheric472

variability using the same 2D model configuration used in section 3. The analysis focuses473

primarily on one simulation, which is forced by an oscillatory along-front wind stress τx =474

.18 cos(.09ft) N/m2 with an 8 day period (the equivalent peak wind speed is about 10.5475

m/s at 10 m height), although some other 2D sensitivity simulations are also presented.476

This primary simulation is labeled XW (for x winds) in Table 1.477

4.1. Description of the XW simulation

The maximum magnitude of the wind stress in the XW simulation is three times larger478

than in the CW simulation (.18 compared to .06 N/m2) and the equivalent maximum479

magnitude of the wind speed at 10 m height is about 70% greater in the XW simulation480

than the CW simulation (10.5 compared to 6 m/s). However, the wind stress is still not481

sufficiently strong to modify the N or P distributions via mixing in the SXL outside the482

front. Instead, as in the CW simulation discussed in section 3, the oscillatory XW wind483

induces N and P anomalies at the fronts by driving entrainment of nutrients into deep484

SXLs and by driving vertical displacements at the nutricline. However, because the wind485

is oscillatory, the two fronts in the XW simulation exhibit qualitatively similar dynamics486

(unlike the two fronts in the CW simulation).487

4.1.1. Entrainment and mixing in the SXL488

Unlike the front forced by a steady down-front wind in the CW simulation, the SXLs are489

shallower in the fronts than outside the fronts at most times in the XW simulation (Figure490

5). However, deeper SXLs do occur on the less dense side of the fronts in conjunction491
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with local maxima in the time-integrated EBF ,492

max
t

∫ t

0

EBF (s)ds, (7)493

which occur after periods of down-front wind stress when the buoyancy and stratification494

at the front are lowest, for example at t = 6 days in the front centered at y = 0 km495

(Figures 5-6). In particular, the first maximum of
∫ t

0 EBF (s)ds at t = 6 days coincides496

with the deepest SXLs, SI, and large entrainment, all of which lag the first maximum in497

the down-front wind stress and EBF by two days in the XW simulation (Figure 6).498

The physical and biogeochemical state of the front centered at y = 0 km in the XW499

simulation at t = 6 days is similar to the state of the front forced by down-front wind in the500

CW simulation at t = 4 days because the time-integrated EBF is about the same in both501

cases, that is
∫ 4d

0 EBFCW (s)ds ≈
∫ 6d

0 EBFXW (s)ds. At these times, the deepest SXLs are502

in a similar location and achieve a similar deepest depth on the less dense side of the front503

[c.f. Figures 2 (D) and 5 (B)], the vertical velocity variance and advective nutrient flux504

associated with SI occur in a similar y location and have a similar magnitude [c.f. Figure505

4 (D) with 6 (D)], P has a similar spatial structure [c.f. Figures 2 (D) and 5 (B)], and506

Pint increases by a similar magnitude compared to the initial time on the less dense side507

of the front [c.f. Figures 4 (F) and 6 (F)]. These qualitative and quantitative similarities508

highlight the significance of the maxima in the time-integrated EBF (7) for deep SXLs at509

fronts, in support of the results of section 3.2. However, under the oscillatory XW wind,510

the value of the time-integrated EBF depends crucially on the phase of the wind stress,511

not merely the total duration and magnitude of the stress as in the CW simulation (c.f.512

Figures 4 and 6). These results suggest that the biogeochemical response to oscillatory513

wind may be highly sensitive to both the amplitude and frequency of the wind stress,514
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because lower frequencies and higher amplitudes will both yield a larger maximum time-515

integrated EBF , which leads to deeper mixing and a greater biogeochemical response516

on the less dense side of the front in a single (transient) down-front wind event (Figure517

4). Hence, sensitivity simulations with different wind stress periods (4 to 16 days) and518

amplitudes (0.06 to 0.24 N/m2) were conducted (see Table 1). The qualitative results519

of the sensitivity simulations are similar to those of the primary XW simulation in that520

the deepest SXLs occur in conjunction with the first maximum in
∫ t

0 EBF (s)ds and lag521

the maximum in the down-front wind stress and EBF . In addition, lower frequency and522

higher amplitude stresses are associated with deeper SXLs on the less dense side of the523

front, although the relationship is nonlinear (see section S6).524

However, in the primary XW simulation and all the sensitivity XW simulations, phys-525

ical adjustments between the first and subsequent forcing periods result in substantially526

shallower SXLs and less nutrient entrainment at the second and subsequent maxima in527

∫ t

0 EBF (s)ds (at t = 14, 22, ... days, see Figure 6 and section S6). In addition, both528

the PV at the SXL base and the horizontal buoyancy gradient in the boundary layer vary529

significantly within a forcing period (see Figure 5; in addition, Figure S3 shows several530

snapshots of the vertical velocity and PV during the first 19 days of the XW simulation).531

These changes to the coefficients in (6) within a forcing period introduce physical hystere-532

sis (i.e. memory) that acts to suppress nutrient entrainment and SI in the SXL after the533

first period of oscillatory along-front wind. More generally, this hysteresis acts to reduce534

the effectiveness of SXL mixing relative to expectations based on the results of section535

3, which would naively imply that the first and subsequent forcing periods would be the536

same. In any case, SXL mixing contributes minimally to the biogeochemical dynamics537
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after the first forcing period in the primary XW simulation, hence the remainder of sec-538

tion 4 focuses on how the oscillatory winds drive vertical advection in the pycnocline and539

thereby modify N and P in the XW simulation.540

4.1.2. Advection and biogeochemical dynamics below the SXL541

Although vertical mixing in the SXL does not drive strong vertical nutrient fluxes after542

the first forcing period, the phytoplankton concentration at the SPM and depth-integrals543

of all three biogeochemical constituents, i.e. Pint, Zint, and Dint, remain elevated by about544

a factor of two after nine forcing periods (72 days) on the less dense side of the front545

[Figures 7 (C)-(D), (G)-(H)]. In addition, snapshots of the phytoplankton distribution as546

a function of time (Figure 5) and time series of phytoplankton and nutrient anomalies547

on the less dense side of the front [Figures 7 (D), (F)] reveal strong oscillatory vertical548

displacements at the nutricline/SPM in the XW simulation.549

Vertical profiles of the advective nutrient flux convergence averaged over two wind-550

forcing periods (16 days), that is −∇y,z · (vN)
y,t

where the overbar denotes an average551

over y and t, exhibit a dipole structure with negative flux convergence on the more dense552

side of the front [i.e. averaged from y = −15 to 0 km, see Figure 8 (A)] and positive553

flux convergence on the less dense side of the front [i.e. averaged from y = 0 to 15 km,554

see Figure 8 (B)]. This persistent pattern in the forcing-period-averaged advective flux555

[Figures 8 (A)-(C)] decays only slightly over several forcing periods on both sides of the556

front. Since the diffusive flux and biological remineralization profiles are only slightly557

modified by the forcing after the first forcing period [see Figures 8 (E)-(F), (H)-(I)],558

the convergence of the advective flux below the SPM leads to an increase in nutrient559

concentration [Figures 8 (K)-(L)]. Hence, the forcing-period-average depth of nutricline560

D R A F T May 1, 2017, 9:04pm D R A F T



X - 28 WHITT ET AL.: WIND, PHYTOPLANKTON, AND FRONTS

rises on the less dense side of the front and descends on the more dense side of the front561

[Figures 7 (E)-(F)]. However, at shallower depths on the less dense side of the front,562

some of the advective flux convergence is balanced by an increase in the net consumption563

of nutrients [Figures 8 (H)-(I)], which may sustain a forcing-period-averaged increase in564

biomass on the less dense side of the front after the first forcing period [Figures 7 (C)-(D)565

and (G)-(H)].566

Two hypotheses may explain the forcing-period-averaged nutrient flux and increase in567

biomass on the less dense side of the front in the XW simulation:568

1. oscillatory vertical transport sustains more biomass on the less dense side of the569

front due to nonlinearities in the biogeochemical reactions, and/or570

2. a residual forcing-period-averaged vertical transport sustains enhanced biomass on571

the less dense side of the front.572

The following section explores these hypotheses by using both 1D and 2D simulations573

to separate the biogeochemical effects of oscillatory and time-mean vertical transport in574

the XW simulation.575

4.2. Separating the biogeochemical effects of oscillatory and time-mean

vertical transport

The results of the previous section show that the less dense sides of the fronts are576

associated with significant oscillatory vertical displacements, a forcing-period-averaged577

advective nutrient flux to the euphotic zone, and a sustained increase in biomass in the XW578

simulation. However, the relative importance of the large oscillatory vertical displacements579

and the smaller time-mean vertical transport is unclear. This section uses the results580

of the 1D simulations described in section 2.4 to explicitly separate the biogeochemical581
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impacts of the large oscillatory vertical displacements from the biogeochemical impacts582

of small forcing-period-averaged vertical displacements, both of which may contribute to583

the forcing-period-averaged nutrient flux and enhanced biomass on the less dense side584

of the front in the XW simulation. In addition, a 2D sensitivity simulation is used to585

separate the biogeochemical effects of spatially and temporally variable vertical diffusion586

of biogeochemical variables from all other sources of biogeochemical transport in the XW587

simulation (including advective transport of biogeochemical variables driven by variable588

diffusion of density and viscosity, which will be discussed in section 4.3 below).589

4.2.1. Oscillatory displacements590

The oscillatory vertical displacements in the XW simulation can be qualitatively and591

quantitatively explained using the Ekman suction model of Stern [1965]. In particular,592

oscillatory along-front winds drive oscillatory cross-front Ekman transportMEk(t) [defined593

in (2)], which drives oscillatory Ekman suction wEk [defined in (1)], and hence oscillatory594

vertical displacements:595

ζEk(t) =

∫ t

0

wEk(s) ds =

∫ t

0

∂

∂y

(
− τx
ρ(f − ∂u/∂y)

)
=

∂

∂y

(
− A sin(ωt)

ωρ(f − ∂u/∂y)

)
, (8)596

where A = .18 N/m2, ω = .09f . It may be noted that the time when |ζEk| is maximum597

coincides with the time when the wind stress magnitude is minimum and therefore the598

time when |MEk| is minimum. In addition, ζEk averages to zero over an 8-day forcing599

period 2π/ω by design. The resulting vertical displacements ζEk manifest as oscillatory600

displacements of the SPM and nutricline depth (see Figure 9). For example, local maxima601

in |ζEk| occur at t = 6, 10, 14, and 18 days, as shown in Figures 5, 7 (D) and 7 (F). The602

root-mean-square (RMS) vertical velocity at −33 m and the RMS cross-front transport603

in the SBL, that is MHsbl
=
∫ 0

Hsbl
vdz, are similar in magnitude and spatial structure to604

D R A F T May 1, 2017, 9:04pm D R A F T



X - 30 WHITT ET AL.: WIND, PHYTOPLANKTON, AND FRONTS

the theoretical predictions for wEk and MEk, respectively, which are derived from Ekman605

theory [i.e. (8)] (Figure S13). In particular, the RMS vertical velocity exhibits a tripolar606

structure with the largest peak in the middle of the front, where the RMS wEk ≈ 10− 15607

m/d, and two smaller peaks at the flanks of the front, i.e. near y = ±12 km, where608

the RMS wEk ≈ 5 − 10 m/d. Time series of virtual Lagrangian drifters initialized at609

z = −105 m show that this oscillatory Ekman suction is associated with a tripolar pattern610

of oscillatory vertical displacements with an amplitude |ζ| ∼ 10 m, consistent with (8)611

[Figure 9 (A)].612

In the 1D biogeochemical simulations with vertical advection by the oscillatory part613

of the vertical velocity from Lagrangian drifters, that is w(t) − ⟨w⟩ (see section 2.4),614

the full-depth-integrated biomass Bint = Pint + Zint + Dint changes rapidly during the615

first two forcing periods (solid green lines in the top row of panels in Figure 10). The616

magnitude of the transient changes in biomass during the first two periods of the oscillatory617

displacements vary with the magnitude of the oscillatory vertical displacements (e.g., at618

y = 3 and 5 km in Figure 10). However, the oscillatory part of the vertical advection619

does not drive a sustained increase in Bint at any cross-front location tested. In all620

four 1D simulations shown in Figure 10 (i.e., at cross-front locations y = 3, 5, 7 and 9621

km), Bint is near to or lower than its initial value after 9 forcing periods of oscillatory622

vertical advection. Therefore, although the oscillatory vertical advection results in larger623

oscillatory vertical displacements and can contribute to the rapid increase in biomass624

during the first two forcing periods observed in the XW simulation (Figures 5-6), the625

oscillatory vertical displacements cannot explain the presence of elevated biomass on the626

less dense side of the front at nine forcing periods (Figure 7).627
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4.2.2. Mean displacements628

In addition to the strong oscillatory vertical velocity (wEk ∼ 10 m/d), the oscillatory629

along-front wind induces a smaller mean vertical velocity ⟨w⟩ ∼ 0.1 − 0.2 m/d at the630

nutricline, which manifests as a slow forcing-period-averaged drift in the depth of the631

virtual Lagrangian drifters initialized at z = −105 m [Figure 9 (B); the Lagrangian mean ⟨⟩632

is defined in section 2.4]. These Lagrangian mean vertical displacements ⟨ζ⟩(t) =
∫ t

0 ⟨w⟩ds633

exhibit a dipolar cross-front structure [Figure 9 (B)], with upwelling on the less dense side634

of the front and downwelling on the more dense side of the front, similar to the cross-635

front patterns of the forcing-period-averaged advective nutrient flux convergence [Figures636

8 (A)-(B)] as well as the nutrient anomaly below the SPM [Figure 7 (F)] and Bint [Figure637

7 (H)] at late times.638

The 1D simulations forced by the mean vertical velocity ⟨w⟩ have a similar Bint as the639

2D simulation at y = 3 , 5 and 7 km after 72 days (c.f. the dashed green and dashed red640

lines in the top row of panels in Figure 10). However, at early times, the 1D simulations641

forced only by ⟨w(t)⟩ have much smaller Bint than either the 2D simulations or the 1D642

simulations forced by the oscillatory part of the vertical velocity w(t) − ⟨w(t)⟩ (Figure643

10).644

On the other hand, 1D simulations forced by both the mean and oscillatory parts of the645

drifter vertical velocity w(t) yield a reasonably close match to Bint in the 2D simulations646

at most cross-front locations tested (c.f. the solid black lines and dashed red lines in the647

top row of panels in Figure 10). When averaged from y = 0 to 12 km, the 1D simulations648

reproduce the timing and approximate magnitude of the biomass increase observed in the649

2D simulation (Figure 11). However, the 1D simulations yield only a 40% increase in Bint650
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relative to the initial time, whereas the 2D XW simulation yields a 60% increase in Bint651

relative to the initial time (Figure 11). Both spatially-variable advection and spatially-652

variable diffusion of biogeochemical variables in the 2D simulation may contribute to this653

discrepancy between Bint in the 1D and 2D simulations.654

The effect of variable vertical diffusion of biogeochemical variables on Bint is isolated655

from the effects of all other transport processes by comparing the XW simulation with the656

2D sensitivity simulation with constant vertical mixing of biogeochemical variables (CM,657

see Table 1). The CM simulation has the same physics as the XW simulation (i.e. the658

same time-dependent wind stress, vertical viscosity, diffusivity of density, and velocity).659

However, a constant diffusivity, Kz = 2× 10−5 m2/s, is applied biogeochemical variables660

in the 2D CM simulation, as in the 1D simulations. The results show that the time-series661

of Bint averaged from y = 0 to 12 km in the 2D CM simulation more closely matches the662

time-series of Bint derived from the 1D simulations than it matches the time series of Bint663

derived from the 2D XW simulation. Hence, the difference between the 40% increase in664

Bint in the 1D simulations and the 60% increase in Bint in the XW simulation is primarily665

attributable to variable vertical diffusion of biogeochemical variables.666

In summary, the oscillatory vertical advection induced by Ekman suction is the dom-667

inant physical driver of the rapid transient increase in Bint on the less dense side of the668

front during the first two forcing periods, yet the time-mean upwelling below the boundary669

layer is the dominant physical driver of the elevated biomass below the boundary layer670

on the less dense side of the front after the first two forcing periods. In addition, variable671

vertical diffusion of biogeochemical variables contributes to the enhanced biomass at late672

times, but to a lesser degree than the time mean upwelling.673
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4.3. Separating the explicit biogeochemical effects of the along-front wind

stress from the effects of variable vertical mixing of all variables

This section builds on the results of the previous section by separating the explicit674

biogeochemical effects of the along-front wind stress, which drives the cross-front Ekman675

transport and Ekman suction, from the effects of the spatially and temporally variable676

vertical mixing of all variables, including mixing of density and momentum, which drives677

vertical velocities in the front [e.g. Eliassen, 1951; Garrett and Loder , 1981; Thompson,678

2000; Nagai et al., 2006;McWilliams et al., 2015]. The separation is accomplished by com-679

paring the XW simulation with 2D sensitivity simulations that have similar spatially and680

temporally varying vertical mixing coefficients for all variables but different wind stresses.681

The hypothesis is that the biogeochemical response to an along-front oscillating surface682

stress depends more strongly on the orientation of the wind and the associated Ekman683

transport than the spatially and temporally variable vertical diffusivity and viscosity. A684

corollary to this hypothesis is that the mean vertical circulation and the associated biogeo-685

chemical response discussed in the previous section cannot be explained completely using686

any theory for vertical circulations driven by spatially and temporally variable viscosity687

and diffusion of density in the absence of the explicit wind stress.688

The first test of this hypothesis is to compare the XW simulation and the YW simula-689

tion, which is identical to the XW simulation except that the oscillating winds are oriented690

across the front (in y) rather than along the front (in x, see Table 1). The comparison691

focuses on the less dense side of the front, where the increase in depth-integrated biomass692

over 64 days is largest in both simulations. Although the average vertical diffusivity and693

viscosity profiles are similar in the XW and YW simulations [Figure 12 (B)], the vertical694
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displacements (within a forcing period and averaged across a forcing period) [Figure 12695

(A)], the depth-integrated biomass Bint [Figure 13 (C)], and the advective nutrient flux696

convergence above z = −120 m [Figure 13 (F)] are all substantially reduced on the less697

dense side of the front in the YW simulation compared to the XW simulation. In particu-698

lar, the amplitude of the oscillatory vertical displacements is reduced from |ζ − ⟨ζ⟩| ∼ 10699

m in XW to |ζ − ⟨ζ⟩| ∼ 1 m in YW, and the Lagrangian mean vertical displacement at700

64 days is reduced from about ⟨ζ⟩ ≈ 15 m in XW to ⟨ζ⟩ ≈ 4 m in YW. The percent701

increase in Bint from 0 to 64 days is reduced from about 50% in XW to 15% in YW, and702

the advective nutrient flux convergence above z = −120 m is reduced from about 2 mmol703

N/(m2d) in XW to 0.75 mmol N/(m2d) in YW. In fact, the YW simulation is closer to the704

NF simulation, where no wind forcing is applied, than the XW simulation based on these705

metrics (Figure 13). These results support the hypothesis that the orientation of the wind706

and the associated Ekman transport are more important for driving the biogeochemical707

response than the wind-driven variations in the viscosity and diffusivity (in the absence708

of the explicit oscillatory along-front wind).709

Further support for the hypothesis is presented in the supporting information, where the710

XW and YW simulations are compared with a time-dependent variable mixing (VMT)711

sensitivity simulation that has the same spatially and temporally variable vertical dif-712

fusivity and viscosity as the XW simulation but zero surface wind stress (in the VMT713

simulation, Kz(y, z, t) and νz(y, z, t) are model inputs derived from the output of the XW714

simulation rather than from KPP). For the same metrics shown in Figure 13, the VMT715

simulation is closer to the YW and NF simulations than the XW simulation (see Figure716

S10). Hence, although vertical viscosity and diffusivity of density can drive vertical cir-717
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culations in the front, the vertical viscosity and diffusivity of density are not sufficient718

by themselves (in the absence of the explicit oscillatory along-front wind) to induce the719

advective nutrient flux and phytoplankton response that occurs in the XW scenario.720

4.3.1. Discussion721

The analysis of sections 4.2-4.3 demonstrates that the enhanced time-mean vertical722

circulation in the pycnocline is the primary cause of the enhanced biomass at the SPM on723

the less dense side of the front at late times in the XW simulation. In addition, the analysis724

rules out some well-known explanations for how winds drive mean vertical circulations and725

thereby enhance biomass in the SPM at a front. For example, the wind stresses in XW,726

YW, and NF are chosen so that the time-averaged vertical displacement (over an integer727

number of forcing periods) due to Ekman suction [defined in (1)] is approximately zero in728

all cases, so time-mean Ekman suction cannot explain the mean vertical displacements.729

Moreover, since the biogeochemical response in the NF, YW and VMT simulations differ730

from the XW simulation, neither SXL mixing nor interior mixing below the SXL (in the731

absence of the explicit oscillatory along-front wind stress) can fully explain the enhanced732

time-mean vertical velocity and the associated enhanced advective nutrient flux [Figures733

13 (D)-(F)] and enhanced biomass [Figure 13 (A)-(C)] in the XW simulation.734

However, the vertical velocity below the SXL in the YW and NF simulations can be735

explained quantitatively using the theory for a steady frictionally-driven vertical circula-736

tion,737

w ≈ ∂

∂y

(
νz
f 2

∂b

∂y

)
, (9)738

in Garrett and Loder [1981]. The 2D simulations have a nearly constant interior vertical739

viscosity below the SXL, νz ≈ 2× 10−4 m2/s (the turbulent Prandtl number νz/Kz ≈ 10740
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[e.g. Large et al., 1994]), the horizontal frontal width scale FW = 7 km (see section S3),741

and the cross-front buoyancy anomaly scale is b∗ = 8× 10−4 m/s2 (see section S3). Using742

these values to scale (9) yields an estimate for the mean vertical velocity ⟨w⟩ ≈ 0.03 m/d743

and the mean vertical displacement ⟨ζ⟩ ≈ 2 m over 64 days, which is within a factor744

of two of the Lagrangian mean displacements observed over 64 days in the YW and NF745

simulations (⟨ζ⟩ ! 4 m) but substantially smaller than the Lagrangian mean vertical746

displacement observed in the XW simulation (⟨ζ⟩ ≈ 15 m) [Figure 12 (A)].747

Since the pycnocline is nearly adiabatic in all these simulations [the vertical diffusivity748

of density is Kz ≈ 2 × 10−5 m2/s below the boundary layer and the explicit horizontal749

diffusivity Kh = 0 m2/s; see Figure 12 (B)], Lagrangian fluid parcels essentially maintain750

their density and the mean Lagrangian vertical circulation in all three simulations is751

associated with the flattening of frontal isopycnals and a reduction of the horizontal752

buoyancy gradient in the front [Figure 12 (C)-(D)]. If the stratification N2 = ∂b/∂z and753

vertical viscosity νz are assumed to vary sufficiently slowly in y, then the time evolution754

of the horizontal buoyancy gradient is dominated by the differential vertical advection755

associated with (9), which can be written as a diffusion equation using (9) [Garrett and756

Loder , 1981], that is757

∂

∂t

(
∂b

∂y

)
≈ νzN2

f 2

∂2

∂y2

(
∂b

∂y

)
. (10)758

Using the same pycnocline scales in (10) as in (9) implies ∂2b
∂y∂t ≈ 9 × 10−16 s−3, which759

is within a factor of two of the values (1.6 × 10−15 s−3) derived from the NF and YW760

simulations but lower than the value derived from the XW simulation (3 × 10−15 s−3)761

[Figure 12 (C)]. On the other hand, in the highly viscous SXL at the front, where νz ≈ 1762

to 2× 10−2 m2/s and N2 ≈ 1 to 3× 10−6 s−2 (averaged in time from 0 to 64 days in the763
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XW simulation), the magnitude of the horizontal buoyancy gradient decreases at a similar764

forcing-period-averaged rate in both the YW and XW simulations. Using representative765

SXL values for νz = 0.015 m2/s and N2 = 1.5× 10−6 s−2 in (10) yields ∂2b
∂y∂t ≈ 5 × 10−15

766

s−3, which is essentially the same as the simulated forcing-period-averaged ∂2b
∂y∂t in the767

SXL of both the XW and YW simulations [Figure 12 (D)] and significantly faster than768

the forcing-period-averaged ∂2b
∂y∂t in the NF simulation where there is no SXL.769

In summary, the frictional frontal circulation theory inGarrett and Loder [1981] provides770

several useful scalings for the vertical velocity and frontal spin-down rate in the XW, YW,771

and NF simulations. Unfortunately, neither the frictional circulation theory in Garrett772

and Loder [1981] nor any other frictional circulation theory (which does not explicitly773

include the effects of the oscillatory wind) can provide an adequate prediction of the774

faster upwelling velocity [Figure 12 (A)] and faster frontal spindown rate in the pycnocline775

[Figure 12 (C)] under XW wind compared to YW wind, which is responsible for the776

enhanced Bint on the less dense side of the front in the XW simulation [Figure 13 (C)].777

Some physical mechanisms that may contribute to the more rapid frontal spin-down under778

oscillatory along-front wind include shear dispersion (i.e. enhanced horizontal mixing) of779

the density and/or momentum [e.g. Garrett and Loder , 1981; Young et al., 1982] below780

the SXL or other nonlinear or asymmetric aspects of the oscillatory secondary circulation781

in the cross-front plane [e.g. Thomas and Lee, 2005]. An analysis of the volume-integrated782

kinetic and available potential energy budgets in the front centered at y = 0 km in the783

XW, YW and NF simulations shows that the faster frontal spin-down rate in XW [Figure784

13 (C)] is explicitly associated with a more rapid decay of both the kinetic and available785

potential energy [e.g. Holliday and Mcintyre, 1981; Winters and Barkan, 2013] associated786
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with the front. In particular, the available potential energy is reduced by 8% over 75787

days in the XW simulation compared to 5-6% in the YW and NF simulations. Likewise,788

the kinetic energy is reduced by 20% over 75 days in the XW simulation compared to789

14-15% in the YW and NF simulations (the initial available potential energy is about790

3 times the initial kinetic energy). However, a full investigation of the energetics of the791

frontal spin-down under unsteady wind is beyond the scope of this paper and will be792

reported elsewhere; this work, which highlights the potential biogeochemical significance793

of the faster frontal spin-down rate under oscillatory along-front wind, is merely a first794

step toward that end.795

5. Realistic wind stress

The results conclude with an analysis of a simulation forced by a realistic wind (RW)796

scenario (see Table 1), which brings together all wind directions and all resolved frequen-797

cies including a time-mean and high-frequency near-inertial winds. But the wind stress798

is spatially uniform, as in previous sections. The analysis does not explicitly separate799

the interacting effects of different frequencies in the wind; that analysis is beyond the800

scope of this paper [but see Whitt et al., 2017]. Instead, the RW simulation highlights the801

robustness of the results developed in previous sections and gives some insight into the802

relative significance of the synoptic-to-planetary scale wind variability relative to other803

frequencies. The chosen RW stress time series [plotted in Figure 14 (A)] is derived from804

summertime measurements of wind speed and direction about 450 km west of Bermuda805

at the National Data Buoy Center station 41048 using the algorithm of Large and Pond806

[1981]. The front is oriented such that the observed zonal wind points in the along-front807

(x) direction and the observed meridional wind points in the cross-front (y) direction. The808
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time-mean stress over 64 days is τx = −.012 N/m2 (equivalent to a 2.5 m/s wind at 10 m809

height), hence the time-integrated stress over 64 days in the RW scenario is approximately810

the same as the time-integrated stress over 13 days in the CW scenario (although results811

are only reported out to 8 days in the CW scenario). In addition, the peak wind stress812

magnitude and wind stress variance in the RW scenario are approximately comparable to813

the peak wind stress magnitude and wind stress variance in the XW scenario (in section814

4).815

The results of the RW simulation are consistent with the results of both the CW and816

XW simulations in that the vertical profiles of biogeochemical variables are essentially817

unchanged by the wind outside the fronts, but Bint is enhanced at the fronts due to818

enhanced vertical nutrient transport to the euphotic zone there (Figures 14 and 15).819

Like the CW simulation, the physical and biogeochemical dynamics in the RW simula-820

tion are strongly impacted by the time-integrated along-front wind stress, which drives the821

time-integrated Ekman buoyancy flux
∫ t

0 EBF (s)ds and time-integrated Ekman suction822

ζ =
∫ t

0 wEk(s)ds at the fronts. As a result, snapshots of the phytoplankton distribution823

after 30 days of down-front RW forcing are qualitatively similar to snapshots of the phy-824

toplankton distributions after 4 (or 8) days of down-front CW forcing [c.f. Figure 15 (C)825

with 2 (D) and S12 (D)], and likewise for the time-mean up-front forcing [c.f. Figure 15826

(D) with 2 (C) and S12 (C)]. Due to
∫ t

0 EBF (s)ds, surface mixing layers are deeper, verti-827

cal nutrient fluxes are larger, and Pint is greater on the less dense side of the fronts forced828

by time-integrated down-front wind compared to the fronts forced by time-integrated up-829

front wind (Figure 14). However, the cross-front average Pint is enhanced at both fronts830

due to the tri-polar pattern of vertical displacements to the nutricline and SPM driven by831
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Ekman suction (Figure 15), which was discussed in detail in the context of the CW and832

XW simulations in sections 3 and 4.833

Like the XW simulation, deep mixing and entrainment in the RW simulation are inter-834

mittent in time and depend strongly on the PV in the pycnocline, not merely the mag-835

nitude and direction of the wind. For example, brief periods of relatively-high-amplitude836

down-front wind, for example on days 9-12, 32-35, and 53-56, have little impact on the837

SXL and induce no nutrient entrainment in the front where the time-mean along-front838

wind is pointed up-front [Figure 14 (I)]. On the other hand, where the time-mean along-839

front wind is pointed down-front, even a transient wind event with a small down-front840

component can induce deep mixing, SI, and large upward nutrient fluxes at the front, e.g.841

between days 24 and 30 in Figures 14 (A)-(E). These results underscore the importance842

of low PV at the base of the SXL as a pre-conditioner for deep mixing and entrainment.843

Although the PV at the SXL base can be modified by many processes in the ocean, these844

simulations highlight the significance of wind-driven modifications to the PV at the base845

of the SXL: time-integrated up-front wind is associated with a negative
∫ t

0 EBF (s)ds,846

which represents a time-integrated source of PV [e.g. Thomas , 2005] that concentrates847

in a sharp pycnocline just below the SXL with high PV and high stratification [Figure848

15 (D)]. This high-PV layer insulates the nutricline from the effects of intermittent wind849

events, including down-front wind events, and limits SXL deepening. On the other hand,850

time-integrated down-front wind is associated with positive
∫ t

0 EBF (s)ds, which repre-851

sents a time-integrated sink of PV [e.g. Thomas , 2005] and pre-conditions the front for852

deep mixing. In that case, even a small-amplitude wind event can trigger SI and drive853

substantial deepening of the SXL [Figure 15 (C)].854
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6. Conclusions and Discussion

The results of this paper support the well-established hypothesis that winds enhance855

upwelling and turbulent mixing at ocean fronts and therefore enhance upward nutrient856

fluxes and phytoplankton biomass in nutrient-limited open oceans. In addition, this paper857

expands our conceptual understanding of the physical processes that enhance vertical858

nutrient transport at fronts. The paper makes three main contributions.859

First, the largest vertical nutrient fluxes and hence the largest phytoplankton anomalies860

at fronts occur when anomalously deep mixing layers penetrate the nutricline at fronts.861

Section 3 presents a new analytic theory for the surface mixing layer depth, which is862

derived from the flux form of the potential vorticity equation and includes the effects of863

symmetric instability on nutrient transport in the surface mixing layer, as in Taylor and864

Ferrari [2010]. The new model adds the effects of variable vertical vorticity and Ekman865

suction, which significantly deepen the surface mixing layer and enhance entrainment at866

an isolated front. Therefore, these vertical vorticity effects are necessary to accurately867

characterize the deepest mixing layers, entrainment, vertical nutrient fluxes, and phyto-868

plankton growth at strong isolated fronts forced by destabilizing down-front wind.869

Second, unsteady winds introduce physical and biogeochemical hysteresis (i.e. memory)870

effects that are not present in process studies of fronts forced by constant winds. Section871

4 uses the results of 2D simulations to highlight two physical hysteresis effects that mod-872

ify vertical nutrient transport and phytoplankton biomass distributions at a front forced873

by unsteady wind. First, fronts adjust to oscillatory along-front wind so as to suppress874

deep mixing and symmetric instability in the SXL, even during periods of destabilizing875

down-front wind. Second, oscillatory along-front wind speeds the spin-down of the front876
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and enhances the mean vertical circulation in the pycnocline below the SXL. In addition,877

it is shown: 1) that oscillatory vertical velocities associated with Ekman suction result878

in transient modifications to the SPM over days to weeks whereas mean upwelling sus-879

tains enhanced phytoplankton at the SPM over weeks to months, and 2) that the mean880

upwelling cannot be explained by any theory for a frictionally-driven frontal secondary881

circulation that does not include an explicit oscillatory along-front stress. However, future882

work is still necessary to clarify the dynamics and energetics of the frontal spin-down and883

mean vertical circulation under oscillatory along front wind.884

Finally, section 5 presents results from a simulation forced by realistic wind. These885

simulations emphasize that, in the right circumstances, fronts can be associated with886

dramatically larger vertical nutrient fluxes to the euphotic zone and much greater depth-887

integrated phytoplankton biomass than the waters on either side. In addition, the results888

demonstrate that the vertical nutrient flux and phytoplankton biomass accumulation that889

result from a synoptic-to-planetary scale wind event at a front depend strongly on the890

pre-conditioning of the potential vorticity at the base of the mixed layer, which is modified891

by the time-integrated Ekman buoyancy flux and hence past wind events. As a result,892

deep mixing is intermittent in space and time and can be decoupled in time from the wind893

stress, even in the absence of other sources of physical variability.894

These results represent a step towards a more complete understanding of the impact of895

unsteady synoptic-to-planetary scale wind variability on biogeochemistry at ocean fronts.896

However, there are several physical and biogeochemical model sensitivities that are rele-897

vant to biogeochemistry at a front forced by unsteady wind and have not been explicitly898

considered in the analysis presented here. For example, it is likely that biogeochemistry899
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at fronts depends on interactions between the wind-driven physical processes discussed900

here and physical processes that have been excluded here, including resolved upper-ocean901

turbulence [e.g. Taylor , 2016], frontal meandering [e.g. Lévy et al., 2009], mixed layer902

baroclinic instabilities [e.g. Mahadevan et al., 2010, 2012], small scale spatial gradients in903

the wind stress [e.g. Martin and Richards , 2001; McGillicuddy et al., 2007; Gaube et al.,904

2015], as well as other larger scale oceanic and atmospheric processes. In addition, the905

results may be sensitive to the biogeochemical modeling choices, including the spatial906

structure of the initial condition [e.g. Franks and Walstad , 1997], and the biogeochemical907

model and parameters more generally. Many of these limitations of the present study908

can be addressed in future modeling experiments. Process studies can be readily devised909

to isolate and build conceptual understanding of the interactions between particular pro-910

cesses. In addition, larger and more realistic domains are computationally feasible and911

can be used to explore the aggregated impacts of synoptic-to-planetary scale atmospheric912

variability on biogeochemistry in an upper ocean with a field of turbulent mesoscale and913

submesoscale variability. Alternatively, very high resolution large eddy simulation models914

can be coupled to the biogeochemistry model in order to explore how resolved upper-915

ocean turbulence modifies the frontal dynamics and biogeochemistry at fronts. Finally,916

remote and in-situ observations of fronts can be used to assess the relationships between917

unsteady winds and biogeochemistry and to test whether the observations are consistent918

with existing models (see Carranza et al. [2017] for a recent observational study that fo-919

cuses on the role of synoptic along-front wind variability in modifying surface chlorophyll920

at a front, similar to this study). In any case, the analysis presented here builds on and921

supports existing studies that suggest wind-driven vertical transport at fronts, via both922
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turbulent mixing and vertical advection, has a significant impact on biology at fronts in923

real nutrient-limited open oceans. The results presented here, which focus on the role of924

unsteady synoptic-to-planetary scale wind variability, emphasize that the biogeochemical925

impacts of wind forcing may be rather dramatic at fronts, but that the biogeochemical926

impacts under realistic unsteady wind stresses are expected to be very intermittent in927

space and time.928

Appendix A: Nutrient entrainment

The nutrient entrainment flux and associated entrainment velocity are defined from929

the equation for the vertically averaged nutrient concentration in a layer bounded by930

the surface above and a measure of the surface mixing layer depth z = H < 0 below,931

which is not, in general, a material surface [as in Stevenson and Niiler , 1983]. We present932

the derivation here. In particular, begin with the nutrient evolution and the continuity933

equations,934

∂N

∂t
= −∂vN

∂y
− ∂wN

∂z
+

∂

∂z

(
Kz

∂N

∂z

)
+R, (A1)935

∂v

∂y
= −∂w

∂z
, (A2)936

where R represents all reactive terms (see Section S4 for details). Integrate equations937

(A1) and (A2) from an arbitrary variable depth H(x, y, t) < 0 to z = 0 and use the938

Leibniz rule to obtain:939

−H
∂N

∂t
− ∂H

∂t

(
N −N(H)

)
=

∂H

∂y

(
vN − v(H)N(H)

)
+H

∂vN

∂y
940

+ w(H)N(H)−Kz(H)
∂N(H)

∂z
−HR, (A3)941

−H
∂v

∂y
− v

∂H

∂y
+

∂H

∂y
v(H) = w(H), (A4)942
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where the overbar denotes the depth average over the layer bounded by H, for example943

N = − 1
H

∫ 0

H Ndz. Then define the perturbation from the depth average (denoted by a944

prime) such that the integrated perturbation is equal to zero, e.g. N ′ = 0 and N = N+N ′,945

hence NN ′ = 0 so that (A3) and (A4) can be rewritten as:946

−H
∂N

∂t
−Hv

∂N

∂y
= +H

∂v′N ′

∂y
+

∂H

∂y
v′N ′

947

+
∂H

∂t

(
N −N(H)

)
+HN

∂v

∂y
948

+
∂H

∂y

(
vN − v(H)N(H)

)
949

+ w(H)N(H)−Kz(H)
∂N(H)

∂z
−HR, (A5)950

0 = H
∂v

∂y
+ v

∂H

∂y
− ∂H

∂y
v(H) + w(H). (A6)951

Then substitute w(H)N − v(H)N ∂H
∂y = −HN ∂v

∂y − vN ∂H
∂y , derived from (A6) into (A5) to952

obtain:953

− H
∂N

∂t
−Hv

∂N

∂y
− ∂(Hv′N ′)

∂y
=954

+

(
∂H

∂t
+ v(H)

∂H

∂y
− w(H)

)(
N −N(H)

)

︸ ︷︷ ︸
entrainment flux

955

+ FN
atm︸︷︷︸

air/sea flux

−Kz(H)
∂N(H)

∂z︸ ︷︷ ︸
mixing across base

−HR, (A7)956

which can be rewritten,957

∂N

∂t
+ +v

∂N

∂y︸ ︷︷ ︸
transport by the depth-average flow

+
∂v′N ′

∂y︸ ︷︷ ︸
transport by perturbation flow

=958

+
wen

|H| (N −N(H))
︸ ︷︷ ︸

entrainment

+
FN

atm

|H|︸ ︷︷ ︸
air/sea flux

− Kz(H)

|H|
∂N(H)

∂z︸ ︷︷ ︸
mixing across base

+ R︸︷︷︸
reaction

, (A8)959

where the entrainment velocity is defined to be960

wen =
∂H

∂t
+ v(H)

∂H

∂y
− w(H) =

∂H

∂t
+

∂(Hv)

∂y
, (A9)961
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and the second equality is derived using (A6). In (A9), wen is defined to be positive962

upwards and negative downwards and indicates the vertical direction of motion of the963

surface at depth H due to entrainment. For example, we say that the entrainment flux964

is positive when the time tendency ∂N/∂t associated with entrainment is positive, that965

is when wen(N − N(H)) is positive, which occurs when N(H) > N and wen is negative966

for example. In this paper, we restrict attention to positive entrainment fluxes, that is we967

consider only968

F+
en = H

{
wen

[
N −N(H)

]} [
wen(N −N(H)

]
, (A10)969

where H is the Heaviside unit step function defined by H(x) = 1 for x ≥ 0 and H = 0970

otherwise.971

Appendix B: Low PV layer

The time-evolution equation for the depth Hq is derived without approximation from972

the flux form of the PV equation [e.g. Marshall and Nurser , 1992; Thomas , 2005],973

∂q

∂t
= −∂vq

∂y
− ∂wq

∂z︸ ︷︷ ︸
advection

−∇y,z · F︸ ︷︷ ︸
viscous

−∇y,z · D︸ ︷︷ ︸
diabatic

, (B1)974

where ∂/∂x = 0 has been assumed, the viscous PV flux divergence ∇y,z · F = ∇y,z ·975

[f∇b× F] = ∇y,z ·
[
0, fFx

∂b
∂z ,−fFx

∂b
∂y

]
where F = Dux,y/Dt + f(k × ux,y) + ∇x,yp/ρ0976

and the diabatic PV flux divergence ∇y,z · D = ∇y,z · [−f(fk+∇× ux,y)B] = ∇y,z ·977

[
0,−f ∂u

∂zB,−f(f − ∂u
∂y )B

]
, B = Db/Dt, and the material derivative D/Dt = ∂/∂t +978

v∂/∂y + w∂/∂z. We then write an exact evolution equation for the vertically-averaged979

potential vorticity q over a surface layer of depth |H| that extends from the surface to980
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z = H (H is defined to be negative, but is otherwise arbitrary at this stage),981

− H
∂q

∂t
−Hv

∂q

∂y
982

+
∂

∂y

(∫ 0

H

v′q′dz

)
983

+ (q − q(H))

(
−∂H

∂t
− v(H)

∂H

∂y
+ w(H)

)

︸ ︷︷ ︸
entrainment velocity

984

= −Fz

∣∣∣∣
0

H

−
∫ 0

H

∂Fy

∂y
dz

︸ ︷︷ ︸
frictional PV flux

−Dz

∣∣∣∣
0

H

−
∫ 0

H

∂Dy

∂y
dz

︸ ︷︷ ︸
diabatic PV flux

, (B2)985

where the primes denote a deviation from the vertical average, which is denoted by an986

overbar, and the derivation is essentially via the Leibniz rule as in Appendix A. We then987

define H = Hq, whereby the first line of (B2) becomes zero and the entrainment velocity,988

wq
en =

∂Hq

∂t
+ v(Hq)

∂Hq

∂y
− w(Hq), (B3)989

can be written exactly as990

wq
en =

1

q(Hq)

⎛

⎜⎜⎜⎜⎝
−Fz

∣∣∣∣
0

Hq

−
∫ 0

Hq

∂Fy

∂y
dz

︸ ︷︷ ︸
frictional PV flux

−Dz

∣∣∣∣
0

Hq

−
∫ 0

Hq

∂Dy

∂y
dz

︸ ︷︷ ︸
diabatic PV flux

− ∂

∂y

(∫ 0

Hq

v′q′dz

)

︸ ︷︷ ︸
instabilities/adjustment

⎞

⎟⎟⎟⎟⎠
, (B4)991

where the entrainment velocity wq
en (and entrainment PV flux −wq

enq(Hq)) does not de-992

pend explicitly upon the transport by the depth-averaged flow [the second term in the993

first line of (B2)] and only explicitly depends on frictional and diabatic effects (associ-994

ated primarily with atmospheric forcing) as well as net restratification or destratification995

induced by resolved small scale instability or adjustment processes in the low PV layer.996

It may be noted that the depth Hq is not equivalent to the definitions given by Thomas997

et al. [2013] and Bachman et al. [2017]. In Thomas et al. [2013] the low-PV layer is998

defined to be the deepest depth where the bulk geostrophic Richardson number is equal999

to one, whereas in Bachman et al. [2017], the low-PV layer is defined to be the deepest1000
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depth where the bulk hydrostatic PV is zero assuming zero relative vertical vorticity. The1001

definition proposed by Thomas et al. [2013] is equivalent to the definition proposed here in1002

the case that all three of the following conditions are met (and equivalent to the definition1003

of Bachman et al. [2017] [their (25)] if conditions 2 and 3 of the following are met):1004

1. the geostrophic force balance is dominant,1005

2. the vertical relative vorticity −∂u/∂y is equal to zero, and1006

3. the correlations between the perturbations from the depth-average absolute vorticity1007

and buoyancy gradient above Hq are equal to zero. This third condition implies depth1008

integrals of products are equivalent to products of depth integrals over the low PV layer.1009

In any case, the exact evolution equation for Hq is given by1010

∂Hq

∂t
=

∂Mq

∂y︸ ︷︷ ︸
pumping/suction

+ wq
en︸︷︷︸

entrainment

, (B5)1011

where Mq =
∫ 0

Hq
vdz. In particular, changes in the depth of Hq are due to1012

convergence/divergence of the cross-front flow in the boundary layer, which in-1013

duces pumping/suction (i.e. vertical advection) of Hq, and non-conservateve entrain-1014

ment/detrainment of water into/from the boundary layer.1015

The exact expression for the entrainment velocity wq
en (B4) is complicated, but might1016

be reasonably approximated under a steady down-front wind by1017

wq
en ≈ f 2

q(Hq)

(
EBF

Hq

)
, (B6)1018

where1019

EBF =
−τx
ρf

∂b

∂y
(B7)1020

is the Ekman buoyancy flux, that is the classic cross-front Ekman transport −τx
ρf multiplied1021

by the cross-front buoyancy gradient [as in Thomas , 2005; Taylor and Ferrari , 2010;1022
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Thomas et al., 2013]. More explicitly, in going from (B4) to (B6), we have made the1023

following assumptions: 1) that the horizontal advective restratification processes and1024

horizontal frictional/diabatic PV fluxes are small compared to the vertical fluxes, 2) that1025

Hq extends sufficiently deep into the high-PV layer at the top of the pycnocline that1026

frictional and diabatic PV fluxes are negligible there (hence D(0) = 0 and D(Hq) = 0 in1027

this case), and 3) that the frictional PV flux is constant across the depth of Hq and zero1028

below Hq [such that Fz(0) = − τx
ρfHq

∂b
∂y |z=0 and Fz(Hq) = 0].1029

The interpretation of the entrainment velocity (B6) is aided by making an analogy1030

between entrainment induced by a steady down-front wind via (B6) and entrainment1031

induced by a steady surface heat loss from a convective boundary layer in a stratified1032

ocean without a front. In both cases, the approximate entrainment velocity can be written1033

in a similar mathematical form. In a convective boundary layer forced by air-sea heat loss,1034

the entrainment velocity is wq
en ≈ f2

q(Hsbl)
Q

Hsbl
where q = f 2 ∂b

∂z and Q is the air-sea buoyancy1035

flux (positive upwards) [e.g. Deardorff et al., 1969], which becomes (B6) after replacing1036

the surface buoyancy flux Q with the Ekman buoyancy flux EBF and replacing the f 2N2
1037

with the full PV (4) in the denominator. With this analogy in mind, down-front wind1038

(positive EBF ) reduces the ocean buoyancy content in the front and drives entrainment1039

of pycnocline water into the boundary layer. On the other hand, up-front wind (negative1040

EBF ) increases the ocean buoyancy content in the front, shoals the surface mixing layer,1041

and drives detrainment of boundary layer water to the pycnocline.1042

Both isolated frontal jets in Figure 1 (A) are associated with strong cross-front gradients1043

in the absolute vertical vorticity f − ∂u/∂y, which induces divergence and convergence of1044
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the generalized cross-front Ekman transport,1045

MEk = − τx
ρ(f − ∂u

∂y )
, (B8)1046

which depends inversely on the absolute vorticity f − ∂u/∂y [as in Stern, 1965; Niiler ,1047

1969; Stern, 1975], and hence Ekman pumping and suction,1048

wEk =
∂MEk

∂y
= − τx

ρ0(f − ∂u/∂y)2
∂2u

∂y2
, (B9)1049

even when the stress has no gradient across the front ∂τx/∂y = 0, as in all the simulations1050

presented in this paper. Under down-front wind, pumping/downwelling occurs on the1051

flanks of the frontal jet and suction/upwelling occurs in the middle of the jet [see (B9)].1052

Upwelling/suction is reflected in the shallow nutricline and positive nutrient anomaly in1053

the middle of the front and downwelling/pumping is reflected in the deeper nutricline1054

and negative nutrient anomalies on the flanks of the front (Figure 2 (F)). The pattern of1055

Ekman pumping and suction is exactly reversed under up-front wind [the sign is switched1056

in (B9)]. Downwelling/pumping occurs in the middle of the front and upwelling/suction1057

occurs on the flanks, which is reflected in both the nutrient and phytoplankton anomalies1058

across the front (Figures 2 (C), (E), and (G)).1059

At a strong front, the depth Hq is modified significantly by both pumping/suction and1060

entrainment. Pumping/suction and entrainment can be considered simultaneously in the1061

time-evolution equation for Hq (B5) if the cross-front transport in the boundary layer is1062

approximated as in (B8), that is MEk replaces Mq in (B5), and the entrainment velocity1063

wq
en is approximated as in (B6). Then (B5) becomes1064

∂Hq

∂t
= − ∂

∂y

⎛

⎝ τx(t)

ρ
(
f − ∂u

∂y

)

⎞

⎠

︸ ︷︷ ︸
pumping/suction

− f 2

q(Hq)Hq

(
τx(t)

ρf

∂b

∂y

)

︸ ︷︷ ︸
entrainment

, (B10)1065
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which can be integrated to obtain Hq(y, t) assuming ∂u/∂y, ∂b/∂y and q(Hq), and the1066

initial Hq are known and not time-varying. The solution to the nonlinear ordinary dif-1067

ferential equation (B10) can be written in closed form in terms of a Lambert W function1068

[Corless et al., 1996] or integrated numerically.1069
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Whitt, D. B., M. Lévy, and J. R. Taylor (2017), Low-frequency and high-frequency oscil-1327

latory winds synergistically enhance nutrient entrainment and phytoplankton at fronts,1328

Journal of Geophysical Research: Oceans, 112, 116–141, doi:10.1002/2016JC012400.1329

Whitt, D. B. (2017a), A one-dimensional NPZD model in Matlab, v1.0, doi:10.5281/1330

zenodo.569312.1331

Whitt, D. B. (2017b), Simulation output for “Synoptic-to-planetary scale wind variability1332

enhances phytoplankton biomass at fronts”, doi:10.6084/m9.figshare.c.3768473.v1.1333

D R A F T May 1, 2017, 9:04pm D R A F T



WHITT ET AL.: WIND, PHYTOPLANKTON, AND FRONTS X - 63

Winters, K. B., and R. Barkan (2013), Available potential energy density for Boussinesq1334

fluid flow, Journal of Fluid Mechanics, 714, 476.1335

Woods, J. (1988), Mesoscale upwelling and primary production, in Toward a theory on1336

biological-physical interactions in the world ocean, pp. 7–38, Springer.1337

Yoder, J. A., J. Aiken, R. N. Swift, F. E. Hoge, and P. M. Stegmann (1993), Spatial1338

variability in near-surface chlorophyll a fluorescence measured by the Airborne Oceano-1339

graphic Lidar (AOL), Deep Sea Research Part II: Topical Studies in Oceanography,1340

40 (1-2), 37–53.1341

Young, W. R., P. B. Rhines, and C. J. R. Garrett (1982), Shear-flow dispersion, internal1342

waves and horizontal mixing in the ocean., J. Phys. Oceanogr., 12, 515–527.1343

D R A F T May 1, 2017, 9:04pm D R A F T



X - 64 WHITT ET AL.: WIND, PHYTOPLANKTON, AND FRONTS

Table 1. List of all the forcing scenarios associated with 2D simulations in this paper. The

surface stress is in N/m2 and the vertical diffusivity Kz is in m2/s. The mixing column indicates

the vertical mixing scheme. KPP means that the vertical diffusivity applied to biogeochemical

variables varies in time and space and is equal to the vertical diffusivity of density determined

by the KPP scheme, whereas CM (constant biogeochemical mixing) indicates that the vertical

mixing coefficients applied to biogeochemical variables are constant and momentum/density mix-

ing is determined by KPP. VM (variable mixing) indicates that the vertical mixing coefficients

applied to all variables are fixed as a spatially variable input, whereas VMT (time-variable ver-

tical mixing) indicates that the vertical mixing coefficients applied to all variables are imposed

as spatially and temporally variable inputs. The input mixing coefficients are chosen to match

the 75-day time mean (VM) and the three-hour-average output from the XW simulation (VMT).

All of the idealized wind stresses are oriented along the front in X (i.e., they are x-winds) except

YW, which is oriented in the cross-front direction (i.e., as y-winds). In the realistic wind scenario

(RW), the wind magnitude and direction vary with time as described in section 5.

Label Surface stress function Mixing Grid (y × z) Orient
1. NF 0 KPP 400x200 n/a
2. XW .18 cos(.09ft) KPP 400x200 along-front
3. YW .18 cos(.09ft) KPP 400x200 across-front

4. VM 0 Kz(y, z) = K
t
z(y, z) in XW 400x200 n/a

5. VMT 0 Kz(y, z, t) as in XW 400x200 n/a
6. CM .18 cos(.09ft) Kz = 2× 10−5 400x200 along-front
7. CW .06 KPP 400x200 along-front
8. RW from buoy data KPP 400x200 variable
9. XW .06 .06 cos(.09ft) KPP 400x200 along-front
10. XW .12 .12 cos(.09ft) KPP 400x200 along-front
11. XW .24 .24 cos(.09ft) KPP 400x200 along-front
12. XW 4d .12 cos(.18ft) KPP 400x200 along-front
13. XW 16d .12 cos(.045ft) KPP 400x200 along-front
14. XW DR .18 cos(.09ft) KPP 800x400 along-front
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Figure 1. The initial conditions for (A) the physical model and (B) the biogeochemical model.

The velocity field (color) is in thermal wind balance with the density field (thin black lines

every 0.2 kg/m3), and a free surface displacement (not shown) cancels the baroclinic pressure

gradient leading to a level of no motion at the bottom. The surface density difference across the

front is about .35 kg/m3 and the background ∂b/∂z = 2× 10−5 s−2. The initial phytoplankton,

zooplankton, detritus, and nutrient (P, Z, D, and N) are horizontally uniform and are initially in

a sinking-diffusion equilibrium. The high-diffusivity SBL depth Hsbl, which is defined by KPP,

after 3 hours of forcing by a stress τx = .18 N/m2 is shown in magenta in (A).

Figure 2. Snapshots of the biogeochemistry on day 4 in the CW scenario. Left panels show

the front centered at y = 0 km, where the wind points up-front, and right panels show the

front centered at y = ±60 km, where the wind points down-front. (A)-(B) Wind stress time

series, (C)-(D) phytoplankton concentration P , and (E)-(F) nutrient concentration anomaly, i.e.

N(t = 4 d)−N(0). Overlaid in (C)-(F) are density contours every .025 kg/m3 in black, the depth

of the N = 15 mmol/m3 nutrient isopleth HN=15 in white and the high-diffusivity SBL depth

Hsbl in magenta. (G)-(H) show full-depth-integrated phytoplankton Pint in red, zooplankton Zint

in blue, and detritus Dint in orange.

1344
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Figure 3. Snapshots of several physical variables on day 4 of the CW scenario. Left panels

show the front centered at y = 0 km, where the wind points up-front, and right panels show

the front centered at y = ±60 km, where the wind points down-front. (A)-(B) vertical velocity

(note the different colorbar axes), (C)-(D) potential vorticity (PV) q/f [q is defined in (4)]

(negative PV is white; note the different colorbar axes), and (E)-(F) vertical diffusivity Kz. All

panels have density contoured every .025 kg/m3 in black, the depth of the N = 15 mmol/m3

nutrient isopleth HN=15 in white, the high-diffusivity SBL depth from KPP Hsbl in magenta,

the theoretically predicted low-PV layer Hq in cyan dashes [derived by integrating (6)], and the

simulated low-PV layer depth Hq in green line.

Figure 4. Time series of physical and biogeochemical variables at the front forced by down-

front wind in the CW scenario. (A) The wind stress τx and (B) the Ekman buoyancy flux EBF

[defined in (3)] averaged from y = 40 to −40 km. (C)-(F) focus on the less dense side of the front,

where the surface mixing layer is deepest [i.e. from y = 50 to 57.5 km, see Figure 2 (D)]. (C) The

deepest SBL depth Hsbl (magenta) and deepest low-PV layer depth Hq (green), (D) the root-

mean-square (rms) vertical velocity
√

(w − wp)2 (blue) and nutrient flux (w−wp)(N−Np) (red)

associated with narrow SI cells [see also Figure 3 (B)], (E) the mean nutrient entrainment flux F+
en

[see (A10)], and (F) the mean depth-integrated phytoplankton Pint. In (C), the perturbations

are from fourth order polynomial fits to w(y) and N(y) over y = 50 to 57.5 km at each three

hour time interval, which are indicated by a superscript p. The mean values of the rms vertical

velocity and vertical nutrient flux over model depth levels from z = −80 to −55 m are plotted

in (C).

D R A F T May 1, 2017, 9:04pm D R A F T



WHITT ET AL.: WIND, PHYTOPLANKTON, AND FRONTS X - 67

Figure 5. Snapshots over the first 18 days of the XW simulation: phytoplankton concentration

(color), density (black contours), along-front velocity (thick gray contours every 0.2 m/s; the jet

points into the page and the zero contour is not shown), low-PV layer depth (defined in section

3, green lines), SBL depth (defined by KPP, magenta lines), and the nutricline depth (i.e. the

N = 15 isopleth of nutrient, white lines). Time series of the wind stress, Ekman buoyancy

flux, and time-integrated Ekman buoyancy flux are plotted in Figures 6 (A)-(B). Note that

phytoplankton concentrations P < 10−2 mmol N/m3 appear as white.

Figure 6. (A) Wind stress, (B) Ekman buoyancy flux [defined in (3)] (red) and time-integrated

Ekman buoyancy flux (blue) both averaged from y = −20 to 20 km, (C) deepest depths of the

low-PV layer Hq [defined in (5)] and surface mixing layer Hsbl (from y = 2.5 to 10 km), (D) the

root mean square (RMS) vertical velocity
√
(w − wp)2 (blue line) and perturbation nutrient flux

(w − wp)(N − Np) (red line) associated with the high horizontal wave number SI from y = 2.5

to 10 km (see Figure S3), (E) the nutrient entrainment flux (defined in section 3) averaged from

y = 2.5 to 10 km, and (F) Pint averaged from y = 2.5 to 10 km. In (C), the perturbations are

from fourth order polynomial fits to w(y) and N(y) over y = 2.5 to 10 km at each model depth

level from z = −80 to −55 m and each three hour time interval. The mean values of the RMS

vertical velocity and vertical nutrient flux over all depth levels (thick line) and plus/minus one

standard deviation (thin lines) are plotted in (C).
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Figure 7. Snapshots (left) and time series (right) of the biogeochemical response to oscillatory

along-front wind in the XW scenario. (A)-(B) Wind stress, (C)-(D) phytoplankton P , and (E)-

(F) nutrient anomaly N(t)−N(0). The red bars at z = 0 m in (C) and (E) indicate the y = 3 to 8

km range, which is averaged to produce (D), (F) and (H). Panels (C)-(F) have density contoured

every .025 kg/m3 in black, the depth of nutricline (i.e. the N = 15 mmol/m3 nutrient isopleth)

contoured in white, and the deepest SBL depth max |Hsbl(y, t)| (defined by KPP) contoured in

magenta as well as the deepest low PV layer depth max |Hq(y, t)| (defined in section 3) contoured

in green [the maxima are over T = 64 to 72 days in (C) and (E), and y = 3 to 8 km in (D) and

(F)]. (G)-(H) show full-depth-integrated phytoplankton Pint in red, zooplankton Zint in blue, and

detritus Dint in orange as a function of y after the ninth forcing period (G) and as a function of

time (H).

Figure 8. The four terms in the nutrient rate equation (advective flux, diffusive flux, net

consumption of nutrient by biology, and rate of change) as a function of time and space. The

left and middle columns show time and horizontally averaged vertical profiles on the more dense

(y = −15 to 0 km) and less dense (y = 0 to 15 km) sides of the front respectively. The numbers

and line color in the legend in (A) indicate the averaging time for each vertical profile in the left

two columns of panels. The right column shows time series of the same four terms after depth-

integrating from z = −120 m to 0. Different line colors are associated with different horizontal

averages, as indicated in the legend in (F).
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Figure 9. (A) Oscillatory ζ(t) − ⟨ζ(t)⟩ and (B) mean ⟨ζ(t)⟩ vertical displacements of the

Lagrangian drifters seeded at z = −105 m. The “mean” is computed by time integrating the

mean vertical velocity ⟨w(t)⟩, which is computed by time-averaging over the first nine forcing

periods (72 days) of w(t). The results do not depend strongly on the precise definition of the

average ⟨⟩; see Figure S4 for the raw drifter positions and Figure S5 for the same variables that

are plotted here but with a different definition for ⟨⟩.

Figure 10. The top row of panels show the depth-integrated and time-filtered (8 day moving

average) biomass Bint = Pint + Zint +Dint at y = 3, 5, 7, and 9 km (as indicated in the titles).

The red dashed line indicates the value obtained from the primary 2D simulation (XW), the

black solid line indicates the value obtained from the 1D simulation with vertical advection by

the time-filtered Lagrangian drifter velocity initialized at z = −105 m, at t = 0, and at the

cross-front y location indicated in the title. The green dashed line indicates the value obtained

from the 1D simulation with vertical advection by only the time-average drifter velocity ⟨w⟩, and

the green solid line indicates the value obtained from the 1D simulation with vertical advection

by only the oscillatory perturbation drifter velocity w − ⟨w⟩. The middle and bottom rows of

panels show the associated time-filtered vertical displacement ζ(t) − ζ(0) (middle) and vertical

velocity w(t) = dζ/dt (bottom) of the drifters at the cross-front position y indicated in the title

of the top panel in the column. The solid red lines indicates a 2-day moving averages, whereas

the dashed red lines indicates an 8 day-moving averages.
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Figure 11. Average depth-integrated biomass Bint = Pint + Zint + Dint from y = 0 to

12 km in the primary 2D XW simulation (red) and averaged over the thirteen 1D simulations

(black) with vertical velocities w(t) derived from Lagrangian drifters spaced across the same

range of y. Stated percent increases in Bint are relative to the initial time. The green dashed line

indicates the average depth integrated biomass from y = 0 to 12 km in the 2D CM simulation

(see Table 1), which is identical to the primary simulation except for the vertical diffusivity Kz

applied biogeochemical variables is set to the same constant Kz = 2 × 10−5 m2/s applied to

biogeochemical variables in the 1D simulations.

Figure 12. A comparison between three simulations with different imposed forcing param-

eters, as indicated in the legend in (B): (NF) no wind forcing, (XW) along-front wind stress

τx = .18 cos(.09ft), and (YW) cross-front wind stress τy = .18 cos(.09ft) (the same group of

simulations plotted in Figure 13). (A) The Lagrangian vertical displacement ζ(t) for a virtual

drifter initialized at z = −105 m and y = 7 km, (B) the average vertical diffusivity profile Kz(z)

from t = 0 to 64 days at y = 7 km, (C) the maximum maxy ∆b(y, t) at z = −120 m, and (D) the

maximum maxy ∆b(y, t) at z = 0 m, where ∆b(y, t) = b(y+10 km,t)−b(y−10 km,t)
20 km is a measure of the

maximum average cross-front buoyancy gradient.
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Figure 13. A comparison between three simulations with different imposed forcing parameters,

as indicated in the legend in (I): (NF) no wind forcing, (XW) along-front wind stress τx =

.18 cos(.09ft), and (YW) cross-front wind stress τy = .18 cos(.09ft). Panels show average vertical

profiles of (A)-(B) phytoplankton P
y,t
(z), (D)-(E) advective flux convergence −∇y,z · vN

y,t
, and

(G)-(H) diffusive flux convergence ∂/∂z(Kz∂N/∂z)
y,t

averaged on the less dense side of the front

from y = 0 to 15 km and from t = 0 to 16 days [(A), (D) and (G)] and t = 48 to 64 days [(B), (E),

and (H)]. The right panels show time series of horizontally averaged (y = 0 to 15 km) and full-

depth-integrated biomass Bint (C), advective nutrient flux convergence
∫ 0

z=−120m −∇y,z · vNdz
y,t

(F), and diffusive nutrient flux convergence
∫ 0

z=−50m ∂/∂z(Kz∂N/∂z)dz
y,t

(I), all of which are

averaged every 16 days before plotting.

Figure 14. Time series of several variables (calculated exactly as described in Figure 6)

for each of the two fronts in the simulation forced by realistic winds (labeled RW in Table 1),

where the wind stress is derived from summertime measurements of wind speed and direction

at a meteorological station about 450 km west of Bermuda, as described in the text. The left

column shows results from the front (centered at y ≈ 0 km) where the time-mean along-front

wind τxt = −.012 N/m2 (averaged over 64 days) is down-front and the time-integrated EBF

is positive. The right column shows results from the front (centered at y ≈ 60 km) where the

time-mean along-front wind is up-front and the time-integrated EBF is negative. Note that the

y-axes are not the same in both columns here. The phytoplankton distribution P (y, z) at 30

days is shown for the front at y = 0 km (the left column here) in Figure 15 (C) and for the front

at y = 60 km (the right column here) in Figure 15 (D).
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Figure 15. Snapshots of the biogeochemistry on day 30 in the RW scenario. Left panels

show the front centered at y = 0 km, where the time-mean wind points down-front, and right

panels show the front centered at y = ±60 km, where the time-mean wind points up-front.

(A)-(B) Wind stress time series, (C)-(D) phytoplankton concentration P , and (E)-(F) nutrient

concentration anomaly, i.e. N(t = 30 d)−N(0). Overlaid in (C)-(F) are density contours every

.025 kg/m3 in black, the depth of the N = 15 mmol/m3 nutrient isopleth HN=15 in white and the

high-diffusivity SBL depth Hsbl in magenta. (G)-(H) show full-depth-integrated phytoplankton

Pint in red, zooplankton Zint in blue, and detritus Dint in orange (note the different y-axis scales).
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