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Key Points:13

• We quantify diapycnal and isopycnal contributions to thermohaline mixing in the14

subpolar North Atlantic with microstructure observations15

• Isopycnal stirring dominates thermohaline mixing, suggesting a key role in the water-16

mass transformations driving the overturning circulation17

• The relative importance of isopycnal stirring is tracer-dependent, controlled by18

the large-scale co-variability of the tracer with density19
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Abstract20

The Atlantic Meridional Overturning Circulation entails vigorous thermohaline trans-21

formations in the subpolar North Atlantic Ocean (SPNA). There, warm and saline wa-22

ters originating in the (sub)tropics are converted into cooler and fresher waters by a com-23

bination of surface fluxes and sub-surface mixing. Using microstructure measurements24

and a small-scale variance conservation framework, we quantify the diapycnal and isopy-25

cnal contributions –by microscale turbulence and mesoscale eddies, respectively– to ther-26

mohaline mixing within the eastern SPNA. Isopycnal stirring is found to account for the27

majority of thermal (65%) and haline (84%) variance dissipation in the upper 400 m of28

the eastern SPNA. A simple dimensional analysis suggests that isopycnal stirring could29

account for O(5-10) Sv of diahaline volume flux, suggesting an important role of such30

stirring in regional water-mass transformations. Our mixing measurements are thus con-31

sistent with recent indirect estimates in highlighting the importance of isopycnal stir-32

ring for North Atlantic overturning.33

Plain Language Summary34

The North Atlantic hosts an ocean circulation system called the Atlantic Merid-35

ional Overturning Circulation (AMOC). It is often likened to a giant conveyor belt in36

the ocean, moving warm, salty waters from south to north and transforming them into37

cold, fresh waters that flow back southward at greater depth. The AMOC is a crucial38

element of the Earth’s climate, and if it were to slow down, it could lead to major cli-39

matic changes. For a long time, scientists thought that the AMOC was mainly driven40

by cooling in the North Atlantic. But recently, we have discovered that the mixing of41

different water masses is also important. In our study, we used small-scale measurements42

of ocean properties to examine the processes behind this mixing. Our findings show that43

large swirling flows known as mesoscale eddies, which are tens to hundreds of kilome-44

ters wide and hundreds of meters deep, play a dominant role in mixing heat and salt in45

the North Atlantic. This discovery helps us to better understand the AMOC and its fu-46

ture behavior.47
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1 Introduction48

The subpolar North Atlantic (SPNA) is a hotspot of ocean ventilation, resulting49

in significant exchanges of heat and greenhouse gases with the atmosphere (Pérez et al.,50

2013). This makes the SPNA an important region in the regulation of Earth’s climate.51

The relevance of the SPNA for ocean ventilation and climate is rooted in its central role52

in the global meridional overturning circulation (MOC) (Daniault et al., 2016; Lozier et53

al., 2019). Within the cyclonic pathways of the SPNA gyre, vigorous water mass trans-54

formations convert warm and salty central waters into cooler, fresher and denser sub-55

polar mode waters (SPMW) (McCartney & Talley, 1982; Brambilla & Talley, 2008; Garćıa-56

Ibáñez et al., 2015; Berglund et al., 2023) and intermediate waters. These intermediate57

waters are formed through deep convection in the Irminger (Pickart et al., 2003; De Jong58

et al., 2012) and Labrador Seas (Lazier et al., 2002). Together with denser overflows from59

the Nordic Seas, SPNA-produced waters constitute the lower limb of the Atlantic MOC60

(AMOC), which flows southward within a Deep Western Boundary Current along the61

North American margin (Daniault et al., 2016; Lozier et al., 2019).62

Traditionally, deep convection in the Labrador Sea was considered the primary source63

of dense water for the AMOC. However, recent observations and modelling studies have64

led to a paradigm shift, by which the majority of the light-to-dense water mass conver-65

sion driving the AMOC is recognized to occur in the eastern SPNA (eSPNA), specifi-66

cally in the Irminger and Nordic Seas (Lozier et al., 2019; Petit et al., 2020; Yeager et67

al., 2021). Further, while conventional understanding portrays the AMOC as an intrin-68

sically diapycnal process, recent investigations suggest that water-mass transformations69

in the SPNA involve large density-compensated (isopycnal) temperature and salinity changes70

(Zou et al., 2020; Evans et al., 2023).71

Finally, closure of the AMOC in the SPNA has been traditionally attributed to at-72

mospheric cooling (Marsh, 2000; Petit et al., 2020), yet there is growing evidence that73

interior thermohaline transformations, driven by mixing along and across density sur-74

faces, are necessary for sustaining the AMOC (Xu et al., 2018; Brüggemann & Katsman,75

2019; Mackay et al., 2020; Evans et al., 2023; Tooth et al., 2023; Bebieva & Lozier, 2023;76

Berglund et al., 2023). Diapycnal mixing contributes, for example, to the densification77

of SPMW through entrainment of overflow waters (Evans et al., 2023). In turn, mixing78

associated with isopycnal eddy stirring delivers salt into the subpolar gyre, enabling an79

increase in the density of lower-limb waters (Warren, 1983; Pradal & Gnanadesikan, 2014;80

Born et al., 2016; Evans et al., 2023). Finally, mesoscale eddies transfer, via advection81

and mixing, intermediate waters produced by deep convection in the Labrador and Irminger82

basins into the Deep Western Boundary Current, thereby connecting such waters to the83

AMOC (Straneo, 2006; Brüggemann & Katsman, 2019; Mackay et al., 2020).84

Despite the increasingly acknowledged importance of interior thermohaline trans-85

formations in the SPNA, direct observations in the area are scarce (Lauderdale et al.,86

2008; Jurado, van der Woerd, & Dijkstra, 2012; Jurado, Dijkstra, & van der Woerd, 2012;87

Ferron et al., 2014; Kunze et al., 2023), and quantification relies largely on indirect mix-88

ing estimates via inverse methods and model output analyses (Xu et al., 2018; Mackay89

et al., 2020; Evans et al., 2023; Tooth et al., 2023). Consequently, the nature of the pro-90

cesses driving these transformations remains largely unknown.91

Mixing – the destruction of property contrasts by molecular diffusion– results from92

a downscale variance cascade driven by the stirring of isopycnal property gradients by93

mesoscale eddies (horizontal scale > 10 km), and the mixing of diapycnal property gra-94

dients by microscale turbulence (horizontal and vertical scales < 10 m) (Lee et al., 1997;95

Garrett, 2001; Ferrari & Polzin, 2005; Naveira Garabato et al., 2016). The small- and96

mesoscale regimes are underpinned by different dynamics, and are likely to exhibit dis-97

tinct sensitivities to changes in forcing and potential feedbacks on the AMOC. A deeper98
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understanding of SPNA mixing processes is thus essential for unravelling the AMOC’s99

dynamics and long-term evolution.100

Pioneering work in the Southern Ocean demonstrates that microstructure turbu-101

lence observations can be used to elucidate the links between mixing, thermohaline trans-102

formations and overturning circulation, and to identify the processes responsible for such103

mixing (Naveira Garabato et al., 2016; Orúe-Echevarŕıa et al., 2023). In this study, we104

address the role of mixing in SPNA thermohaline transformations by analyzing a set of105

microstructure temperature and shear profiles, collected across the eSPNA, within a tracer106

variance budget framework (Ferrari & Polzin, 2005; Naveira Garabato et al., 2016), al-107

lowing us to disentangle the diapycnal and isopycnal contributions to mixing. Our anal-108

ysis reveals that isopycnal stirring dominates thermal and, more distinctly, haline mix-109

ing in the upper layers of the eSPNA, indicating and important contribution of mesoscale110

turbulence to the water-mass transformations responsible for the AMOC’s closure in the111

SPNA.112

2 Methods113

2.1 Observations114

Microstructure data were collected during the BOCATS2 2023 cruise across the North115

Atlantic Ocean from 9th June to 11th July 2023. The mission sampled the OVIDE re-116

peated hydrography section (WOCE A25) between Portugal and Cape Farewell (Green-117

land) (Lherminier et al., 2010, 2023), and two additional sections across the East Green-118

land Current (EGC) and the Irminger Sea, north of the A25-OVIDE line (Fig.1a). Mi-119

crostructure turbulence profiles were collected in 32 stations with a microstructure pro-120

filer (MSS, Prandke and Stips (1998)). A total of 94 profiles were obtained, with 1-3 pro-121

files per station, except in the last station (station 32) over the Reykjanes Ridge at 61.14◦N,122

27.97◦. There, a time-series consisting of 21 profiles was recorded during a 14-hour pe-123

riod (TS label in Fig.1). Profiles were performed down to depths of 300-400 m, except124

in shallower stations of the EGC.125

The MSS is equipped with two shear microstructure sensors and a temperature mi-126

crostructure sensor, complemented with a Sea&Sun high-accuracy Conductivity-Temperature-127

Depth (CTD) suite. The instrument is loosely-tethered and operates in free-falling mode128

at a vertical speed of 0.6–0.7 m s−1, sampling all variables at 1024 Hz. Profiles of con-129

servative temperature (Θ), practical salinity (SA) and surface-referenced potential den-130

sity (σ0) with 1 m vertical resolution were derived by bin-averaging the CTD output.131

The dissipation rates of turbulent kinetic energy (ε) and thermal variance (χΘ) were com-132

puted from the microstructure shear and temperature measurements, respectively, with133

a vertical resolution of 1 m from overlapping data segments of 4 m length following Piccolroaz134

et al. (2021) and Fernández Castro et al. (2022).135

Generally, ε and χΘ were determined by integration of the shear and temperature136

gradient spectra over the well-resolved wavenumber ranges, and the variance outside those137

ranges was recovered using empirical spectral forms (Nasmyth and Kraichnan, respec-138

tively) (Fernández Castro et al., 2022). Pairs of measured shear and temperature, ran-139

domly selected over the range of representative values, are presented in Fig. 2, showing140

a good agreement with the corresponding empirical spectra. Due to weak turbulence,141

shear-based ε estimates occasionally approached the instrument’s noise floor of O(10−9 Wkg−1).142

In those instances, ε was derived through fitting the temperature gradient spectrum to143

the Kraichnan spectrum (Piccolroaz et al., 2021), as this technique has a lower noise floor144

of O(10−12 Wkg−1). For consistency, in those instances χΘ was also derived from spec-145

tral fits.146
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2.2 Triple decomposition of the tracer variance budget: theory147

To investigate the relative contribution of small- and mesoscale turbulence to ther-148

mohaline mixing, we followed a triple decomposition of the small-scale tracer variance149

conservation equation (Joyce, 1977; Davis, 1994; Garrett, 2001; Ferrari & Polzin, 2005).150

This decomposition is founded on the interpretation of mixing as a tracer variance trans-151

fer from the basin scale (where variance is introduced, e.g., by air-sea fluxes) to centime-152

ter scales, where it is dissipated by molecular processes. The variance cascade follows153

two main pathways, mediated by mesoscale and microscale turbulence, respectively, as154

summarized in a diagram proposed by Garrett (2001):155

Mean flow
(Θm)

Mesoscale
(Θe)

Microscale
(Θt)

Dissipation
(χΘ)

[1]

[3]

[2]

[4]

(1)

Here, we used conservative temperature (Θ) as our reference tracer, and decomposed the156

spatio-temporal distribution of Θ into the sum of three terms, Θ = Θm + Θe + Θt.157

Θm represents the large-scale, slowly-varying (typically >100 km in the horizontal, >100158

m in the vertical, months to years and over, in time) mean distribution of temperature;159

Θe represents mesoscale (10-100 km in the horizontal, 10-100 m in the vertical, days to160

months in time) fluctuations; Θt are the microscale (<10 m in space, seconds to hours161

in time) fluctuations associated with isotropic turbulence; and χΘ is the rate of thermal162

variance dissipation by molecular processes.163

In the microscale pathway ([3] → [4]), microscale isotropic turbulence transfers tracer164

variance from the mean flow directly into microscale variability (Θt) and dissipation. This165

transfer is mediated by microscale overturns of the mean vertical density profile, i.e. through166

stirring of the diapycnal tracer gradient. The mesoscale route ([1] → [2] → [4]) starts167

with the stirring of tracer gradients along isopycnal surfaces, which results in the cre-168

ation of vertical fine-scale structures in the range of 10-100 m (Fig. 3). The variance stored169

in such mesoscale fluctuations (Θe) is finally transferred to dissipation scales by microscale170

overturning turbulence.171

Traditionally, microstructure studies have focused on the variance transfer to the172

microscale and dissipation (the combined effect of [2] + [3], leading to [4]) and expressed173

the tracer variance conservation equation in a two-term Reynolds decomposition frame-174

work. In this framework, the flow components are separated into the sum of turbulent175

fluctuations (<10 m) and a mean flow component (Θ = Θ+Θt), which includes both176

the large-scale mean flow and mesoscale fluctuations (Θ = Θm + Θe). In practice, in177

oceanographic studies, turbulent fluctuations (Θt) are defined as those related to microscale178

three-dimensional turbulence (<10 m), which results in diapycnal tracer mixing, and can179

only be measured with microstructure instruments. The mean flow component (Θ) cov-180

ers multi-meter scales of variability, which are resolved by standard (CTD) oceanographic181

measurements. The latter Θ includes the basin-scale tracer contrasts, but also fine-scale182

structures due to stirring by mesoscale motions along isopycnal surfaces (Ferrari & Polzin,183

2005).184

In the two-term Reynolds framework, and in the limit of flow and tracer fluctua-185

tions being statistically stationary and homogeneous, the tracer variance conservation186

–5–
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is expressed as:187

−2utΘt · ∇Θ︸ ︷︷ ︸
PΘ2

= 2κΘ(∇Θt)2︸ ︷︷ ︸
χΘ

(2)

where u is the flow velocity, ∇ is a three-dimensional gradient operator, and κΘ is the188

molecular diffusivity of heat. This equation expresses a local balance between the pro-189

duction of small-scale tracer variance, PΘ2 , due to the stirring of the mean-flow three-190

dimensional tracer gradient (∇Θ) by turbulent eddies (which results from the combined191

downscale transfer via the mesoscale and microscale routes, [1]+[3]), and its dissipation192

by molecular diffusion, χΘ or [4].193

By taking a gradient flux approximation (utΘt = −Kρ∇Θ), and using the facts194

that diapycnal gradients are much larger than isopycnal gradients and isopycnal layers195

are close to horizontal (|∇Θ| ≈ |∂Θ/∂z|), tracer variance dissipation can be related to196

a microscale turbulent diapycnal diffusivity (Kρ) via the widely-used Osborn and Cox197

(1972) formula:198

χΘ = PΘ2 ≈ 2Kρ

(
∂Θ

∂z

)2

(3)

The triple variance decomposition allows one to separately account for the contri-199

butions of mesoscale (isopycnal) stirring and microscale turbulence (diapycnal mixing)200

to the variance cascade. In this framework, the tracer variance conservation equation is201

expressed as (Ferrari & Polzin, 2005):202

−2⟨utΘt⟩ · ∇⊥Θ
m︸ ︷︷ ︸

P⊥
Θ2

−2⟨ueΘe⟩ · ∇||Θ
m︸ ︷︷ ︸

P
||
Θ2

= χΘ, (4)

where angled brackets represent an average over large spatial scales in comparison with203

mesoscale fluctuations, but small in comparison with the large-scale mean flow; and ∇⊥204

and ∇|| respectively denote gradient operators across and along density surfaces. In this205

framework, the dissipation of thermal variance [4] is thus balanced by the stirring of the206

mean diapycnal gradient by microscale turbulence (P⊥
Θ2 or [3]) plus the stirring of the207

large-scale isopycnal gradients by mesoscale motions (P
||
Θ2 , [1]). Mesoscale stirring gen-208

erates fine-scale vertical (10-100 m) structures, whose variance is then transferred to the209

microscale by microscale turbulence ([2]), eventually resulting in molecular dissipation210

([4]).211

By applying a flux-gradient relationship, P⊥
Θ2 can be linked to the microscale di-212

apycnal diffusivity:213

P⊥
Θ2 = 2Kρ(∇⊥Θ

m)2, (5)

and the contribution of eddy stirring to mixing can be diagnosed as:214

P
||
Θ2 = χΘ − P⊥

Θ2 = χΘ − 2Kρ(∇⊥Θ
m)2. (6)

2.3 Triple decomposition of the tracer variance budget: Implementa-215

tion216

By applying the variance budget framework (Eqs. 4-6) to BOCATS2 microstruc-217

ture data, we assessed the relative contribution of microscale turbulence and mesoscale218

stirring to the mixing of heat (and salt) in the eSPNA. To do so, we used microstruc-219

ture observations of χΘ to quantify total heat mixing, and we estimated the contribu-220

tion of microscale turbulence by quantifying P⊥
Θ2 using equation 5. We finally inferred221

the contribution of isopycnal stirring from the difference between χΘ and P⊥
Θ2 (Eq. 6).222

Quantifying the contribution of microscale turbulence to mixing (i.e. diapycnal mix-223

ing) from observed Θ profiles (here the overbar denotes tracer profiles measured by our224
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profiler’s CTD probe with meter-scale resolution) involves some degree of spatial or tem-225

poral averaging to remove fluctuations associated with mesoscale stirring, to estimate226

Θm and compute P⊥
Θ2 via Eq. 5 (Ferrari & Polzin, 2005). Such averaging is impracti-227

cal in most stations of our dataset, where spatio-temporal information is lacking. To over-228

come this limitation, we smoothed the measured profiles through a 4-degree polynomial229

fit against σ0 over the full range of measured depths, in order to obtain a set of Θm pro-230

files (see example in Fig. 3):231

Θm = f(a0 + a1 · σ0 + . . .+ a4 · σ4
0) (7)

Although the choice of a 4-degree polynomial is somewhat arbitrary, our results proved232

relatively insensitive to the precise choice or smoothing method.233

This approach removes the density-compensated vertical fine-scale structures (10−234

100m length scales) associated with isopycnal stirring. Those structures are the element235

connecting the mesoscale variance cascade to microscale turbulence and dissipation. There-236

fore, removing the fine-scale vertical structures allows one to isolate the contribution of237

mesoscale stirring from the observed mixing. Herewith, we refer to this particular form238

of Θm profiles as “background” profiles, instead of the more general “large-scale mean”239

profiles, to avoid the ambiguity of scale in the definition of a “large-scale mean”.240

The diapycnal production term (Eq. 5) was then estimated using the vertical gra-241

dients of Θm, assuming that isopycnals are nearly horizontal:242

P⊥
Θ2 = 2Kρ

(
∂Θm

∂z

)2

. (8)

Here, the diapycnal diffusivity was calculated using the Osborn (1980) formula:243

Kρ = Γ
ε

N
2 (9)

where Γ is the mixing efficiency, assumed to take a constant value of Γ = 0.2 (Oakey,244

1982), and N
2
= −g/ρ∂ρ̄/∂z is the buoyancy frequency. The density gradient is cal-245

culated by linear fitting of the measured density profile against depth over 4 m segments246

(the same vertical scale over which ε and χΘ are calculated).247

The same diagnosis of the mixing contributions was performed for salinity. How-248

ever, while P⊥
S2 is computed in the same way as P⊥

Θ2 , χS could not be obtained directly249

from microstructure salinity observations as those were not available. We circumvented250

this issue by using the Osborn and Cox (1972) formula (Eq. 3) to estimate χS from Kρ251

and the fine-scale vertical salinity gradient as measured by the microprofiler’s CTD suite252

(∂SA/∂z):253

χS ≈ 2Kρ

(
∂SA

∂z

)2

, (10)

where ∂SA/∂z is determined by linear fitting over 4 m segments (similar to N
2
). This254

approximation assumes that χS is balanced locally by the effect of stirring by microscale255

turbulence on fine-scale tracer gradients (PS2). The assumption is clearly met for Θ, for256

which χΘ and PΘ2 agree within a factor of 2 over 5 orders of magnitude (Fig. 4), sug-257

gesting that Eq. 10 is an adequate approximation for estimating χS .258

3 Results259

3.1 Hygrography260

The BOCATS2 microstructure survey stations covered the broad range of hydro-261

graphic conditions characterising the eSPNA, which reflect the transformation of cen-262

tral waters into SPMW (McCartney & Talley, 1982; Brambilla & Talley, 2008; Garćıa-263

Ibáñez et al., 2015; Stendardo et al., 2024). The eastern section (stations 1-10, Fig 1)264

–7–
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sampled the relatively warm (10-20 ◦C), salty (> 35.75 g kg−1) and light (σ0 < 27.4265

kg m−3) central waters of the Western European Basin (WEB) (Fig. 5). The upper ocean266

(<400 m) of the WEB was strongly stratified, with a ∼1 kg m−3 contrast between the267

upper and deeper sampled layers (Fig. 5c, 6a). WEB stratification was dominated by268

temperature differences, whilst haline stratification was weakly unstable (Fig. 5a,b, 6a).269

The western sections sampled across the Irminger Sea (IrmS) and the East Greenland270

Current (EGC) (Fig. 1). Below a shallow seasonal thermocline, IrmS waters were cooler271

(3-11 ◦C) and fresher (35.0-35.6 g kg−1) than WEB waters, and also denser, with σ0 >272

27.5 kg m−3 (Fig. 5), as is characteristic of SPMW (Brambilla & Talley, 2008; Stendardo273

et al., 2024). The upper IrmS was also thermally stratified, but more weakly than the274

WEB, with a density difference of ∼0.7 kg m−3 (Fig. 6a). The salinity profiles were rather275

homogeneous (Fig. 5b), resulting in very weak haline stratification (Fig. 6a). Finally, the276

offshore waters of the EGC showed a large overlap in thermohaline properties with IrmS277

waters, at least below 100 m depth. However, shallower depths were markedly cooler,278

fresher and lighter, particularly in the inner EGC, with temperatures and salinities as279

low as -1◦C and 30 g kg−1 (Fig. 5). Contrary to the WEB and IrmS, the strong strat-280

ification of EGC waters (>1 kg m−3 in inshore stations) was salinity-driven (Fig. 6a).281

Overall, BOCATS2 sampled across a northwestward gradient of decreasing tem-282

perature and salinity, which is partially density-compensated. This partial compensa-283

tion permits the existence of substantial thermohaline gradients along isopycnals (as seen284

in the climatological SA distribution shown in Fig. 1a). Mesoscale eddies acting on these285

large-scale thermohaline gradients produce measurable density-compensated thermoha-286

line fine-scale vertical structures (Fig. 5a,b). Such fine structures make different contri-287

butions to the overall vertical variance of Θ and SA in different regions (Fig. 6b), reflect-288

ing the relative importance of isopycnal stirring. Due to the strong thermal stratifica-289

tion in the WEB and IrmS, almost 100% of the Θ vertical variance corresponds to the290

background profile (Θm), although density-compensated fine-scale thermal structures as-291

sociated with eddy stirring were also evident there (Fig. 5a). Fine-scale structures had292

a larger imprint on salinity vertical variance in those same regions, where the background293

salinity profile (Sm
A ) contained only 50-80% of the SA variance, due to the weak salin-294

ity stratification (Fig. 6b). The reverse scenario was encountered in the salinity-stratified295

EGC region, where most of SA variance was explained by Sm
A , and Θ fine structures made296

a variable but larger (up to 50%) contribution to thermal variance.297

3.2 Isopycnal stirring and diapycnal mixing from a time-series station298

The occurrence of density-compensated thermohaline fine structures, and their tem-299

poral variability, is clearly illustrated in the 14-hour time-series station data at the Reyk-300

janes Ridge (Fig. 7). As the rest of the IrmS, the sampling site was thermally-stratified301

with a thermocline at around 50 m depth (Fig. 7a), while salinity did not exhibit a well-302

defined mean vertical structure (Fig. 7b). Instead, there was substantial temporal and303

vertical fine-scale variability (Fig. 7b,d). Although some isopycnal heaving was appar-304

ent, thermohaline variability occurred mostly at constant density, as salinity anomalies305

were mirrored by opposing temperature anomalies (Fig. 7c,d). The site was rather tur-306

bulent, with ε and χΘ values of 10−8 − 10−7 W kg−1 and 10−7 − 10−6 K2 s−1 in the307

surface layer and thermocline, and recurrent patches of comparably intense turbulence308

and mixing in deeper layers (Fig. 7a,b).309

The mean rates of thermal variance dissipation (χΘ – from microstructure mea-310

surements) and diapycnal production (P⊥
Θ2 , Eq. 5), were similar at 10−7 K2 s−1 in the311

shallow thermocline (Fig. 8a), indicating a dominance of thermal mixing by microscale312

turbulence. However, below 100 m depth, χΘ was consistently higher than P⊥
Θ2 , due to313

the intensification of thermal mixing associated with fine-scale eddy-induced variabil-314

ity. When averaged below 100 m, P⊥
Θ2 (0.16 × 10−8 K2 s−1) accounted for about one315

third of the overall χΘ (0.49×10−8 K2 s−1) (Fig. 8a). Therefore, eddy stirring was the316
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main driver of thermal mixing below the seasonal thermocline. Due to the lack of a well-317

defined mean diapycnal salinity gradient, the contribution of eddy stirring to salinity mix-318

ing was overwhelmingly dominant, even within the thermocline (Fig. 8b), as diapycnal319

production (P⊥
S2 = 0.17×10−11 (g kg−1)2 s−1) explained only 1.3% of the haline vari-320

ance dissipation (χS = 1.27× 10−10 (g kg−1)2 s−1).321

3.3 Regional patterns in isopycnal stirring and diapycnal mixing322

The analysis of all the microstructure profiles recorded during BOCATS2 was con-323

sistent with the overall dominance of mesoscale stirring below the seasonal pycnocline324

(∼100 m), for both temperature and salinity mixing (Figs. 9a, 10a). On average, mi-325

croscale turbulence accounted for 37% of the observed mean χΘ (1.82×10−8 K2 s−1),326

and for 17% of the mean χS (6.4× 10−10 (g kg−1)2 s−1). The cruise-mean values en-327

capsulate substantial regional differences in both the intensity of mixing and the rela-328

tive importance of diapycnal and isopycnal processes.329

At the WEB, mixing below the seasonal thermocline was weaker than the cruise330

mean, at χΘ = 0.39 × 10−8 K2 s−1 and χS = 2.9 × 10−10 (g kg−1)2 s−1 (Figs. 9b,331

10b). In this thermally stratified basin, diapycnal production was sufficient to explain332

almost all (84%) of the observed thermal mixing (Fig. 9b), while its contribution to salin-333

ity mixing was close to the cruise-average value of 17% (Fig. 10b). The IrmS was char-334

acterised by intermediate variance destruction rates of χΘ = 1.21 × 10−8 K2 s−1 and335

χS = 3.7 × 10−10 (g kg−1)2 s−1 and a dominant role of isopycnal stirring, as diapyc-336

nal production accounted for only 20% and 0.6% of the thermal and haline mixing, re-337

spectively (Fig. 9c, 10c). In the EGC region, where turbulent kinetic energy dissipation338

rates were large (Fig. 1b), the highest levels of mixing were observed at χΘ = 8.07 ×339

10−8 K2 s−1 and χS = 27.0×10−10 (g kg−1)2 s−1 (Fig. 9d, 10d). In this salinity-stratified340

area, the relative contribution of diapycnal haline mixing was the highest of the cruise341

at 26%. The mean contribution of diapycnal mixing to thermal variance dissipation sat342

at intermediate values of 42% below the halocline. However, within the halocline, ther-343

mal mixing was largely associated with isopycnal stirring, consistent with the sharp fine-344

scale thermal structures observed there (Fig. 5a).345

4 Limitations346

4.1 Validity of assumptions347

The triple decomposition framework employed in this study has great potential to348

unravel the contributions of microscale and mesoscale turbulence to mixing; however,349

the method relies on several assumptions and choices entailing uncertainties and poten-350

tial biases. Here, we assess to which extent our main conclusions may be impacted by351

such uncertainties.352

One key assumption is that the mixing efficiency is relatively constant at Γ = 0.2,353

which enables estimation of the diapycnal variance production (P⊥
Θ2) via Eqs. 8 and 9.354

The validity of this assumption is strongly supported by the good agreement, through-355

out the cruise data set, between thermal variance dissipation (χΘ) and its production356

via turbulent stirring of fine-scale gradients (PΘ2) (Fig. 4), since the estimation of PΘ2357

involves the use of a constant Γ = 0.2 in Eq. 9. The relative constancy of the mixing358

efficiency is consistent with the dominant regime of turbulence in the region. An eval-359

uation of the buoyancy Reynolds number (Reb = ε/(νN
2
), where ν ≈ 10−6 m2 s−1 is360

molecular viscosity) shows that ∼70% of our data below 50 m lay at intermediate Reb361

values (Reb = 10 − 500, Fig. 11), in a range in which mixing efficiency is expected to362

be almost constant at ∼0.2 (Ijichi et al., 2020).363
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The estimation of χS via the Osborn and Cox (1972) formula (Eq. 10), by equat-364

ing it to PS2 , involves the additional assumption that variance dissipation (χS) is bal-365

anced locally by production via turbulent stirring of fine-scale (1-10 m) gradients (PS2),366

in the context of the two-term Reynolds decomposition. Therefore, the temporal vari-367

ability and advection terms in the small-scale variance conservation equation are neglected.368

A local balance between variance dissipation and production by microscale turbulence369

is also required for the computation of the diapycnal mixing rates (P⊥) via Eq. 8 and,370

therefore, for our estimation of the relative contributions of microscale and mesoscale371

processes to mixing. The validity of this assumption is again strongly endorsed by the372

good agreement between χΘ and PΘ2 (Fig. 4). To further ascertain the robustness the373

local production-dissipation balance and the approximation of χS by PS2 , we repeated374

the temperature variance analysis presented in Fig. 9, using PΘ2 instead of χΘ, and found375

good agreement (within a factor of 2 or less) with the original computations (Fig. 12).376

A third relevant assumption is that double-diffusive processes make negligible con-377

tributions to the temperature and salinity variance budgets. The importance of double378

diffusion can also be ruled out on the grounds of the prevailing turbulence regime, as the379

observed intermediate levels of turbulence are likely to disrupt the development of dou-380

ble diffusive instabilities (St Laurent & Schmitt, 1999). Further, stratification conditions381

potentially conducive to double diffusion were only observed in the WEB, associated with382

unstable salinity stratification (Fig. 6a). However, the density ratio, Rρ = (α∂Θ/∂z)/(β ∂SA/∂z)383

was systematically greater than 2 there (not shown), indicating only weak salt finger-384

ing instability, which would be easily disrupted by shear-driven turbulence (St Laurent385

& Schmitt, 1999). This is also in line with the absence of well-defined thermohaline stair-386

cases, characteristic of double diffusion, throughout the BOCATS2 section (Fig. 5a,b).387

In addition to these assumptions, the triple decomposition approach involves se-388

lecting a method for filtering density-compensated thermohaline fine structures from the389

measured property profiles to obtain the background Θm, Sm
A profiles, and diagnose the390

rate of downscale variance transfer by microscale turbulence (P⊥). Due to the lack of391

data to obtain spatio-temporal averages, we chose to compute Θm and Sm
A through a poly-392

nomial fit to the observed Θ and SA against σ0. This choice entails some degree of sub-393

jectivity and uncertainty. Furthermore, by construction of the approach, any misfit be-394

tween the polynomial function and the actual Θ and SA tends to be density-compensated,395

resulting in potential overestimation of the contribution of isopcynal stirring to mixing.396

To gauge how this uncertainty may influence our conclusions, we tested an alter-397

native method using the time-series station dataset, for which we have enough data to398

estimate background profiles via time averaging. To obtain Θm and Sm
A for each verti-399

cal cast, we first calculated time-mean Θ and SA profiles as a function of σ0 and then400

interpolated them onto the observed σ0 from each cast. The vertical distribution and401

overall magnitude of the alternative P⊥ profiles agree well with the original results, al-402

though depth-averaged P⊥
Θ2 and P⊥

S2 are roughly 30% and 70% lower, respectively (Fig.403

13, compared to Fig. 8). This would imply a larger contribution of isopycnal stirring than404

originally estimated. Thus, the potential overestimation of isopycnal stirring resulting405

from the function misfit is not relevant here. Instead, the apparent underestimation may406

arise from fitting a 4-degree polynomial to more slowly varying measured Θ and SA pro-407

files, yielding vertical gradients on the scale of ≲100 m, which may not be representa-408

tive of the actual “large-scale mean” Θm, Sm
A distributions. At any rate, while there is409

some uncertainty associated with our calculations, the prevalence of isopycnal over di-410

apycnal mixing emerges as a highly robust result.411

4.2 Temporal variability412

The main drawback of our observations and analysis is their limited spatio-temporal413

coverage, being restricted to the summer season of a specific year, whilst hydrographic414
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conditions vary across a broad range of timescales in the subpolar North Atlantic, from415

seasonal to decadal. Such changes may modulate the magnitude and significance of mix-416

ing and its drivers. Notably, over the past twenty years, the region has experienced a cy-417

cle of cooling and freshening culminating in 2016, and subsequent warming (Holliday et418

al., 2020; Desbruyères et al., 2021). To ascertain to which extent these changes may have419

led to different mixing conditions, we analyse a microstructure dataset collected in the420

WEB and IrmS during the OVIDE cruise 2008, prior to the onset of the freshening cy-421

cle (Fig. 14).422

The mean thermal and haline variance dissipation and diapycnal production pro-423

files (Fig. 14) are similar in magnitude and shape to 2023 observations (Figs. 9, 10). Depth-424

averaged χΘ were 0.75× 10−8 K2 s−1 and 0.72× 10−8 K2 s−1 in the WEB and IrmS,425

respectively, with diapycnal production accounting for 0.20× 10−8 K2 s−1 and 0.15×426

10−8 K2 s−1 in each case (Fig. 14a,b). All rates are within a factor of two the 2023 ob-427

servations (Fig. 9b,c). The relative contribution of diapycnal mixing was almost iden-428

tical in the IrmS at 20%, but it was lower in the WEB at 27% compared to 84% in 2023.429

However, the χΘ and P⊥
Θ2 profiles were generally closer in value in the WEB (Fig. 14a)430

than in the IrmS (Fig. 14b), as in 2023. Depth-averaged salinity variance dissipation rates431

were 3.2 × 10−10 (g kg−1)2 s−1 and 4.9 × 10−10 (g kg−1)2 s−1 (Fig. 14c,d), also very432

close to the 2023 values (Fig. 10b,c). The relative contributions of diapycnal mixing to433

haline variance dissipation were 12% and 2.7% in the WEB and IrmS, respectively, in434

line with similarly low contributions of 16% and 0.6% in 2023.435

Overall, the analysis of the 2008 dataset suggests that our main findings hold on436

interannual time-scales. To gain insight into the role of seasonal variations, and further437

strengthen general confidence in our results, we estimated the contributions of microscale438

and mesoscale turbulence to mixing using an entirely independent approach based on439

annual-mean climatological data. We used long-term averaged temperature (and salin-440

ity) distributions from the World Ocean Atlas 2018 (Boyer et al., 2018), and global maps441

of diapycnal and isopycnal diffusivity from internal-wave (de Lavergne et al., 2020) and442

mixing-length theories (Groeskamp et al., 2020), to estimate diapycnal and isopycnal ther-443

mal (and haline) variance production rates. These terms were calculated as P⊥
Θ2 = 2Kρ(∇⊥Θ

m)2,444

and P
||
Θ2 = 2K||(∇||Θ

m)2, respectively, where K|| is the isopycnal diffusivity from Groeskamp445

et al. (2020) and Kρ is the diapycnal diffusivity from de Lavergne et al. (2020). The di-446

apycnal (∇⊥) and isopycnal (∇||) tracer gradients were estimated after mapping Θ (and447

SA) onto neutral density coordinates. Following Eq. 4, we estimated thermal variance448

dissipation as χΘ = P⊥
Θ2+P

||
Θ2 , and equivalently for salinity. The different mixing rate449

profiles were interpolated from the climatology grid onto the locations of the BOCATS2450

cruise stations.451

Climatological mixing rates are included in Figs. 9b,c and 10b,c, with black dots452

showing total mixing (diapycnal plus isopycnal, that is, χ = P⊥ + P ||) and blue dots453

showing diapycnal variance production (P⊥). The climatological estimates compare well454

with observations, in terms of both the mixing rates’ absolute values and the relative con-455

tributions of diapycnal and isopycnal processes (Fig. 9, 10). They are compatible with456

an important role of isopycnal stirring in the mixing of heat and, more substantially, salt457

in the IrmS (Fig. 9c, 10c); and a more notable contribution of diapycnal processes to458

thermal mixing in the WEB (Fig. 9b). Comparison in the EGC was not possible due to459

the lack of climatological data in this shallower region. The climatological estimates thus460

broadly align with our observational results, and lend some support to their relevance461

beyond the summer season of 2023.462

5 Discussion463

In our study, we leveraged a set of summertime microstructure observations in the464

eSPNA to assess the rates of variance dissipation by microscale diapycnal mixing and465
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mesoscale isopycnal stirring, respectively. While employing microstructure observations466

for investigating diapycnal mixing is a well-established technique in modern oceanogra-467

phy (Waterhouse et al., 2014), the quantification of isopycnal stirring using this approach468

remains relatively underexplored, with only a few notable exceptions (Ferrari & Polzin,469

2005; Naveira Garabato et al., 2016; Orúe-Echevarŕıa et al., 2023). Building upon this470

work, we base our analysis on a triple decomposition of the tracer variance conservation471

equation, along with measurements of ε and χΘ. Additionally, we extend previous ef-472

forts by applying the triple decomposition to the salinity variance budget, by using the473

Osborn and Cox (1972) equation to estimate χS .474

Our analysis unveiled the dominance of mesoscale stirring in driving mixing of heat475

and, more importantly, salt across central water and SPMW layers of the upper eSPNA.476

These findings align with previous results derived from reanalysis and modeling datasets477

(Xu et al., 2018; Tooth et al., 2023), which emphasize the role of lateral mixing along478

the inter-gyre boundary and Polar Front in transforming central waters into SPMW, a479

key component of the AMOC (Evans et al., 2023; Berglund et al., 2023). Our measure-480

ments further indicate that the dominance of mesoscale processes is widespread, partic-481

ularly in the Irminger Sea, extending beyond frontal regions. The highest rates of en-482

ergy and variance dissipation were measured at the EGC, in line with previous obser-483

vations (Lauderdale et al., 2008). Despite intense microscale turbulence there, isopyc-484

nal stirring was also the main driver of mixing at the EGC, accounting for >50% of heat485

and salt variance dissipation. This finding is consistent with vigorous isopycnal prop-486

erty exchanges between the ventilated basin interior and boundary currents, demonstrated487

in idealized and realistic simulations, as well as observations (Straneo, 2006; Brüggemann488

& Katsman, 2019; Mackay et al., 2020; Le Bras et al., 2020). Such exchange is consid-489

ered a critical element of the AMOC.490

Our findings are therefore qualitatively in accord with an important role of isopy-491

cnal stirring in the AMOC. A more quantitative measure of the significance of this role492

can be drawn directly from our observations. A time-scale for salinity homogeneisation493

by isopycnal stirring can be derived from the large-scale salinity variance over the eS-494

PNA on a representative isopycnal (e.g., a standard deviation of std(SA) = 0.3 − 0.5495

g kg−1 at σ0 = 27.4 kg m−3, Fig. 1), and the regional-mean salinity variance dissipa-496

tion due to isopycnal stirring (∼ 5.3 × 10−10 (g kg−1)2 s−1, Fig. 10a). The resulting497

time-scale (τ = std(SA)
2/χS) is in the range of 5-15 years. If such time-scale is rep-498

resentative of the upper ocean volume (depths of h < 500 m) over the surface area of499

the eSPNA between the BOCATS2 section and the Greenland-Iceland-Scotland ridge500

(A ≈ 3.8 × 1012 m2), isopycnal mixing could be responsible for Ah/τ = 4 − 11 Sv (1501

Sv = 106 m3 s−1) of diahaline overturning.502

These isopycnal transformations are smaller, but comparable to the mean diapy-503

cnal overturning circulation in the region (10-20 Sv, Lherminier et al. (2010); Lozier et504

al. (2019)), and consistent with the rates of formation of SPMW (Garćıa-Ibáñez et al.,505

2015; Stendardo et al., 2024). This simple analysis thus suggests that diahaline trans-506

formation by isopycnal stirring may be an important process in the formation of SPMW507

and, by extension, the AMOC. A drawback of this estimate is that our measurements508

have limited spatio-temporal coverage. A full assessment of the role of mixing in the AMOC’s509

mean state and variability would require extensive microstructure observations across510

the subpolar gyre to resolve the range of spatio-temporal variability of mixing in the re-511

gion.512

Apart from the general dominance of isopycnal stirring, we observed substantial513

tracer-dependent regional variations in the relative importance of diapycnal and isopy-514

cnal processes across the eSPNA. These regional patterns appear to be primarily driven515

by the degree of co-variability between large-scale tracer and density distributions. In516

regions where the considered tracer is the primary driver of vertical density stratifica-517

tion, and thus highly correlated with density, diapycnal mixing plays a more prominent518
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role. For instance, thermal mixing is predominantly diapycnal in the thermally strati-519

fied WEB, and isopycnal in the EGC’s halocline, where diapycnal mixing makes the largest520

contribution to salinity variance dissipation. In the Irminger Sea, where vertical density521

stratification is relatively weak, mixing is facilitated by the existence of thermohaline gra-522

dients on isopycnal surfaces, maintained by air-sea fluxes and the confluence of water masses523

from the northern (Arctic, Nordic Seas) and southern (subtropical) latitudes (Evans et524

al., 2023), leading to a dominant role of mesoscale turbulence. This dominance is more525

pronounced for salinity, which exhibits small diapycnal gradients.526

The prevalence of diapycnal temperature mixing in the subtropically-influenced WEB527

aligns with the temperature variance budget of the subtropical thermocline at the North528

Atlantic Tracer Release Experiment (NATRE) site (25◦N, 30◦W) (Ferrari & Polzin, 2005).529

In contrast to temperature, salinity mixing in the WEB is governed by isopycnal stir-530

ring. It is possible that the substantial role of isopycnal stirring is specific to the WEB’s531

location at the boundary between between the subtropical and subpolar gyres, where strong532

gradients exist along isopycnals, rather than representing a general characteristic of the533

subtropical thermocline. The WEB is the region of largest eddy kinetic energy in our534

sampling section (Fig. 1b), possibly contributing to the importance of eddy stirring there.535

However, strong isopycnal property gradients and evidence for isopycnal ventilation in536

the lower subtropical thermocline were also reported further south in the Azores region537

(Robbins et al., 2000).538

The importance of isopycnal stirring in the SPMW layers of the Irminger Sea is539

consistent with thermal variance budget analyses in intermediate and deep waters of the540

Drake Passage and the Malvinas Confluence in the Southern Ocean (Naveira Garabato541

et al., 2016; Orúe-Echevarŕıa et al., 2023). Our results endorse the hypothesis that prop-542

erties in water masses outcropping at high latitudes are preferentially mixed along isopy-543

cnals (Naveira Garabato et al., 2017), while diapycnal mixing would be more important544

in the subtropical thermocline. It also emerges clearly that the relative importance of545

either process is strongly tracer-dependent, as well as region-dependent, yet current knowl-546

edge about this variability remains limited. A large-scale investigation of the relative im-547

portance of isopycnal stirring and diapycnal mixing would enhance our understanding548

of how heat and chemicals are redistributed within the ocean.549

6 Conclusions550

Using microstructure observations and a small-scale tracer variance conservation551

framework, our study has demonstrated that isopycnal stirring by mesoscale turbulence552

is the primary driver of heat and salt mixing in the upper eastern subpolar North At-553

lantic. Our findings are consistent with an important role of mixing in the formation of554

subpolar mode waters from central waters, which contributes to the AMOC, and em-555

phasize the strong isopycnal nature of these transformations, a facet often overlooked556

in the conventional perception of the AMOC as a primarily diapycnal phenomenon.557

Isopycnal stirring emerges as a particularly crucial mechanism for salinity mixing,558

with potential implications for the transport of salt to the subpolar gyre (Berglund et559

al., 2023), a factor directly impacting the AMOC by preconditioning the region for deep560

wintertime convection (Warren, 1983; Pradal & Gnanadesikan, 2014; Born et al., 2016).561

The assessment of mesoscale stirring’s importance takes on new significance, especially562

in predicting how the AMOC might respond to increased freshwater input from melt-563

ing ice (Ditlevsen, 2023). Despite the substantial challenge of quantifying isopycnal stir-564

ring from oceanographic observations (Abernathey et al., 2022), the application of the565

variance budget method considered here, along with the deployment of autonomous plat-566

forms like profiling floats equipped with turbulence sensors (Roemmich, 2019), offers a567

promising avenue for addressing this challenge and advancing our comprehension of the568

climatic role of ocean mixing.569
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Further, our extension of the small-scale variance budget method to tracers beyond570

temperature has unveiled the tracer-dependent nature of the relative significance of isopy-571

cnal stirring. This point is particularly relevant for tracers whose large-scale distribu-572

tion is uncoupled from density, such as salinity in a temperature-stratified ocean and tem-573

perature in a salinity-stratified ocean. The decoupling from density becomes more sig-574

nificant for tracers with biological sources or sinks, underscoring the central role of isopy-575

cnal stirring in the ocean’s biogeochemical cycles (Abernathey & Ferreira, 2015; Eden576

& Greatbatch, 2009; Bahl et al., 2019; Spingys et al., 2021). Investigating this phenomenon577

could be pursued by applying the variance budget method to data from an expanding578

fleet of biogeochemical Argo floats (Bittig, 2019; Roemmich, 2019), in conjunction with579

direct or indirect estimates of diapycnal mixing rates (Whalen et al., 2012).580

7 Open Research581

Hydographic and microstructure data collected during the BOCATS2 cruise are582

available at SEANOE (https://doi.org/10.17882/95607), associated resources can be found583

at UTM Data Centre (https://doi.org/10.20351/29SG20230608). The scripts used for584

microstructure data processing are available at ZENODO (Fernández Castro, 2023).585
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P. C., . . . Ŕıos, A. F. (2013). Atlantic Ocean CO2 uptake reduced by weak-775

ening of the meridional overturning circulation. Nature Geoscience, 6 (2),776

146–152. doi: 10.1038/ngeo1680777

Robbins, P. E., Price, J. F., Owens, W. B., & Jenkins, W. J. (2000). The Impor-778

tance of Lateral Diffusion for the Ventilation of the Lower Thermocline in the779

Subtropical North Atlantic. Journal of Physical Oceanography , 30 , 67–89.780

Roemmich, D. (2019). On the Future of Argo: A Global, Full-Depth, Multi-781

Disciplinary Array. Frontiers in Marine Science, 6 , 439. doi: 10.3389/782

fmars.2019.00439783

–17–



manuscript submitted to Journal of Geophysical Research: Oceans

Spingys, C. P., Williams, R. G., Tuerena, R. E., Naveira Garabato, A., Vic, C.,784

Forryan, A., & Sharples, J. (2021). Observations of Nutrient Supply by785

Mesoscale Eddy Stirring and Small-Scale Turbulence in the Oligotrophic786

North Atlantic. Global Biogeochemical Cycles, 35 (12), e2021GB007200. doi:787

10.1029/2021GB007200788

Stendardo, I., Buongiorno Nardelli, B., Durante, S., Iudicone, D., & Kieke, D.789

(2024). Interannual Variability of Subpolar Mode Water in the Subpolar North790

Atlantic. Journal of Geophysical Research: Oceans, 129 (3), e2023JC019937.791

doi: 10.1029/2023JC019937792

St Laurent, o., & Schmitt, R. W. (1999). The Contribution of Salt Fingers to Verti-793

cal Mixing in the North Atlantic Tracer Release Experiment. Journal of Phys-794

ical Oceanography , 29 (7), 1404–1424. doi: 10.1175/1520-0485(1999)029⟨1404:795

TCOSFT⟩2.0.CO;2796

Straneo, F. (2006). On the Connection between Dense Water Formation, Overturn-797

ing, and Poleward Heat Transport in a Convective Basin*. Journal of Physical798

Oceanography , 36 (9), 1822–1840. doi: 10.1175/JPO2932.1799

Tooth, O. J., Johnson, H. L., Wilson, C., & Evans, D. G. (2023). Seasonal over-800

turning variability in the eastern North Atlantic subpolar gyre: a Lagrangian801

perspective. Ocean Science, 19 (3), 769–791. doi: 10.5194/os-19-769-2023802

Warren, B. A. (1983). Why is no deep water formed in the North Pacific? Journal803

of Marine Research, 41 , 327–347.804

Waterhouse, A. F., MacKinnon, J. A., Nash, J. D., Alford, M. H., Kunze, E., Sim-805

mons, H. L., . . . Lee, C. M. (2014). Global Patterns of Diapycnal Mixing806

from Measurements of the Turbulent Dissipation Rate. Journal of Physical807

Oceanography , 44 (7), 1854–1872. doi: 10.1175/JPO-D-13-0104.1808

Whalen, C. B., Talley, L. D., & MacKinnon, J. A. (2012). Spatial and temporal809

variability of global ocean mixing inferred from Argo profiles. Geophysical Re-810

search Letters, 39 (18). doi: 10.1029/2012GL053196811

Xu, X., Rhines, P. B., & Chassignet, E. P. (2018). On Mapping the Diapycnal Wa-812

ter Mass Transformation of the Upper North Atlantic Ocean. Journal of Phys-813

ical Oceanography , 48 , 2233–2258. doi: 10.1175/JPO-D-17-0223.1814

Yeager, S., Castruccio, F., Chang, P., Danabasoglu, G., Maroon, E., Small, J., . . .815

Zhang, S. (2021, October). An outsized role for the Labrador Sea in the mul-816

tidecadal variability of the Atlantic overturning circulation. Science Advances,817

7 (41), eabh3592. (Publisher: American Association for the Advancement of818

Science) doi: 10.1126/sciadv.abh3592819

Zou, S., Lozier, M. S., Li, F., Abernathey, R., & Jackson, L. (2020). Density-820

compensated overturning in the Labrador Sea. Nature Geoscience, 13 (2),821

121–126. doi: 10.1038/s41561-019-0517-1822

–18–



manuscript submitted to Journal of Geophysical Research: Oceans

Figure 1. Maps of the BOCATS2 cruise microstructure stations. Dots indicate the

station positions and are color-coded by (a) sampling region (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), and (b) mean value of ε below 50 m depth. Station numbers for

the beginning and end of each sub-transect are shown, together with labels for the three analysis

regions. The background contours represent: (a) climatological absolute salinity SA distribution

at the σ0 = 27.4 kg m−3 isopycnal based on the World Ocean Atlas 2018 (Boyer et al., 2018),

(b) mean satellite-derived eddy kinetic energy over the cruise duration (dataset dataset-duacs-

nrt-global-merged-allsat-phy-l4 from https://marine.copernicus.eu). The basin-scale contrast

of salinity on an isopycnal (a) illustrates the large density-compensated thermohaline gradients

characterizing in this region, which provide necessary conditions for isopycnal stirring to have a

relevant contribution to mixing.
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Figure 2. Microstructure spectra. Randomly selected vertical wavenumber (kz) spectra,

from shear sensor 1 (a), shear sensor 2 (b), and thermistor (c), respectively, and for ε values in

the range 10−10 − 10−6 W kg−1. Dotted lines show the corresponding empirical spectra obtained

through spectral integration (shear) or fitting to the Kraichnan spectrum (temperature). The

thermistor’s theoretical noise curve is shown as a gray dashed line. The derived ε (W kg−1) and

χΘ (K2 s−1) values are reported.

–20–



manuscript submitted to Journal of Geophysical Research: Oceans

Figure 3. Obtaining the background profiles. Example profile (station 11, profile 2),

showing results from the polynomial fit (Eq. 7) used to obtain the background (or large-scale

mean flow, in the conventional terminology) profiles of conservative temperature (Θm, a) and

absolute salinity (SA, b) from the CTD-observed profiles (Θ and SA, respectively). These profiles

exhibit pronounced density-compensated thermohaline fine-scale structures resulting from eddy

stirring. Such structures are effectively removed by the polynomial fit of the corresponding tracer

against potential density.
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Figure 4. Small-scale variance production and dissipation. Two-dimensional histogram

of thermal variance dissipation rate (χΘ) and small-scale thermal variance production due to the

action of microscale turbulent motions on the fine-scale resolved conservative temperature profile

(PΘ2), which includes the contributions from the mean flow and the mesoscale eddy components,

in the context of the triple decomposition framework. The solid line indicates a one-to-one cor-

respondence, and the dashed and dotted lines delimit agreement within a factor of 2 and 10,

respectively.

–22–



manuscript submitted to Journal of Geophysical Research: Oceans

Figure 5. Hydrographic profiles. Example profiles of (a) conservative temperature (Θ),

(b) absolute salinity (SA) and (c) potential density (σ0) during the BOCATS2 cruise. One profile

is shown for every other sampled station. Profiles are color coded by region (Red: Western Euro-

pean Basin, WEB; Green: Irminger Sea, IrmS; Purple: East Greenland Current, EGC).
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Figure 6. Stratification and vertical tracer variance. (a) Density difference between the

top and the bottom of the MSS profile at each station (∆σ0, black), alongside partial contribu-

tions from temperature (αρ∆Θ) and salinity (-βρ∆SA). (b) Ratio between the variance of the

background (or “large-scale mean”) component of Θ (blue) (and SA, orange), ⟨(Θm)2⟩, to the

total variance of the measured Θ (and SA) profiles, ⟨(Θ)2⟩.
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Figure 7. Hydrographic profiles at time-series station 32 over the Reykjanes

Ridge. (a, b) 14-hours time-series of conservative temperature (Θ) and practical salinity (SA)

vertical profiles, with potential density contours (white) overlaid. Profiles of the dissipation rates

of turbulent kinetic energy (ε) and thermal variance (χΘ) are shown as colored dots. (c, d) con-

servative temperature and salinity mesoscale anomaly profiles (Θe, Se
A, respectively), computed

with respect to the time-mean profiles in σ0 coordinates.
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Figure 8. Mixing rates at time-series station 32 over the Reykjanes Ridge. Time-

mean profiles of the dissipation rates of thermal (a) and salinity (b) variance (χΘ, χS , black),

along with small-scale variance production by microscale turbulence (P⊥
Θ2 , P

⊥
S2 , blue). Error bars

(shading) represent ±2 standard errors. Mean values of χ and P⊥ below 100 m depth, and their

ratio, are reported.
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Figure 9. Cruise-mean thermal mixing rate profiles. Mean profiles (solid lines) of

the dissipation rates of thermal variance (χΘ), along with small-scale variance production by

microscale turbulence (P⊥
Θ2 , blue) for the entire cruise (a), and for the different analysis re-

gions: Western European Basin, WEB (b); Irminger Sea, IrmS (c); East Greenland Current,

EGC (d). Error bars (shading) represent ±2 standard errors. Mean values of χ and P⊥ below

100 m depth, and their ratio, are reported. Dots show estimates of P⊥
Θ2 and χΘ (computed as

χΘ = P⊥
Θ2 + P

||
Θ2) from climatological temperature fields (Boyer et al., 2018) and global diffusivity

databases (Groeskamp et al., 2020; de Lavergne et al., 2020).
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Figure 10. Cruise-mean haline mixing rate profiles. Mean profiles (solid lines) of the

dissipation rates of salinity variance (χS , black), along with small-scale variance production by

microscale turbulence (P⊥
S2 , blue) for the entire cruise (a, f), and for the different analysis re-

gions: Western European Basin, WEB (b); Irminger Sea, IrmS (c); East Greenland Current,

EGC (d). Error bars (shading) represent ±2 standard errors. Mean values of χ and P⊥ below

100 m depth, and their ratio, are reported. Dots show estimates of P⊥
S2 and χS (computed as

χS = P⊥
S2 + P

||
S2) from climatological salinity fields (Boyer et al., 2018) and global diffusivity

databases (Groeskamp et al., 2020; de Lavergne et al., 2020).
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Figure 11. Turbulence regimes. Histogram of the buoyancy Reynolds number (Reb =

ε/(νN2), where ν is molecular viscosity). Includes all of the cruise data below 50 m depth.
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Figure 12. Same as Fig. 9 but χΘ estimated using the Osborn and Cox (1972) formula (Eq.

3) instead of direct measurements.
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Figure 13. Same as Fig. 8 but with an alternative computation of P⊥
Θ2 and P⊥

S2 based on the

time-mean profiles of Θ and SA as a function of σ0.
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Figure 14. Mixing rates during the OVIDE cruise 2008. Mean profiles of the rates of

thermal (a, b) and haline (c,d) variance dissipation (χ, black), along with small-scale variance

production by microscale turbulence (P⊥, blue) in the Western European Basin (a,c) and the

Irminger Sea (b,d) during the OVIDE cruise 2008.
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