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Abstract

The Atlantic Meridional Overturning Circulation (AMOC) entails vigorous thermohaline transformations in the subpolar North
Atlantic (SPNA). There, warm and saline waters originating in the subtropics are converted into cooler and fresher waters by
a combination of surface fluxes and sub-surface thermohaline mixing. Using microstructure measurements and a small-scale
variance conservation framework, we quantify the diapycnal and isopycnal contributions to thermohaline mixing within the
eastern SPNA. Isopycnal stirring is found to account for 65% of thermal and 84% of haline variance dissipation in the upper 400
m of the eastern SPNA, suggesting an important role of isopycnal stirring in regional water-mass transformations. By applying
the tracer variance method to two tracers, we underscore the special significance of isopycnal stirring for tracers weakly coupled
to density, such as biologically-active tracers. Our findings thus highlight the central role of isopycnal stirring in both the
AMOC and biogeochemical dynamics within the SPNA.
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Key Points:

« We quantify diapycnal and isopycnal contributions to thermohaline mixing in the
subpolar North Atlantic with microstructure observations

 Isopycnal stirring dominates thermohaline mixing suggesting a key role in the water-
mass transformations driving the overturning circulation

¢ The relative importance of isopycnal stirring is tracer-dependent, controlled by
the large-scale co-variability of the tracer with density

Corresponding author: Bieito Ferndndez Castro, b.fernandez-castro@soton.ac.uk
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Abstract

The Atlantic Meridional Overturning Circulation (AMOC) entails vigorous thermoha-
line transformations in the subpolar North Atlantic (SPNA). There, warm and saline wa-
ters originating in the subtropics are converted into cooler and fresher waters by a com-
bination of surface fluxes and sub-surface thermohaline mixing. Using microstructure
measurements and a small-scale variance conservation framework, we quantify the di-
apycnal and isopycnal contributions to thermohaline mixing within the eastern SPNA.
Isopycnal stirring is found to account for 65% of thermal and 84% of haline variance dis-
sipation in the upper 400 m of the eastern SPNA, suggesting an important role of isopy-

cnal stirring in regional water-mass transformations. By applying the tracer variance method
to two tracers, we underscore the special significance of isopycnal stirring for tracers weakly

coupled to density, such as biologically-active tracers. Our findings thus highlight the
central role of isopycnal stirring in both the AMOC and biogeochemical dynamics within
the SPNA.

Plain Language Summary

The North Atlantic hosts an ocean circulation system called the Atlantic Merid-
ional Overturning Circulation (AMOC). It is often likened to a giant conveyor belt in
the ocean, moving warm, salty waters from south to north and transforming them into
cold, fresh waters that flow back southward within the deep ocean. The AMOC is a cru-
cial element of the Earth’s climate, and if it were to slow down, it could lead to major
climatic changes. For a long time, scientists thought that the AMOC was mainly driven
by cooling in the North Atlantic. But recently, we have discovered that the mixing of
different water masses is also important. In our study, we used small-scale measurements
of ocean properties to examine the processes behind this mixing. Our findings show that
large swirling flows known as mesoscale eddies, which are tens to hundreds of kilome-
ters wide and hundreds of meters deep, play a dominant role in mixing heat and salt in
the North Atlantic. This discovery helps us to better understand the AMOC and its fu-
ture behavior.
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1 Introduction

The subpolar North Atlantic (SPNA) is a hotspot of ocean ventilation, resulting
in significant exchanges of heat and greenhouse gases with the atmosphere (Pérez et al.,
2013). This makes the SPNA an important region in the regulation of Earth’s climate.
The climatic relevance of the SPNA is rooted in its central role in the global meridional
overturning circulation (MOC) (Daniault et al., 2016; Lozier et al., 2019). Within the
cyclonic pathways of the SPNA gyre, vigorous water mass transformations convert warm
and salty subtropical central waters into cooler, fresher and denser subpolar mode wa-
ters (SPMW) (Brambilla & Talley, 2008; Garcia-Ibdnez et al., 2015) and intermediate
waters. These intermediate waters are formed through deep convection in the Irminger
(Pickart et al., 2003; De Jong et al., 2012) and Labrador seas (Lazier et al., 2002). To-
gether with denser overflows from the Nordic Seas, SPNA-produced waters constitute
the lower limb of the Atlantic MOC (AMOC), which flows southward within a Deep West-
ern Boundary Current along the North American margin (Daniault et al., 2016; Lozier
et al., 2019).

Traditionally, deep convection in the Labrador Sea was considered the primary source
of dense water for the AMOC. Recent observations, however, have led to a paradigm shift,
by which the majority of the light-to-dense water mass conversion driving the AMOC
is recognised to occur in the eastern SPNA (eSPNA), specifically in the Irminger Sea,
and the Nordic Seas (Mauritzen, 1996; Daniault et al., 2016; Lozier et al., 2019; Petit
et al., 2020). Further, while conventional understanding views the AMOC as an intrin-
sically diapycnal process, recent investigations suggest that water-mass transformations
in the SPNA involve large density-compensated (isopycnal) temperature and salinity changes
(Zou et al., 2020; Evans et al., 2023).

Finally, closure of the AMOC in the SPNA has been traditionally attributed to at-
mospheric cooling (Marsh, 2000; Petit et al., 2020), yet there is growing evidence that
interior thermohaline transformations, driven by mixing along and across density sur-
faces, are necessary for sustaining the AMOC (Xu et al., 2018; Briiggemann & Katsman,
2019; Mackay et al., 2020; Evans et al., 2023; Tooth et al., 2023; Bebieva & Lozier, 2023).
Diapycnal mixing contributes, for example, to the densification of SPMW through en-
trainment of overflow waters (Evans et al., 2023). In turn, isopycnal stirring delivers salt
into the subpolar gyre, enabling an increase in the density of lower-limb waters (Warren,
1983; Pradal & Gnanadesikan, 2014; Born et al., 2016; Evans et al., 2023); and delivers
intermediate waters produced by deep convection in the Labrador and Irminger basins
into the Deep Western Boundary Current, thereby connecting such waters to the AMOC
(Straneo, 2006; Briiggemann & Katsman, 2019; Mackay et al., 2020).

Despite the increasingly acknowledged importance of interior thermohaline trans-
formations in the SPNA, direct observations in the area are scarce (Lauderdale et al.,
2008; Ferron et al., 2014), and quantification relies largely on indirect mixing estimates
via inverse methods and model output analyses (Xu et al., 2018; Mackay et al., 2020; Evans
et al., 2023; Tooth et al., 2023). Consequently, the nature of the processes driving these
transformations remains largely unknown. Mixing — the destruction of property contrasts
by molecular diffusion— results from a downscale variance cascade driven by the stirring
of isopycnal property gradients by mesoscale eddies (horizontal scale > 10 km), and the
mixing of diapycnal property gradients by small-scale turbulence (horizontal and ver-
tical scales < 10 m)(Lee et al., 1997; Garrett, 2001; Ferrari & Polzin, 2005; Naveira Gara-
bato et al., 2016). The small- and mesoscale regimes are underpinned by different dy-
namics, and are likely to exhibit distinct sensitivities to changes in forcing and poten-
tial feedbacks on the AMOC. A deeper understanding of SPNA mixing processes is thus
essential for unravelling the AMOC’s dynamics and long-term evolution.

In this study, we address the role of mixing in SPNA thermohaline transformations
by analyzing a set of microstructure temperature and shear profiles, collected across the
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eSPNA, within a tracer variance budget framework (Ferrari & Polzin, 2005; Naveira Gara-
bato et al., 2016). Our analysis reveals that mesoscale stirring dominates thermal and,

more distinctly, haline mixing in the upper layers of the eSPNA, indicating and impor-

tant contribution of mesoscale turbulence to the water-mass transformations driving SPMW
production and the AMOC’s closure in the SPNA.

2 Dataset

Microstructure data were collected during the BOCATS2 2023 cruise across the North
Atlantic Ocean from 9th June to 11th July 2023. The mission sampled the OVIDE re-
peated hydrography section (WOCE A25) between Portugal and Cape Farewell (Green-
land) (Lherminier et al., 2010, 2023), and two additional sections across the East Green-
land Current (EGC) and the Irminger Sea, north of the A25-OVIDE line (Fig.1a). Mi-
crostructure turbulence profiles were collected in 32 stations with a microstructure pro-
filer (MSS, Prandke and Stips (1998)). A total of 94 profiles were obtained, with 1-3 pro-
files per station, except in the last station (station 32) over the Reykjanes Ridge at 61.14°N,
27.97°. There, a time-series consisting of 21 profiles was recorded during a 14-hour pe-
riod (TS label in Fig.1a). Profiles were performed down to depths of 300-400 m, except
in shallower stations of the EGC.

The MSS is equipped with two shear microstructure sensors and a temperature mi-
crostructure sensor, complemented with a Sea&Sun high-accuracy Conductivity-Temperature-
Depth (CTD) suite. The instrument is loosely-tethered and operated in free-falling mode
at a vertical speed of 0.6-0.7 m s™!, and samples all variables at 1024 Hz. Profiles of po-
tential temperature (6), practical salinity (5) and surface-referenced potential density
(0g) with 1 m vertical resolution were derived by bin-averaging the CTD output. The
dissipation rates of turbulent kinetic energy (¢) and thermal variance () were computed
from the microstructure shear and temperature measurements, respectively, with a ver-
tical resolution of 1 m from overlapping data segments of 4 m length following Piccolroaz
et al. (2021); Ferndndez Castro et al. (2022).

Generally, € and xy were determined by integration of the shear and temperature
gradient spectra over the well-resolved wavenumber ranges, and the variance outside those
ranges was recovered using empirical spectral forms (Nasmyth and Kraichnan, respec-
tively) (Ferndndez Castro et al., 2022) (Fig. S1). Due to weak turbulence, shear-based
¢ estimates occasionally approached the instrument’s noise floor of O(10~° W /kg). In
those instances, € was derived through fitting the temperature gradient spectrum to the
Kraichnan spectrum (Piccolroaz et al., 2021), as this technique has a lower noise floor
of O(10712W /kg). For consistency, in those instances ys was also derived from spec-
tral fits.

3 Triple decomposition of the tracer variance budget
3.1 Background

To investigate the relative contribution of small- and mesoscale turbulence to ther-
mohaline mixing, we followed a triple decomposition of the small-scale tracer variance
conservation equation (Joyce, 1977; Davis, 1994; Garrett, 2001; Ferrari & Polzin, 2005).
In the limit of flow and tracer fluctuations (here we use potential temperature, 0, as our
reference tracer) being statistically stationary and homogeneous, the equation for tracer
variance conservation in a traditional two-term Reynolds decomposition framework can
be expressed as:

—2ulfl - VO = 2k (V)2 (1)
—_— —
P2 Xo

where u is the flow velocity, V is a three-dimensional gradient operator, and kg is the
molecular diffusivity of heat. This equation expresses a local balance between the pro-
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duction of small-scale tracer variance, Py2, due to the stirring of the larger-scale three-
dimensional tracer gradient (V) by turbulent eddies, and its dissipation by molecular dif-
fusion, xgy. Here, the double decomposition implies a scale separation between the “mean”
flow () and the “turbulent” fluctuations (-*). In oceanographic studies, turbulent fluc-
tuations are defined as those related to small-scale three-dimensional turbulence (smaller
than a few meters in the vertical), which results in diapycnal mixing. The mean flow thus
covers multi-meter length scales, which are resolved by standard (CTD) oceanographic
measurements, and includes the basin-scale tracer contrasts, but also fine-scale structures
due to stirring by mesoscale motions along isopycnal surfaces (Ferrari & Polzin, 2005).

By taking a gradient flux approximation (u’f? = —K,V0), and using the facts
that diapycnal gradients are much larger than isopycnal gradients and isopycnal layers
are close to horizontal (V| ~ |06/0z|), tracer variance dissipation can be related to
a small-scale turbulent diapycnal diffusivity (K,) through the Osborn and Cox (1972)
formula:

—\ 2
o0
X0 = P92 ~ QKp (82) (2)

In order to separately account for the role of mesoscale eddies in driving the downscale
variance cascade, the triple decomposition additionally decomposes the mean quantities

into a large-scale mean component (-™) and a mesoscale eddy component (-¢), § = 0™+
¢, yielding (Ferrari & Polzin, 2005):

—2(u’0") - V 1 6™ —2(u0°) - V|0 = xo (3)

1L
P92 P;‘2

where angled brackets represent an average over spatial scales large in comparison with
mesoscale fluctuations, but small in comparison with the large-scale mean flow; V; and
V||, respectively, denote gradient operators across and along density surfaces. Here, the
dissipation of thermal variance is balanced by the stirring of the mean diapycnal gradi-
ent by small-scale turbulence (Peé) plus the stirring of the large-scale isopycnal gradi-
ents by mesoscale motions (PQHQ) By applying a flux-gradient relationship, Pg5 can be
linked to the small-scale diapycnal diffusivity:

Py = 2K,(V.10™)*, (4)
and the contribution of eddy stirring to mixing can be diagnosed as:

Pl = xo — P = xo — 2K,(V L0™)>. (5)

3.2 Implementation

By applying the variance budget framework (Egs. 3-5) to BOCATS2 microstruc-
ture data, we assess the relative contribution of small-scale turbulence and mesoscale stir-
ring to thermohaline mixing. To estimate PQ% (and Péﬁ\) from equation 4, the measured
6 (and S) profiles were smoothed through a 4-degree polynomial fit against oy to remove
the density-compensated fine-scale structures (O(10—100m) length scales) associated
with isopycnal stirring and obtain the “mean flow” 6™ and S™ profiles:

Gm:f(ao+a1-a.9+...+a4-ag) (6)

Although the choice of a 4-degree polynomial is somewhat arbitrary, our results prove
relatively insensitive to that choice. The diapycnal diffusivity was calculated using the
Osborn (1980) formula:

£
K, = F? (7)

where I' = 0.2 is a mixing efficiency (Oakey, 1982; St Laurent & Schmitt, 1999; Ijichi
et al., 2020), and N = —g/pdpdz is the buoyancy frequency. The density gradient is
calculated by linear fitting the measured density profile against depth over 4 m segments.
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While thermal variance dissipation rate (g) is obtained directly from observed mi-
crostructure temperature gradients, we have no equivalent measurements available to es-
timate xs. We circumvent this issue with a new approach using the Osborn and Cox (1972)
formula (Eq. 2) to estimate xg from K, and the fine-scale vertical salinity gradient as
measured by the CTD (95/0z):

2
oS
Xs ~ 2K, (&,) ) (8)

where 0S/0z is determined by linear fitting over 4 m segments. This approximation as-
sumes that xg is balanced locally by the effect of stirring by small-scale turbulence on
fine-scale tracer gradients (Pg2) and is supported by the good agreement (mostly within
a factor of 2) between xg and Py over 5 orders of magnitude (Fig. 2).

4 Results
4.1 Hygrography

The BOCATS2 microstructure survey stations covered the broad range of hydro-
graphic conditions characterising the eSPNA, which reflect the transformation of sub-
tropical central waters into SPMW (Garcia-Ibdnez et al., 2015). The eastern section (sta-
tions 1-10) sampled the relatively warm (10-20 °C, Fig. 1b), salty (> 35.5 PSU, Fig.
lc) and light (09 < 27.4 kg/m?) subtropical waters of the Western European Basin (WEB).
The upper ocean (<400 m) of the WEB was strongly stratified, with a ~1 kg/m? con-
trast between the upper and deeper sampled layers (Fig. 1d,e). WEB stratification was
dominated by temperature differences, whilst haline stratification was weakly unstable
(Fig. la,b,e). The western sections sampled across the Irminger Sea (IrmS) and the East
Greenland Current (EGC). Below a shallow seasonal thermocline, IrmS waters were cooler
(3-11 °C, Fig. 1b) and fresher (35.0-35.5 PSU, Fig. 1c) than WEB waters, and also denser,
with og > 27.5 kg/m?, as is characteristic of SPMW (Fig. 1d). The upper IrmS was
also thermally stratified, but more weakly than the WEB, with a density difference of
~0.7 kg/m?® (Fig. le). The salinity profiles were rather homogeneous (Fig. 1c), result-
ing in very weak haline stratification (Fig. le). Finally, the offshore waters of the EGC
showed a large overlap in thermohaline properties with IrmS waters, at least below 100 m
depth. However, shallower waters were markedly cooler, fresher and lighter, particularly
in the inner EGC, with temperatures and salinities as low as -1°C and 30 PSU (Fig. 1b,c).
Contrary to the WEB and IrmS, the strong stratification of EGC waters (>1 kg/m? in
inshore stations) was salinity-driven (Fig. le).

Overall, BOCATS2 sampled across a northwestward gradient of decreasing tem-
perature and salinity, which is partially density-compensated. This partial compensa-
tion allows the existence of substantial thermohaline gradients along isopycnals (Fig. 1a).
Mesoscale eddies acting on these large-scale thermohaline gradients produce measurable
density-compensated thermohaline fine-scale vertical structures (Fig. 1b,c). Such fine struc-
tures make different contributions to the overall § and S vertical variance in different re-
gions (Fig. 1f), reflecting the relative importance of isopycnal stirring. Due to the strong
thermal stratification in the WEB and IrmS, almost 100% of the 6 vertical variance cor-
responds to the mean profile (6™), although thermal fine-scale structures were also ev-
ident there (Fig. 1b). Fine-scale structures had a larger imprint on salinity vertical vari-
ance in those same regions, where the mean salinity profile (S™) contained only 50-80%
of the S variance, due to the weak salinity stratification. The reverse scenario was en-
countered in the salinity-stratified EGC region, where most of S variance was explained
by S™, and 6 fine structures made a variable but larger (up to 50%) contribution to ther-
mal variance.
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4.2 Isopycnal stirring and diapycnal mixing from a time-series station

The occurrence of density-compensated thermohaline fine-structures, and their tem-
poral variability, is clearly illustrated in the time-series station data at the Reykjanes
Ridge (Fig. 3a,b). As the rest of the IrmS, the sampling site was thermally-stratified with
a thermocline at around 50 m depth (Fig. 3a), while salinity did not exhibit a well-defined
mean vertical structure. Instead, there was substantial temporal and vertical fine-scale
variability (Fig. 3b). Although some isopycnal heaving was apparent, thermohaline vari-
ability occurred mostly at constant density, as salinity anomalies were mirrored by op-
posing temperature anomalies (Figs. 3a,b, S2, S3). The site was rather turbulent, with
e and yp values of 1078 — 10~7 W /kg and 107 — 107% K?/s in the surface layer and
thermocline, and recurrent patches of comparably intense turbulence and mixing in deeper
layers (Fig. 3a,b).

The mean rates of thermal variance dissipation (xp) and diapycnal production (PGJZ;7
Eq. 4), were similar at 1077 K?/s in the shallow thermocline (Fig. 3c), indicating a dom-
inance of thermal mixing by small-scale turbulence. However, below 100 m depth, xs was
consistently higher than PH%, due to the intensification of thermal mixing associated with
fine-scale eddy-induced variability. When averaged below 100 m, Py5 (0.15x1078 K?/s),
accounted for about one third of the overall xg (0.49x10~% K?/s). Therefore, eddy stir-
ring was the main driver of thermal mixing below the seasonal thermocline. Due to the
lack of a well-defined mean diapycnal salinity gradient, the contribution of eddy stirring
to salinity mixing was overwhelmingly dominant, even within the thermocline (Fig. 3d),
as diapycnal production (Pg; = 0.16 x 10~!* PSU?/s) explained only 1.3% of the ha-
line variance dissipation (yg = 1.27 x 10719 PSU?/s).

4.3 Regional patterns in isopycnal stirring and diapycnal mixing

The analysis of all the microstructure profiles recorded during BOCATS2 was con-
sistent with the overall dominance of mesoscale stirring below the seasonal pycnocline
(~100 m), for both temperature and salinity mixing (Fig. 4a,f). On average, small-scale
turbulence accounted for 36% of the observed mean y, (1.82x1078 K2/s), and for 16%
of the mean x5 (0.64x10~? PSU?/s). The cruise-mean values encapsulate substantial
regional differences in both the intensity of mixing and the relative importance of diapy-
cnal and isopycnal processes.

At the WEB, mixing below the seasonal thermocline was weaker than the cruise
mean, at xg = 0.39 x 1078 K2?/s and xg = 2.86 x 10719 PSU?/s, respectively. In this
thermally stratified basin, diapycnal production was sufficient to explain almost all (78%)
of the observed thermal mixing, while its contribution to salinity mixing was close to the
cruise-average value of 15% (Fig. 4b,g). The IrmS was characterised by intermediate vari-
ance destruction rates of xg = 1.21 x 1078 K?/s and ys = 3.67 x 10710 PSU?/s, re-
spectively, and a dominant role of isopycnal stirring, as diapycnal production accounted
for only 19% and 0.6% of the thermal and haline mixing, respectively (Fig. 4c,h). At the
EGC region, where turbulent kinetic energy dissipation rates were large (Fig. 1), the high-
est levels of mixing were observed at xs = 8.07x107% K?/s and x5 = 27.0x1071Y PSU?/s,
respectively. In this salinity-stratified area, the relative contribution of diapycnal haline
mixing was the highest of the cruise at 25%. The mean contribution of diapycnal mix-
ing to thermal variance dissipation sat at intermediate values of 40% below the halocline.
However, within the halocline, thermal mixing was largely associated with isopycnal stir-
ring, consistent with the sharp fine-scale thermal structures observed there (Fig. 1b).

5 Discussion

In our study, we leveraged a set of summertime microstructure observations in the
eSPNA to assess the rates of variance dissipation by small-scale diapycnal mixing and
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mesoscale eddy stirring, respectively. While employing microstructure observations for
investigating diapycnal mixing is a well-established technique in modern oceanography
(Waterhouse et al., 2014), the quantification of isopycnal stirring using this approach re-
mains relatively underexplored, with only a few notable exceptions (Ferrari & Polzin,
2005; Naveira Garabato et al., 2016; Orde-Echevarria et al., 2023). Building upon this
work, we base our analysis on a triple decomposition of the tracer variance conservation
equation, along with measurements of € and yy. Additionally, we extend previous efforts
by applying the triple decomposition to the salinity variance budget, by using the Osborn
and Cox (1972) equation to estimate xs. An quantification of the methodological un-
certainties is presented in the supplementary material.

Our analysis unveiled the dominance of mesoscale stirring in driving mixing of heat
and salt across subtropical central water and SPMW layers of the upper eSPNA. These
findings align with previous results derived from reanalysis and modeling datasets (Xu
et al., 2018; Tooth et al., 2023), which emphasize the role of lateral mixing along the po-
lar front in transforming subtropical waters into SPMW, a key component of the AMOC
(Evans et al., 2023). Our measurements further indicate that the dominance of mesoscale
processes is widespread, particularly in the Irminger Sea, extending beyond frontal re-
gions. The highest rates of energy and variance dissipation were measured at the EGC,
in line with previous observations (Lauderdale et al., 2008). Despite intense small-scale
turbulence, isopycnal stirring was also the main driver of mixing at the EGC, account-
ing for >50% of heat and salt variance dissipation. This finding is consistent with vig-
orous property exchanges between the ventilated basin interior and boundary currents,

demonstrated in idealized and realistic simulations and observations (Straneo, 2006; Briiggemann

& Katsman, 2019; Mackay et al., 2020; Le Bras et al., 2020). Such exchange is consid-
ered a critical element of the AMOC. However, it must be noted that our measurements
have limited spatio-temporal coverage, and a full quantitative assessment of the signif-

icance of mixing for the AMOC, which would require sampling all seasons, was not pos-
sible.

Beyond the general dominance of isopycnal stirring, we observed substantial tracer-
dependent regional variations in the relative importance of diapycnal and isopycnal pro-
ceseses across the eSPNA. These regional patterns appear to be primarily driven by the
degree of co-variability between large-scale tracer and density distributions. In regions
where the considered tracer is the primary driver of vertical density stratification, and
thus highly correlated with density, diapycnal mixing plays a more prominent role. For
instance, thermal mixing is predominantly diapycnal in the thermally stratified WEB,
and isopycnal in the EGC’s halocline, where diapycnal mixing makes the largest contri-
bution to salinity variance dissipation. In the Irminger Sea, where vertical density strat-
ification is relatively weak, mixing is facilitated by the existence of isopycnal gradients,
enhanced by regional ventilation and the confluence of water masses from the Arctic and
subtropics (Evans et al., 2023), leading to a dominant role of mesoscale turbulence. This
dominance is more pronounced for salinity, which exhibits small diapycnal gradients.

The prevalence of diapycnal temperature mixing in the subtropically-influenced WEB
aligns with the temperature variance budget of the subtropical thermocline at the North
Atlantic Tracer Release Experiment (NATRE) site (25°N, 30°W) (Ferrari & Polzin, 2005).
In contrast to temperature, salinity mixing in the WEB is governed by isopycnal stir-
ring. It is possible that the substantial role of isopycnal stirring is specific to the WEB'’s
location within the subpolar gyre, where strong isopycnal gradients exist, rather than
representing a general characteristic of the subtropical thermocline. However, strong isopy-
cnal property gradients and evidence for isopycnal ventilation in the lower subtropical
thermocline were also reported further south in the Azores region (Robbins et al., 2000).

The importance of isopycnal stirring in the SPMW layers of the Irminger Sea is
consistent with thermal variance budget analyses in intermediate and deep waters of the
Drake Passage and the Malvinas Confluence in the Southern Ocean (Naveira Garabato
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et al., 2016; Orde-Echevarria et al., 2023). Our results endorse the hypothesis that prop-
erties in water masses outcropping at high latitudes are preferentially mixed along isopy-
cnals (Naveira Garabato et al., 2017), while diapycnal mixing would be more important

in the subtropical thermocline. It also emerges clearly that the relative importance of
either process is strongly tracer-dependent, as well as region-dependent, yet current knowl-
edge about this variability remains limited. A large-scale investigation of the relative im-
portance of isopycnal stirring and diapycnal mixing would enhance our understanding

of how the ocean interior is ventilated.

6 Conclusions

Using microstructure observations and a small-scale tracer variance conservation
framework, our study has demonstrated that isopycnal stirring by mesoscale turbulence
is the primary driver of heat and salt mixing in the upper eastern subpolar North At-
lantic, at least during the summer season. Our findings are consistent with an impor-
tant role of mixing in the formation of subpolar mode waters from subtropical waters,
which contributes to the AMOC, and emphasize the strong isopycnal nature of these trans-
formations, a facet often overlooked in the conventional perception of the AMOC as a
primarily diapycnal phenomenon.

Isopycnal stirring emerges as a particularly crucial mechanism for salinity mixing,
with potential implications for the transport of salt to the subpolar gyre, a factor directly
impacting the AMOC by preconditioning the region for deep wintertime convection (Warren,
1983; Pradal & Gnanadesikan, 2014; Born et al., 2016). The assessment of mesoscale stir-
ring’s importance takes on new significance, especially in predicting how the AMOC might
respond to increased freshwater input from melting ice (Ditlevsen, 2023). Despite the
substantial challenge of quantifying isopycnal stirring from oceanographic observations
(Abernathey et al., 2022), the application of the variance budget method considered here,
along with the deployment of autonomous platforms like profiling floats equipped with
turbulence sensors (Roemmich, 2019), offers a promising avenue for addressing this chal-
lenge and advancing our comprehension of the climatic role of ocean mixing.

Further, our extension of the small-scale variance budget method to tracers beyond
temperature has unveiled the tracer-dependent nature of isopycnal stirring’s relative sig-
nificance. This point is particularly relevant for tracers whose large-scale distribution is
uncoupled from density, such as salinity in a temperature-stratified ocean and temper-
ature in a salinity-stratified ocean. The decoupling from density becomes more signif-
icant for tracers with biological sources or sinks, underscoring the central role of isopy-
cnal stirring in the ocean’s biogeochemical cycles (Abernathey & Ferreira, 2015; Bahl
et al., 2019; Spingys et al., 2021). Investigating this phenomenon could be pursued by
applying the variance budget method to data from an expanding fleet of biogeochem-
ical Argo floats (Bittig, 2019; Roemmich, 2019), in conjunction with direct or indirect
estimates of diapycnal mixing rates (Whalen, 2012).

7 Open Research

Hydographic and microstructure data collected during the BOCATS2 cruise are
available at SEANOE (https://doi.org/10.17882/95607), associated resources can be found
at UTM Data Centre (https://doi.org/10.20351/29SG20230608). The scripts used for
microstructure data processing are available at ZENODO (Fernandez Castro, 2023).
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Figure 1. a) Map of the microstructure stations during the BOCATS2 cruise. Dots indicate
the station positions and are color-coded by the mean value of € below 50 m depth. Station num-
bers for the beginning and end of each sub-transect are shown, together with labels for the three
analysis regions (Red: Western European Basin, WEB, stations 1-10; Green: Irminger Sea, IrmS,
stations 11-17, 28-32; Purple: East Greenland Current, EGC, stations 18-27). The background
contours represent the climatological salinity distribution at the o = 27.4 kg/m?® isopycnal based
on the World Ocean Atlas 2018 (https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/).
Panels b), ¢), d) show one profile per station of potential temperature (), practical salinity (.5)
and potential density (c¢) color coded by region. Panel e) shows the top-to-bottom density differ-
ence at each station (Ao, black), alongside partial contributions from temperature (apA6) and
salinity (-8pAS). Panel f) shows the ratio between the variance of the mean-flow component of 6
(and S), ((6™)?), to the total variance of the measured 6 (and S) profiles, {(0)?).
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Figure 2.
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fine-scale resolved potential temperature profile (Py2), which includes the contributions from
the mean flow and the mesoscale eddy components, in the context of the triple decomposition
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Figure 3. Time-series observation in station 32 over the Reykjanes Ridge. a) and b) show
the 14-hours time-series of potential temperature (6) and salinity (S) vertical profiles, with po-
tential density contours (white) overlaid. Profiles of the dissipation rates of turbulent kinetic
energy (¢) and thermal variance (xs) are shown as colored dots. Panels ¢) and d) show the time-
mean profiles of the dissipation rates of thermal and salinity variance (xg, xs, black), along with
small-scale variance production by small-scale turbulence (P;s, Pg, blue). Error bars (shading)
represent +2 standard errors. Mean values of x and P+ below 100 m depth, and their ratio, are

reported.
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Figure 4. Mean profiles of the dissipation rates of thermal and salinity variance (xs, Xs,
black), along with small-scale variance production by small-scale turbulence (P;a, PSJ.‘Q, blue) for
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reported.
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Supplementary text: Uncertainty assessment

Our triple decomposition approach involves filtering density-compensated thermohaline
fine structures from the measured property profiles to obtain “mean flow” profiles (6™,
S™) and to diagnose the rate of downscale variance transfer by small-scale turbulence
(P1). We chose to compute §™ and S™ through a polynomial fit of the observed 6 and
S with respect to oy. This choice involves an element of subjectivity and uncertainty.
Furthermore, by construction of the approach, any misfit between the polynomial fit and
the actual § and S tends to be density-compensated, resulting in a potential overestimation
of the effect of isopycnal stirring.

To gauge how this uncertainty may affect our conclusions, we tested an alternative
method using time-series station dataset, where we have enough data to estimate mean
flow profiles by performing a temporal average. To obtain ™ and S™ for each vertical cast,
we first calculated time-mean 6 and S profiles as a function of oy and then interpolated
them onto the observed gy from each cast. The vertical distribution and overall magnitude
of the alternative P+ profiles generally agree with the original results, although depth-
averaged Pp: and Pg; are roughly 30% and 70% lower, respectively (Fig. S3). This implies
a larger contribution of isopycnal stirring than originally estimated. Thus, the potential
overestimation of isopycnal stirring resulting from model misfit does not appear to be
relevant here. Instead, the apparent underestimation may arise from fitting a 4-degree
polynomial to more slowly varying 6, S, which may produce spurious vertical gradients

on the scale of ~100 m and below, not relevant for the real distribution of #™, S™ across
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isopycnals. At any rate, while there is some uncertainty associated with our calculations,
the prevalence of isopycnal over diapycnal mixing emerges as a highly robust result.

The salinity budget is also subject to uncertainties stemming from the use of the Osborn
and Cox (1972) formula (Eq. 8) to estimate xg, assuming a local balance between dissi-
pation (xs) and production by small-scale turbulence acting on fine-scale gradients (Psz2).
The accuracy of this approximation is supported by the good agreement between the
corresponding terms in the temperature variance equation (Fig. 2). To bolster our con-
fidence further, we repeated the temperature variance analysis presented in Fig. 4 using
Py instead of x4 and found excellent agreement with the original computations (Fig. S4).

There are two other potential sources of uncertainty and bias in the triple decomposition
approach: the assumptions of a constant mixing efficiency (I' = 0.2), and a negligible
contribution of double diffusive processes to variance dissipation. The former assumption
is again strongly supported by the good agreement between y, and P (Fig. 2), and
consistent with the dominant regime of turbulence in the region, with ~70% of our data
below 50 m laying on intermediate values of the buoyancy Reynolds number (Re, =
10 — 500, Fig. S5). In this Re, range, mixing efficiency is expected to be relatively
constant at ~0.2 (Ijichi et al., 2020).

The importance of double diffusion can also be ruled out on similar grounds, as turbu-
lence in the intermediate regime is likely to hamper the development of double diffusive
instabilities (St Laurent & Schmitt, 1999). Further, stratification conditions potentially
conducive to double diffusive instabilities are only observed in the WEB, due to unstable

salinity stratification (Fig. 1c). However, the density ratio, R, = (a90/0z)/(805/0z),
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is systematically greater than 2 (not shown), indicating only weak salt fingering instabil-
ity, which would be easily disrupted by shear-driven turbulence (St Laurent & Schmitt,
1999). This is consistent with the lack of thermohaline fine-scale staircase structures,

characteristic of double diffusion, throughout the BOCATS2 section.
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Figure S1. Randomly selected shear and temperature gradient wavenumber (k,) spectra,
from shear sensor 1 (a), shear sensor 2 (b), and thermistor (c), respectively, and for ¢ values
in the range 107!Y — 107 W/kg (spectra are shown in black for low &, and move from blue to
orange for for higher ¢). Dotted lines show the corresponding empirical spectra obtained through
spectral integration (shear) or fitting to the Kraichnan spectrum (temperature). The thermistor

theoretical noise curve is shown as a gray dashed line.
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Figure S2.  a) potential temperature () and salinity (S¢) mesoscale anomaly profiles for
the time-series observation in station 32 over the Reykjanes Ridge. Potential density contours
(white) are overlaid, and small-scale temperature (Pj,) and salinity (P§.) variance production

by isopcynal eddy stirring are shown as colored dots.
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(Eq. 2) instead of the measured yg.
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Figure S5. Histogram of the buoyancy Reynolds number (Re, = ¢/(vN?), where v is molecular

viscosity). Includes all of the cruise data below 50 m depth.
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