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Abstract12

Mesoscale eddies play a crucial role in ocean dynamics, yet their impact on verti-13

cal heat fluxes over topographic features remains poorly understood. This study inves-14

tigates the Iceland-Faroe Ridge (IFR), a key boundary between the North Atlantic and15

Nordic Seas, southeast of Iceland. Recent rapid warming in the region has shifted ther-16

mal structures, potentially impacting the upper cell of the global thermohaline circula-17

tion. Using newly available high-resolution SWOT altimetry and numerical modeling,18

we directly observe mesoscale turbulence atop the IFR for the first time and quantify19

its role in driving significant vertical heat fluxes. This turbulence provides a pathway for20

heat transfer from warming surface waters to the deep Iceland-Scotland Overflow Wa-21

ter, likely contributing to its observed warming over the past four decades. These find-22

ings highlight the critical role of mesoscale dynamics in heat redistribution and the need23

for enhanced monitoring in this climatically sensitive region.24
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Plain Language Summary25

The ocean around Iceland plays a key role in moving heat and shaping the global26

climate. Small swirling currents, called eddies, help mix ocean heat, but their impact near27

underwater ridges is not well understood. As ocean temperatures rise rapidly in this re-28

gion, understanding these processes is crucial. Our study focused on the Iceland-Faroe29

Ridge, an underwater boundary between the North Atlantic and Nordic Seas. Using new30

high-resolution satellite data, we observed these swirling currents in detail for the first31

time and measured how they move heat vertically. We found that these currents create32

a direct pathway between warming surface waters and colder deep waters below, likely33

contributing to deep-water warming observed over the past 40 years. This discovery high-34

lights the critical role of these currents in transferring heat and underscores the need for35

better monitoring to understand how ocean changes will impact climate and marine ecosys-36

tems.37
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1 Introduction38

The dynamics of oceanic circulation around Iceland play a critical role in regulat-39

ing the broader Atlantic Meridional Overturning Circulation (AMOC, Buckley & Mar-40

shall, 2016) and, consequently, the global climate system. This region sits at the nexus41

of warm, saline Atlantic waters flowing northward and cold, fresh Arctic waters moving42

southward. The complex interactions between these water masses significantly influence43

heat and freshwater distribution, deep convection, and the stability of AMOC. Under-44

standing these dynamics is essential for predicting the response of high-latitude ocean45

systems to ongoing climate change (Drijfhout et al., 2012; Winton et al., 2013; Meehl46

et al., 2014; Lozier et al., 2019; Chafik & Rossby, 2019; Tsubouchi et al., 2021; Brakstad,47

Gebbie, et al., 2023).48

The Iceland-Faroe Ridge (IFR) is a crucial topographic feature within this dynamic49

region, acting as a natural boundary between the North Atlantic and Nordic Seas. The50

ridge facilitates complex exchanges of water masses: at the surface, warm Atlantic wa-51

ters flow northward, and at depth, cold and dense polar waters flows southward atop and52

around the ridge through the Faroe bank Channel (FBC, Bacon et al., 2022; de Marez53

et al., 2024). On the one hand, past studies using glider observations proposed that there54

exists a pathway connecting the surface and the bottom waters there (Beaird et al., 2016).55

They suggested that the vertical transfers are mainly due to winter convection, mixed56

layer instability, and deep frontal subduction. On the second hand, it is proven that the57

ridge also supports the formation of mesoscale eddies (Guo et al., 2014). These latter58

could play a pivotal role in the vertical redistribution of heat and other tracers. How-59

ever, the lack of resolution of current altimetry and numerical models hindered a com-60

plete analysis of the mesoscale there, and many questions remain regarding the mech-61

anisms by which mesoscale dynamics atop the ridge influence vertical heat fluxes, a key62

component that could modulate ocean-atmosphere interactions in the area.63

This study is timely due to the recent warming of surface waters in the region: along64

with the rest of the global ocean, the surface waters of the northeastern part of the North65

Atlantic have been observed to warm in recent decades (Polyakov et al., 2017; Shi et al.,66

2024). These waters are warming, up to twice as fast as the global average (Pörtner et67

al., 2019). Specifically, south of Iceland, it is striking that the 9◦C annual mean isotherm68

has shifted northwards to the IFR. In this region, surface waters have become signifi-69
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cantly warmer, increasing by about 1◦C over the last 40 years (Fig. 1). Rising sea sur-70

face temperatures can amplify stratification and alter mesoscale eddy activity, poten-71

tially reshaping the dynamics governing vertical heat fluxes. Given the critical role of72

the IFR region in ocean circulation and climate regulation, it is imperative to assess how73

these ongoing changes impact heat transfer processes. This study addresses this press-74

ing need by providing new insights into mesoscale eddy dynamics using newly released75

high resolution altimetry and numerical modeling. We discuss the influence of the mesoscale76

dynamics on vertical heat fluxes, thereby advancing our understanding of the evolving77

physical oceanography of the Iceland-Faroe Ridge.78

IFR

IB

Figure 1. Temporal evolution of the 9◦C surface isotherm from yearly averages over the pe-
riod 1981-2022; the top right insert shows the yearly averaged sea surface temperature over the
IFR (dashed lines area).

79

80

81
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2 Data and Methods82

2.1 SWOT data83

We leverage newly released satellite data from the Surface Water and Ocean To-84

pography (SWOT), a collaborative effort between NASA and CNES launched in late 2022,85

to unveil unprecedented details of surface mesoscale geostrophic turbulence over the IFR86

(Morrow et al., 2019). Specifically, we use the SWOT_L3_SSH product, derived from87

the L2 SWOT KaRIn Low rate ocean data products provided by NASA/JPL and CNES.88

This dataset is produced and freely distributed by the AVISO and DUACS teams as part89

of the DESMOS Science Team project (AVISO/DUACS, 2023). The "noise-reduced" Sea90

Level Anomaly (SLA), displayed on a 2-km resolution grid, is used for our analysis (Fig. 2b,91

see Dibarboure et al., 2023, for details on the method). This allows the computation of92

instantaneous geostrophic velocities (uswot, see Fig. 2c) and normalized relative vortic-93

ity (ζ/f , Fig. 2d). It is important to note that the denoising of the SLA during the noise94

reduction reduces the energy level of the observed structures. The SLA from SWOT is95

compared with SLA data from a 1/8◦ gridded product provided by AVISO on the same96

day (Fig. 2a). The two-dimensional data provided by SWOT, without further interpo-97

lation, offers a more accurate estimate of the horizontal structure of surface ocean cur-98

rents for the first time. Recent studies (X. Zhang et al., 2024; Z. Zhang et al., 2024; Verger-99

Miralles et al., 2024; Du & Jing, 2024; Damerell et al., 2025; Wang et al., 2025; Tchili-100

bou et al., 2025; Carli et al., 2025) unveiled the SWOT’s ability to resolve small eddies,101

revealing structures of smaller extent than those detected in gridded altimetric products102

(using a detection algorithm, here py-eddy-tracker, Mason et al., 2014).103

We use data from the 1-day repeat orbit phase spanning the period 03/29/2023-104

07/08/2023 to compute the average Eddy Kinetic Energy ⟨EKE⟩. This is calculated as105

⟨EKE⟩ = ⟨ 12 (u
′
swot

2
+ v′swot

2
)⟩, where u′

swot = uswot − ⟨uswot⟩, with u and v being the106

instantaneous velocities and ⟨·⟩ denoting a temporal average over the entire period. This107

allows for the first time to provide a synoptic estimate of the mesoscale activity on the108

IFR. Note that the denoising procedure in SWOT data smoothen SSH gradients, and109

therefore reduces the energy of the signal (Dibarboure et al., 2023).110

–6–



manuscript submitted to Geophysical Research Letters

2.2 GIGATL1 simulation111

We use outputs from a realistic numerical simulation conducted as part of the GI-112

GATL set of Atlantic Ocean simulations (Gula et al., 2021), using the Coastal and Re-113

gional Ocean COmmunity model (CROCO), a version of the ROMS model (Shchepetkin114

& McWilliams, 2005). This model solves the hydrostatic primitive equations using the115

full equation of state for seawater (Shchepetkin & McWilliams, 2011). Specifically, we116

use the GIGATL1 version with a horizontal resolution of 1 km and 100 terrain-following117

levels, which allows resolution of mesoscale dynamics on the IFR. The simulation is ini-118

tialized in July 2007 using outputs from the GIGATL3 simulation, which has a 3 km hor-119

izontal resolution and is initialized with the Simple Ocean Data Assimilation (SODA)120

(Carton & Giese, 2008) and spun up for 3 years. Boundary conditions are provided by121

SODA, while the simulation is forced with hourly atmospheric forcing from the Climate122

Forecast System Reanalysis (CFSR) (Saha et al., 2010), using a bulk formulation with123

relative winds (Renault et al., 2020). Tidal effects are included, with barotropic tidal forc-124

ing at the boundaries and tidal potential and self-attraction taken from TPXO7.2 and125

GOT99.2b, respectively. Bathymetry data are obtained from the SRTM30plus dataset126

(Becker et al., 2009). The k-ϵ turbulence closure scheme is used for vertical mixing pa-127

rameterization, with the Canuto A stability function formulation applied. No explicit128

lateral diffusivity is included in the simulation. Bottom friction effects are parameter-129

ized using a logarithmic law of the wall with a roughness length of 0.01 m. For this study,130

we use daily averages to remove the tidal signature, covering a 1-year period to capture131

a full seasonal cycle. Quantities averaged over this seasonal cycle are denoted as ⟨·⟩. The132

EKE from GIGATL1 output is computed using the same definition as for the SWOT data.133

Previous studies leveraging the GIGATL ensemble have discussed and validated these134

simulations extensively (Ruan et al., 2021; Barkan et al., 2021; Qu et al., 2021; Mashayek135

et al., 2021; Vic et al., 2022; Uchida et al., 2022; Tagliabue et al., 2022; Schubert et al.,136

2023; Napolitano et al., 2024).137

From the GIGATL1 outputs, the turbulent vertical kinematic heat flux (VHF =138

Cpρ0w
′T ′, see e.g., McPhee, 1992; McPhee & Martinson, 1994; Su et al., 2018) is com-139

puted along designated vertical sections. Cp is the specific heat capacity of sea water and140

ρ0 is the average density of sea water. The vertical velocity w and temperature T are141

low-pass filtered to remove the influence of internal waves. The filter is a 4th-order But-142

terworth filter with a cutoff frequency of one week. Then, anomalies are computed as143
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w′ = w∗ − ⟨w⟩month and T ′ = T ∗ − ⟨T ⟩month, where ·∗ denotes the filtered quantities,144

and ⟨·⟩month are monthly averages. This procedure ensures that only the influence of mesoscale145

structures is considered, and takes into account the seasonal variations of temperature146

on the vertical.147

To study the nature of the instabilities responsible for the generation of mesoscale148

structures on the IFR, we compute energy transfers from the GIGATL1 outputs in the149

same fashion as in e.g., Gula et al. (2016). Assuming that the flow can be decomposed150

as u = ⟨u⟩month+u′, the transfer from the Mean Kinetic Energy (MKE) to the kinetic151

energy of the perturbation (the EKE) can be expressed as:152

TMKE→EKE = HRS + V RS, (1)

where153

HRS = −⟨u′2⟩∂x⟨u⟩ − ⟨u′v′⟩∂y⟨u⟩ − ⟨v′2⟩∂y⟨v⟩ − ⟨u′v′⟩∂x⟨v⟩, (2)

is the contribution from the Horizontal Reynolds Stress (the suscript ·month has been omit-154

ted for simplicity here), and155

V RS = −⟨u′w′⟩∂z⟨u⟩ − ⟨v′w′⟩∂z⟨v⟩, (3)

is the contribution of the Vertical Reynolds Stress. Second, the transfer from the Poten-156

tial Energy (PE) of the perturbation to the EKE is the Vertical Buoyancy Flux:157

TPE→EKE = V BF = ⟨w′b′⟩. (4)

The transfer terms shown in Fig. S1 are then averaged over a full seasonal cycle and in-158

tegrated vertically.159

Finally, we conduct offline 3D particle advection simulations using the Python code160

Pyticles, which is specifically designed for CROCO model outputs. The code source and161

a comprehensive list of studies using this tool are available at https://github.com/Mesharou/162

Pyticles. In these simulations, particles are initially seeded within a 500×500 km box163

centered at 11◦W, 63.5◦N, with 10 km spacing on the 80th and 90th vertical levels (close164

to the surface). The advection simulation we show spans 5 months, starting in Novem-165
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ber, with particles continuously injected each month, resulting in a total of 24,670 par-166

ticles. Additional simulations with different seeding periods were conducted (not shown167

here) and showed no conceptual differences from the results presented in this study.168

2.3 in situ measurements around Iceland169

The Sea Surface Temperature (SST) measurements shown in Fig. 1 are from NOAA/NCEI170

1/4◦ Daily Optimum Interpolation Sea Surface Temperature (OISST), Version 2.1 (Ban-171

zon et al., 2014).172

The ocean current velocity data shown in Fig. 4c were collected during the 2021173

NORSE pilot cruise aboard the R/V Armstrong. The plot shows the combined shipboard174

ADCP WH300 kHz and OS38 kHz. The derived velocities are obtained using the UH-175

DAS toolbox (Firing & Hummon, 2010).176

The in situ temperature and salinity (T/S) data in the period 1980-2020 shown177

in Fig. 5 are part of the SDC_ARC_DATA_TS_V2 dataset and the Norwegian Ma-178

rine Data Center (Brakstad, Våge, et al., 2023). The total number of data points used179

for the histograms are 118847, 40908, and 73989, in the range 1 < CT < 6◦C and 35 <180

SA < 35.4 g kg−1. The profiles used cover the area along the Icelandic shelf, and thus181

sample ISOW. We extended the study area down to 61 ◦N as the ISOW signature can182

be found even far from the shelf.183
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3 Results184

3.1 Unveiling the mesoscale turbulence on top the IFR185

Novel high-resolution satellite altimetry data reveal the presence of highly turbu-186

lent flow characterized by numerous mesoscale structures atop the IFR. The relatively187

small horizontal size of mesoscale eddies in this region, determined by the first baroclinic188

Rossby deformation radius being on the order of 10 km (Chelton et al., 1998), has pre-189

viously hindered the detailed analysis of mesoscale activity. For example, eddies detected190

on the IFR in classical gridded-altimetry products (Fig. 2a) have diameters of O(100) km.191

N
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Figure 2. a, Snapshot of SLA from from 1/8◦ gridded altimetry on 06/10/2023, and contours
of cyclonic (red) and anticyclonic (blue) mesoscale eddies using the py-eddy-tracker algorithm.
b, SWOT KaRIn 2-km resolution noiseless SLA in passes #5 and #16 on 06/10/2023; the eddy
detection from the gridded product is superimposed. c, Geostrophic velocity magnitude derived
from SWOT SLA. d, Normalized relative vorticity estimated from SWOT-derived geostrophic
currents. e, Eddy Kinetic Energy estimated from SWOT-derived geostrophic currents, averaged
over the period 03/29/2023-07/08/2023. f, Normalized relative vorticity, averaged vertically, es-
timated from GIGATL1 outputs, on 06/25/2008 —note the different color range in d and f. g,
Eddy Kinetic Energy estimated from GIGATL1 simulation outputs, averaged vertically and over
one seasonal cycle.
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However, the reality differs significantly: the SLA measurements from SWOT al-202

timetry on the same day reveal unprecedented details of the SLA field (Fig. 2b) and demon-203

strate that classical altimetry misrepresents eddies in this region. A striking example is204

the cyclonic eddy located at ∼ 12◦W, 63.3◦N, which is 2 to 3 times smaller in the SWOT205

observation compared to AVISO. The same applies to the cyclonic eddy further north206

at ∼ 12◦W, 64.5◦N. Antoher example is a small cyclone located at ∼ 10◦W, 62.5◦N,207

only seen in SWOT data and not visible in the AVISO product.208

The noise-reduced SWOT data enable the computation of geostrophic currents (Fig. 2c)209

and relative vorticity (Fig. 2d). The latter highlights the numerous O(10) km radius mesoscale210

eddies, previously unobservable with classical altimetry, but now captured synoptically211

by SWOT. These eddies are responsible for an intense turbulent flow over the IFR. This212

turbulence is concentrated on the IFR, as evidenced by higher values of mean EKE over213

the IFR compared to, for instance, the region north of it (Fig. 2e).214

A high-resolution, realistic numerical simulation further enables a comprehensive215

study of this mesoscale turbulence. The GIGATL1 simulation reproduces the turbulence216

observed in SWOT with remarkable accuracy. (i) In terms of the relative vorticity field,217

although the ζ/f values are more intense in the simulation than in SWOT (mainly due218

to the noise removal procedure in SWOT), the diameters of the eddies—represented by219

vorticity patches—are comparable in SWOT and GIGATL1 (see Fig. 2d,f). (ii) In terms220

of EKE, the order of magnitude in both SWOT and GIGATL1 is similar, with high val-221

ues concentrated in the same locations (see Fig. 2e,g).222

The GIGATL1 simulation also provides access to 3D fields and facilitates advanced223

diagnostics such as energy transfer terms (see Methods, Section 2). These terms are, on224

average, positive at the position of a jet located in the western valley of the IFR (see Fig. S1).225

The observed mesoscale eddies thus originate from barotropic and baroclinic instabil-226

ities of this jet, which effectively acts as an "eddy shotgun." This can be noticed, for ex-227

ample, in the relative vorticity field (Fig. 2f). The eddies subsequently propagate south-228

eastward along the ridge, driven by topographic Rossby waves (de Marez et al., 2017),229

populating the IFR with coherent structures.230
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3.2 Impact of the mesoscale turbulence on vertical motions231

c

b

a

c d

Figure 3. a, Across-ridge cumulative section of EKE of particles advected in GIGATL1 out-
puts; the position of particles is presented as their depth vs. their distance from the IFR (with
negative value meaning South of the IFR); the bold line shows the along-slope averaged topog-
raphy. b, Histogram showing the distance from the IFR at which particles sank below 4 selected
depths: 200,400, 600 and 800 m, shown by the dotted lines in panel a. c,d, Same as panel a but
for normalized particle relative vorticity (c, positive, d, negative).
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233

234
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236

237

The high-resolution realistic numerical simulation unveils the impact of mesoscale238

turbulence on the vertical transport of tracers—particularly temperature—from the sur-239

face down to the bottom layer. This vertical transport can be qualitatively illustrated240

by seeding particles in the simulation at the surface and running 3D particle advection241

schemes (see Methods, Section 2). We extract the particles that were seeded in the open242

ocean (excluding those from the continental shelf) and completed their journeys south243

of the IFR at depths below 500 m. The points in the scatter plots of Fig. 3 correspond244

to the cumulative section of the positions of all these specific particles at all timesteps245

of the simulations. We estimate the EKE and the normalized relative vorticity of the par-246

ticles by extracting the values from the GIGATL1 outputs at the corresponding grid points.247

The analysis reveals that when seeded at the surface, the particles reaching the ocean248

bottom south of the IFR experience high EKE values along their paths (Fig. 3a). Most249

of the particles sink near the IFR, at a distance between 200 and 400 km south of its shal-250

lowest part (Fig. 3b). They also encounter high values of relative vorticity (Fig. 3c,d).251
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This shows that sinking water parcels south of the IFR are likely influenced by mesoscale252

turbulence during their descent.253

a

d e f

b c
section W

section W

section E

section E

Figure 4. a, Snapshot of w′T ′ along the section labeled W in Fig. 2g, from south to north;
the dashed lines show isopycnals with a 0.1 kgm−3 spacing; the inset shows the surface relative
vorticity at the time of the section, with the same colormap as in panel d and the position of the
section. b, Same as panel a along the section labeled E in panel Fig. 2g. c, Along track section of
the currents speed from the NORSE cruise over the IFR’s Western Valley; the insert shows the
bathymetry and the position of the section. d, (resp. e) ⟨|w′T ′|⟩ (time average) along the section
labeled E (resp. W) in panel b. f, Vertically-integrated average Vertical Heat Flux magnitude
along the sections labeled N, C, and S in Fig. 2g.
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More specifically, diagnostics from the high-resolution realistic numerical simula-262

tion show that mesoscale turbulence induces vertical fluxes of temperature from the sur-263

face down to the bottom layer. The turbulent vertical kinematic heat flux (or Vertical264

Heat Flux, VHF = Cpρ0w
′T ′, see Methods, Section 2) generated by individual mesoscale265

events reaches magnitudes exceeding 103 Wm−2. As a first example, the bottom-reaching266

jet located in the western valley of the IFR—referred to as the "eddy shotgun"—which267

often deflects eastward to form an anticyclonic gyre, produces intense VHF from the sur-268

face to the seafloor (Fig. 4a,c). As a second example, coherent surface-intensified eddies,269

formed remotely by the eddy shotgun, extend down to the bottom layer. The VHF as-270

sociated with these eddies is observed to penetrate the σ0 = 27.8, kg,m−3 isopycnal (Fig. 4b).271
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Therefore, quantitatively, there is an intense eddy-driven transfer of heat toward272

the bottom atop the IFR. On average, the VHF over the IFR displays a clear pathway273

from the surface to the bottom, with a magnitude of O(102)Wm−2 (Fig. 4d,e). These274

values are consistent with in situ observations (Thompson et al., 2016) and estimates275

from other high-resolution numerical simulation analyses (Su et al., 2018). They are 10276

times larger than the mesoscale vertical heat transport observed in most regions of the277

ocean (Su et al., 2018), comparable in magnitude to air-sea heat fluxes (Large & Yea-278

ger, 2009), and persist throughout the entire seasonal cycle. This highlights the predom-279

inance of eddy-induced heat flux compared to convection-induced heat flux, which oc-280

curs only during winter (Su et al., 2018). Peak values exceeding 103 Wm−2 are observed281

at two major vertical heat transfer hotspots: one located on the western side of the ridge282

and the other on the eastern side, where remotely generated eddies accumulate (Fig. 4f).283

This intense VHF is also evident at the ocean floor, where currents flow along the284

topography (see Fig. S2). In particular, on the southern flank of the IFR, a bottom cur-285

rent described by de Marez et al. (2024) generates bottom-intensified vortices through286

intrinsic barotropic and baroclinic instabilities (Guo et al., 2014). These vortices pro-287

duce bottom-intensified VHF, which thickens the bottom mixed layer connecting the seafloor288

with the ocean interior, similar to what has been observed in past in situ measurements289

(Fer et al., 2010; de Marez et al., 2024).290
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4 Discussion on the fate of ISOW291

a b c

Figure 5. a (resp. b), 2D histogram (the color represents the percentage of datapoints relative
to the total of points in the TS diagram) of temperature and salinity shipboard hydrographic
data over the period 1980-2000 (resp. 2000-2020) in the Iceland Basin (IB, dot-dashed lines area
in Fig. 1); black line in b shows a particular cast from Saunders (1996) presenting the historical
"chair-like" profile of the ISOW; inserts show cumulative histograms over salinity and temper-
ature. c, same as a,b from Argo floats data in the same area for the period 2000-2020. Blue
bars plots in inserts of panels b,c recall the cumulative histogram for temperature in the period
1980-2000.
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299

South of Iceland, at depth, cold waters formed in the Nordic Seas overflow into the300

North Atlantic through the IFR and the FBC (Bacon et al., 2022), carried by bottom301

currents flowing along the IFR and downstream south of Iceland (de Marez et al., 2024).302

This bottom water mass is called the Iceland-Scotland Overflow Water (ISOW, Kan-303

zow & Zenk, 2014; Zou et al., 2017, 2020; Johns et al., 2021). It has been described as304

the main contributor to the lower limb of AMOC (Dickson & Brown, 1994; Sarafanov305

et al., 2012) with about 5.3 Sv leaving the Iceland Basin (from 4 years of moored obser-306

vations, see Johns et al., 2021). It is typically defined as the water mass below the σ0 =307

27.8 kgm−3 isopycnal (Bowles & Jahn, 1983; Hansen, 1985; Perkins et al., 1998; Hansen308

& Østerhus, 2000; Fogelqvist et al., 2003; Hansen & Østerhus, 2007; Beaird et al., 2013;309

Logemann et al., 2013; Guo et al., 2014; Ullgren et al., 2014; Daniault et al., 2016; Zou310

et al., 2017; Zhao et al., 2018; Hansen et al., 2018; Petit et al., 2019; Chafik & Rossby,311

2019; Koman et al., 2022; Brakstad, Gebbie, et al., 2023; Devana & Johns, 2024). This312

water mass used to have a clear —historical— T/S signature (Saunders, 1996, and Fig. 5a),313
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which can be observed far downstream throughout the subpolar gyre (Van Aken & Becker,314

1996).315

A compilation of all available data collected where the ISOW overflows south of316

Iceland, in the Iceland Basin (IB, see definition in Fig. 1), provides compelling evidence317

of significant changes over the last 40 years, with a temperature increase of approximately318

∼ 0.5◦C (Fig. 5b,c). This is consistent with the observed warming of bottom temper-319

atures in the FBC, monitored by a mooring array and quantified at 0.1 ◦C per decade320

by Larsen et al. (2024). The mechanisms potentially responsible for the ISOW warm-321

ing are limited and can be narrowed down to two main processes.322

First, assuming no mixing with ambient water during its transit, the T/S proper-323

ties of ISOW should remain unchanged between its formation site (the Greenland Sea,324

see Brakstad, Gebbie, et al., 2023) and the measurement site (here south of Iceland). In325

the Greenland Sea, profound changes in surface temperatures are occurring (see Section326

3 of the Supporting Information). This suggests that the first plausible cause of ISOW327

warming south of Iceland originates in the far-field. This hypothesis aligns with findings328

from Strehl et al. (2024), who documented the warming of deep water formed in the Green-329

land Sea, and with the conclusions of Larsen et al. (2024), who recently proposed that330

the warming of overflow bottom water observed in the FBC originates further north of331

the IFR.332

Second, as ISOW flows from its generation site to the North Atlantic, the IFR is333

the only location where it is sufficiently close to surface waters (Beaird et al., 2016) to334

be influenced by surface warming at a location other than its formation site (Fig. 1). At335

this critical location, our study highlights strong mesoscale turbulence-induced VHF, re-336

vealed through both SWOT altimetry and high-resolution numerical simulations. This337

turbulence creates a direct pathway between the warming surface waters (Fig. 1) and338

the ISOW layer (Fig. 4). This observation aligns with previous glider data suggesting339

subduction of the Iceland-Faroe Front atop the IFR (Beaird et al., 2016). We show here340

that the mesoscale turbulence is likely facilitating this subduction, and therefore facil-341

itating heat transfer from the surface to the bottom to finally contribute to the observed342

warming of ISOW.343
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5 Conclusion344

These results suggest that in a warmer future with potentially increased mesoscale345

activity (Martínez-Moreno et al., 2021; Beech et al., 2022; Barceló-Llull et al., 2024), the346

deepest branch of the AMOC overflowing in the North Atlantic may become warmer,347

thus affecting the global properties of water masses in the global ocean. In particular,348

with the observed temperature increase over the past 40 years, coupled with IPCC pro-349

jections (Pörtner et al., 2019), it is plausible that bottom water temperatures could in-350

crease by 1-3°C by the end of the century. The current lack of comprehensive in situ data351

and time coverage in high-resolution numerical simulations limits stronger evidence for352

the mechanisms proposed here. This work, therefore, serves as an alert, identifying a pos-353

sible early warning hotspot for tipping points and emphasizing the need for timely mon-354

itoring of changes in bottom water properties, as these will impact benthic species pop-355

ulations and global ocean circulation.356
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