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Abstract

The dynamical pathways of subduction, by which water from the oceanic surface mixed layer makes its way into the pycnocline,

are influenced by both mesoscale (geostrophic) frontogenesis and submesoscale (ageostrophic and vertical) frontogenesis in the

mixed layer. In frontal zones, subducted water masses that are tens of kilometers in extent can be identified in the pycnocline

for days to months. Here, we explore the pathways and mechanisms for subduction with only weak surface forcing using a

submesoscale-resolving numerical model of a mesoscale front. We use particle tracking to identify Lagrangian trajectories that

exit the mixed layer. By identifying the subducting water parcels, we study the evolution of their dynamical properties from

a statistical standpoint. The velocity and buoyancy gradients increase as water parcels experience frontogenesis and subduct

beneath the mixed layer into the stratified pycnocline. We find that water parcels subduct within coherent regions along the

front. These coherent subduction regions set the length scales of the subducted features. As a result, the vertical transport

rate of a tracer has a spectrum that is flatter than the spectrum of vertical velocity. An examination of specific subduction

events reveals a range of submesoscale features and frontogenesis processes that support subduction. Contrary to the forced

submesoscale processes that sequester low PV anomalies in the interior, we find that PV can be elevated in subducting water

masses. The rate of subduction that we estimate is of similar magnitude to previous studies (˜100 m per year), but the

pathways that are unraveled in this study along with the Lagrangian evolution of properties on water parcels, emphasize the

role of submesoscale dynamics coupled with mesoscale frontogenesis.
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Abstract6

The dynamical pathways of subduction, by which water from the oceanic surface mixed7

layer makes its way into the pycnocline, are influenced by both mesoscale (geostrophic)8

frontogenesis and submesoscale (ageostrophic and vertical) frontogenesis in the mixed9

layer. In frontal zones, subducted water masses that are tens of kilometers in extent can10

be identified in the pycnocline for days to months. Here, we explore the pathways and11

mechanisms for subduction with only weak surface forcing using a submesoscale-resolving12

numerical model of a mesoscale front. We use particle tracking to identify Lagrangian13

trajectories that exit the mixed layer. By identifying the subducting water parcels, we14

study the evolution of their dynamical properties from a statistical standpoint. The ve-15

locity and buoyancy gradients increase as water parcels experience frontogenesis and subduct16

beneath the mixed layer into the stratified pycnocline. We find that water parcels subduct17

within coherent regions along the front. These coherent subduction regions set the length18

scales of the subducted features. As a result, the vertical transport rate of a tracer has19

a spectrum that is flatter than the spectrum of vertical velocity. An examination of spe-20

cific subduction events reveals a range of submesoscale features and frontogenesis pro-21

cesses that support subduction. Contrary to the forced submesoscale processes that se-22

quester low PV anomalies in the interior, we find that PV can be elevated in subduct-23

ing water masses. The rate of subduction that we estimate is of similar magnitude to24

previous studies (∼100 m per year), but the pathways that are unraveled in this study25

along with the Lagrangian evolution of properties on water parcels, emphasize the role26

of submesoscale dynamics coupled with mesoscale frontogenesis.27

1 Introduction28

The exchange of properties between the ocean and atmosphere, including heat, car-29

bon, and oxygen, is affected by the transport of water from the surface mixed layer into30

the stratified pycnocline. This transport across the strongly stratified base of the mixed31

layer ventilates the pycnocline, affects the water mass characteristics of the interior, and32

has a large impact on the ocean’s biogeochemistry. The process of subduction, defined33

here as the transport of water from the mixed layer into the stratified pycnocline, has34

been studied at the basin scale via the seasonal transformation of the mixed layer and35

the large-scale circulation (Nurser & Marshall, 1991). There is now increasing recogni-36

tion of the role that submesoscale processes play in this exchange by generating large37

vertical velocities over short spatial and temporal scales (Bosse et al., 2015; Omand et38

al., 2015; Klymak et al., 2016; Stanley et al., 2017; Wenegrat et al., 2018). Our objec-39

tive is to study the dynamical processes and pathways through which the mixed layer40

and pycnocline connect, the scales of transport, and to provide insight into the subduc-41

tion mechanisms.42

Large vertical velocities in the mixed layer can arise from a range of submesoscale43

processes (Haine & Marshall, 1998; McWilliams, 2016). These include mixed layer in-44

stability (Fox-Kemper et al., 2008), submesoscale frontogenesis in the mixed layer, and45

boundary forced submesoscale dynamics, such as non-linear Ekman pumping and surface-46

forced symmetric instability (Thomas et al., 2013). Models of mixed layer instability gen-47

erate vertical velocities O(100)m-d−1 (Fox-Kemper et al., 2008; Mahadevan et al., 2010).48

The downward velocities due to submesoscale dynamics are larger in magnitude and con-49

centrated in smaller-scale features (Shcherbina et al., 2015) than the upward velocities.50

Boundary layer turbulent motion at fronts, which is resolved by large eddy simulations51

(LES) (Skyllingstad et al., 2017) and observed with Lagrangian instruments (D’Asaro52

et al., 2018) reveal vertical velocities O(1000)m-d−1. At the same time, mesoscale ver-53

tical velocities diagnosed from the quasigeostrophic-omega equation show up- and down-54

welling O(10)m-d−1 in the density stratified pycnocline beneath the mixed layer (Allen55

et al., 2001).56

The vertical density gradient (stratification) at the base of the mixed layer is typ-57

ically much greater than the stratification in the pycnocline and therefore acts to inhibit58
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vertical transport. There are two main processes that could subduct water parcels from59

the mixed layer. The first is restratification of the mixed layer. As the mixed layer re-60

stratifies due to either heat fluxes or the slumping of isopycnals (Fox-Kemper et al., 2008;61

Omand et al., 2015), some water parcels end up beneath the newly reformed mixed layer.62

The second process, which will be the focus of this paper, is movement along sloping den-63

sity surfaces. If a pycnocline density surface outcrops into the mixed layer, then water64

parcels can move adiabatically along that layer into the interior. This process has been65

described on the basin scale (Stommel, 1979; Nurser & Marshall, 1991) and mesoscale66

(Gebbie, 2007; MacGilchrist et al., 2017) and may be important on the submesoscale as67

well (Canuto et al., 2018).68

Mesoscale fronts have the conditions for subduction into the pycnocline, with out-69

cropping isopycnals and frontal scale ageostrophic circulations (Wang, 1993). In regions70

with strong mesoscale currents, submesoscale processes are also known to be important71

(Thomas & Joyce, 2010; Gula et al., 2016) and can enhance subduction from the sur-72

face. Subduction may occur due to either mesoscale or submesoscale processes or due73

to the coupling between them (Ramachandran et al., 2014). For example, mesoscale jets74

have a strong lateral shear where the localized Rossby number, defined as the relative75

vorticity normalized by the Coriolis frequency, can be large. Submesoscale flows are char-76

acterized by large Rossby number, low Richardson number, large vertical velocities, and77

non-linear flow. Given this, subduction due to submesoscale processes may have differ-78

ent dynamics than the background mesoscale flow.79

Submesoscale dynamics are known to be strong in boundary layers, but may have80

an influence below the boundary layers as well. Symmetric instability mixes momentum81

and tracers along isopycnal surfaces. Mixing by symmetric instability reaches below the82

mixed layer (Thomas et al., 2013) and has been shown to be important for exchange of83

tracers between the surface and pycnocline (Smith et al., 2016; Erickson & Thompson,84

2018; Archer et al., 2020). Symmetric instabilities grow quickly when PV is negative and85

shutoff once PV is restored to zero. Submesoscale mixed layer eddies can also enhance86

stirring in the pycnocline (Badin et al., 2011). Furthermore, recent observational and mod-87

eling studies have shown that large vertical buoyancy fluxes within the pycnocline have88

characteristic spatial and temporal scales of submesoscale processes (Yu et al., 2019; Siegel-89

man et al., 2020) that may be attributable to geostrophic frontogenesis (Siegelman, 2020).90

These studies raise the possibility that surface-enhanced submesoscale dynamics may in-91

fluence the pycnocline directly through water mass exchange.92

Previous studies of submesoscale subduction from the mixed layer have examined93

cases where extensive regions of low stratification waters are observed subsurface (Spall,94

1995; Omand et al., 2015; Llort et al., 2018). With variable stratification along a den-95

sity surface, for example due to a deep mixed layer, frontogenesis can result in subduc-96

tion of water masses with stratification anomalies. These low stratification features are97

expected to also have anomalously low potential vorticity (PV) and anticyclonic rela-98

tive vorticity. However, subduction of biogeochemical tracers can occur along sloping den-99

sity surfaces even without generating a volume anomaly and therefore could occur along100

high PV pathways (Freilich & Mahadevan, 2019). Recent studies on submesoscale pro-101

cesses at boundary currents have focused on surface-forced submesoscale instabilities.102

We do not consider surface forcing in order to focus on the dynamical aspects of sub-103

duction. As a result, we do not have the large surface mixed layer vertical velocities that104

were observed by D’Asaro et al. (2018) and modeled by Verma et al. (2019). Further,105

we do not resolve instabilities that take place at scales smaller than 500 m, including sym-106

metric instability.107

The implications of vertical motion for water masses and biogeochemistry depend108

on the spatial and temporal scales of the transport. For water mass formation and car-109

bon sequestration, subduction must be sustained until water masses are subducted be-110

low the wintertime mixed layer. To impact ecological processes below the mixed layer,111

such as mesopelagic carbon supply and ventilation of oxygen minimum zones, subduc-112

tion on seasonal timescales can be relevant. Here, we perform a Lagrangian analysis of113
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Figure 1. (a) MODIS Aqua satellite image of chlorophyll in the Alborán Sea on March

28, 2019. The geostrophic currents from AVISO (arrows) show the anticyclonic Western Al-

borán Gyre. The chlorophyll (in color) shows the influence of frontal dynamics at the gyre edge

with with frontal waves on the northern edge of the gyre. The CALYPSO cruise on the N/O

Pourquois Pas? surveyed the front along the yellow line on March 30, 2019. (b) Transect of

temperature (color) from an underway CTD with density contours (Countour interval ???). Sub-

ducted water masses are identified by temperature variations along an isopycnal surface. Two

warm intrusions that are notable from the temperature section are highlighted with thicker isopy-

cnals and are indicative of subduction. (c) Transect of relative vorticity computed approximately

as the along-track gradient of the velocity normal to the ship is based on velocity measurements

from a vessel-mounted ADCP. The ship transited from south to north.

subduction to describe the mechanisms for transport of mixed layer water masses into114

the pycnocline. We focus on the case of a strong mesoscale frontal meander with a 50-115

70 m mixed layer to interrogate the coupling between mesoscale and submesoscale pro-116

cesses. We find a wide variety of subduction pathways – for which we identify the loca-117

tion where water parcels leave the mixed layer and analyze the change in dynamical prop-118

erties along water parcel trajectories (Thomas, 2008; Barkan et al., 2019). An example119

of a strong mesoscale frontal meander where subduction of biogeochemical and other pas-120

sive tracers has been observed is the Alborán Sea in the Western Mediterranean (Pascual121

et al., 2017). We begin with observations from this region and then develop an idealized122

model to develop hypotheses about the subduction processes.123

2 Observational motivation124

In March and April of 2019 we embarked on an observational campaign to study125

the pathways of vertical transport of natural tracers from the surface ocean to the in-126

terior. We conducted hydrographic surveys on board the N/O Pourquoi Pas? from March127

28–April 11 at strong mesoscale and submesoscale fronts in the Alborán Sea (Western128

Mediterranean) (Mahadevan et al., 2020). These observations are used to motivate this129

study and provide observational context for the modeling results. We measured conduc-130

tivity, temperature, and pressure using an Oceansciences underway CTD system while131

the ship was transiting across fronts (Johnston et al., 2019). Profiles are at a spatial res-132

olution of around 1 km from the underway CTD operated in tow-yo mode. The veloc-133

ities measurements are from a 150 kHz vessel-mounted ADCP.134

The Western Alborán Gyre is formed by the mesoscale meander of the baroclin-135

ically unstable front between the saltier resident Mediterranean water and the fresher136

Atlantic water that enters through the strait of Gibralter (Figure 1A). We traversed across137

the front several times, and Figure 1B shows, as an example, the hydrography from a138

section across the northern edge of the Western Alborán Gyre. The density gradient at139

the front is mostly due to salinity. Variations in temperature along a density surface are140
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indicative of subduction or stirring of water masses. There are multiple warm intrusions141

that extend from the surface into the pycnocline along isopycnals. Though these intru-142

sions are visible in the cross-front direction, their flow is largely along-front (out of the143

page in Figure 1B). Casts from a shipboard CTD show that these temperature anoma-144

lies are associated with unusually high fluorescence and low apparent oxygen utilization145

for the depth at which they occur, adding support to the idea that these are recently sub-146

ducted water masses. The along-track vorticity, which, despite neglecting cross-track gra-147

dients, is a good estimate of the relative vertical vorticity, because the ship traverses across148

the front has large (≈ 2f), surface-intensified cyclonic values at the center of the front149

(Figure 1C). On the dense side of the front, the vorticity is weakly cyclonic while on the150

light side of the front the vorticity is weakly anticyclonic.151

The surface chlorophyll image shows high chlorophyll on the gyre edge that forms152

frontal waves or cusp-like features (Figure 1A), one of which is sampled by the ship tran-153

sect. The feature on the northern flank of the front is found to be an eddy, 10 km in di-154

ameter and 70 m deep (Figure 1B). There is a temperature intrusion wrapped around155

the submesoscale eddy on the dense side of the front, which extends from the surface to156

the upper pycnocline (Figure 1B). Despite the light core, this eddy has cyclonic vortic-157

ity ((Figure 1C); the cusps in the chlorophyll image also suggest cyclonic rotation. A sim-158

ilar feature is found in the modeling study that follows. Another temperature intrusion159

is co-located with the high relative vorticity at the center of the front, where density sur-160

faces from the upper pycnocline outcrop (Figure 1B,C). The intrusion extends 100 m in161

the vertical and 30 km in the north-south direction along density surfaces. These along-162

isopycnal temperature anomalies do not appear to be associated with stratification anoma-163

lies, although both have reduced stratification at the deeper end of the intrusion.164

These observations reveal pathways of natural tracers from the surface mixed layer165

to the upper pycnocline that are coherent over scales of tens of kilometers. The verti-166

cal transport associated with these features is on the order of 100 meters. Contrary to167

some previous observations (e.g. (Archer et al., 2020)), these subducted features are as-168

sociated with strong cyclonic vorticity, rather than anticyclonic vorticity. Some past ob-169

servations have also observed temperature-salinity intrusions within the pycnocline that170

do not present as low PV anomalies (Beaird et al., 2016). We use a process study model171

to examine the role that unforced frontal dynamics might have played in these observed172

subduction events, elaborate on the dynamical mechanisms of subduction, and describe173

the role of along-front variability in subduction from the surface mixed layer to the in-174

terior.175

3 Theoretical background176

The lateral buoyancy (and density) gradient at ocean fronts can be intensified through
the mechanism of frontogenesis. Here, buoyancy b ≡ − g

ρ0
(ρ − ρ0), where ρ is the po-

tential density, ρ0 = 1027 kg m−3 is a reference potential density, and g is the accel-
eration due to gravity. The vertical and horizontal buoyancy gradients are denoted by
N2 = bz and M2 = |∇hb|. Treating buoyancy as a conserved tracer, i.e. Db/Dt = 0,
where D/Dt is the material derivative, the Lagrangian rate of change of buoyancy gra-
dients in the horizontal plane can be expressed as

D

Dt
∇hb = (−uxbx − vxby,−uybx − vyby)︸ ︷︷ ︸

Q

−N2∇hw + κ∇2
h∇hb+ ν

∂2

∂z2
∇hb, (1)

where ∇h is the horizontal gradient operator in the x-y plane. Here, κ, the horizontal
diffusivity and ν, the vertical diffusivity are treated as homogeneous and constant. The
vector Q on the right hand side of (1), is the tendency of advection to strengthen or weaken
buoyancy gradients in the x and y directions and can be decomposed into geostrophic
and ageostrohic contributions Q = Qg + Qa by using the respective gesotrophic or ageostrophic
components of the horizontal velocity u = ug + ua. The square of the magnitude of fron-
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togenetic tendency (a scalar quantity) is given by

D

Dt
|∇hb|2 = Qg · ∇hb︸ ︷︷ ︸

geostrophic

+ Qa · ∇hb︸ ︷︷ ︸
ageostrophic

−N2∇w · ∇hb︸ ︷︷ ︸
vertical

+κ∇2
h∇hb · ∇hb︸ ︷︷ ︸

kh

+ ν
∂2

∂z2
∇hb · ∇hb︸ ︷︷ ︸
kv

. (2)

The large-scale straining that intensifies buoyancy gradients disrupts the thermal wind177

balance and generates ageostrophic circulation in the vertical plane (B. J. Hoskins & Brether-178

ton, 1972).179

The resulting vertical velocity, w, can be diagnosed from the observed frontogenetic
strain (B. Hoskins et al., 1978) using the Omega equation, which has been applied in a
wide range of oceanic and meteorological contexts. Combining the quasigeostrophic mo-
mentum and mass conservation equations gives the ageostrophic circulation

N2∇hw − f0
∂ua
∂z

= 2Q, (3)

where N2 is the vertical buoyancy gradient, f0 is a reference Coriolis parameter, and ua

is the ageostrophic horizontal velocity vector. The divergence of (3) gives the classical
Omega equation

N2∇2
hw − f0

∂2w

∂z2
= 2∇ ·Q. (4)

For a more detailed derivation see Section 13.3 of (B. J. Hoskins & James, 2014). In the180

quasigeostrophic formultation of the Omega equation, Q = Qg contains only geostrophic181

velocities (ug), so the ageostrophic velocity and the vertical velocities are forced by only182

geostrophic straining. The lack of a feedback from ageostrophic velocities generated by183

frontogenesis implies that both cyclonic and anticyclonic vorticity increase at the same184

rate and that the intensity of the upward and downward vertical velocities is symmet-185

ric (B. J. Hoskins & Bretherton, 1972), both of which are not true at the oceanic sub-186

mesoscale (Shcherbina et al., 2015).187

The semigeostrophic Omega equation includes a feedback between the ageostrophic188

velocity and the frontal intensity by allowing for advection of buoyancy and geostrophic189

velocities by the combined geostrophic and ageostrophic velocities. To obtain the diag-190

nostic equation for the vertical velocity, the horizontal coordinates are transformed into191

geostrophic coordinates192

X = x+ vg/f0

Y = y − ug/f0.

The semigeostrophic Omega equation is then

∇2
hqgw

∗ + f2
0

∂2w∗

∂z2
= 2∇ ·Q (5)

where w = (1+ ζg/f0)w∗ and ζg is the geostrophic relative vorticity. Here, N2 on the
left hand side of the quasigeostrohpic Omega equation (3) is replaced by the quasigeostroh-
pic PV in the transformed coordinates defined as

qg =

(
1 +

ζg
f0

)
N2. (6)

The derivatives in the Q-vector in (5) are in geostrophic coordinates, such that

Q =

(
− ∂u

∂X

∂b

∂X
− ∂v

∂X

∂b

∂Y
,− ∂u

∂Y

∂b

∂X
− ∂v

∂Y

∂b

∂Y

)
. (7)

The ageostrophic circulation that results from mesoscale strain is frontogenetic (buoy-
ancy gradient increasing) on the dense side of the front and frontolytic (buoyancy gra-
dient decreasing) on the light side of the front (B. J. Hoskins & Bretherton, 1972). The
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resulting ageostrophic circuation is skewed with larger magnitude downward velocities
and larger magnitude cyclonic vorticity (B. J. Hoskins, 1982). The non-linear feedback
on the relative vorticity is evident from the Lagrangian rate of change of the absolute
vorticity (ωa) given by

Dωa
Dt

= (ωa · ∇)u +
1

ρ2
∇ρ×∇p+ ν∇2ωa. (8)

Assuming adiabatic dynamics and that the pressure gradients in the horizontal are neg-
ative, the rate of change of the vertical component of the relative vorticity (ζ) is dom-
inated by the vortex stretching and tilting terms on the rhs of the equation.

D(f + ζ)

Dt
= (f + ζ)

∂w

∂z
+

1

ρ2

(
∂ρ

∂x

∂p

∂y
− ∂ρ

∂y

∂p

∂x

)
. (9)

At surface convergences (positive wz), the near surface vertical velocity is downwards193

(negative) and the relative vorticity increases exponentially. However, at divergences (neg-194

ative wz), the absolute vorticity (f+ζ) decreases and approaches zero, which slows the195

rate of decrease of relative vorticity. In addition, if the vertical component of the abso-196

lute vorticity is negative, the system becomes symmetrically unstable. Symmetric insta-197

bility will restore the PV to zero, which limits the relative vorticity to ζ ≥ −f .198

The ageostrophic circulation obtained from the semigeostrophic Omega equation199

is more along-isopycnal than the ageostrophic circulation obtained from the quasigeostrophic200

Omega equation. The semigeostrophic Omega equation predicts that downward verti-201

cal velocity from the surface will be concentrated in a smaller area and therefore of larger202

magnitude than the upwelling vertical velocity. Moreover, the downward vertical veloc-203

ity will be associated with large cyclonic vorticity. There are, however, additional pro-204

cesses that are not included in this equation. Diabatic processes including mixing are205

particularly important at the sharp fronts that are present at submesoscales and could206

be included in a generalized omega equation (Giordani et al., 2006). However, the struc-207

ture of the vertical velocity in the presence of variable stratification is less immediately208

clear from Equation (5). The vertical structure of the vertical velocity is particularly im-209

portant as we are interested in vertical transport not just from the surface, but across210

the base of the mixed layer.211

Another useful principle for examining subduction is the conservation of potential
vorticity (PV). The Ertel PV is

q = ωa · ∇b = (wy − vz)bx + (uz − wx)by︸ ︷︷ ︸
qh

+ (f + vx − uy)bz︸ ︷︷ ︸
qv

, (10)

where qv and qh are the vertical (vortical) and horizontal (baroclinic) contributions to
the PV, respectively. PV is conserved along a water parcel trajectory in the absence of
diabatic processes. The PV is often simplified to just the vertical component of the PV,
such that

Dqv
Dt

= N2 D(f + ζ)

Dt
+ (f + ζ)

DN2

Dt
= 0, (11)

where ζ ≡ vx−uy is the vertical component of the relative vorticity and N2 ≡ bz. By212

examining (11), we can see that as a water parcel moves from the surface mixed layer213

and into the stratified interior such that the stratification (N2) on the water parcel in-214

creases (“vortex squashing”), the relative vorticity on the water parcel must decrease.215

According to (9), wz < 0 such that the vertical velocity decreases as the water parcel216

subducts. If the PV is conserved and low PV anomalies are subducted (Gent & Mcwilliams,217

1990), the stratification on the parcel will increase and the parcel will develop more an-218

ticyclonic vorticity as the water parcels subduct (Spall, 1995). This analysis of vortex219

stretching ignores the horizontal components of the PV, qh which may be significant in220

areas with strong lateral density gradients. If qh becomes increasingly negative during221

subduction, then ζ may not decrease as much as would be expected from (11).222

In what follows, we draw on concepts from the diagnostic semigeostrophic Omega223

equation, as well as conservation of PV, to better understand the subduction of water224

masses from the mixed layer to the interior.225
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Figure 2. Vertical velocity with density contours on day 47.5. The vertical velocity that is

shown at the surface is the 5 meter vertical velocity. Vertical velocity is shown in meters/day,

with a saturated color scale.

4 Methods226

A three-dimensional numerical model is used to explore the dynamical mechanisms227

for subduction from the mixed layer into the pycnocline in the absence of strong surface228

forcing (wind stress or cooling). Our strategy is to follow water parcels and track their229

properties as they are subducted. By analyzing the kinematic and hydrographic prop-230

erties in the Lagrangian frame as water parcels are subducting, we aim to statistically231

identify the characteristics and evolution of different subduction events.232

4.1 Model set up233

We simulate a front using the non-hydrostatic Process Study Ocean Model (PSOM)234

(Mahadevan et al., 1996a, 1996b; “PSOM”, 2020) in a zonal periodic channel. In the merid-235

ional direction, the model is initialized with the observed pycnocline structure of the mesoscale236

front on the edge of the Eastern Alborán Gyre in the Western Mediterranean a 50-70 me-237

ters deep mixed layer, typical of late-winter and early-spring conditions. The initial con-238

dition has a small-amplitude meander with one wavelength in the zonal direction to nudge239

the model to develop the large-scale meandering structure that is observed in the Alborán240

Sea. The model domain is centered at 36.9◦N. The inertial period is 20 hours.241

The model domain extends 128 km in the (periodic) x-direction and 206 km in the242

y-direction (with closed walls) and 1000 m in depth. The horizontal resolution is 500 me-243

ters, with a stretched grid in y that attains a spacing of 2 km within 40 km of the south-244

ern and northern solid boundaries. There are 64 vertical levels on a stretched grid with245

grid spacing ranging from 0.5 m at the surface to 54 m at depth. The model timestep246

is 108 seconds. The horizontal diffusion is 1 m2/s. The vertical diffusion has a constant247

values of 10−5 m2/s. The model has a flat bottom and a linear bottom drag of 10−4 m/s.248

The model forced with weak cooling at a rate of 15 W/m2 at the surface to maintain the249

mixed layer. The density is adjusted to a stable state by convective adjustment.250
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4.2 Particle tracking251

Particle trajectories are used to identify subduction locations and study the evo-252

lution of dynamical properties along water parcel trajectories. Particles are advected of-253

fline from the model integration of momentum using an implementation of the Vries and254

Döös (2001) particle advection algorithm in Python (Dever & Essink, 2020). The par-255

ticles are advected using instantaneous velocity fields from the three-dimensional model256

saved every 3 hours and interpolated linearly to intermediate times. Particle trajecto-257

ries integrated offline for 10 days (with 3-hourly model output) do not differ significantly258

from those calculated online in the model. For our study, we seed 12,700 each day at a259

spacing of 1 km at 5 meters depth from model days 44 to 62. A total of 228,600 parti-260

cles are used in this study. Tracers and velocities are interpolated from the model grid261

onto the particle positions using tri-linear interpolation. All gradients are computed on262

the model grid and then interpolated onto the particle positions.263

4.3 Tracers264

Similar to the particles, we advect 2 tracers offline with the model’s advection rou-265

tine and a time step of 108 seconds, using the 3-hourly model velocity fields interpolated266

in time.267

A mixed layer tracer is used to diagnose the subduction rates and validate the par-268

ticle results (Appendix A). This tracer is initialized with a value of 1 in the mixed layer269

and 0 outside the mixed layer. At every time step, the tracer concentration is instan-270

taneously restored to 1 in the mixed layer, but not restored below the mixed layer.271

A depth tracer is used to calculate the vertical transport rate over a time interval
∆t. Since the tracer is continuous, it allows us to calculate variance spectra of the ver-
tical transport rate as a function of horizontal wavenumber. The depth tracer is initial-
ized on model day 43.75 (time t0) with a value that equals its vertical position z, such
that Tr(x, y, z, t0) = z(t0). The vertical transport rate

(
w∆t

)
over a time interval ∆t

is computed as the difference between the tracer value at t0 + ∆t and t0 as

w∆t =
Tr(x, y, z, t0 + ∆t)− Tr(x, y, z, t0)

∆t
(12)

The two-dimensional (x-y) isotropic spectra of (w∆t)2 is computed using the package pyspec272

(Rocha, 2015).273

5 Results274

5.1 Subduction rate275

The model domain contains a front within the pycnocline, with frontal isopycnals276

outcropping in the mixed layer, which ranges from 70 m on the light side of the front277

to 50 m on the dense side of the front. During the spin up phase, the front first devel-278

ops mixed layer submesoscale instabilities. The mixed layer depth (defined as where the279

local density exceeds the surface density by 0.0125 km/m3) shoals to as little as 5 me-280

ters along the front, but maintains a depth of 50–70 meter away from the front. By day 20,281

mesoscale baroclinic instability develops (Figure 2). This progression of instabilities is282

consistent with previous studies on linear unstable modes: a smaller-scale, faster grow-283

ing mixed layer mode and a larger scale pycnocline mode (Boccaletti et al., 2007; Cal-284

lies et al., 2016). During the analysis period (model days 44 to 62), instabilities at both285

the mesoscale and submesoscale are present, but the regions where the local Rossby num-286

ber (Ro = ζ
f ) is large, Ro & 1, are mostly localized around the mesoscale front.287

Mixed layer water subducts into the pycnocline at a rate of 0.2–0.3 Sv over the 82,560 km2
288

domain over course of the analysis period. The subduction rate is computed as the rate289

of change of the volume of mixed layer water present below the mixed layer and amounts290

to 25 m of the mixed layer being subducted over a 3-month period (the approximate du-291
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Figure 3. Positions (x-y) of particles on the day that they subduct out of the mixed layer.

The particles are colored by their relative vorticity, with red referring to cyclonic, and blue to

anti-cyclonic vorticity. Density at 5 m depth is contoured (thin lines CI = 0.02 kg/m3, thick lines

CI = 0.2 kg/m3). Dashed (solid) contours are lighter (denser) than the average surface density.

Particles are subducting along the dense side of the fronts where the lateral buoyancy gradient is

strongest, and most of the particles have cyclonic relative vorticity. The subduction locations are

coherent and elongated in the along-front direction.

ration of the winter and early spring conditions simulated here). The subduction rate292

is diagnosed using a mixed layer tracer, initialized with a value of 1 in the mixed layer293

and zero below the mixed layer. At each time step, the tracer concentration is restored294

to 1 in the mixed layer using the updated density fields, and not restored below the mixed295

layer. The mixed layer depth is defined as a density difference from the surface of σ =296

0.0125 kg/m3.297

5.2 Coherent subduction298

In the Lagrangian analysis, we consider subduction to occur when a water parcel299

that was initially in the mixed layer, moves 5 meters below the mixed layer. We iden-300

tify the water parcel’s subduction location (horizontal position) and time (model day)301

(Figure 3). The mixed layer depth (estimated by a density threshold of 0.125 kg/m3)302

is interpolated onto the particle locations at every time step. Of all of the particles seeded303

evenly across the domain at 5 meters and reseeded daily, 7.7%, or 18,740, subduct out304

of the mixed layer in localized regions along the front.305

The complex frontal density structure results in a rich variety of features on which306

water parcels subduct (Figure 3). Subduction occurs at the strongest density gradients,307

which are outcrops of the front within the pycnocline and mixed layer fronts on the dense308

side of the pycnocline front. The subduction locations are almost all located on the dense309

side (cyclonic side) of the main pycnocline fronts, but only along some parts of the front,310

in transient features associated with submesoscale filaments and eddies.311

The water parcel subduction locations are spatially coherent; more coherent than
either the initial position of water parcels that subducted out of the mixed layer or the
final water parcel positions after subduction. We use tracer spectra to quantify the co-
herence of transport across different spatial and temporal scales (Figure 4). The near-
surface (5 m) vertical velocity has variability across a wide range of spatial scales, in-
cluding small scales, as evidenced by the nearly flat spectrum. Since the vertical veloc-
ity goes to zero at the surface, the vertical velocity at 5 meters depth is approximately
equal to the surface horizontal divergence multiplied by the depth, ∆z,

w ≈ ∇h · uh|z=0 (∆z) . (13)

–10–



manuscript submitted to JGR: Oceans

10 5 10 4 10 3

wavenumber (m 1)

10 12

10 11

10 10

10 9

10 8

10 7

10 6

10 5

10 4

sp
ec

tra
l d

en
sit

y

k 1

k 2

w - 5 m
w - 40 m
day 0.125
day 1
day 2
day 5
day 10

Figure 4. Vertical velocity and vertical transport isotropic wavenumber spectra. The thick

black line is the vertical velocity spectrum at 5 meters depth. The dashed black line is the ver-

tical velocity spectrum at 40 meters depth. The other lines show the vertical transport (vertical

velocity integrated over a certain time interval, see equation 12) at 40 meters depth computed as

the anomaly of a depth tracer advected for a given number of days. The grey lines are guides for

k−1 and k−2 slopes.

At shallow depths, the vertical velocity spectrum 〈w2〉 is therefore related to the hor-
izontal velocity spectrum 〈uh

2〉 by

〈w2〉 ∼ 〈∇ · uh
2〉 ∼ k2〈uh

2〉. (14)

At 40 meters depth, which is near the base of the mixed layer, the vertical velocity spec-312

trum is steeper and is not directly related to the local divergence of the horizontal ve-313

locity near the surface, because the divergence has variable magnitude and sign between314

40 meters and the surface. The vertical velocity spectrum at 40 meters has a flat spec-315

trum at the smallest scales resolved. The transport is the vertical velocity integrated on316

water parcels over a specified time interval (Equation 12). The transport spectrum has317

lower power than the vertical velocity spectrum at all scales because it is time integrated.318

The instantaneous vertical velocity has more extreme values than the time integrated319

vertical transport. Over time intervals of less than one day, the transport spectrum dif-320

fers more from the vertical velocity spectrum at high wavenumbers (small spatial scales).321

Much of the difference is due to the influence of internal waves on the vertical velocity322

spectrum but not the transport spectrum (Balwada et al., 2018). Over time intervals of323

5-10 days, the transport spectrum flattens mostly in the smaller wavenumber range. The324

result is a relatively flat spectrum at spatial scales from around 100 km to 10 km (∼ k−1).325

This spectral shape suggests that features at scales of tens of kilometers are particularly326

important for subduction from the surface on timescales of 5-10 days. This is approx-327

imately the spatial scale of the coherent features found in the observations.328

5.3 Lagrangian analysis of subduction by frontogenesis329

Subduction is characterized from a Lagrangian perspective by compositing dynam-330

ical properties on a shifted time axis with time zero being the day on which the water331

parcel was subducted. Figures 5 and 6 show the Lagrangian time evolution of proper-332

ties on the water parcels that are subducted out of the mixed layer. The solid line is the333

median of each property (lateral and vertical density gradients, relative vorticity, ver-334

tical velocity, PV, cyclostrophic acceleration, and frontogenesis terms) and the shaded335
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region is the interquartile range. The properties on half of the subducting particles fall336

within the interquartilie range, but half fall outside this range. The median of the dy-337

namical properties on the quickly subducting water parcels (water parcels that reach at338

least 20 m/day downward vertical velocity) is shown in the dashed line. The time prior339

to subduction when particles are in the mixed layer is indicated as negative, time zero340

represents a transition as particles subduct, and the positive time axis shows the period341

of their evolution after subduction. The evolution of the water parcel properties during342

subduction sets the properties of the subducted water masses. As expected for down-343

ward motion from the mixed layer to the pycnocline, the stratification (N2) increases344

(Figure 5A) and the vertical velocity increases in magnitude (downwards) (Figure 5B).345

The ratio of the magnitude of the lateral to vertical buoyancy gradient, M2/N2, is the346

isopycnal slope. The isopycnal slope is large in the mixed layer and during subduction,347

which mostly occurs along steeply sloping isopycnal surfaces (M2 and N2 both increase).348

The stratification continues to increase as water parcels subduct, but the lateral buoy-349

ancy gradient peaks during subduction and then gradually decreases (Figure 5A) as sub-350

ducted water parcels enter a region of higher stratification. This restratification on a La-351

grangian trajectory does not necessarily mean that the larger-scale front restratifies. In-352

stead, water parcels are moving along density surfaces into a more stratified region. The353

mixed layer volume stays relatively constant and does not decrease throughout the anal-354

ysis period.355

The intensification of the lateral buoyancy gradient prior to subduction demonstrates356

that frontogenesis plays an important part in subduction (Figure 5A). The Lagrangian357

rate of change of the lateral buoyancy gradient following a water parcel is the frontoge-358

netic tendency. On average, frontogenesis occurs here due to straining by the geostrophic359

velocities. The ageostrophic strain also contributes to average frontogenesis during sub-360

duction (Figure 6A; Equation 2). After subduction, frontolysis is mainly due to the ageostrophic361

overturning circulation and horizontal diffusion (Figure 6A).362

Concurrent with the increase in the frontogenetic tendency, the vertical component363

of the relative vorticity increases rapidly on water parcels as they approach the subduc-364

tion location, after which their relative vorticity decreases (Figure 5B). Nearly all of the365

water parcels have cyclonic vorticity when they initially subduct out of the mixed layer366

and about half develop anticyclonic vorticity by the end of the trajectory (Figures 5B367

and 3). The third quartile of relative vorticity on water parcels as they are subducting368

reaches O(f) (∼ 0.6f). The average subducting trajectory is fairly slow, at 1-4 meters369

per day. However, the vertical velocity during and immediately after subduction can be370

large (20-30 m/day). A joint distribution of vertical velocity and vertical component of371

the relative vorticity at the time of subduction reveals that the relative vorticity and ver-372

tical velocity negatively correlated, but the largest values of vertical velocity have a sig-373

nificant range of relative vorticities (Figure 5C). The peak of the vorticity leads the peak374

of the downward vertical velocity (Figure 5B) due to the relationships between vortic-375

ity and vertical velocity. At the sea surface, vertical velocities approach zero but rela-376

tive vorticity often reaches a maximum; vortex stretching is due to the vertical shear of377

the vertical velocity. As water parcels subduct, they enter a region of larger downward378

vertical velocity. Furthermore, the curvature on the trajectories may generate the down-379

welling vertical velocity. The large values of cyclonic vorticity on the dense side of the380

front contribute to strengthening the PV gradient and make the front susceptible to baro-381

clinic and barotropic instabilities that manifest as frontal waves. The increase in cyclonic382

vorticity on the water parcels is due to two factors: (i) shear on the edge of the jet, which383

is a 2D mechanism (cross front and in the vertical) and is described by the semi-geostrophic384

Omega equation, and (ii) curvature of the trajectories, a 3D process that includes along-385

front variability and impacts the dynamics through a cyclostrophic acceleration, V
2

R where386

V is the velocity magnitude and R = (u2+v2)3/2

uvt−vut
is the radius of curvature. If the cy-387

clostrophic term is the same order of magnitude as the Coriolis term, the balanced ve-388

locity will be in gradient wind balance, rather than geostrophic balance. The cyclostrophic389

term is larger when the flow is more non-linear. On the particle trajectories, the cyclostrophic390
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Figure 5. Lagrangian evolution of dynamical quantities as water parcels are subducted. All

trajectories are composited onto a shifted time axis where time zero is the subduction time of

the water parcel (defined as the time when it moves from the mixed layer to 5 meters below the

mixed layer depth). The solid line is the median value. The shaded region encloses the first and

third quartiles of all subducted particles. Approximately 7% of all of the particles subduct. The

dashed line shows the median of all particles that subduct faster than 20 m/day. (A) Stratifica-

tion (N2/f2) (left axis, green) and lateral buoyancy gradient (M2/f2) (right axis, orange) (B)

Relative vorticity normalized by the Coriolis frequency (left axis, green) and vertical velocity

(right axis, orange) (C) Two dimensional histogram showing the relationship between the vertical

component of relative vorticity (normalized by f) and the vertical velocity on particles during

the 20 hours prior to subduction. The reference Coriolis frequency used to normalize properties is

f = 10−4s−1.
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Figure 6. Evolution of dynamical quantities as particles are subducted. All particle trajec-

tories are composited. Quantities are averaged on a shifted time axis where time zero is the

subduction time (defined as the time when particles move from the mixed layer to 5 meters below

the mixed layer depth). The solid line is the median value. The shaded region encloses the first

and third quartiles of all subducted particles. (A) Contributions to frontogenesis split into the

terms on the right hand side of Equation 2. The forcing due to each term is integrated in time

along each particle trajectory. The lines show the median of the integrated frontogenetic forcing

on all particles on a shifted time axis. Positive values are frontogenetic and negative values are

frontolytic. The Q-vector is split into geostrophic and ageostrophic components. The third term

is frontogenesis by the vertical velocity (“vertical”). The fourth term is horizontal diffusion (kh).

The fifth term is vertical diffusion (kv). (B) Non-linear acceleration on the particle trajectories.

The radius of curvature (R) is calculated using velocities and accelerations averaged over 15

hours on particle trajectories. (C) Vertical and horizontal contributions to the PV. The dashed

line shows the median of all particles that subduct faster than 20 m/day. The black line is the

median of the total PV.
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acceleration increases prior to subduction, peaks 2-3 days after subduction on average,391

and then decreases (Figure 6B). The water parcels have cyclonic vorticity during sub-392

duction, so the cyclostrophic term decelerates the velocity relative to the geostrophic ve-393

locity. This deceleration results in a convergence and downwelling along the particle tra-394

jectories. In this way, the spiralling of water parcels helps to maintain downward trans-395

port.396

The Ertel potential vorticity (PV; equation 10) is conserved on the water parcels397

except during the subduction event, indicating that diabatic processes play a part in the398

subduction process. In the mixed layer, the PV is near zero due to the low stratification399

or, at strong fronts, slightly negative due the negative contribution from the product of400

the horizontal buoyancy gradient and horizontal component of vorticity. During subduc-401

tion, the total PV on the water parcels increases nearly as a step function (Figure 6C).402

The PV can be split into a vertical (vortical) contribution (qv) and a horizontal (baro-403

clinic) contribution (qh). qv remains elevated once the water parcels have subducted. The404

magnitude of qh, which is negative, increases transiently as the water parcels subduct.405

The increase in the magnitude of qh and decrease in the vertical component of relative406

vorticity (ζ) does not balance the increase in qv that arises from an increase in strati-407

fication, N2 (Figure 5A).408

5.4 Submesoscale subduction409

The coherence of the modeled subduction on submesoscale length scales and the410

large localized Rossby number at the time of subduction suggests that submesoscale dy-411

namics enhance subduction. Examining particle trajectories on isopycnal surfaces reveals412

some of the these submesoscale processes. While some water parcels stay close to the413

mixed layer base after subducting, features with 10 km scales transport water parcels414

vertically and horizontally away from the front, potentially leading to longer term sub-415

duction.416

Submesoscale features contribute to subduction through both restratification and417

along isopycnal stirring. Restratification and along isopycnal stirring may work in tan-418

dem to promote subduction. The Fox-Kemper et al. (2008) streamfunction for param-419

eterization of mixed layer eddies has a vertical structure function which controls the rate420

of restratification at different depths. In a typical scenario, restratification will happen421

most quickly at the surface and at the mixed layer base (Fox-Kemper et al., 2008). Once422

the mixed layer base restratifies, water parcels are trapped in a transition layer with re-423

duced turbulence. Water parcels are then less likely to be reentrained by mixed layer tur-424

bulence and can subduct along isopycnal into the pycnocline. These transition layers have425

been observed (Shcherbina & D’Asaro, 2020) and modeled in an LES (Taylor et al., 2020).426

Along-isopycnal subduction varies with depth. Lighter (shallower) isopycnal sur-427

faces have relatively low and homogeneous PV with small scale PV gradients suggest-428

ing along isopycnal stirring of PV (Figure 7E,F). By contrast, on a denser (deeper) isopy-429

cnal surface, there is a much clearer PV gradient with low PV mostly confined near the430

surface, although below the mixed layer, with some low PV filaments at depth (Figure431

8G,H). The denser surfaces span a large depth range and so have more potential for deep432

and rapid subduction.433

Mesoscale meanders generate strain, which results in frontogenesis and downwelling434

on the portion of the front leading into the trough of the meander and frontolysis with435

upwelling leading into the crest of the meander (Bower et al., 1985; Bower, 1991; Samel-436

son, 1992). The vertical velocity due to the mesoscale meander straining itself has a ver-437

tical structure corresponding to that of the first baroclinic mode, which depends on the438

stratification. The first baroclinic mode typically has a maximum in the main thermo-439

cline and decreases towards the surface. Due to this vertical and horizontal structure,440

the mesoscale meander results slow and relatively large scale (80-100 km in this scenario)441

subduction. In addition to this contribution to subduction, the mesoscale meander, and442
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Figure 7. Case study demonstrating a pathway for subduction from the mixed layer. (A, D)

Cross section on day 47.5 at the grey line on panels (B, E). Contours are isopycnals. The black

contours σ = 27.35. (A) Upper panel: surface horizontal velocity in the along plane direction

(x-axis) and cross plane direction. Downwards in the cross plane direction is out of the page

(positive x direction). Lower panel: Vertical velocity in meters per day (D) PV with velocity vec-

tors. The red line is Ri = 0.7. This panel shows a subsection of the previous panels, the extent

of which is outlined in the grey box in panel (A). The evolution of a cyclonic filament is shown

over two days in panels (B,C,E,F). (B,C) surface relative vorticity normalized by the Coriolis fre-

quency. The thick contour is σ = 27.35. (E,F) PV on the σ = 27.35 surface. The black contours

are isopycnal height at 10 meter intervals. All particles shown have density within 0.01 kg/m3 of

the isopycnal surface and subduct below the mixed layer during their trajectory. The particles

are colored with their relative vorticity. (G) Contributions to frontogenesis split into the terms

on the right hand side of Equation 2. The forcing due to each term is integrated in time along

each particle trajectory. The lines show the mean of the integrated frontogenetic forcing on all

particles within the brown box in panel F. Positive values are frontogenetic and negative values

are frontolytic. The Q-vector is split into geostrophic and ageostrophic components. The third

term is frontogenesis by differential vertical velocity (“vertical”). The fourth term is horizontal

diffusion (kh). The fifth term is vertical diffusion (kv). The black dot on the x-axis is located at

the subduction time.
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Figure 8. Case study demonstrating pathways for subduction from the mixed layer. (A, DE

Cross section on day 49.5 at the grey line on panels (B, G). Contours are isopycnals. The black

contours σ = 27.35. (A) Upper panel: surface horizontal velocity in the along plane direction

(x-axis) and cross plane direction. Downwards in the cross plane direction is out of the page

(positive x direction). Lower panel: Vertical velocity in meters per day (D) PV with velocity

vectors. This panel shows a subsection of the previous panels, the extent of which is outlined in

the grey box in panel (A). The evolution of a cyclonic filament is shown over two days in panels

(B,C,G,H). (B,C) surface relative vorticity normalized by the Coriolis frequency. The thick con-

tour is σ = 27.8. (G,H) PV on the σ = 27.8 surface. The black contours are isopycnal height at

10 meter intervals. All particles shown have density within 0.01 kg/m3 of the isopycnal surface

and subduct below the mixed layer during their trajectory. The particles are colored with their

relative vorticity. (D, H) Contributions to frontogenesis split into the terms on the right hand

side of Equation 2. The forcing due to each term is integrated in time along each particle tra-

jectory. The lines show the mean of the integrated frontogenetic forcing on all particles within

the brown box in panel G (panel D) and the green box in panel G (panel H). Positive values

are frontogenetic and negative values are frontolytic. The Q-vector is split into geostrophic and

ageostrophic components. The third term is frontogenesis by differential vertical velocity (“verti-

cal”). The fourth term is horizontal diffusion (kh). The fifth term is vertical diffusion (kv). The

black dot on the x-axis is located at the subduction time.
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particularly its along-front structure, provides a setting for growth of different types of443

submesoscale features.444

5.4.1 Intrapycnocline eddies445

Quasigeostrophic theory predicts that subduction occurs due to geostrophic fron-446

togenesis, which generates ageostrophic horizontal and vertical velocities. As low PV sur-447

face mixed layer water crosses the front it subducts along an isopycnal surface while con-448

serving quasigeostrophic PV, q = f+ζ
H , where H is the layer thickness. If the mixed layer449

is thicker than isopycnal layers in the thermocline, the subducted water mass becomes450

an anticyclonic intrapycnocline eddy as it is compressed during subduction (Spall, 1995).451

The length scale of the intrapycnocline eddy is expected to be the internal deformation452

radius. The radius of deformation of the mixed layer is N0D
f ≈ 3 km where N2

0 = 10−4 s−1
453

is the reference stratification, D = 30 m is the mixed layer depth, and f = 10−4 s−1.454

Multiple intrapycnocline eddies are present in cross sections (Figure 8E) with radii455

slightly larger than 3 km. An example of the formation of a low PV intrapycnocline eddy456

is present on the σ = 27.8 isopycnal surface (brown box in Figure 8B,G). The water457

parcels that become the intrapycnocline eddy subduct from a region of large cyclonic vor-458

ticity on the meander branch leading into the trough due to geostrophic frontogenesis459

with some contribution from ageostrophic frontogenesis (Figure 8D). The water parcels460

subduct on a dense (cyclonic) filament that outcrops at the center of the front. The intra-461

pycnocline eddy that forms during subduction moves towards the dense side of the front462

and is elongated as it subducts into a region where the vertical branch of the ageostrophic463

circulation is frontolytic. The water parcels, which initially have large values of cyclonic464

vorticity, develop anticyclonic vorticity within one day. The intrapycnocline eddy has465

a cyclonic surface expression.466

Intrapycnocline eddies have been observed near fronts (Archer et al., 2020) and an-467

ticyclonic submesoscale vortices with likely generation at fronts have been observed more468

generally. These eddies trap material in the interior and are potentially important for469

transporting heat, salt, and biological communities (Frenger et al., 2017). In this study,470

we observe that the subducted water masses fill the center of the subducted feature, sup-471

porting their role in material transport.472

5.4.2 Submesoscale filaments473

As the vorticity rapidly increases at the mesoscale front due to geostrophic fron-474

togenesis, the front develops wave-like features at the sharpest density gradient (Figure475

7B,C). The frontal wave appears to have developed due to the co-occurrence of large hor-476

izontal shear and baroclinicity. The fronts on these waves further intensify due to ageostrophic477

circulations. As these waves grow, they may wrap up in submesoscale vortices or elon-478

gate into filaments.479

An example of a filament generated by geostrophic and ageostrophic frontogene-480

sis is shown in Figure 7E,F. The large cyclonic relative vorticity and low Richardson num-481

ber is present throughout the 40 m mixed layer (Figure 7A). Prior to subduction, ageostrophic482

and geostrophic frontogenesis increases the density gradients (positive slopes in integrated483

frontogenetic forcing), generating a cyclonic filament. Water parcels subduct out of the484

mixed layer during the development of the filament. There is upwelling on either side485

of the subduction region that brings up high PV water. This high PV water and strong486

buoyancy gradients are mixed into the subduction region. This results in a subducting487

water mass that has high PV relative to its isopycnal surface. After subduction, the wa-488

ter parcels are transported more than 80 km laterally across the domain and continu-489

ing subducting as the cyclonic filament relaxes. This example reveals a pathway to subduct490

high PV water generated by diapycnal mixing with surrounding water.491

Ageostrophic frontogenesis is characteristic of submesoscale frontogenesis and can492

produce strong frontogenesis events (Barkan et al., 2019). In this study, the filament de-493
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cays due to frontolysis from horizontal diffusion and geostrophic and vertical velocities.494

In models with 500 m resolution but smaller horizontal diffusivity and boundary layer495

turbulence parameterized by KPP, other studies have found that filamentogenesis is halted496

by secondary instabilities of the filament rather than by diffusion (Gula et al., 2014; Barkan497

et al., 2019), in contrast to lower resolution models (1.5 km). Additional submesoscale498

subduction might be expected on a filament due to secondary instabilities in a simula-499

tion where they are present.500

Previous observational and modeling studies have shown that cold (cyclonic) sub-501

mesoscale filaments can contribute to exchange between the surface and pycnocline in502

the Gulf Stream and Antarctic Circumpolar Current (Gula et al., 2014; Klymak et al.,503

2016; Taylor et al., 2018).504

5.4.3 Cut-off cyclones505

Low PV water masses are also transported below the mixed layer through gener-506

ation of a cyclone (Figure 8G, green box). The mixed layer base, not just the sea sur-507

face, is involved in the formation of the submesoscale cyclone as differential vertical mo-508

tion tilts the stratification at the mixed layer base onto the horizontal (Figure 8H). As509

a consequence of the formation by frontal waves, the core of the submesoscale cyclone510

is light, rather than dense as is typical of a cyclonic eddy. The cyclonic vorticity is largest511

on the edges rather than the center of this eddy (Figure 8B). The core of the submesoscale512

cyclone has high PV, rather than the low PV that would be expected from an intrapy-513

cnocline eddy. Low PV mixed layer water parcels leave the mixed layer around the edges514

of the cyclone. While subduction is 3D in the surface layer, once water parcels leave the515

mixed layer, they are transported along isopycnal surfaces and the subduction has a more516

2D character. This subduction results in a low PV water mass at depth that has weakly517

cyclonic vorticity (Figure 8E, near 100 km). The length scale of this subducted region518

is set by the wave length of the frontal waves. The modeled cyclone does not cross to519

the light side of the mesoscale front and instead is deformed by the mesoscale flow. The520

low PV water mass does not become a submesoscale coherent vortex and the length scale521

of the low PV water subsurface is determined by stirring.522

The dynamics and kinematics of the modeled cyclone reflect the formation process523

of cutoff cyclones, or cutoff lows, in atmospheric dynamics (Rotunno et al., 1994). Cut-524

off lows are known to be important for stratosphere-troposphere exchange (Holton et al.,525

1995; Fuenzalida et al., 2005). Related dynamics in the ocean may naturally be expected526

to be relevant for exchange between the mixed layer and thermocline. A similar feature527

to the modeled cyclone was observed in a section across the western Alborán Gyre (Fig-528

ure 1B,C).529

6 Discussion530

Observations show that coherent subducted water masses are ubiquitous at strong531

fronts (Thomas & Joyce, 2010; Pascual et al., 2017). We describe and analyze a range532

of subduction processes that generate observed subsurface intrusions and describe char-533

acteristics that might aid diagnosis of these processes from observations. The subduc-534

tion, which arises from coupled mesoscale and submesoscale dynamics, is mostly local-535

ized at the strong mesoscale front, but occurs episodically along that front due to fron-536

togenetic processes with high spatial and temporal variability. By analyzing the trajec-537

tories of water parcels we find that submesoscale features generated through baroclinic538

instability of the mesoscale front open pathways into the interior. Even in locations of539

net mesoscale upwelling, submesoscale dynamics subduct water from the mixed layer re-540

sulting in subduction that is coherent on spatial scales of order 10 km. These results sug-541

gest that the coherent transport from the surface to the interior observed in cross-front542

transects in the Western Mediterranean and other locations globally could be the result543

of baroclinic instabilities of the mesoscale front.544
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The density structure of the front determines the potential for subduction from the545

mixed layer to the interior. When density surfaces extend from the pycnocline into the546

mixed layer, water parcels can subduct along an isopycnal surface into the pycnocline.547

Water parcels on density surfaces that do not extend into the pycnocline may leave the548

mixed layer through restratification, for example by mixed layer instability. Almost all549

of the water parcels in this study subduct on the dense side of the front, on isopycnals550

that extend into the pycnocline.551

Subduction patterns are largely driven by along-front variability of the meander.552

The along-front variability of the meander plays an important role in generating ageostrophic553

secondary circulations through frontogenesis and is shaped by those same ageostrophic554

secondary circulations (McWilliams et al., 2019). Subduction from the mixed layer is the555

result of vertical velocity generated due to a range of processes, including geostrophic556

and ageostrophic frontogenesis at the surface, and vertical motion due to frontogenesis557

at the mixed layer base. The presence of the mesoscale front may in some situations en-558

hance submesoscale instability (Rotunno et al., 1994) but mesoscale fronts may also sta-559

bilize the flow through strain or barotropic shear (Gula et al., 2016; Taylor et al., 2018;560

Stamper et al., 2018). The cyclonic curvature of water parcel trajectories that encounter561

frontal waves also leads to gradient wind balanced velocities that modify the ageostrophic562

overturning. Along-front variability in both horizontal and vertical velocity patterns breaks563

the periodicity of the meander, resulting in longer-term subduction. The meander struc-564

ture studied here is a distinct physical scenario from previous studies and this analysis565

reveals the many ways that submesoscale and mesoscale processes are coupled.566

While the frontogenesis and subduction is largely geostrophic in this study, we out-567

line the importance of ageostrophic and three-dimensional processes for subduction and568

illustrate these subduction processes with case studies. Submesoscale cyclonic vortices569

and filaments are common due to instabilities or frontal waves in the model and in ob-570

servations. We show that these features make important contributions to subduction.571

Frontal waves and eddies that are qualitatively similar to those that contribute to the572

rapid subduction in the case studies presented here have been observed previously, mostly573

from satellites and photographs from space shuttles, and have been attributed to both574

shear instability and baroclinic instability (Munk et al., 2000; Yin & Huang, 2016; Kly-575

mak et al., 2016). In both cases, the waves are observed to go unstable in 2-3 days and576

have wavelengths of 20-30 km, consistent with the modeled features. Once a shear in-577

stability develops, the waves result in increased lateral density gradients that can gen-578

erate submesoscale features and rapid subduction through ageostrophic frontogenesis (Rotunno579

et al., 1994; McWilliams et al., 2015). Additional three-dimensional processes beyond580

the ageostrophic and vertical frontogenesis play important roles in subduction. Both the581

cyclostrophic acceleration (McWilliams et al., 2019) and the conversion from the baro-582

clinic to the vortical contributions of the PV (Thomas, 2008) reveal the importance of583

along-front curvature in driving subduction.584

Subduction occurs in regions along the mesoscale front and at the submesoscale.585

The submesoscale features transport water parcels deeper and farther from the front lat-586

erally than does the mesoscale subduction. The spatial scale of the subduction affects587

the upper ocean thermohaline structure (Cole & Rudnick, 2012; Spiro Jaeger, 2019) and588

biogeochemical tracer distributions (Erickson & Thompson, 2018). The coherence of the589

subduction has implications for the timescales of the subduction. If the subduction were590

completely incoherent it could be appropriately modeled as a diffusive process. If sub-591

duction took place through a steady overturning process, it would either be completely592

reversible or only associated with restratification. Geostrophic frontogenesis can gener-593

ate submesoscale coherent vortices subsurface. These vortices trap material and can move594

long distances away from the front (Frenger et al., 2017). These vorticies represent a non-595

local subduction process. By contrast, the more three-dimensional subduction process596

subducts material on the edges of the submeoscale cyclone. This material is stirred along597

isopycnal after subduction and does not remain coherent for as long. The small spatial598

scale of coherence results in subducted features that persist on time scales of tens of days.599
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The largest values of vertical velocity in this simulation are 30-40 meters/day. Stronger600

submesoscale vertical velocities have been both observed and modeled (Mahadevan et601

al., 2010; D’Asaro et al., 2018). The vertical velocity might be stronger in a model sit-602

uation with a smaller value of horizontal diffusivity (Wang, 1993), with wind forcing, with603

a boundary layer turbulence parameterization, with a deeper mixed layer, or with a stronger604

mesoscale jet. In these situations with stronger vertical velocity, the ageostrophic veloc-605

ities would also be expected to be stronger. Consequently, ageostrophic frontogenesis and606

vertical frontogenesis may make a larger contribution to subduction out the mixed layer.607

The vertical frontogenesis mechanism involves frontogenesis of the mixed layer base. This608

interaction between the surface and mixed layer base that generates the submesoscale609

cyclones could be especially important in simulations with stronger vertical velocities (Rotunno610

et al., 1994). Away from strong mesoscale fronts, mixed layer instability could be an im-611

portant driver of subduction (Boccaletti et al., 2007; Omand et al., 2015). In such cases612

where the mixed layer has strong lateral buoyancy gradients, submesoscale dynamics dom-613

inate the flow field, resulting a “submesoscale soup” consisting of small scale features with614

high vorticity (McWilliams, 2016). With stronger surface forcing, symmetric instabil-615

ity could also be an important contributor to subduction (Thomas et al., 2013; Erick-616

son & Thompson, 2018).617

In the composite trajectory and in the cases examined, the lateral buoyancy gra-618

dient, M2, peaks as the water parcel is subducting out of the mixed layer. The frontol-619

ysis processes have to do with the water parcel leaving the mixed layer and entering the620

region where ageostrophic circulation weakens the lateral density gradients and with dif-621

fusion. Improved representation of the frontal arrest process (Bodner et al., 2020) and622

boundary layer turbulence (Gula et al., 2014) could have large implications for exchange623

between the mixed layer and interior.624

Eddy fluxes at the meso- and submeso-scale are increasingly recognized as impor-625

tant for the transport of water masses and biogeochemical tracers from the surface to626

the interior (Omand et al., 2015; Balwada et al., 2018; Canuto et al., 2018; Resplandy627

et al., 2019). The subduction rate of 25 m over the late winter season diagnosed in this628

study is consistent with past mesoscale and submesoscale resolving simulations (Gebbie,629

2007; Canuto et al., 2018). The diagnosed rate is equivalent to approximately 100 m/year630

if the same conditions persisted all year. This annual rate is comparable to subduction631

driven by the large scale mixed layer pump (Gebbie, 2007). This supports the impor-632

tance of submesoscale eddy processes for subduction. Submesoscale processes will be most633

important during times of the year and in locations with deep mixed layers, namely the634

winter and early spring. The seasonal restratification of the mixed layer is an important635

process for subduction of carbon and oxygen into the interior, but only affects oxygen636

and carbon transport on annual timescales if the water parcels are transported below637

the deepest wintertime mixed layer (Palevsky & Nicholson, 2018). Since the submesoscale638

subduction studied here transports water masses across the mixed layer base without639

restratifying the mixed layer, it provides a mechanism for interannual transport of bio-640

geochemical tracers. The Lagrangian analysis demonstrates the ways in which long term641

subduction can occur even from spatially and temporally episodic subduction locations.642

While subduction locations may be short lived and the residence time in subduction lo-643

cations very short, water parcels that subduct move laterally by ten to hundred kilome-644

ters and are not reentrained after subduction. This process study also reveals the chal-645

lenge of separating submesoscale and mesoscale processes, which may feedback on each646

other. Mixing across the mixed layer base is important for determining mixed layer and647

pycnocline oxygen and nutrient budgets. Improved process level understanding of ex-648

change across the mixed layer base could lead to improved estimates of upper ocean pro-649

ductivity and pycnocline ventilation (Jin et al., 2007; Llanillo et al., 2018).650
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7 Conclusions651

Three-dimensional submesoscale frontogenesis of a strong mesoscale front deter-652

mines the spatial distribution and temporal evolution of subduction events. Subduction653

from the surface mixed layer to the interior occurs through multiple mesoscale and sub-654

mesoscale processes. While there are many distinct processes, there is a common under-655

lying mechanism of mostly geostrophic frontogenesis which drives the statistical evolu-656

tion of dynamical properties on water parcels during subduction. Subduction can occur657

on either cyclonic or anti-cyclonic features and along high or low PV pathways. Due to658

the influence of submesoscale along-front variability, subduction from the mixed layer659

occurs in coherent features with length scales of tens of kilometers. We find that the sub-660

duction process is organized by, but not entirely controlled by, the mesoscale meander-661

ing jet and is consequently variable, but spatially localized. Subduction locations reflect662

the large-scale pattern of the mesoscale meander, but display rich spatial and temporal663

variability. This variability reduces the likelihood of re-entrainment of water parcels into664

the mixed layer. The dynamical subduction by the submesoscale has a similar subduc-665

tion rate to the mixed layer pump but is not resolved in global models.666
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