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Abstract Mooring and glider observations and a high-resolution satellite sea surface temperature image
reveal features of a transient submesoscale front in a typical mid-ocean region of the Northeast Atlantic.
Analysis of the observations suggests that the front is forced by downfront winds and undergoes symmetric
instability, resulting in elevated upper-ocean kinetic energy, restratification, and turbulent dissipation.
The instability is triggered as downfront winds act on weak upper-ocean vertical stratification and strong
lateral stratification produced by mesoscale frontogenesis. The instability's estimated rate of kinetic energy
extraction from the front accounts for the difference between the measured rate of turbulent dissipation
and the predicted contribution from one-dimensional scalings of buoyancy- and wind-driven turbulence,
indicating that the instability underpins the enhanced dissipation. These results provide direct evidence

of the occurrence of symmetric instability in a quiescent open-ocean environment and highlight the need to
represent the instability's restratification and dissipative effects in climate-scale ocean models.

Plain Language Summary Oceanic submesoscale flows, with typical spatial scales of 1 km, are
key to providing a dynamical route from energetic mesoscale eddies (10-100 km) to turbulent microscales
(~1 cm). A submesoscale phenomenon thought to draw kinetic energy from mesoscale currents and transfer
it to turbulent dissipative processes is symmetric instability. This mechanism has been abundantly
documented in strong and persistent ocean fronts such as those associated with western boundary currents,
but its occurrence and impacts in the more extensive, quiescent mid-ocean regions remain little explored.
In this work, we present rare observational evidence of symmetric instability at a transient front in a
mid-ocean area of the Northeast Atlantic, founded on high-resolution mooring and glider measurements.
We show that wind-driven frictional effects at the front trigger a symmetric instability, which leads to
elevated upper-ocean kinetic energy, restratification, and turbulent dissipation. The instability's extraction of
kinetic energy from the front quantitatively matches the measured dissipation, which cannot be explained by
classical one-dimensional mixed layer processes. Our findings suggest that submesoscale symmetric
instability may occur extensively in the relatively quiescent environment that characterizes the majority of
the ocean and point to the need of representing the instability's effects in climate-scale ocean models.

1. Introduction

The ocean surface boundary layer controls exchanges of tracers such as heat, momentum, and carbon
between the atmosphere and the ocean interior and thus plays an important role in global tracer budgets
and Earth's climate. Classical theories for the evolution of the ocean surface boundary layer and its under-
pinning mechanisms are generally governed by surface processes (e.g., wind stress and air-sea buoyancy
flux), and the turbulence generated by these processes is typically parameterized as being one-dimensional
in the vertical in climate-scale ocean models, such as in the K-profile parameterization (Large et al., 1994).
Three-dimensional ocean fronts characterized by elevated lateral buoyancy gradients, however, are ubiqui-
tous and dynamically important features of the ocean surface boundary layer (e.g., Ferrari, 2011; Tandon &
Garrett, 1994; Torres et al., 2018). In recent years, observational and modeling studies have increasingly
shown that submesoscale fronts, with spatial scales of 0(0.1-10) km and time scales of O(1) day, may play
a key role in determining the depth of the ocean surface boundary layer, turbulent mixing in the upper
ocean, and the vertical transport of tracers across the mixed layer base (D'asaro et al., 2011; Klein et al.,
2019; Lévy et al., 2018; Sasaki et al., 2014; Su et al., 2018).
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A common outcome in the development of an ocean front is the occurrence of instabilities. At the submesos-
cale, a variety of overturning instabilities may occur when the Ertel potential vorticity q acquires the opposite
sign to the local Coriolis parameter f (i.e., fqg<0; Hoskins, 1974). These instabilities include gravitational
instability (GI), symmetric instability (SI), and centrifugal instability (CI). SI is the focus of this paper. SI
grows by extracting kinetic energy from the vertical shear of the background flow, with perturbations inde-
pendent of the along-front direction (Stone, 1966). An ocean flow may develop SI when the instability criter-
ion fg<0 is met as a result of the flow's strong vertical shear and lateral buoyancy gradients (Thomas et al.,
2013). Thus, the occurrence of SI fundamentally relies on the formation of sharp fronts to generate a layer of
low potential vorticity. According to the impermeability theorem (Haynes & Mcintyre, 1987), destabilizing
atmospheric forcing is required to generate upper-ocean SI in a rotating stable flow (Hoskins, 1974).
Specifically, surface winds aligned with the geostrophic shear (i.e., downfront winds) can induce an
Ekman transport that moves dense water toward the light side of a front (Thomas, 2005). This process
reduces the stratification of a surface layer and thereby provides the necessary conditions for SI.

In the presence of a strong lateral buoyancy gradient, classical turbulent convection (i.e., upright convection)
in the ocean may be modulated by thermal wind shear so that the overturning circulations associated with SI
occur along isopycnals that are slanted to the vertical (i.e., slantwise convection; Haine & Marshall, 1998).
Taylor and Ferrari (2010) demonstrate that the ocean mixed layer may be characterized by a near-surface
convective layer and a forced-SI layer beneath. In the near-surface convective layer, available potential
energy is the dominant energy source for overturning motions, convective mixing develops, and the water
column remains unstable. In the forced-SI layer, the dominant energy source stems instead from the back-
ground vertical shear, slanted overturning motions linked to SI dominate over convective mixing, and the
water column is restratified.

Previous observational studies show that SI in the upper ocean may provide an effective exchange pathway
between the mixed layer and pycnocline and play a significant role in the ocean circulation's energy balance.
While these investigations were mostly conducted in regions with strong, persistent fronts and surface for-
cing, such as the Gulf Stream (Thomas et al., 2013; 2016), the Kuroshio (D'asaro et al., 2011), and the
Antarctic Circumpolar Current (Adams et al., 2017; Viglione et al., 2018), a growing body of work from
numerical models (e.g., Brannigan, 2016; Skyllingstad et al., 2017) and, more indirectly, from observations
(e.g., du Plessis et al., 2019; Thompson et al., 2016) suggests that SI may also be important in more quiescent
open-ocean environments, which extend across the bulk of the global ocean. However, direct and definitive
evidence has been lacking. Observing signatures of SI in the open ocean is especially challenging, because
fronts are often ephemeral, and surface forcing intermittent in direction and strength.

In this study, we provide observational evidence of forced SI at a transient mid-ocean front. These diagnostics
are based on upper-ocean measurements obtained from a submesoscale-resolving mooring and glider array,
deployed in the Northeast Atlantic as part of the U.K. OSMOSIS (Ocean Surface Mixing, Ocean
Submesoscale Interaction Study) experiment. We show that the front, which is generated by mesoscale fron-
togenesis, undergoes SI as downfront wind-driven Ekman currents erode upper-ocean stratification. The
instability's development results in elevated upper-ocean kinetic energy, restratification, and turbulent dis-
sipation, as expected from theoretical descriptions of SI. The paper is organized as follows. The OSMOSIS
data set and our methodology are introduced in section 2, and the transient submesoscale front is documen-
ted in section 3. Section 4 presents observational evidence of the occurrence of SI. Conclusions are given in
section 5.

2. Data and Methods
2.1. Data

Mooring observations. As part of the OSMOSIS project, nine subsurface moorings were deployed over
the Porcupine Abyssal Plain (48.63-48.75° N, 16.09-16.27° W; Figure la) in the Northeast Atlantic
Ocean for the period September 2012 to September 2013 (Buckingham et al., 2016; Yu et al., 2019). The
mooring array was arranged in two concentric quadrilaterals with side lengths of ~13 km (outer cluster)
and ~2 km (inner cluster) around a centrally located single mooring (Figure Sla in the supporting
information). This configuration enabled simultaneous measurements of mesoscale and submesoscale
properties. Mooring sensors comprised a series of paired MicroCAT conductivity-temperature-depth
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Figure 1. (a) Visible and Infrared Imaging Radiometer Suite (VIIRS) sea surface temperature (SST) in the Ocean Surface
Mixing, Ocean Submesoscale Interaction Study region on 9 April 2013 at 03:49 UTC. Ocean Surface Mixing, Ocean
Submesoscale Interaction Study moorings are shown as white dots. Data missing due to cloud cover are colored in gray.
‘White vectors denote horizontal currents measured at a depth of 50 m by current meters on the nine moorings on

9 April 2013 at 03:50 UTC. A 2-km-distance scale is shown in light red for reference. The location of the VIIRS image is
marked as a white box in the inset. (b) Time series of ERA-interim wind stress and inner lateral buoyancy gradient vectors
from 3 to 12 April 2013. Vectors at 03:00 UTC on 9 April 2013 are shown in bold. Arrows indicate direction.

sensors and acoustic current meters at different depths, spanning the approximate depth interval
30-530 m. Temperature, salinity, and horizontal velocity measured at current meter and conductivity-
temperature-depth instruments from the nine moorings were interpolated onto a uniform depth grid
(10-m intervals between depths of 50 and 520 m) and averaged onto hourly intervals. Further, a fourth-
order low-pass Butterworth filter with a cutoff of one inertial period (16 hr) was then applied to the
hourly data to remove superinertial motions. In this study, we use the mooring data collected from 3 to
12 April 2013, focusing on a particular submesoscale frontal event. More details on the OSMOSIS
moorings, including observational uncertainties, are provided in Yu et al. (2019).
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Seaglider observations. In addition to the mooring observations, the OSMOSIS region (approximately
20 x 20 km) was continuously sampled by at least two (five in total) autonomous underwater gliders for
the entire year (Damerell et al., 2016; Erickson & Thompson, 2018; Evans et al., 2018; Thompson et al.,
2016). The gliders navigated in a bow tie pattern across the mooring array, measuring temperature and
salinity profiles within the top 1,000 m of the ocean at approximately 1-m depth intervals. Thompson et al.
(2016) offer a comprehensive characterization of the conditions for submesoscale instabilities under the
framework of potential vorticity from the yearlong glider data, with a focus on the instabilities' impact on
upper-ocean stratification. Here, we additionally consider the glider-derived dissipation rate (Evans et al.,
2018). As with the mooring data, this study focuses on a subset of glider observations from 3 to 12 April
2013 (Figure S1).

Satellite observations. Thermal imagery from the Visible and Infrared Imaging Radiometer Suite (VIIRS) is
employed for the operational sea surface temperature (SST) product, owing to its high spatial resolution
(750 m) under cloud-free conditions (Schloesser et al., 2016). As indicated by Buckingham et al. (2017),
our study domain is commonly cloud-free every few weeks. During 3-12 April 2013, one informative
VIIRS SST image could be obtained (Figure 1a).

Reanalysis data sets. Air-sea heat and freshwater fluxes and wind stress data are taken from the ECMWF
(European Centre for Medium-Range Weather Forecasting) ERA-Interim reanalysis product with a time
interval of 3 hr (Dee et al., 2011). Using fields with a horizontal resolution of 0.75°, data are linearly interpo-
lated onto the OSMOSIS central mooring site. The net heat flux is calculated as the sum of shortwave radia-
tion, longwave radiation, latent heat flux, and sensible heat flux. The reanalysis winds were validated with
observed wind data from a neighboring Met Office buoy (at 48.701° N, 12.401° W), which is available from
5 September to 28 December 2012 (Yu, 2018). The ECMWF reanalysis and observed winds exhibit a good
agreement, with a correlation coefficient of 0.74, and mean squared coherence >0.8 for subinertial time
scales.

2.2. Surface Forcing

Convection in the mixed layer is driven by a surface buoyancy flux, given by

By = gaQuet/pocp + EAS(E—P), @®

where g is the acceleration due to gravity; p, = 1,025 kg/m? is a reference density; ¢, is the specific heat capa-
city of seawater; S is the surface salinity; o and (3 are the thermal expansion and haline contraction coeffi-
cients, respectively; and Q,,; and (E—P) are the ECMWF net heat and freshwater fluxes, respectively.

Following Thomas and Taylor (2010), wind forcing of fronts can induce an Ekman buoyancy flux, expressed
as

B, = —k -(TXVib) /pof ©)

where k is a unit vector in the vertical; T is the wind stress vector; Vb = (3b/dx, db/dy) is the horizontal
buoyancy gradient, with b=—g(o—p¢)/po as the buoyancy and p as the potential density referenced to the sur-
face; and f= 1.1 x 10™* s~ is the local Coriolis frequency. Note that positive values of B, and B, indicate
destabilizing forcing.

The Ekman buoyancy flux can also be represented in terms of an equivalent heat flux, defined asQ, = %Be.

Similarly, the equivalent surface heat flux is defined as Q, = %BO.

2.3. Convective Layer Depth (h)

Following Bachman et al. (2017), a quartic equation is used to solve for the convective layer depth h,

hy wi u?

43
i L RVTE PR S
(H) ( H) [|Aug‘3 |A”g‘2

c0s6,,]* = 0, 3
where w.=(B,H)"* is the convective velocity, us = /[z]/p, is the frictional velocity, ug is the geostrophic
velocity, 6, is the angle between the wind vector and the geostrophic shear, and ¢ = 14 is an empirical con-
stant. Here we adopt the mixed layer depth H as an approximation to the surface boundary layer depth, in
order to be consistent with classical scalings for dissipation associated with one-dimensional processes
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(section 2.5). The mixed layer depth H is calculated from the glider data using a threshold value of density
increase (/\p = 0.03 kg/m>) from a near-surface value at 10 m (Damerell et al., 2016). The change in geos-
trophic velocity across the mixed layer, Auy, is computed by assuming geostrophic balance as Aug=Idu,/0zl
H=I|V,,blH/f. Note that the convective layer depth h solved for here is always no greater than the mixed layer
depth H.

2.4. Categorizing Instability Types

To identify the potential submesoscale instability types, the balanced Richardson number angle
Pri, = tan~! (—f>N?/|V;b|*) and the critical angle ¢ = tan~'(—¢/f) are computed following Thomas et al.

(2013), with N* = 6b/dz as the vertical stratification and ¢ = f+ qug~? as the vertical component of the
absolute vorticity of the geostrophic flow. This approach has been used by previous studies to assess the
susceptibility of the flow to submesoscale instabilities (e.g., Naveira Garabato et al., 2017; Ramachandran
et al., 2018; Thompson et al., 2016; Viglione et al., 2018). The instability criterion for GI, SI, and CI may be
expressed as the following:

(i) For unstable vertical stratification (i.e., N°< 0), GI is expected to dominate when —180° <@, <—135°,
and a hybrid GI/SI will occur when —135° <¢p; <—90°.
(ii) For stable stratification (i.e., N*> 0) and cyclonic vertical vorticity, SI is predicted to develop when —90°
<@pi, <Pc » With pc<—45°.
(iii) For stable stratification (i.e., N*> 0) and anticyclonic vertical vorticity, SI is expected for —90° <Ppi, <—
45° with ¢c>—45°, and a hybrid SI/CI is predicted when —45° <¢p; <¢..

Note that this analysis does not take into account mixed layer baroclinic instability (which can arise when
fq>0) and the modification of stratification by surface waves (Hamlington et al., 2014).

2.5. Calculation of Turbulent Dissipation Rate

The rate of dissipation of turbulent kinetic energy ¢, is estimated from high-frequency fluctuations in the
glider vertical velocity using a generalization of the large eddy method of Beaird et al. (2012) developed by
Evans et al. (2018) and used here to explore the key contributions to dissipation at the transient front. A filter
with a cutoff dependent on the local buoyancy frequency is applied to glider vertical velocity estimates to
remove internal wave variability. The glider-derived dissipation rate has been compared with a yearlong time
series of dissipation calculated from a 600-kHz acoustic Doppler current profiler mounted at 50 m on the cen-
tral mooring and found to generally agree within confidence intervals (90% level; see Figure 1 in Evans
et al., 2018).

Estimates of the depth-integrated dissipation rate in the mixed layer by one-dimensional processes
associated with surface buoyancy flux () and wind-driven turbulence (€;) are provided by €5 = BoH/2

0 3
ande; = LH ME dz, respectively, where ¥=0.4 is the von Karman constant and the overline denotes an integral
over the mixed layer. Following Thomas and Taylor (2010), the mixed-layer-integrated dissipation rate
associated with the Ekman buoyancy flux can be computed as €, = B.H/2.

3. The Submesoscale Frontal Event

A high-resolution VIIRS SST image reveals structures of a submesoscale thermal front in the OSMOSIS
region on 9 April 2013 at 03:49 UTC (Figure 1a). The SST image shows a change of approximately 1 ° C over
O(1) km at the edge of the thermal front. The horizontal velocity vectors measured at 50-m depth on the cen-
tral and four inner moorings are strongly eastward with speeds exceeding 30 cm/s (bearing 73-76° east of
north), aligned with the thermal front. A horizontally confluent flow field is indicated by the measurements
from the outer moorings, suggesting a frontogenetic scenario (Hoskins, 1982). Further, geostrophic sea sur-
face velocity and sea level anomaly from the 0.25° gridded altimetric product from Archiving, Validation,
and Interpretation of Satellite Oceanographic data reveal that the OSMOSIS site laid in between two cyclonic
mesoscale eddies at this time (Figure S2a), consistent with the thermal front having been generated by the
confluent flow between the eddies. This indicates that the front is a transient feature of the regional
oceanic environment.

YU ET AL.
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Figure 2. Time series of subinertial (a) vertical buoyancy stratification, (b) kinetic energy, (c) submesoscale lateral buoy-
ancy gradient inner |Vy,bl, and (d) mesoscale frontogenesis function outer Fs, at the central mooring site from 3 to 12 April
2013. The white line indicates the mixed layer depth. Isopycnals are overlaid as black contours at intervals of 0.025 kg/ m>
in (a-d), ranging from 27.05 to 27.175 kg/m”>.

The lateral buoyancy gradient estimated from the inner mooring cluster (hereinafter inner V,b) prior to and
after the frontal event (7-11 April) was weak and variable in magnitude and direction (Figure 1b). By con-
trast, inner Vb steadily increased on 7 April, directed southwestward, and remained large with a magnitude
of order 1077 s~ during 8-10 April, after which inner Vb gradually weakened. Compared to inner Vb,
wind stress forcing T was more variable throughout our study period (3-12 April). Nonetheless, a significant
downfront component aligned with the frontal flow (i.e., perpendicular to inner V;b) was observed at various
times during the frontal event, lasting for several hours each time (e.g., see blue and black arrows on 9 April
in Figure 1b). The downfront component of the wind stress attained a maximum value in excess of 0.25 N/m>
during the study period, approximately a factor of 3 larger than the annual-mean wind stress of 0.09 N/m>.

Prior to the frontal event (7 April), a gravitationally unstable layer (i.e., N°< 0) was observed above a
depth of 150 m, with the deepest mixed layer extending down to about 300 m (Figure 2a). The mixed layer
base abruptly shoaled to approximately 100 m on 6-7 April, after which the mixed layer depth fluctuated
within the range of 100 to 200 m. The mixed layer was often weakly stratified, with a characteristic
N?~ 1 x107° s72 (seen in Figure 2a as dark gray) that was 1 order of magnitude smaller than mixed-layer
values of N°~ 1x10~° s~ documented in winter in the midlatitude Southern Ocean (du Plessis et al., 2019).

YU ET AL.
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The kinetic energy, defined as KE = (u?+v%)/2 (where u and v denote the zonal and meridional velocity com-
ponents, respectively), exhibits a clear signature of mixed-layer-intensified frontal flows on 7-11 April, indi-
cating enhanced vertical shear (Figure 2b). Consistent with this, the mixed layer is characterized by
increased inner | Vbl during the same period (Figure 2c), despite strong density compensation between tem-
perature and salinity gradients (Figures S1b-Slc). Assessment of the degree of geostrophy from the inner
mooring cluster shows that submesoscale subinertial flows are largely in geostrophic balance (Yu et al.,
2019). inner |V,,bl frequently exceeds 1 x10™7 s™2, approximately a factor of 4 larger than the annual-mean
inner |V,bl of 2.6 x10™% 572,

Instances of elevated inner Vbl are concurrent with a period of mesoscale frontogenesis, as indicated by a
frontogenesis function (Figure 2d) estimated from the outer mooring cluster (hereinafter outer Fs). The fron-

togenesis function is defined as Fs = Q -Vy,b, where Q = (— Qo — 22D is the Q vector (Hoskins,
1982). High outer Fs denotes that the strong baroclinicity of the submesoscale front is likely to be associated
with intense mesoscale frontogenesis, induced by the substantial confluent flows (Figure 1a) and elevated
strain rates (Figure S2b). outer Fs attains a maximum of 4 x1072° s™°, 1 order of magnitude larger than
the annual root mean square outer Fs of ~2 x10™>! s, Values of outer Fs exceeding 1072° s>
4.3% of the entire year. Notably, the vertical extent of the enhancement of inner |V,bl and outer Fs exceeds

that of the mixed layer, although the enhancement's amplitude decreases gently with depth.

occur about

Enhanced values of the upward vertical buoyancy flux (i.e., the rate of restratification by the vertical flow)
with a root mean square of order O(10~7) m?/s* extend down to at least 200 m below the mixed layer base
(Figure S3). The vertical buoyancy flux is more surface intensified and attains an overall mean value of
5 x 10~® m?/s* during the frontal event, equivalent to a restratifying heat flux of 69 W/m?. This restratifying
action is most likely a consequence of mesoscale-strain-induced frontogenesis (Yu et al., 2019), which drives
a thermally direct secondary circulation and corresponds to a transformation of available potential energy
into kinetic energy (McWilliams, 2016). This process may precondition the flow to become unstable to SI,
as evidenced by the concurrence of the SI event discussed in the present paper and the
upward buoyancy flux.

Overall, conditions in the mixed layer were favorable to the development of SI during the frontal event
(7-11 April). These conditions included a strong horizontal buoyancy gradient (inner |V bl~ 1077 s™>
and reduced static stability (N*~ 10~° s™). Further, the ratio of the square of the lateral buoyancy gradient
to the vertical stratification, which defines the balanced Richardson number Ribzf2 N?/ IVthZ, was close to 1,
a prerequisite for the occurrence of active submesoscale motions (Thomas et al., 2008). According to the
linear stability analysis (Stone, 1966), the fastest-growing mode of SI during the frontal event has a linear
inverse growth rate of a few hours, and the associated wavelength ranges from 1 to 5 km. In the next section,
we look for direct evidence that SI is the key process underpinning the intensification of submesoscale flows
during the study period.

4. Observational Evidence of SI

The first step in assessing the potential occurrence of SI is to quantify the external forcing responsible for the
modification of the flow's potential vorticity. For the upper ocean, destabilizing atmospheric forcing (i.e., By
+B.>0) is a necessary condition for the development of SI (Thomas & Taylor, 2010). Figure 3a shows that the
Ekman buoyancy flux, driven by persistent downfront winds, dominated over the surface buoyancy flux in
terms of equivalent heat flux during the frontal event. The Ekman buoyancy flux reached a peak equivalent
to 650 W/m? of oceanic heat loss on 8 April, which was larger than the surface buoyancy flux by a factor of 6.
The surface forcing at the OSMOSIS site was dominated by atmospheric cooling prior to the frontal event,
between 4 and 7 April, and this resulted in deepening of the mixed layer down to 300 m via GI (Figure
2a). Subsequently, the equivalent surface heat flux steadily decreased from its maximum of 200 W/m? to less
than 100 W/m? on 7 April (not shown). This stage of surface cooling may have played a role in precondition-
ing vertical stratification for the occurrence of SI.

Second, following Thomas et al. (2013), we use ¢y;, to classify instabilities within the inner mooring cluster
(see section 2.4). Figure 3b shows that SI conditions prevailed on 8-11 April and that they preferentially

YU ET AL.
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Figure 3. Time series of (a) equivalent surface heat flux (blue) and Ekman buoyancy flux (dark green) expressed in units of
heat flux, (b) submesoscale instability categories, and (c) glider-based dissipation rate during the frontal event. Positive
values in (a) indicate conditions favorable for forced symmetric instability. The white and blue lines in (b) and (c) indicate
the mixed layer depth and convective layer depth, respectively.

occurred below the convective layer (green shading between blue and white contours in Figure 3b). This is
consistent with theoretical descriptions of slantwise convection (Taylor & Ferrari, 2010).

Third, the glider-derived dissipation is frequently elevated during the frontal event, with values on the order
of 107 W/kg (3 orders of magnitude above ocean background values of 10™° W/kg) in the mixed layer
(Figure 3c). The peak of turbulent dissipation during 8-9 April matches well with the maximum in the
Ekman buoyancy flux (Figure 3a), suggesting a causal link between the downfront wind forcing and the
observed energy dissipation. The elevated dissipation extends throughout the mixed layer, consistent with
the vertical extent of the SI diagnosed in Figure 3b.

To quantitatively link the observed elevated dissipation rates with the SI-favorable conditions during our
study period, we compare the glider-derived dissipation rate to those predicted to be driven by SI and by
one-dimensional processes associated with surface air-sea buoyancy fluxes and wind forcing (Figures 4a
and 4b). We conservatively disregard the glider-derived dissipation at depths less than 50 m, in order to
exclude surface wave effects (Gargett, 1989). The mixed layer dissipation accounted for by one-dimensional
processes (black curve in Figure 4b) exhibits a deficit of a factor of 2 to 3 when compared with the glider-
derived dissipation (magenta curve in Figure 4b). This deficit is most evident on 8-9 April, when the
Ekman buoyancy flux peaked and conditions were conducive to SI. By contrast, a strong agreement with
the glider-derived dissipation can be seen for the combined one-dimensional processes and SI, especially
on 8-9 April. This indicates that the difference between the glider-derived dissipation and the
contribution of one-dimensional processes can be explained by submesoscale SI forced by downfront winds.

YU ET AL.
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Figure 4. (a) Time series of mixed-layer-integrated (from the mixed layer base to a depth of 50 m) dissipation estimated
from the glider observations (€,5s, magenta), surface buoyancy (g, solid dark gray), surface wind stress (¢;, dashed dark
gray), and Ekman buoyancy flux (EBF;¢,, light green). (b) Time series of mixed-layer-integrated dissipation estimated from
the glider observations €,,s (magenta), €, + €; (black), and €, + €; + €, (green). The shaded regions illustrate the 90%
confidence envelope of the integrated dissipation estimated by a Monte Carlo approach. (c) Time series of raw (gray)
and 1-hr smoothed (black) vertical stratification (left axis), and the magnitude of near-inertial (red) and subinertial
(light green) vertical shears (right axis) at 150-m depth. The vertical dashed blue lines correspond to the time when the EBF
is largest. Near-inertial motions are defined as the velocity in the frequency band of (0.8,1.2)f.

A final point of note is that, during the SI event, sheared inertial oscillations were also excited by surface
winds (Figure S4). Inertial shear was greatly enhanced in the close proximity of the mixed layer base and sub-
stantially modulated vertical stratification via phase-dependent horizontal advection (especially on 9-10
April; Figure 4c). This observation agrees with the idealized simulations of Thomas et al. (2016). While
the temporal variability of stratification may have been important in the evolution of SI (e.g., by modifying
the Richardson number), the magnitude of the inertial shear in the downfront direction was found to be con-
siderably smaller than that of the subinertial shear (Figure S4c). This confirms that subinertial shear was
most likely the primary factor determining turbulent dissipation during our observed SI event.
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5. Conclusions

The OSMOSIS mooring and glider measurements provide a unique observational data set that enables a
dynamical description of upper-ocean forced submesoscale instabilities with horizontal scales down to O
(1 km). In this work, we conduct a case study of a SI event in this mid-ocean setting, based on four lines
of direct observational evidence: (i) Upper-ocean kinetic energy is enhanced during the SI event (Figure
2b), as expected from the active development of a submesoscale instability; (ii) the event is associated with
downfront winds and mesoscale frontogenesis (Figures 1b and 2d), conditions that favor the onset of SI
and that are regularly met in mid-ocean environments; (iii) a shoaling of the mixed layer is observed
(Figure 2a), consistent with theoretical predictions for SI; and (iv) dissipation is elevated in a manner quan-
titatively consistent with SI extracting kinetic energy from the background flow, which is broadly in geos-
trophic balance (Figure 4).

Our work indicates that the SI event is likely to have been triggered by downfront winds, as air-sea heat
fluxes were generally modest, consistent with previous observations (e.g., Thomas et al., 2013). The
OSMOSIS site lies at the eastern edge of the North Atlantic subtropical gyre, a region of weak mean flow
and moderate eddy kinetic energy that is arguably representative of a substantial fraction of the global ocean.
While one-dimensional turbulent processes associated with air-sea buoyancy and wind forcing are found to
be the dominant driver of upper-ocean turbulent dissipation over an annual cycle (Evans et al., 2018), our
case study demonstrates that SI can play an important role in sustaining dissipation at depths beyond the
influence of surface waves. Further, our work suggests that SI may be a common feature throughout the
quiescent regions of the ocean, where it can be induced by the occasional alignment of surface winds with
transient upper-ocean fronts generated by mesoscale frontogenesis. Assessment of the relative importance
of forced ST and surface-forced processes (including the effects of surface waves) to total turbulent dissipation
in the ocean surface boundary layer is the subject of a separate study, led by C. E. Buckingham.
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