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Abstract32

The Multidisciplinary drifting Observatory for the Study of Arctic Climate (MO-33

SAiC, 2019–2020), a year-long drift with the Arctic sea ice, has provided the34

scientific community with an unprecedented, multidisciplinary dataset from the35

Eurasian Arctic Ocean, covering high atmosphere to deep ocean across all sea-36

sons. However, the heterogeneity of data and the superposition of spatial and tem-37

poral variability, intrinsic to a drift campaign, complicate the interpretation of38

observations. In this study, we have compiled a quality-controlled physical hydro-39

graphic dataset with best spatio-temporal coverage and derived core parameters,40

including the mixed layer depth, heat fluxes over key layers, and friction veloc-41

ity. We provide a comprehensive and accessible overview of the ocean conditions42

encountered along the MOSAiC drift, discuss their interdisciplinary implications,43

and compare common ocean climatologies to these new data. Our results indi-44

cate that, for the most part, ocean variability was dominated by regional rather45

than seasonal signals, carrying potentially strong implications for ocean biogeo-46

chemistry, ecology, sea ice, and even atmospheric conditions. Near-surface ocean47

properties were strongly influenced by the relative position of sampling, within48

or outside the river-water influenced Transpolar Drift, and seasonal warming and49

meltwater input. Ventilation down to the Atlantic Water layer in the Nansen Basin50

allowed for a stronger connectivity between subsurface heat and the sea ice and51

surface ocean via elevated upward heat fluxes. The Yermak Plateau and Fram52

Strait regions were characterized by heterogeneous water mass distributions, en-53

ergetic ocean currents, and stronger lateral gradients in surface water properties in54

frontal regions. Together with the presented results and core parameters, we offer55

context for interdisciplinary research, fostering an improved understanding of the56

complex, coupled Arctic System.57

1. Introduction58

To a large extent, the Arctic Ocean has been historically inaccessible due to its59

perennial ice cover, resulting in limited data availability, particularly during win-60

ter. With global warming triggering rapid transformations in the Arctic (Rantanen61

et al., 2022), a better understanding of processes in the Arctic Ocean and its role62

in the coupled climate system is urgently needed to accurately predict the effects63

of a changing climate. Ongoing changes in the Arctic Ocean include declining64

sea ice cover and longer open water seasons (e.g., Stroeve et al., 2008; Kwok,65

2018; Kim et al., 2023), Atlantification, i.e., the progression of conditions typi-66

cal for the North Atlantic farther into the Arctic Ocean (Polyakov et al., 2017),67
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a weakening upper ocean stratification, enhanced vertical mixing and transport68

(Polyakov et al., 2020b,a; Schulz et al., 2022a), increased primary productivity69

(Arrigo and van Dijken, 2015), and changes in the Arctic ecosystem composition70

(Gordó-Vilaseca et al., 2023). These changes are observed primarily in the East-71

ern Arctic, while conditions in the Western Arctic exhibit less clear patterns, e.g.,72

no conclusive evidence of increased mixing (Dosser et al., 2021; Fine and Cole,73

2022), or even show opposite trends, e.g., increased stratification by freshwater74

accumulation in the Beaufort Gyre (Timmermans and Toole, 2023).75

The Multidisciplinary drifting Observatory for the Study of Arctic Climate76

(MOSAiC) was a year-long (2019–2020) drift campaign with the aim to improve77

our process-level understanding of the coupled Arctic System (Rabe et al., 2022;78

Shupe et al., 2022; Nicolaus et al., 2022; Fong et al., 2023). A large number of79

interdisciplinary efforts in MOSAiC involved physical oceanography parameters,80

such as ocean temperature and salinity or current velocity. Examples include ef-81

forts to calculate the solubility of gases, to determine the origin of water masses82

that transport tracers and organisms, to quantify the contribution of oceanic heat83

to sea ice formation and melting, and to constrain the variability in ice-nucleating84

particles of marine origin. In addition, the modeling community requires updated85

oceanic boundary conditions and core parameters for model validation (Heuzé86

et al., 2023b), while climatological datasets, which are often crucial components87

in modeling frameworks, need ground-truthing to current conditions. However,88

the diversity of oceanographic equipment used during MOSAiC and the resulting89

scattered datasets at various levels of processing and documentation hinder easy90

access to and utilization of these data, especially for non-physical oceanographers91

and scientists not involved in the field campaign. In addition, the design of MO-92

SAiC as a drifting platform complicates the interpretation of oceanographic mea-93

surements. Superimposed on the annual cycle is the regionality along the more94

than 3500 km long drift track across the Eurasian basin (Figure 1a; Rabe et al.,95

2022). These challenges might lead to an inconsistent usage and interpretation of96

the oceanographic data and hinder the inter-comparability of individual studies in97

the future.98

In this study, we have compiled an accessible and quality-controlled dataset99

of hydrographic profiles at the highest possible temporal resolution along the drift100

and provide derived core parameters (Schulz et al., 2023b), including an inter-101

active data interface (Mieruch, 2023) in the online Ocean Data View webODV102

(Mieruch and Schlitzer, 2023), which can be used consistently in future disci-103

plinary and interdisciplinary studies. Based on this dataset, we present a com-104

prehensive overview of ocean conditions during the MOSAiC drift, discuss their105
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effect on the coupled system and, to the extent possible, discriminate between106

spatial and temporal signals. This description of the state of the Eurasian Arc-107

tic Ocean in 2019–2020 and the comparison of commonly used climatological108

datasets to these modern data will also aid the evaluation of ocean models.109

The structure of this paper is as follows. In Section 2, we provide a brief110

overview of the methods and instrumentation used in this study (more detailed111

information is available in Text S1). Section 3 describes the geography along the112

drift track of MOSAiC, and in Section 4 we summarize the water column structure113

and water mass distribution. Section 5 then focuses on dynamic features, such as114

surface and tidal current variability and eddies. Parameters related to ocean mix-115

ing, such as the vertical diffusivity and heat fluxes, are presented in Section 6. In116

Section 7, we compare MOSAiC results to existing climatologies. In the Section 8,117

we contextualize the MOSAiC data by comparing them to previous findings and118

discuss the implications of these results for other scientific disciplines. Finally,119

Section 9 summarizes the main findings and concludes the paper.120

2. Methods and instrumentation121

The MOSAiC drift started in September 2019, using the icebreaker RV Polarstern122

(Knust, 2017) as a drifting platform frozen into the Arctic sea ice, with measure-123

ments conducted from the same ice floe and surrounding sites during five cruise124

legs. On-site sampling was interrupted from May 15 to June 27, 2020, due to the125

unavailability of a second icebreaker during the COVID-19 pandemic to perform126

personnel exchange and resupply, but resumed on the same floe. At the end of127

July, the floe disintegrated in the marginal ice zone in Fram Strait; after reloca-128

tion north, a second floe was chosen close to the previous drift track to sample the129

freeze-up period. In the following, we briefly summarize the different datasets and130

methods used in this study. More details can be found in Text S1, and an overview131

of the sampling locations is presented in Rabe et al. (2022).132

We obtained water depths from three different sources: the Polarstern133

echosounder, the combined altimeter and depth readings from the deep casts of the134

ship-based conductivity-temperature-depth (CTD) profiling system and the Inter-135

national Bathymetric Chart of the Arctic Ocean (IBCAO) v4.2 bathymetric dataset136

(Jakobsson et al., 2020). Drift track and speed were obtained from the Polarstern137

navigation records and complemented with data from a GPS buoy (”CO1”) that138

remained on the floe when sampling was interrupted in spring. From the drift ve-139

locity, we calculated the ice friction velocity u⋆ based on the Rossby similarity140

(see Text S1), as done in Kawaguchi et al. (2022).141
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In total, a set of 2,434 vertical temperature and salinity profiles were com-142

piled, including data from the microstructure profiler (MSS) operated at Ocean143

City, i.e., a sampling site in the Central Observatory (CO) on the main floe (1,665144

profiles, 0–350 m; Schulz et al., 2023c), the Ocean City CTD (121 profiles, down145

to maximum 1000 m; Tippenhauer et al., 2023a) and the Polarstern CTD (134146

profiles, excluding those during transit; Tippenhauer et al., 2023b). During the147

drift interruption and on days without any MSS or CTD casts, we used profiles148

from the ice-tethered profilers ITP94 and ITP111 (428 profiles, down to 1000 m149

depth; Toole and Krishfield, 2016) and daily mean data at five discrete depths150

(10 m, 25 m, 50 m, 75 m, 100 m) from a CTD chain on Pacific Gyre buoy 2019O4151

(86 days; Hoppmann et al., 2022), all deployed near the CO at the start of the drift.152

Data from all instruments were converted to conservative temperature Θ (◦C) and153

absolute salinity SA (g kg−1), quality-controlled and cross-calibrated where neces-154

sary (see Text S1). Temperature readings from the Polarstern thermosalinograph155

are excluded here, as they were found to be unreliable (Figure S1). We recommend156

not using these data in future analyses.157

We calculated the mixed layer depth, i.e., the vertical extent of the surface158

layer with uniform temperature, salinity, and hence density, as the first depth159

where the potential density anomaly σ0 increases by ∆σ0 > 0.04 kg m−3 com-160

pared to the surface (4–10 m) mean value (or, 0.06 kg m−3 if the increase in161

density at the base of the mixed layer was more gradual; see Text S1). We have162

omitted giving mixed layer depth estimates in the presence of strong upper (0–163

10 m) ocean stratification (i.e., when there is no classical mixed layer, conditions164

frequently found during melt season), or when mixed layer depth estimates based165

on different density thresholds (0.04–0.08 kg m−3) were very variable (i.e., the166

base of the mixed layer was not well defined). Surface salinity and temperature167

were calculated as the average over 4–10 m depth (to exclude sampling points168

within an under-ice meltwater lens in spring for the MSS), and the corresponding169

freezing point temperature was calculated based on the TEOS-10 set of equations170

(McDougall and Barker, 2011). Additionally, to better identify the surface water171

composition and origin, we calculated the surface layer (0–15 m) river water frac-172

tion based on an end-member analysis using δ18O isotope and salinity measure-173

ments (Text S1 and Table S2; Bauch et al., 2011) and colored dissolved organic174

matter (CDOM, an indicator for riverine water) fluorescence from ITP94 (before175

relocation only; e.g., Granskog et al., 2007; Gonçalves-Araujo et al., 2016; Sted-176

mon et al., 2021). We characterized water masses and layers as follows:177

• The surface mixed layer (ML) from the surface to the base of the ML as178
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explained above and in Text S1;179

• The halocline layer (HAL) from the base of the ML to R =
α∆θ
β∆S

= 0.05,180

where α is the thermal expansion and β is the haline contraction coefficient,181

following Bourgain and Gascard (2011);182

• The Atlantic Water thermocline (THERM) from the first depth below the183

halocline where the temperature exceeds 0.8 times the minimum tempera-184

ture in the halocline to the first depth where the temperature exceeds 0.8185

times the maximum temperature of the Atlantic Water layer, as defined in186

Schulz et al. (2021);187

• Arctic Atlantic Water (AAW) as the conservative temperature range 0◦C<188

Θ < 2◦C (Korhonen et al., 2013).189

• Atlantic Water (AW) with conservative temperature Θ > 2◦C (Rudels,190

2012);191

• Upper Polar Deep Water (UPDW) from the first depth when temperatures192

fall below Θ = 0◦ C, down to σ0.5 = 30.444 kg m−3, the potential density193

referenced at 500 m depth (Rudels, 2009);194

• Eurasian Basin Deep Water (EBDW) between σ0.5 = 30.444 kg m−3 and195

σ1 = 37.46 kg m−3 (Smethie Jr et al., 1988). σ1 refers to the potential196

density referenced at 1000 m depth;197

• Canadian Basin Deep Water (CBDW) with the same range as EBDW, but198

with Θ > −0.6◦C and absolute salinity SA > 35.083 g kg−1 following199

Rudels (2009), with the salinity threshold converted from practical salinity200

of 34.915 in Rudels (2009) at 1500 m depth;201

• Eurasian Basin Bottom Water (EBBW) from σ1 = 37.46 kg m−3 to the sea202

floor (Smethie Jr et al., 1988);203

• In the Yermak Plateau and Fram Strait regions: Arctic Intermediate Water204

(AIW) in the same range as UPDW (Θ = 0◦C to σ0.5 = 30.444 kg m−3)205

following Meyer et al. (2017b);206

• In the Yermak Plateau and Fram Strait regions: Nordic Sea Deep Water207

(NSDW) from σ0.5 = 30.444 kg m−3 to the sea floor (Meyer et al., 2017b).208

Current velocity profiles (approximately 20–400 m depth) obtained with a209

75 kHz acoustic Doppler current profiler (ADCP; Baumann et al., 2021) were210

used to calculate depth-averaged surface layer (14–30 m) and tidal (whole water211

depth) currents of different frequencies (see Meyer et al., 2017b, and Text S1 for212

more details on the methodology) and to identify eddies visually. Tidal velocities213

were then compared to data from the Arctic Ocean Tidal Inverse Model AOTIM5214

(Erofeeva and Egbert, 2020).215
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Turbulent mixing parameters presented here are based on the dissipation rate216

of turbulent kinetic energy ε, measured with the MSS (Schulz et al., 2022b). The217

value ε describes how much small (0.1–1 m) scale turbulent kinetic energy (”tur-218

bulence”) is present to mix the water column. From ε, we calculated the depth of219

the surface active mixing layer, i.e., the depth range where turbulence is elevated220

due to friction at the ocean-sea ice interface (ε ≥ 5 × 10−9 W kg−1). From ε221

and the local stratification, we calculated the turbulent diffusivity Kz along each222

profile, as described in Bouffard and Boegman (2013). This method takes into ac-223

count how Kz scales in different energetic regimes, i.e., in the presence of high224

or low turbulence and strong or weak stratification. Spatio-temporal averages in225

different regions or over certain vertical layers were obtained using the maxi-226

mum likelihood estimator (MLE; Baker and Gibson, 1987) and heat fluxes over227

the halocline and thermocline (Section 2) were calculated following Schulz et al.228

(2021). In addition, eddy-correlation-based heat fluxes at 3 m depth were mea-229

sured with an Autonomous Ocean Flux buoy at a distance of 15–25 km from230

Polarstern (Stanton et al., 2012; Stanton and Shaw, 2023).231

We compare four typical Arctic Ocean climatological datasets and two com-232

monly used state estimates (i.e., models constrained with observational data to233

minimize the misfit to these observations), listed in Table 1, to the MOSAiC data.234

These data products cover different time periods, contain different types of data235

from various sources and are produced using distinct methods and interpolation236

procedures (see Text S1 for details).237

Table 1. Climatologies and state estimates (italics) of temperature and salinity

used for comparison with the MOSAiC observations (Section 7).

Dataset Reference Vertical layers Temporal coverage

PHC3 Steele et al. (2001) 24 1948–1997

WOA18 Locarnini et al. (2018); Zweng et al. (2018) 57 1955–2017

MIMOC Schmidtko et al. (2013) 81 1970–2011

WOA23 Boyer et al. (2018) 57 1991–2020

ASTE Nguyen et al. (2021) 50 2002–2017

ECCOv4 Forget et al. (2015) 50 1992–2015

3. Geography along the drift track238

The Arctic Ocean is a semi-enclosed basin, connected to the Atlantic Ocean via239

Fram Strait between Svalbard and Greenland and the Barents Sea and to the Pa-240
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Figure 1. Bathymetry along the drift track.

(a) Bathymetric map of the Arctic Ocean with drift track (violet from Polarstern,

orange from positioning buoy ”CO1” between Legs 3 and 4) indicated; (b)

bathymetry along the drift track from the Polarstern echosounder (teal), Inter-

national Bathymetric Chart of the Arctic Ocean (IBCAO v4.2) data set (black)

and the deep conductivity, temperature, depth (CTD) casts (red squares). For bet-

ter orientation, landmarks of the drift and the start and end of the individual legs

are indicated with colored dots and triangles in both panels. The orange line in (b)

indicates the time period when the floe was left uncrewed.
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cific via the Bering Strait between Russia and Alaska. Surrounded by wide shelf241

seas, the deep Arctic basin is separated by the Lomonosov Ridge, which reaches242

from the Siberian shelf to the Canadian shelf, into the Amerasian and Eurasian243

basins. The Eurasian Basin is further divided into the Amundsen Basin and the244

Nansen Basin by the Gakkel Ridge (Figure 1a). The shallow Yermak Plateau ex-245

tends northwards from the continental shelf on which the Svalbard archipelago is246

located, with the Nansen Basin on its eastern side and Fram Strait on its western247

side. These geographic divides have a large impact on Arctic Ocean circulation248

patterns and hence on the water column structure in the different regions. When249

interpreting the results from a drift campaign such as MOSAiC, regional gradients250

have to be taken into account.251

The MOSAiC drift started in October 2019 in the 4400 m deep Amundsen252

Basin (green dot in Figure 1) and progressed parallel to the Gakkel Ridge within253

the basin over virtually flat bottom topography for around 5 months. The drift254

then crossed the rough topography of the Gakkel Ridge over a 3-week time period255

between March 18 and April 9, 2020 (yellow to red dot in Figure 1), and crossed256

the Nansen Basin. At the beginning of June, the drift reached the shallow Yermak257

Plateau (local depth approximately 800 m; purple dot in Figure 1) northwest of258

Svalbard. After crossing the plateau from east to west, the floe entered the deeper259

waters and complex topography of Fram Strait on July 16 (blue dot in Figure 1)260

and drifted south, until the floe eventually broke up in the marginal ice zone.261

After a relocation closer to the North Pole, in the vicinity of the previous drift262

track (white triangle in Figure 1), measurements were resumed on a second floe263

in the Amundsen Basin. This time, the drift was directed northwards, parallel to264

the Lomonosov Ridge, until the expedition ended on September 20, 2020.265

Compared to the water depth measurements from MOSAiC, we found that the266

bathymetric data from IBCAO v4.2 perform well in the basins and for the Gakkel267

Ridge and Yermak Plateau region, but agree less well with the highly variable268

bottom depth in Fram Strait. In the following, we use the bathymetric data from269

IBCAO and any basin averages (e.g., of temperature and salinity profiles) refer to270

averages over the regions indicated above and in Figure 1b, with a discrimination271

between conditions in the Amundsen Basin during winter (first part of the drift)272

and during summer (last part of the drift).273

4. Water column structure and variability274

In the following sections, we provide a short general overview of the water masses275

of the Eurasian Arctic Ocean and their formation and characteristics (Section 4.1).276
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We then elaborate on the observed variability of the near-surface waters (Sec-277

tion 4.2), the Atlantic Water layer (4.3) and the deep water masses (Section 4.4)278

during the MOSAiC drift.279

4.1. Water masses in the Arctic Ocean280

Large amounts of terrestrial freshwater (and other material) enter the Arctic Ocean281

from Siberia and are advected towards Fram Strait together with sea ice formed282

on the Siberian shelves transported via the Transpolar Drift (e.g., Mysak, 2001;283

Karcher et al., 2012; Rudels, 2012; Charette et al., 2020). Both the transport of284

freshwater and sea ice across the Arctic Ocean are often referred to as the ”Trans-285

polar Drift”. While both transport patterns are qualitatively similar, the exact trans-286

port pathway and the velocities of sea ice and river water-rich surface water differ287

(see Section 5). In this study, Transpolar Drift refers to the transport of relatively288

fresh, river water-rich surface water from Siberian regions towards Fram Strait289

unless specified otherwise.290

The surface waters within the Transpolar Drift are characterized by high291

concentrations of dissolved organic carbon (DOC) and various lithogenic ele-292

ments and may carry organisms originating from the coastal and shelf zones293

(Krumpen et al., 2019; Charette et al., 2020). Paffrath et al. (2021) showed, based294

on lithogenic provenance tracers, that most of the freshwater encountered in the295

Eurasian Arctic Ocean is derived from the Lena, Yenisei and Ob rivers, whose296

contributions do not fully mix and form distinct freshwater domains within the297

Transpolar Drift. The high nutrient loads in these terrestrial waters is partially uti-298

lized on the wide Siberian shelves (Laukert et al., 2022), and their role for primary299

production at the pan-Arctic scale is still not entirely clear (Fouest et al., 2013; Ter-300

haar et al., 2021; Gibson et al., 2022). Mixed with ambient waters, this land-runoff301

forms a relatively fresh surface layer uniform in temperature and salinity: the po-302

lar mixed layer (ML; gray in Figure 2c of the MOSAiC data). This surface layer303

is bound by a pycnocline, i.e., a sharp increase in density, primarily set by salinity304

here, over a few meters, which we refer to as the base of the surface mixed layer.305

Below, salinity increases further, but more gradually, i.e., over tens of meters, with306

temperatures at or close to the freezing point. This layer is called the Arctic halo-307

cline (teal in Figure 2c, Schauer et al., 1997; Rudels, 2012). In temperature and308

salinity space (i.e., TS-diagrams), the halocline appears as an increase in salinity309

close to the freezing point line (as in Figure 3a). Due to its strong stratification,310

the halocline suppresses the vertical exchange between the surface layer and un-311

derlying waters (Schulz et al., 2023a) and prevents both heat and nutrients from312
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Figure 2. Water mass distribution along the drift.

(a) Conservative temperature (◦C), (b) absolute salinity (g kg−1) and (c) water

mass distribution along the drift, based on the composite dataset presented in this

study. In (a–c), topographic regions are shown (in brown), including the Amund-

sen Basin (AB), Gakkel Ridge (GR), Nansen Basin (B), Yermak Plateau (Pl) and

Fram Strait (FS); the white regions have no data coverage. Gray lines in (a) and (b)

indicate isopycnals with a spacing of 0.2 kg m−3. The color bar in (c) indicates the

mixed layer (ML), halocline (HAL), Arctic Atlantic Water (AAW), Atlantic Water

(AW), Upper Polar Deep Water (UPDW), Eurasian Basin Deep Water (EBDW),

Eurasian Basin Bottom Water (EBBW), Canadian Basin Deep Water (CBDW),

Arctic Intermediate Water (AIW) and Nordic Sea Deep Water (NSDW). Data gaps

in June are caused by ice-tethered profiler (ITP) data not covering the whole wa-

ter column. Note that the y-axis is nonlinear, zoomed in the upper 400 m. In (a),

triangles indicate the start and end of the legs; dots and vertical dotted lines, the

geographical markers; and the orange line, the uncrewed period of the drift as in

Figure 1b.
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the Atlantic Water layer to reach the surface. In addition, the strong stratification313

also decouples the speed and even direction of lateral advection in the surface314

layer and halocline, which may all contribute to a heterogeneous distribution of315

tracers as well as microorganisms in these layers, despite both being located in the316

potentially sun-lit upper ocean.317

Relatively warm and saline water from the Atlantic enters the Arctic Ocean318

through eastern Fram Strait and the shallow Barents Sea, carrying high nutri-319

ent concentrations (Torres-Valdés et al., 2013) and organisms of Atlantic origin320

(Snoeijs-Leijonmalm et al., 2022). This water circulates counterclockwise along321

the Arctic continental slopes (Schauer et al., 1997; Rudels, 2012) and is modified322

on its pathway by heat loss to the atmosphere when it resides close to the surface323

in the Barents Sea (Smedsrud et al., 2013; Meyer et al., 2017a) and subsequently324

by mixing with colder water masses (Lenn et al., 2009; Rippeth et al., 2015). This325

modification appears as a temperature decrease and a progressively deeper po-326

sition of the warm and saline Atlantic Water within the water column along its327

advective pathway (e.g., Schulz et al., 2021). When Atlantic Water temperatures328

are below 2◦C, we refer to it as modified, or Arctic Atlantic Water (AAW; beige329

in Figure 2c). In TS-diagrams, this layer is visible as a temperature peak, i.e., an330

increase and decrease of temperature over a narrow salinity range (Figure 3a). The331

distribution and modification of Atlantic Water can also be inferred from prove-332

nance tracers (e.g., Bauch et al., 2016; Laukert et al., 2017, 2019).333

The identification of deep waters below the Atlantic Water layer is less334

straightforward, as changes in temperature and salinity at these depths can be335

close to the instrument precision (as in the MOSAiC data, red box in Figure 3).336

Moreover, historical definitions for these deep waters might not hold anymore, as337

the properties of the water masses involved in their formation have been chang-338

ing due to ongoing global warming (Somavilla et al., 2013; von Appen et al.,339

2015; Karam et al., 2024). Here, we use a set of historical definitions that dif-340

fer between the central basins and the regions of Yermak Plateau and Fram Strait341

(see Section 2), but we advise treating these results with caution. In the central342

Eurasian Arctic Ocean (Amundsen and Nansen Basins), Upper Polar Deep Water343

(UPDW; lilac in Figure 2c) resides below the Atlantic Water layer. UPDW is a het-344

erogeneous water mass formed as a mixture of intermediate waters, flowing into345

the Arctic Ocean through Fram Strait, and Atlantic Water that has been strongly346

cooled during winter in the Barents Sea, as well as saline and dense plumes formed347

on the shelves by brine rejection during sea ice formation (e.g., Rudels, 2009). In348

the TS-diagram, this water mass is a mostly straight line with increasing salin-349

ity and decreasing temperature (Figure 3b). Below the UPDW, the primary water350
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mass is Eurasian Basin Deep Water (EBDW; green in Figure 2c), with occasional351

intrusions of relatively warm and saline Canada Basin Deep Water (CBDW; pink352

in Figure 2c). EBDW is characterized by nearly constant temperature and is the353

result of the interaction between inflowing deep waters through Fram Strait and354

dense plumes from the shelves (e.g., Smethie Jr et al., 1988). CBDW enters the355

Eurasian Basin across the Lomonosov Ridge and proceeds as a narrow boundary356

current, but is episodically transported into the interior basin by eddies (Karam357

et al., 2023). The water mass close to the seafloor is called Eurasian Basin Bottom358

Water (EBBW; dark purple in Figure 2c); its properties are impacted notably by359

dense overflows and geothermal heating (e.g., Smethie Jr et al., 1988). In Fram360

Strait, there is Arctic Intermediate Water (AIW; orange in Figure 2c) instead of361

UPDW below the Atlantic Water layer and Norwegian Sea Deep Water (NSDW;362

brown in Figure 2c) closer to the sea floor. AIW is characterized by nearly con-363

stant salinity and decreasing temperatures with depth and is typically enriched in364

oxygen, as it is formed through open ocean convection in the Nordic Seas (e.g.,365

Meyer et al., 2017b). NSDW used to be seen as a cold, fresh and very dense water366

mass but has warmed rapidly since the cessation of Nordic Seas deep convection,367

as it is no longer replenished. It now closely resembles EBDW (von Appen et al.,368

2015; Karam et al., 2023). All the deep water masses are different mixtures be-369

tween water of Atlantic origin and waters entrained by deep convection (NSDW)370

or dense water overflows (all Eurasian basins deep waters) and therefore have371

different tracer properties, especially oxygen (Karam et al., 2023) and transient372

tracers (Heuzé et al., 2023a).373

4.2. Surface and subsurface layer properties along the MOSAiC374

drift375

The Amundsen Basin of early winter 2019–2020 was characterized by a well-376

defined surface mixed layer close to the freezing point down to around 30 m depth377

and a stable halocline below (Figure 4a,d). Intermediate surface salinities around378

33 g kg−1 combined with low CDOM concentrations (Figure 4b,c) suggest that the379

contribution of river water was relatively small here. This small contribution could380

be related to different freshwater sources and their respective advective pathways,381

as the distribution of neodymium isotopes indicates alternating freshwater do-382

mains in this region reflecting variable contributions from the Yenisei, Ob and383

Lena rivers (G Laukert, unpublished). Sea ice meltwater from the preceding melt384

season may have also contributed to a fresher surface layer in this region (com-385

pared to the water below) and diluted the river-borne compounds. This dilution386
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Figure 3. Temperature-salinity diagrams.

Absolute salinity against conservative temperature for (a) the full depth range (for

the basin averages, the upper 5 m are not shown); and (b) enlargement of the

deep water masses. Gray lines indicate daily profiles and colored lines refer to

basin averages as indicated. The black line in (a) indicates the salinity-dependent

freezing point temperature, and black rectangles indicate Atlantic Water (AW)

and Arctic Atlantic Water (AAW). The small pink rectangle in (a) corresponds to

the range displayed in (b). In (b), circles indicate the approximate range of Upper

Polar Deep Water (UPDW), Eurasian Basin Deep Water (EBDW), Canadian Basin

Deep Water (CBDW), Arctic Intermediate Water (AIW) and Nordic Sea Deep

Water (NSDW).
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Figure 4. Ocean surface layer properties along the drift.

(a) Surface mixed layer depth (m, black dots; stratified surface layers are indicated

with purple crosses), (b) surface absolute salinity (g kg−1, black line), conserva-

tive temperature Θ (◦C, red line) and freezing point temperature (◦C, blue line), (c)

colored dissolved organic matter (CDOM; ppb, black line) and river water frac-

tion (%, green dots) and (d) mixed layer (gray), halocline (teal) and thermocline

(red) extent and position of the -1◦C isotherm (black dots) along the drift. In (a),

triangles indicate the start and end of the legs; dots, vertical dotted lines and anno-

tations, the geographical markers including Amundsen Basin (AB), Gakkel Ridge

(GR), Nansen Basin (B), Yermak Plateau (Pl) and Fram Strait (FS). The orange

line indicates the uncrewed period of the drift as in Figure 1b.
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effect could explain the rather low dissolved organic carbon (DOC) concentra-387

tions at the very start of the drift (Kong, 2022). At the beginning of December,388

a decrease in salinity and an increase in both CDOM and river water fraction389

(derived from δ18O; see Section 2, Text S1) to over 13% indicate that the floe390

had entered the river water-rich part of the Transpolar Drift. Somewhat surpris-391

ingly, the position of the maximum river water fraction does not coincide with392

the highest concentrations of CDOM, which appear only when surface salinity in-393

creases again and the surface layer started to deepen in March (Figure 4a–c). This394

disjunct could be related to different freshwater sources and their respective ad-395

vective pathways, as the distribution of neodymium isotopes indicates alternating396

freshwater domains in this region either reflecting increased contributions from397

the Yenisei and Ob rivers or the Lena River (G Laukert, unpublished). A similar398

but spatially shifted distribution has already been described based on summer data399

from 2015, suggesting a strong spatio-temporal variability of the surface waters400

in the Eurasian Arctic Ocean (Paffrath et al., 2021).401

As it approached the Gakkel Ridge, the floe left the heavily river-water-402

influenced part of the Transpolar Drift and surface salinity increased to a max-403

imum of 34.3 g kg−1. River water fraction and CDOM concentrations decreased404

during the passage of the ridge (Figure 4c). These decreases were also coinci-405

dent with a decrease of DOC concentrations in the surface layer (Kong, 2022).406

On the Nansen Basin side of the Gakkel Ridge, the surface mixed layer deepened407

to around 80 m. At the end of April, the surface stratification, i.e., the halocline,408

disappeared completely and density only increased at a depth of approximately409

130 m. These conditions have previously been described as ”deep ventilation”410

(Polyakov et al., 2017), referring to a mixed layer that is not bounded by the411

halocline but reaches down to the warm Atlantic Water layer. This enhanced con-412

nectivity between the surface and Atlantic layer, compared to the situation in the413

Amundsen Basin, is also evident from provenance tracer distributions suggest-414

ing enhanced Atlantic Water admixture to the surface (G Laukert, unpublished)415

and might promote the transport of deep oceanic heat towards the sea ice (see416

Section 6), thereby slowing basal growth (Lei et al., 2022), and increase verti-417

cal nutrient supply to the surface layer (Randelhoff et al., 2020). The enhanced418

vertical exchange might also facilitate the transport of organisms advected in the419

Atlantic Water layer closer to the surface. Deep ventilation, along with relatively420

constant surface salinity, low river water fraction and CDOM concentrations, per-421

sisted throughout the Nansen Basin until the drift reached the Yermak Plateau in422

June (Figure 4).423

Above Yermak Plateau, from the end of May onwards, surface layer temper-424



17

atures increased successively with ongoing solar warming and deviated more and425

more from the freezing point (Figure 4b). River water fraction and CDOM re-426

mained at the same low levels as encountered in the Nansen Basin, but a slightly427

lower surface salinity allowed for the presence of a halocline. The Atlantic Water428

layer on the eastern side and above the plateau was much shallower (see Sec-429

tion 4.3), restricting the vertical extent of the halocline (Figure 4d). Sea ice melt,430

starting in late May to early June (Lei et al., 2022; Webster et al., 2022), and431

surface warming created vertical density differences, i.e., stratification, within the432

near-surface layer. Turbulent mixing in the upper ocean (see Section 6 for details)433

did not penetrate deeper than 30 m and usually was not strong enough to destroy434

the near-surface stratification established by meltwater input and warming. Hence,435

especially later in the season, we often observed no classical surface mixed layer436

(purple crosses in Figure 4a) and, even in the uppermost layer, vertical gradients in437

any tracer concentration, e.g., nutrients, or organism distribution, can be expected.438

When leaving the Yermak Plateau on July 16, we observed another regime439

shift in the surface layer: Surface salinity abruptly decreased, while river water440

fraction and CDOM concentrations, which had remained low since entering the441

Nansen Basin, increased. This change is accompanied by a trend toward less ra-442

diogenic neodymium isotopic compositions (G Laukert, unpublished), suggesting443

increased admixture of Lena River water and supporting cross-Arctic transport444

of Siberian freshwater. In Fram Strait, we also observed a subsurface increase of445

CDOM (data not shown), indicative of the ”edge” of the East Greenland Current446

(which is an extension of the Transpolar Drift of relatively fresh water of Siberian447

origin). Such a transition from one oceanic (surface) regime to another is often448

accompanied by sudden changes in biogeochemical water properties (e.g., nutri-449

ent relationships) and potentially also the ecological community structure (e.g.,450

Tippenhauer et al., 2021). The surface temperature anomaly relative to freezing451

point further increased, to a maximum of 0.4◦C shortly before the floe broke up.452

After relocating north at the end of August, back into the Amundsen Basin,453

we observed the freshest surface waters (see also Rabe et al., 2022) and a sta-454

ble halocline similar to the first phase of the drift. There are no sensor-based455

CDOM measurements after the relocation, but the highest CDOM absorption and456

DOC concentrations in surface waters during MOSAiC were found here (Kong,457

2022). Moreover, the highest river water fractions based on oxygen isotopes and458

the least radiogenic neodymium isotope signatures were determined, in line with459

the strongest Lena River contributions during the entire MOSAiC campaign (G460

Laukert, unpublished). The similarity of neodymium isotope signatures between461

this freshwater domain and that in the western Fram Strait may suggest continuous462
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freshwater transport along the Transpolar Drift. However, enhanced freshwater463

export from the Siberian shelf exhibits a strong seasonality linked to the variable464

shelf hydrography (Janout et al., 2020), which may be preserved along the Trans-465

polar Drift. The uppermost layer was often stratified due to sea ice melt and solar466

warming. Whenever a well-defined surface layer existed, it was about 20 m deep,467

slightly shallower than during the first part of the drift. Surface temperatures were468

still above freezing when sampling resumed, but approached freezing point at the469

beginning of September.470

When sampling was resumed after the floe had been left uncrewed in July, we471

observed an approximately 1 m thick, low-salinity (SA from close to 0 to about472

10 g kg−1) under-ice meltwater layer, visible in salinity profiles (Schulz et al.,473

2022b). At the interface between the fresher meltwater layer and the underlying474

colder seawater, thin layers of ice formed, so-called false bottoms (Smith et al.,475

2022; Salganik et al., 2023a). Low salinity meltwater layers in leads remained476

present until strong winds caused enhanced mixing during the period September477

5–9 (Smith et al., 2023; Nomura et al., 2023). The presence of meltwater resulted478

in a very strong stratification in the uppermost meters, up to two orders of mag-479

nitude stronger compared to the halocline. Measurements with an uprising turbu-480

lence profiler also show drastically reduced turbulent mixing in the near-surface481

layer when meltwater layers were present (Fer et al., 2022). Details on the dy-482

namics and implications of meltwater layers can be found in Smith et al. (2022);483

Nomura et al. (2023); Salganik et al. (2023a); Smith et al. (2023).484

4.3. Atlantic Water layer along the MOSAiC drift485

Modified Arctic Atlantic Water (AAW) was present throughout the MOSAiC drift.486

In the Amundsen Basin, the upper limit of the AAW layer were situated at approx-487

imately 150 m depth. After passing the Gakkel Ridge into the Nansen Basin, the488

AAW was warmer and situated deeper in the water column (Figure 2a). Relatively489

unmodified Atlantic Water (AW), coming straight from the Atlantic and being490

characterized by a core temperature above 2◦C, was only present above Yermak491

Plateau (Figure 2c), where warm waters also resided about 100 m closer to the sur-492

face (Figure 4d), and in Fram Strait. Here, we use the term Atlantic Water (layer)493

to refer to both AW and AAW.494

The ”older” the Atlantic Water layer, i.e., the longer it has been out of contact495

with the surface and traveled in the Arctic while being mixed with colder wa-496

ters, the deeper and colder its core (Rudels, 2015). Hence, we observed a strong497

correlation (R2 = 0.67, not shown) between the core depth and the core tempera-498
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ture. Along the drift in 2019–2020, the Atlantic Water core was mostly located at499

around 300 m depth, with a temperature around 1.2◦C. Above Yermak Plateau and500

in Fram Strait, the core was approximately 1◦C warmer (and 0.1 kg m−3 lighter)501

and 100 m shallower, but subject to strong variability. In this region, the impact502

of the shallow and ”young” Atlantic Water on, e.g., nutrient supply or organism503

composition might be more pronounced compared to the situation in the deep504

basins.505

As Atlantic Water can take different paths within the Arctic Ocean, e.g., en-506

tering via Fram Strait or through the Barents Sea, or recirculating into the deep507

basins from different positions along the continental slope (Rudels, 2012, 2015),508

different branches of Atlantic Water, with slightly different temperature and salin-509

ity signatures, can often be found at the same position, stacked on top of each other510

(Rudels and Hainbucher, 2020). These ”interleaving” layers can be identified as511

z-shapes near the Atlantic Water temperature maximum in the TS-diagrams (Fig-512

ure 3a) and as inversion layers and local temperature minima in the temperature513

profiles. In the Amundsen and Nansen Basin, interleaving involved mainly the514

Barents Sea and the Fram Strait branches of Atlantic Water. In the more dynamic515

Fram Strait region, we found strong interleaving, with several sources of Atlantic516

Water, which might differ in their respective biogeochemical signature that cause517

vertical gradients in, e.g., nutrient concentration.518

At the upper bound of the Atlantic Water layer, both temperature and salin-519

ity increase with depth. In quiescent conditions, i.e., when turbulent mixing is520

negligible and molecular diffusion is the dominant mixing process, temperature521

gradients diffuse faster than gradients in salinity. This difference in thermal and522

haline diffusion coefficients creates step-like structures, so-called thermohaline523

or double-diffusive staircases, typical for the Arctic Ocean (Shibley et al., 2017).524

These structures can persist for years and over 100 km of horizontal distance, and525

individual layers can be up to several tens of meters thick (e.g., Lenn et al., 2009;526

Guthrie et al., 2017). Along the MOSAiC drift, we frequently, but not always,527

observed thermohaline staircases in the quiescent Amundsen Basin, in line with528

findings from high resolution observations from drifting stations in the same area,529

that show 1–3 m thick thermohaline staircase layers in the 200–260 m depth range530

(Sirevaag and Fer, 2012). Outside of the Amundsen Basin, we sometimes ob-531

served structures that might be remnants of thermohaline staircases in the vertical532

profiles (not shown), but their characteristic sharp interfaces were absent. These533

differences point towards a lower connectivity between the surface and deeper534

ocean in the Amundsen Basin, compared to the other parts of the drift.535
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4.4. Deep water along the MOSAiC drift536

The deep water masses during the MOSAiC drift have been described in detail in537

Karam et al. (2023) and Rabe et al. (2022); here, we provide only a brief sum-538

mary. Despite the uncertainties associated with the identification of deep water539

masses (sensor accuracy, changes in end member properties; see Section 4.1), we540

observed a somewhat consistent distribution of deep waters across the Eurasian541

basin during MOSAiC. In the Nansen and Amundsen Basin, UPDW was ob-542

served right under the Atlantic layer down to approximately 1500 m. Below the543

UPDW, primarily EBDW is found until the sill depth of Fram Strait (approxi-544

mately 2500 m), with occasional intrusions of relatively warm and saline CBDW545

as a salinity maximum between 1700–2000 m depth (Karam et al., 2023). Below546

the sill depth of Fram Strait, the temperature increased slightly as we encountered547

the last deep water mass, EBBW, until the seafloor. Deep waters directly above548

the Gakkel Ridge and their unique hydrothermal-vent-influenced ecosystem were549

not sampled during MOSAiC.550

The deeper waters above the Yermak Plateau and in Fram Strait consisted551

of UPDW, alternating with likely AIW. Below UPDW/AIW, we again observed552

CBDW in Fram Strait, as a salinity maximum at roughly 2000 m depth. Close to553

the bottom in Fram Strait, we found a mixture of NSDW and EBDW. Again, we554

note that identifying water masses in Fram Strait solely based on their temperature555

and salinity signature as done in this study is associated with large uncertainties,556

primarily due to the warming and increased salinity of waters south of Fram Strait557

over the past decades. Hence, traditional water mass classifications (Marnela et al.,558

2016) do not necessarily hold for the deep waters anymore (Somavilla et al., 2013;559

von Appen et al., 2015). Other tracers, such as CFC, SF6, or dissolved oxygen, are560

needed to accurately determine the origin of deep water masses, which is beyond561

our scope but addressed in Karam et al. (2023) and Heuzé et al. (2023a).562

5. Current velocities, tides and eddies563

In both central basins, current velocities below the surface mixed layer were small,564

on the order of 0.01 m s−1. Within the surface mixed layer, current velocities were565

intensified and correlated with the sea ice drift speed (R2 = 0.9; data not shown).566

The magnitude of the ocean surface current (14–30 m vertical average), however,567

was much smaller, on average 16% of the floe drift speed (Figure 5a), meaning that568

the ice moves around six times faster than the upper ocean. This difference illus-569

trates that, while both sea ice and fresh, riverine water are transported from their570

region of origin in Siberia across the Arctic towards Fram Strait, their transport571
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Figure 5. Current velocities along the drift.

(a) Sea ice drift (black, m s−1) and combined drift and averaged current velocity

in the upper 14–30 m relative to the floe (teal, m s−1), (b) current speed (m s−1)

relative to the sea floor and (c) tidal velocities (m s−1) from observations (teal)

and the Arctic Ocean Tidal Inverse Model AOTIM5 (black) along the drift. In

(a), triangles indicate the start and end of the legs, dots, vertical dotted lines and

annotations the geographical markers including Amundsen Basin (AB), Gakkel

Ridge (GR), Nansen Basin (B), Yermak Plateau (Pl) and Fram Strait (FS). The

orange line indicates the uncrewed period of the drift as in Figure 1b. In (b), orange

triangles indicate near-surface eddies, the black line indicates the depth of the

surface mixed layer.
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timescales and exact pathways differ. Sea ice within the Transpolar Drift typically572

traverses the Arctic Ocean within 1–3 years (Charette et al., 2020; Steele et al.,573

2004), while the transport timescale for freshwater might be rather on the order of574

a decade. In addition, the pathway of the Transpolar Drift is strongly influenced575

by daily to decadal variability in wind conditions (Mysak, 2001), yielding that576

liquid and solid freshwater of similar origin in space and time might take very577

different routes through the Arctic Ocean. The difference in sea ice drift and sur-578

face ocean current speed also underlines that, while sampling the same sea ice, the579

water below the ice quickly changes throughout the drift and oceanic data cannot580

be treated as a simple time series. Furthermore, as the surface mixed layer tends581

to move faster than the ocean below, any time series recorded above and below582

the surface mixed layer base might develop independently of each other.583

The region around the Yermak Plateau and especially in Fram Strait, is more584

energetic. Absolute current velocities were much higher (up to 0.4 m s−1) and585

more variable, and surface currents correlated less with sea ice drift. Here, tides586

play a greater role, with a dominance of diurnal frequencies above the Yermak587

Plateau and semi-diurnal frequencies in Fram Strait (data not shown; see Fer et al.,588

2015, for details on tides in the region). In combination with the more variable589

water column structure in this region (see Section 4), we expect more variability590

on short, daily to sub-daily, timescales, e.g., in surface nutrient supply or species591

composition. Assumptions of lateral homogeneity, i.e., negligible spatial gradi-592

ents, which are to some degree justified in the respective deep basins, no longer593

hold in the dynamic regime of the Yermak Plateau and Fram Strait.594

Table 2. Clearly identifiable upper ocean eddies along the drift.

Start End Da (m) ∆hb (m) Type

17.12.19 01:00 18.12.19 11:00 38 40 Anticyclonic

16.01.20 07:00 17.01.20 10:00 38 48 Anticyclonic

31.01.20 08:00 02.02.20 07:00 22 56 Anticyclonic

11.02.20 14:00 13.02.20 12:00 22 80 Anticyclonic

29.08.20 17:00 30.08.20 17:00 38 40 Cyclonic

03.09.20 23:00 03.09.20 10:00 30 64 Anticyclonic
a First depth where the eddy was detected.
b Vertical eddy thickness.

Six upper ocean eddies were identified in the halocline in the Amundsen and595

Nansen Basin, listed in Table 2 and indicated in Figure 5b. Five of these eddies596
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rotated anticyclonically (clockwise) and only one cyclonically, in line with the597

previously reported prevalence of anticyclonic eddies in the Arctic Ocean (Zhao598

et al., 2014; von Appen et al., 2022). The timing of these eddies does not coincide599

with the presence of storms or strong winds, indicating that the eddies had not600

been formed locally, but might rather be advected and originate from topographic601

features (Zhao et al., 2014) or barotropic and baroclinic instabilities (von Ap-602

pen et al., 2022). Eddies can transport water masses with distinct biogeochemical603

signatures over large distances, and their associated higher current velocities can604

increase local vertical mixing (Son et al., 2022). Both processes can enhance the605

nutrient supply to the photic zone, making eddies potential biological hotspots.606

A presumably high fraction of nutrients supplied by eddy activity in the Arctic607

winter would not be consumed, but would instead (locally) increase the nutrient608

inventory for the next productive season. In addition, anticyclonic eddies are as-609

sociated with a shoaling of the mixed layer base, which was most pronounced for610

the eddies in January and February when the mixed layer depth decreased by 10–611

20 m. However, a similar variability in mixed layer depth is also observed during612

times when eddies were absent. In the Yermak Plateau/Fram Strait regions, eddy613

activity is obscured by the strong tides; hence no eddies were identified there.614

On November 9, 14 and 28 (2019), we also observed a large anticyclonic eddy615

at greater depth in the middle of the Amundsen Basin, indicated by sloping isopy-616

cnals above and below the eddy, with relatively dense waters above the eddy and617

light waters below, relative to the adjacent water column (data not shown). This618

eddy carried a warm and saline CBDW intrusion and extended over approximately619

1200–2400 m depth (Karam et al., 2023).620

6. Turbulence and vertical transport621

6.1. Surface mixing622

In contrast to the surface mixed layer depth, which describes the depth to which623

the surface layer is uniform in temperature and salinity (see Section 4.2), the624

mixing layer depth describes how deep active turbulent mixing, which is created625

by friction at the ice-ocean interface, or by wind and waves in the marginal ice626

zone or open water conditions, penetrates into the water column. While active627

mixing creates the mixed layer by homogenizing the water column, the mixed628

layer will persist even after the active mixing has decayed. This persistence is be-629

cause, even though the small-scale turbulent motion causing the mixing will dissi-630

pate within hours or days, the re-establishment of gradients near the surface, i.e.,631

re-stratification, often takes much longer, especially in the absence of restoring632
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Figure 6. Parameters related to surface turbulence along the drift.

(a) Surface mixed layer depth (black) and mixing layer depth (red, m, left ver-

tical axis) and upper ocean stratification (teal, right axis, s−2). (b) Mixing layer

depth (red, m, left axis; note that the vertical axis is reversed) and friction veloc-

ity (gray, right axis). In (a), black and white triangles indicate the start and end

of the legs, dots, vertical dotted lines and annotations the geographical markers

including Amundsen Basin (AB), Gakkel Ridge (GR), Nansen Basin (B), Yermak

Plateau (Pl) and Fram Strait (FS). The orange line indicates the uncrewed period

of the drift as in Figure 1b and orange triangles indicate near surface eddies.
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forces, such as strong lateral gradients. This delay explains why the distribution633

of biological and biogeochemical tracers is often homogeneous in the actively634

mixing layer, but not in the mixed layer, where it instead reflects a combined sig-635

nal of past active mixing and new biological production (or consumption) in the636

respective layers (Carranza et al., 2018).637

The relation between the depth of the mixed layer and depth of the active638

mixing layer is illustrated in Figure 6a. At times during MOSAiC, active mixing639

reached down to the base of the mixed layer, but was often confined to the upper640

20 m. In the Nansen Basin, in the presence of deep ventilation conditions, active641

mixing occasionally reached to a maximum depth of 80 m, but not to the mixed642

layer base located at approximately 130 m. However, we have limited observations643

of turbulence here, due to the interruption of the drift between Legs 3 and 4. Upon644

return to the Amundsen Basin in summer, the mixed layer depth was shallower645

compared to the winter condition, caused by a lower surface salinity and hence646

stronger upper ocean stratification (teal line; Figure 6a). The active mixing layer647

depth, however, is comparable to the maximum depth of active mixing typically648

observed in this region in winter, during the first part of the drift, and reaches649

deeper than the mixed layer base. In other words, the same level of turbulent650

energy that created an approximately 30 m deep mixed layer in the presence of651

weaker upper ocean stratification (first part of the drift), only created a 20 m deep652

mixed layer in the presence of stronger stratification (last part of the drift). This653

comparison illustrates how strong stratification requires more turbulent energy to654

be mixed and that storm events, associated with elevated levels of turbulence,655

can have a different impact on the vertical transport of, e.g., nutrients and other656

biogeochemical compounds or organisms, depending on the strength of the upper657

ocean stratification.658

As the turbulent energy in the mixing layer mainly originates from friction at659

the ice-ocean interface, the depth of the mixing layer is, to a large extent, related660

to the sea ice drift speed. A parameter to describe the impact of drift speed on661

upper ocean turbulence is the friction velocity, u⋆ (right vertical axis in Figure 6b).662

In the (winter) Amundsen Basin and in the Nansen Basin, the evolution of the663

mixing layer depth corresponds to variations in friction velocity, on a daily time664

scale. The relationship is different, but still visible, above the Yermak Plateau665

and breaks down in Fram Strait. Both regions were characterized by considerably666

higher current velocities, which likely contributed to the friction at the ice-ocean667

interface. Furthermore, sea ice melt probably reduced the bottom roughness of the668

sea ice (which was kept constant in the u∗ calculation here), thereby reducing the669

efficiency of energy transfer from sea ice drift to surface ocean turbulence. After670
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resuming sampling on another ice floe in the Amundsen Basin in late summer, in671

the presence of a stronger upper ocean stratification, the mixing layer depth was672

relatively constant and the effect of the friction velocity less clear. In summary,673

variations in ice drift speed strongly influenced the mixing layer depth on daily or674

probably shorter time scales, but other effects like the upper ocean stratification675

and tides are likely to alter this relationship.676

The different timescales on which the active mixing depth and the mixed layer677

depth vary can have implications for the distribution of tracers and organisms in678

the near-surface layer. During longer calm periods, when the wind and drift speed679

are low, vertical biogeochemical gradients might be established within the sur-680

face mixed layer, e.g., if nutrients are preferentially consumed in the upper part681

of the mixed layer, where more sunlight is available, or if tracers and organisms682

from melting sea ice are injected to the ocean and accumulate only in the very top683

layer. A wind event could then easily homogenize these gradients on very short684

(hourly) timescales, altering the biogeochemical signature over the whole mixed685

layer depth. Such an event could boost primary productivity, by replenishing sur-686

face nutrients, but could also have an adverse effect by displacing organisms to687

greater depths, where less sunlight is available and food is more diluted.688

6.2. Turbulent diffusivity689

The decay of turbulent energy with increasing distance from the surface, where690

it is generated mainly by friction under the sea ice, is visible in Figure 7a. In691

the Amundsen Basin, strong stratification (Figure 7b) confined elevated levels of692

mixing to the upper approximately 70 m in winter and, due to stronger surface693

stratification, to approximately 50 m in summer. In the Nansen Basin, where the694

upper ocean was well mixed or only weakly stratified (yellow lines in Figure 7),695

turbulence was elevated in the upper 90 m and still slightly above noise level down696

to approximately 200 m. The Yermak Plateau and Fram Strait regions were more697

stratified, partly due to buoyancy input by meltwater and solar warming, but also698

more dynamic (see Section 5). Here, turbulence was strongly elevated in the upper699

40 m and still elevated below, though weaker than in the Nansen Basin.700

Vertical diffusivity, the coefficient necessary to calculate turbulent vertical701

fluxes in the presence of stratification, differed both regionally and depending702

on the vertical position in the water column. In the strongly stratified halocline703

in the Amundsen Basin, values are smallest and on the order of 10−6 m2 s−1, as704

already reported in Schulz et al. (2023a), illustrating how the halocline separates705

the surface from the deeper water layers. In the conditions we encountered in706
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Figure 7. Turbulence and stratification profiles.

Basin-averaged vertical profiles of the (a) turbulent dissipation rate ε (W kg−1), (b)

Brunt-Väisälä frequency, N , squared (s−2) and (c) vertical diffusivity Kz (m2 s−1).

Colors refer to the Amundsen Basin (AB) summer and winter conditions, Nansen

Basin (NB) and the Yermak Plateau (YP) and Fram Strait (FS) averages, the ver-

tical gray line in (a) indicates the lowest detection (”noise”) level of the profiler.

Data below around 90 m in the Amundsen Basin and below 200 m in the Nansen

Basin and the Yermak Plateau and Fram Strait regions are at noise level and not

shown in (c).

summer, characterized by lower surface salinity and a shallower mixed layer, the707

”bottleneck” for vertical transport formed by the halocline was even more pro-708

nounced (blue and violet lines in Figure 7c). In the Yermak Plateau and Fram709

Strait regions, upper ocean (30–160 m) vertical diffusivity was an order of mag-710

nitude higher, around 10−5 m2 s−1 (green line in Figure 7c). In the Nansen Basin,711

upper ocean vertical diffusivity is highest, ranging from more than 10−3 m2 s−1 in712

the upper 50 m and gradually decreasing to approximately 10−5 m2 s−1 at around713

170 m depth. Highest vertical fluxes of any tracer, e.g., heat, nutrients or oxygen,714

can therefore be expected in the Nansen Basin.715

The variability within both basins was relatively low, with average values716

providing a good representation of the typical conditions. However, the Yermak717

Plateau and Fram Strait regions are energetic and exhibited considerably different718

conditions, e.g., with respect to tidal currents (Section 5), stratification and At-719

lantic Water layer properties (Section 4). Here, average values can be informative720

and descriptive, but for detailed studies in those regions, the actual contempora-721
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neous conditions need to be considered.722

6.3. Heat fluxes723

Ocean heat fluxes presented here were calculated in two ways. Close to the surface724

(3 m depth), high-resolution point measurements of three-dimensional velocity725

and temperature from an autonomous buoy provided heat fluxes based on direct726

eddy correlation methods. In deeper layers, we derived heat fluxes from vertical727

temperature gradients and the vertical diffusion coefficient Kz (described above),728

e.g., over the halocline or the Atlantic Water thermocline (see Section 2, Text S1).729

The heat flux at 3 m reflects how a small difference in heat, i.e., water even slightly730

above the local salinity-controlled freezing point, is transported near the ice-ocean731

interface. The heat flux over the halocline describes the heat entering the surface732

mixed layer from the ocean below. The heat flux over the thermocline can be733

interpreted as the heat lost from the Atlantic Water to the colder water layer above734

(Schulz et al., 2021). Similarly, vertical fluxes of other tracers, e.g., nutrients or735

dissolved oxygen, could be calculated from the Kz data presented here and the736

respective tracer profiles. Depending on the position of the layer of interest, e.g.,737

the nitracline, we expect that these fluxes qualitatively follow the variability we738

observed in heat fluxes.739

Heat fluxes at 3 m depth, near the top of the ocean mixed layer (Figure 8a),740

ranged between –2 W m−2 and 7 W m−2, exhibiting a typical wide day-to-day741

variability, arising primarily from the variable wind-forced motion of the ice (Fig-742

ure 5a). During the winter period, in the absence of solar heating, the 3 m fluxes743

arose from wind-ice-forced turbulent mixing of heat within the mixed layer and744

heat trapped by the strong salinity-controlled density gradient at the base of the745

mixed layer. Heat transport from the base of the mixed layer was strongly am-746

plified in the presence of eddies. During the ice growth period (December to end747

of April), ice basal growth of 0.92 m to 1.05 m was measured (AOFB altimeter748

on a different floe; Perovich et al., 2023). This basal growth is dominated by ice749

conductive fluxes controlled by air temperature, humidity, wind speed, the effects750

of highly insulating snow, ice thickness and ice salinity. Because the ocean mixed751

layer temperature is very close to the freezing point (Figure 4b; Section 4.2), heat752

lost to the ice cannot further cool the ocean, but rather forms ice, releasing brine753

and removing latent heat from the ice-water interface (e.g., McPhee, 2008). The754

small contribution to ice basal change from time-integrated predominantly upward755

heat fluxes for this time series was just 1.2 cm of ice loss, with little contribution756

after the beginning of May 2020.757
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Figure 8. Vertical heat fluxes during the drift.

(a) Heat fluxes (Fh) at 3 m depth, based on eddy-correlation, measured with an

Autonomous Ocean Flux Buoy at the Distributed Network ”L2” site (Rabe et al.,

2022), at a distance of 15–25 km from Polarstern. Blue dots are daily averages; the

black line is a 6-day low-pass filtered time series and red diamonds are monthly

mean flux values. (b) Heat fluxes over the halocline (teal dots) and Atlantic Water

thermocline (red dots) based on shear probe measurements. (c-f) Individual (gray)

and average (black) conservative temperature (Θ) profiles and average halocline

and thermocline heat fluxes in the Amundsen Basin (AB) in summer and win-

ter, the Nansen Basin and the Yermak Plateau and Fram Strait regions (YP/FS).

All values are in W m−2. In (a), triangles indicate the start and end of the legs;

dots, vertical dotted lines; and annotations, the geographical markers including

the Gakkel Ridge (GR), Nansen Basin (B), Yermak Plateau (Pl) and Fram Strait

(FS). The orange line indicates the uncrewed period of the drift as in Figure 1b.
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As previously reported, based on the winter Amundsen Basin data from MO-758

SAiC (Schulz et al., 2023a), the heat flux over the halocline is negligible, meaning759

that the halocline effectively shelters the upper water layers and the sea ice from760

the heat in the Atlantic Water layer. While there was a minimal upward flux in the761

Amundsen Basin in winter, with heat fluxes much smaller than 0.1 W m−2, the762

stronger stratification present in summer completely suppressed any heat trans-763

port over the halocline (Figure 8a,c,f). As the Gakkel Ridge was approached in764

March, halocline heat fluxes gradually increased, reaching maximum levels above765

the ridge. However, daily mean values were still small, below 0.8 W m−2 (directed766

upwards). Halocline heat fluxes above the Yermak Plateau were comparable to767

those above the Gakkel Ridge, until surface heating reversed the temperature gra-768

dient and small, downward-oriented heat fluxes were observed.769

Upward heat loss from the Atlantic Water layer in the Amundsen Basin was770

around 1 W m−2, with little (sub)seasonal variability. Under deep ventilation con-771

ditions in the Nansen Basin, in the absence of a sheltering halocline, the more772

turbulent surface layer directly connects with the Atlantic Water layer and ther-773

mocline heat fluxes increased by a factor of three, compared to the Amundsen774

Basin conditions with a stable halocline (Figure 8b,c,d,f). In the Yermak Plateau775

and Fram Strait regions, heat fluxes were also enhanced, but the temperature struc-776

ture in the water column, and hence the heat flux, was more variable (Figure 8c).777

Here, heat fluxes were highest on the plateau, where the Atlantic Water layer is778

shallow and the Atlantic Water core is warmer (and younger) compared to the rest779

of the drift. Heat fluxes decreased to a level between Nansen and Amundsen Basin780

conditions as Fram Strait was entered.781

7. Comparison of MOSAiC data and ocean climatologies782

Ocean climatologies are interpolations of observed temperature and salinity pro-783

files, which are often used as initial or boundary conditions in modeling studies,784

or for ground-truthing the results of simulations. In contrast, state estimates are785

realizations of numerical models that have been optimized to best fit observa-786

tional data, while obeying the physical laws that govern processes in the ocean.787

The majority of data used to create the climatologies were collected more than 10788

years ago (Table 1). Because the Arctic is the world’s fastest-changing region, it is789

unclear how representative these datasets still are. The high-resolution MOSAiC790

data can serve as a benchmark for the ”modern-day” Eurasian Arctic, enabling an791

evaluation of how representative the climatologies are of the current conditions.792

Here, we compare four climatologies and two state estimates in three time periods/793
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Figure 9. Comparison of the observations along the drift with climatological

datasets and state estimates.

(a-c) Conservative temperature (Θ) and (d-f) absolute salinity profiles of four cli-

matological datasets (PHC3, WOA18, WOA23 and MIMOC) and two state esti-

mates (ECCO and ASTE; see Section 2 and Text S1 for definitions and details)

and the MOSAiC observations. Note the different ranges on the y-axis for salin-

ity and temperature. Data have been averaged for the months of January in the

Amundsen Basin (AB), May in the Nansen Basin (NB) and July in the Yermak

Plateau and Fram Strait regions (YP/NB). (g) Atlantic Water (AW) core conser-

vative temperature (Θ) and (h) depth (m), and (i) halocline (HAL) conservative

temperature (Θ) and (j) depth (m).
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regions (Figure 9) to the new MOSAiC data. We calculated month-long averages794

of the MOSAiC data, with the January average representing Amundsen Basin795

winter conditions, May representing spring conditions in the Nansen Basin, and796

July representing summer conditions in the Fram Strait region. The correspond-797

ing climatological averages were derived from the objectively analyzed monthly798

datasets of each climatology/state estimate, utilizing the nearest climatology grid799

cell to the drift location at the midpoint of the corresponding month. For additional800

information, including details about the respective data sources for the climatolo-801

gies, see Text S1.802

Overall, we found good agreement between the climatologies and MOSAiC803

data, regarding the vertical structure and seasonal and regional variability. The804

MIMOC and WOA18 climatology show strong agreement and similarity, despite805

WOA18 containing a larger proportion of older data compared to MIMOC. The806

two state estimates, ECCO and ASTE, accurately reconstruct the complex ver-807

tical structure and the halocline, as well as seasonal and regional changes. Not808

all climatologies accurately represent the surface mixed layer, which is subject to809

considerable short-term variability, as profiles were often averaged over different810

regions and time periods. MIMOC is the only climatology that considers this issue811

during the interpolation and objective mapping process.812

PHC3, with the oldest data of all the data products considered here (Table 1),813

features a fresher Atlantic layer and halocline, compared to other data prod-814

ucts and MOSAiC data, which is expected as most data are pre-Atlantification815

(Polyakov et al., 2017). The state estimates ECCO and ASTE are subject to tem-816

perature biases in the Atlantic layer, with ECCO being 1–1.5◦C colder and ASTE817

being 0.2–2.0◦C warmer (with a larger bias in spring/summer Eurasian Basin than818

in the winter Amundsen Basin), compared to the observed Atlantic Water core.819

ASTE also exhibits a salinity bias, with a fresher Atlantic Water and halocline820

layer, resulting in a weaker stratification. These biases point to issues reproducing821

the Atlantic Water pathway (a common issue in many models, e.g., Heuzé et al.,822

2023b; Wang et al., 2023), an underestimation of vertical heat fluxes from the At-823

lantic Water layer and not enough observations along the Eastern Arctic boundary824

current available to constrain the model (Nguyen et al., 2021). Constraining a new825

release of ASTE with MOSAiC data will likely reduce this bias.826

Across all basins and seasons, the MOSAiC data consistently exhibit warmer827

Atlantic Water, compared to the climatologies. The climatologies demonstrate a828

clear temporal dependency, with PH3, containing the oldest data, featuring the829

coldest Atlantic Water, approximately 1◦C colder compared to the most recent830

WOA23. This observation aligns with the expected consequences of rapid Arctic831
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Amplification and Arctic Ocean warming (Rantanen et al., 2022). Another pos-832

sible shift is indicated in the Amundsen Basin halocline properties, the extent of833

which decreases from 130–200 m in the (oldest) PHC3 climatology to 70–100 m834

during MOSAiC. This shift is in line with previous findings of a weakening and835

shallowing of the halocline over recent decades (Polyakov et al., 2020a).836

However, MOSAiC data comprise a snapshot of only one year and do not837

capture interannual or decadal variability (e.g., Polyakov et al., 2023). The identi-838

fication of long-term variability and/or climate-change-induced changes in water839

mass properties at all depths is not trivial. It requires in-depth analyses of variabil-840

ity and changes in both the upstream (e.g., properties in and exchanges with the841

Nordic Seas) and the internal (e.g., shelf ventilation) processes. Such analyses can842

only be undertaken by comparing MOSAiC to several decades of scarce, histori-843

cal data and are beyond the scope of this study. We also note that, consistent with844

previous studies (e.g., Timmermans and Marshall, 2020), we observed significant845

regional disparities within the Arctic Ocean, surpassing temporal variations on846

both short and long-term timescales. Therefore, while the MOSAiC data reflect847

conditions in the Eurasian basins, they do not necessarily represent modern-day848

conditions elsewhere in the Arctic (see also Section 9).849

8. Discussion850

8.1. MOSAiC findings in comparison with previous results851

8.1.1. Surface waters852

Upper ocean properties along the MOSAiC drift were strongly influenced by the853

relative position of the sampling within or outside of the river water-rich Trans-854

polar Drift. A direct comparison to earlier observations is challenging, as the ex-855

act pathway of river water is subject to seasonal and interannual variability (e.g.,856

Mysak, 2001; Karcher et al., 2012) and sampling locations of previous expedi-857

tions or ITP drift tracks differ from the MOSAiC locations. At the beginning858

of the MOSAiC drift, the mixed layer salinity in the eastern Amundsen Basin,859

around 32 g kg−1 (Figure 4b), appears to be higher than in the early 2010s in860

the same area: Observations from late summer in 2011 (Polarstern expedition861

PS78; Gonçalves-Araujo et al., 2018) and 2012 (ITP64; Stedmon et al., 2021)862

show a fresher surface layer with salinity around 30 g kg−1 and a higher CDOM863

loading, indicative of larger presence of river runoff in the easternmost Amund-864

sen basin. Similar conditions were observed in 2015 (Polarstern expedition PS94;865

Stedmon et al., 2021). This difference in surface salinity and CDOM concentra-866

tion might indicate that the first part of the MOSAiC drift was rather intersecting867
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the ”edge” of the river water-rich Transpolar Drift and not the core, where surface868

salinity would likely be closer to 30 g kg−1, at least in late summer, and river869

water fraction would be closer to 20% (e.g., Bauch et al., 2011; Charette et al.,870

2020; Paffrath et al., 2021). The conditions observed after re-location closer to871

the North Pole (where the freshwater-rich part of the Transpolar Drift is often lo-872

cated), with surface salinities around 29 g kg−1 (Figure 4b), are more typical for873

the freshwater-rich part of the Transpolar Drift (e.g., Bauch et al., 2011; Charette874

et al., 2020). Provenance tracer data show that the river water component of the875

freshwater-rich part has a considerable proportion of Lena River water, while the876

lower river water fractions at the ”edges” are mainly attributable to contributions877

from the Yenisei and Ob rivers (G Laukert, unpublished). These attributions are878

consistent with a shorter advection time of Lena River water into the central Arctic879

Ocean, resulting in less mixing with ambient water, and suggests significant differ-880

ences in biogeochemical water properties even within the river water-influenced881

part of the Transpolar Drift.882

8.1.2. Surface mixed layer depth883

Peralta-Ferriz and Woodgate (2015) reported estimates of the mixed layer depth884

for the whole Eurasian Basin, using 519 profiles in the time period 1979–2012.885

Based on monthly averages, they found a maximum mixed layer depth of 73 m in886

April, but also observed depths of >100 m in winter and a minimum depth of 22 m887

in July/August. These ranges are similar to the conditions encountered during888

MOSAiC, given the high internal variability of the mixed layer depth. Peralta-889

Ferriz and Woodgate (2015) also highlighted that the Arctic mixed layer depth890

distribution is patchy and found a dominance of upper ocean stratification, rather891

than wind or drift speed, in determining the local mixed layer depth in ice-covered892

situations. Throughout the MOSAiC drift, we also found the mixed layer depth to893

be influenced strongly by the surface salinity, which to first order sets the upper894

ocean stratification. In the presence of a surface salinity below 30 g kg−1, the895

maximum mixed layer depth was just over 20 m (Amundsen Basin, summer),896

whereas at a higher surface salinity of around 32 g kg−1 the surface mixed layer897

was as deep as 50 m. Deep ventilation, with a mixed layer depth of around 130 m,898

was observed only at a surface salinity greater than 34.1 g kg−1 (Nansen Basin).899

Winter deep ventilation has been observed previously (Polyakov et al., 2017) and900

was attributed to changes associated with Atlantification, e.g., weakened upper901

ocean stratification, higher turbulence and enhanced heat fluxes. MOSAiC data902

show that these conditions were present everywhere along the drift track in the903

Nansen Basin. However, a similar disappearance of the halocline, related to a904
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high surface salinity, was already observed in the eastern Arctic Ocean in the905

1990s (Steele and Boyd, 1998) and found to be transient (Boyd et al., 2002).906

8.1.3. Halocline thickness and stratification907

Based on 18,000 profiles of ocean temperature and salinity collected during the908

period 1997–2008, Bourgain and Gascard (2011) assessed properties of the Arc-909

tic halocline. Similar to the variability encountered during MOSAiC, they found910

the strongest, i.e., most stratified, halocline layers close to the freshwater sources911

at the Siberian shelves. The weakest haloclines (together with the deepest mixed912

layers, down to 70 m) were found in the western Nansen Basin, where we encoun-913

tered a deeper mixed layer and a complete absence of the halocline during MO-914

SAiC. Bourgain and Gascard (2011) found the halocline in the Amundsen Basin915

to be very stable during their investigated time period, with no clear seasonal vari-916

ability, but their data coverage in winter was sparse. During MOSAiC, we found917

an apparent seasonal signal, with a thicker (76± 9 m versus 50± 11 m) and more918

stratified (50 ± 7 × 10−5 s−2 versus 28 ± 8 × 10−5 s−2) halocline in summer,919

compared to the winter situation, which is attributed to a lower surface salinity in920

summer. However, while seasonal meltwater in the surface layer has an effect on921

the surface salinity, MOSAiC data indicate that the local surface salinity is set by922

the relative position within or outside the river-water influenced Transpolar Drift923

rather than by seasonality (see Section 4). Taking into account both seasons, the924

Amundsen Basin halocline got thinner (55 ± 14 m versus 70 ± 10 m) but more925

stratified (32 ± 12 × 10−5 s−2 versus 20 ± 3 × 10−5 s−2) compared to the values926

reported in Bourgain and Gascard (2011). Given the strong spatial gradients in927

surface salinity in the Amundsen Basin and the still limited spatial coverage of928

data, these differences could reflect internal variability rather than trends.929

8.1.4. Heat fluxes930

Heat fluxes near the ice-ocean interface (at a depth of 3 m) exhibited low val-931

ues during the MOSAiC winter and displayed significant day-to-day fluctuations.932

This pattern aligns with the findings of Meyer et al. (2017a) in the Nansen Basin933

during the N-ICE2015 winter (at 1 m depth). Moving into early spring, specifi-934

cally in May, the heat fluxes recorded by the AOFB buoy reached levels of around935

5 W m−2, a value that is consistent with the approximately 10 W m−2 reported936

by Meyer et al. (2017a) for the same month. In June, during the N-ICE2015 cam-937

paign, the fluxes ranged over 10–50 W m−2, reaching peaks exceeding 300 W m−2
938

during storms that caused upward mixing of warm subsurface waters. Unfortu-939

nately, the MOSAiC data lack shallow measurements from June onwards.940



36

Heat fluxes across the halocline during MOSAiC were virtually zero, which is941

in line with previous findings (Fer, 2009), including from the SHEBA campaign in942

the Western Arctic (Shaw and Stanton, 2014). Also, the relatively low heat fluxes943

over the Atlantic Water thermocline found in Amundsen Basin match previously944

reported values in that region (Lenn et al., 2009; Schulz et al., 2021). The higher945

heat fluxes over the thermocline found in the Nansen Basin correspond to values of946

around 3 W m−2 found during N-ICE2015 (Meyer et al., 2017a) and elevated heat947

fluxes in the absence of a halocline, as observed in the Nansen Basin, have been948

reported previously (Steele and Boyd, 1998). Heat fluxes over the thermocline for949

June and July were generally confined to the range of 2–5 W m−2; much lower950

than during N-ICE2015. This limited range is attributed primarily to the shallower951

warm Atlantic layer in the N-ICE2015 area compared to the MOSAiC location952

and the absence of storms during this period of the MOSAiC drift.953

8.2. Interdisciplinary implications954

The regional differences in physical hydrography encountered during the MO-955

SAiC drift have various implications for other Arctic subsystems. In the follow-956

ing, we discuss how the variability in physical properties along the MOSAiC drift957

might shape the distribution of nutrients and the carbonate system, bio-optical958

properties, the ecological structure across multiple trophic levels and sea ice and959

atmospheric processes.960

8.2.1. Nutrient and carbonate system dynamics961

Water masses, transport and turbulent mixing impact the distribution of nutrients,962

carbon and other geochemical tracers. Nutrient inventories in the surface waters963

differ regionally, with signals being potentially larger than the seasonal signals964

of biological uptake and remineralization (Juranek, 2022), particularly in basins965

with longer ice-cover duration where the residence time of tracers is increased966

due to accumulation in surface waters (Eveleth et al., 2014). Similarly, for vari-967

ous carbonate system components, such as dissolved inorganic carbon (DIC) and968

total alkalinity (TA), a strong positive correlation is usually found with salinity969

(Friis et al., 2003), indicating that the marine carbonate system is closely related970

to physical water mass properties.971

Atlantic Water, residing at depths greater than 100 m, forms the largest source972

of nutrients in the central Arctic Ocean and is an enormous reservoir of dissolved973

inorganic carbon (DIC), as organic matter from the sun-lit surface ocean eventu-974

ally sinks and remineralizes. The transport of these nutrients and carbon up to the975
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photic zone, where they can be utilized by primary producers, is strongly limited976

by the presence of the halocline, which acts as a barrier layer (e.g., Fer, 2009;977

Schulz et al., 2022a). When the halocline is absent and the mixed layer penetrates978

the Atlantic Water layer (Polyakov et al., 2017), ventilation can potentially create979

locally larger nutrient inventories at the start of the productive season and enhance980

the biological carbon drawdown (Juranek, 2022). These physical conditions were981

observed in the Nansen Basin (Section 4.2). Enhanced vertical nutrient transport982

might also occur when Atlantic Water resides high up in the water column (as on983

the Yermak Plateau; Section 4.3). On the other hand, vertical mixing of deep DIC984

during ventilation or passing eddies, can partially offset biological CO2 drawdown985

by increasing the partial pressure of CO2 (pCO2) in the surface layer (Bates and986

Mathis, 2009; Lannuzel et al., 2020).987

Among marine carbonate system components, the surface layer pCO2 is often988

the point of focus in sea-air CO2 exchange studies, as it determines whether the989

ocean is a sink or source of CO2 to the atmosphere. The Arctic Ocean is generally990

considered to be a CO2 sink, as surface layer pCO2 is often undersaturated relative991

to the atmosphere (Tanhua et al., 2009; Schuster et al., 2013; Fransson et al., 2017;992

Rogge et al., 2023). Arctic Ocean pCO2 undersaturation is driven by low seawater993

temperatures, sea ice meltwater input, biological CO2 uptake during the summer994

and strong upper ocean stratification (Bates et al., 2006; Takahashi et al., 2009;995

Fransson et al., 2017). In addition to the variability in the Arctic Ocean’s nutri-996

ent content and capacity to absorb atmospheric pCO2 driven by biogeochemical997

and sea ice processes, physical processes also can lead to changes in the marine998

nutrient and carbonate system on short time scales. For example, frontal regions999

are associated with enhanced biological activity, leading to variability in uptake1000

and remineralization rates of nutrients across smaller hydrographic scales (Eveleth1001

et al., 2014). Tidal currents in regions where horizontal gradients of water masses1002

exist, e.g., between the Yermak Plateau and Fram Strait, can also lead to rapid1003

change in the nutrient and carbonate system of the surface ocean on semidiurnal1004

and diurnal time scales and cause polar waters to switch between a CO2 sink and1005

source multiple times a day (Skogseth et al., 2013; Llanillo et al., 2019; Droste1006

et al., 2022).1007

8.2.2. Optical properties1008

The optical properties of the surface waters of the MOSAiC exhibited regional1009

differences between the basins, exemplified by the documented differences in1010

CDOM concentrations, with elevated concentration when in the Transpolar Drift1011

(see Section 4.2). In Arctic waters, CDOM is an important factor of light attenua-1012
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tion in the water column (e.g., Hill, 2008; Granskog et al., 2007; Pavlov et al.,1013

2015) and varies regionally, largely depending on the presence of river water.1014

The presence of river water divides the Eurasian basin into bio-optical provinces1015

(Gonçalves-Araujo et al., 2018), which has implications for light availability for1016

primary producers (e.g., Pavlov et al., 2015), especially in the absence of sea ice.1017

Solar heating of the upper ocean is also affected by the distribution of CDOM1018

(Hill, 2008; Granskog et al., 2015) and could thus affect sea ice melting across1019

regimes.1020

8.2.3. Ecology1021

Regional variability in both nutrient concentrations and the optical regime can1022

induce compositional changes to the microbial community, with complex impli-1023

cations for the carbon biogeochemistry. For example, increased vertical transport1024

of nutrients from the deep ventilation observed in the Nansen Basin could lead1025

to a shift from smaller to larger phytoplankton, while increased stratification and1026

warming can lead to opposite trends (Li et al., 2009; Morán et al., 2010). Addi-1027

tionally, hydrographic boundaries can act as physical barriers limiting dispersal,1028

resulting in vertical and biogeographic differences in microbial diversity and com-1029

munity structure among water masses and basins (Galand et al., 2010; Han et al.,1030

2015). During MOSAiC, unique upper water column microbial community com-1031

positions were indeed observed when crossing boundaries such as the base of the1032

mixed layer, or when drifting into and out of the Transpolar Drift (EJ Chamber-1033

lain, unpublished). A key driver in regional differences in Arctic Ocean bacterial1034

communities is the relative proportion of Atlantic water influence, with species1035

composition and ecological function, i.e., substrate utilization, responding rapidly1036

to changes in the environmental regime. This connection makes the variability in1037

water masses, for example the high relative proportion of Atlantic water observed1038

while crossing the Yermak Plateau, a key driver in regional differences of micro-1039

bial communities (Carter-Gates et al., 2020; Priest et al., 2023). At higher trophic1040

levels, larger boreal species such as fish or squid can enter the Arctic Ocean within1041

the Atlantic Water layer and appear to survive in parts of the central Arctic. Dur-1042

ing MOSAiC, healthy Atlantic cod were found in the Amundsen Basin, where a1043

deep scattering layer indicated the presence of living organisms as food supply1044

(Snoeijs-Leijonmalm et al., 2022). In the Nansen Basin, this deep scattering layer1045

was absent and fish and squid abundance decreased. The inflow region of young1046

Atlantic Water near the Yermak Plateau, on the other hand, was characterized by1047

large aggregations of Atlantic fish species (Snoeijs-Leijonmalm et al., 2022).1048
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8.2.4. Sea ice and atmosphere1049

Oceanic heat, when reaching the surface, affects sea ice growth and melt. Dur-1050

ing MOSAiC, the sea ice basal growth was found to transition from a rapid to a1051

slower growth rate, when drifting from Amundsen Basin to Nansen Basin (Lei1052

et al., 2022). This change in basal growth rate might be related, to some extent,1053

to the greater vertical heat transport from the Atlantic Water layer in the Nansen1054

Basin, associated with the ventilation conditions (i.e., absence of the halocline;1055

Polyakov et al., 2017). During the melt season, elevated ocean surface tempera-1056

tures contribute to sea ice melt and small vertical gradients in upper ocean temper-1057

ature might set different melt rates at, e.g., ridge keels (Salganik et al., 2023b). The1058

presence of shallow, strongly stratified meltwater layers also affects sea-ice melt1059

rates (Salganik et al., 2023a; Smith et al., 2023). Indirectly, even atmospheric con-1060

ditions might be influenced by surface ocean conditions, by affecting the emission1061

of marine aerosol precursors that play an important role in, e.g., cloud formation1062

(Schmale et al., 2021).1063

9. Summary and outlook1064

For this study, we compiled a quality-controlled dataset of temperature and salin-1065

ity profiles and derived parameters, with the best available temporal coverage1066

along the whole MOSAiC drift across the Eurasian basin in 2019–2020. Derived1067

core parameters based on this dataset (Table S1; Schulz et al., 2023b; Mieruch,1068

2023) can be used for interdisciplinary studies aiming to understand interactions1069

between ocean physical properties and a large range of other measurements con-1070

ducted during MOSAiC. We find that from an ocean perspective, MOSAiC was1071

a transect across the Eurasian basin rather than a time series primarily reflecting1072

a seasonal evolution. Considerable gradients in the surface waters were present,1073

related to the MOSAiC ice camp drifting into and out of the river water-influenced1074

Transpolar Drift in the Amundsen Basin. In the Nansen Basin, high surface salin-1075

ity and the associated absence of the halocline allowed for a more direct connec-1076

tion and enhanced exchange between the surface and deeper waters of Atlantic1077

origin. Further south, above the Yermak Plateau and in Fram Strait, oceanic con-1078

ditions were more dynamic, with a pronounced regime shift back into surface1079

waters with a high fraction of terrestrial water when leaving the Yermak Plateau.1080

This spatial variability likely entails large implications for the Arctic Ocean bio-1081

geochemistry, ecology and even sea ice and atmospheric conditions.1082

The large regional variability encountered during the drift illustrates that MO-1083

SAiC results are not representative of the entire Arctic Ocean. Conditions encoun-1084
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tered in the Eurasian deep basins are substantially different from the Amerasian1085

Basin, where the Beaufort Gyre accumulates large amounts of freshwater and Pa-1086

cific Water is commonly present in the upper water column. Conditions in the1087

basins also deviate from the more variable and energetic continental shelf and1088

slope regions. Furthermore, the observed strong dependence of ocean conditions1089

on the Transpolar Drift pathway, setting surface salinity, stratification and ver-1090

tical transport, illustrates that a slight deviation in the ice drift path could have1091

restricted the range of sampled conditions. For example, if the drift track had not1092

crossed the Gakkel Ridge and instead had stayed within the cross-Arctic trans-1093

port pathway of Siberian freshwater, MOSAiC would have missed the ventilation1094

conditions in the Nansen Basin. The pathway of the Transpolar Drift depends on1095

large-scale atmospheric forcing and varies on interannual to decadal timescales1096

(Polyakov et al., 2023). In the period 2007–2021, a positive Arctic Dipole, i.e., rel-1097

atively higher sea level pressure over the Beaufort Sea and Canadian Archipelago1098

and lower sea level pressure over the Siberian Arctic, reinforced both the Beau-1099

fort Gyre and shifted the Transpolar Drift path from the Amerasian Basin toward1100

the Lomonosov Ridge. Freshwater of Siberian origin accumulated in the Beaufort1101

Gyre, leading to a stronger salinity stratification in the Amerasian Basin and a1102

weaker stratification in the Eurasian Basin. The underlying atmospheric forcing1103

changes on a timescale of approximately 15 years, and superimposes on climatic1104

trends such as warming Atlantic water and altered freshwater dynamics. For in-1105

stance, the less pronounced summer sea ice decline since 2007 might originate1106

from reduced ocean heat transport in the presence of stronger stratification in the1107

Amerasian Basin created by the positive Arctic Dipole (Polyakov et al., 2023).1108

The representativeness of MOSAiC results of the annual cycle and for other parts1109

of the Arctic, especially for the biogeochemical and ecological system, needs to1110

be assessed with more observations. Nevertheless, the MOSAiC data provide an1111

important benchmark for detecting future changes in the Eurasian basin.1112

Future research efforts aiming to monitor climatic trends in the Arctic Ocean1113

need to account for this large interannual and regional variability, which ideally1114

requires long time series from stationary moorings and repeated sections/stations,1115

as well as wide temporal and spatial coverage by autonomous drifting buoys and1116

floats. Numerical models will be necessary to extrapolate and scale up observa-1117

tional data, by identifying the spatial extent of distinct oceanographic regimes1118

(e.g., ventilation conditions in the absence of a halocline, as in Polyakov et al.,1119

2017, and observed in the Nansen Basin) in response to seasonal and atmospheric1120

forcing, and process studies will be needed to isolate the respective effect of indi-1121

vidual driving mechanisms for ocean variability. The strength of MOSAiC lies in1122
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its multidisciplinary approach. MOSAiC observed key parameters simultaneously,1123

including atmospheric forcing, sea ice and ocean conditions, as well as ocean bio-1124

geochemistry and ecology, at high temporal sampling frequency and on a range of1125

scales from manned measurements at the central floe and autonomous platforms1126

in the surrounding area to remote sensing by aircrafts and satellites. This strategy1127

has provided unprecedented means to determine connections within the coupled1128

Arctic system on multiple timescales. Despite the challenges in data interpreta-1129

tion arising from the overlapping timescales and the superposition of spatial and1130

temporal signals inherent to a drift campaign, the large variability of conditions1131

observed during MOSAiC helps us to better understand processes and connec-1132

tions across the coupled system over timescales from hours to months. MOSAiC1133

datasets also provide an unprecedented opportunity for the scientific community1134

to improve the ocean and climate models pivotal to Arctic and Earth system re-1135

search. Achieving this goal requires dedicated time, effective communication be-1136

tween observational and modeling communities, and adequate funding.1137

One final aspect we would like to highlight about the value of MOSAiC for1138

the polar and climate research community is the high degree of fruitful scientific1139

collaborations that have been established as a result of this unique experiment. De-1140

spite or perhaps because of the complexity of and challenges encountered during1141

the campaign, MOSAiC has created a striving community that has been working1142

together across disciplines to interpret the collected data, involving an increasing1143

number of early career scientists. Many of the collaborations and partnerships be-1144

tween the international partners have been maintained, and even strengthened and1145

expanded. The project serves as an example of how to foster scientific collabora-1146

tion and unleash the scientific spirit of a research community. In the end, the true1147

value of MOSAiC may likely be found beyond the experiment itself.1148
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Tippenhauer, S, Reeve, K, Hölemann, J, Rabe, B, Vredenborg, M. 2021.1707

On the along-slope heat loss of the Boundary Current in the Eastern Arctic1708

Ocean. Journal of Geophysical Research: Oceans 126(2): e2020JC016375.1709

doi:https://doi.org/10.1029/2020JC016375.1710

Schulz, K, Kadko, D, Mohrholz, V, Stephens, M, Fer, I. 2023a. Winter verti-1711

cal diffusion rates in the Arctic Ocean, estimated from 7Be measurements1712



57

and dissipation rate profiles. Journal of Geophysical Research: Oceans pp.1713

e2022JC019197. doi:https://doi.org/10.1029/2022JC019197.1714

Schulz, K, Koenig, Z, Muilwijk, M. 2023b. The Eurasian Arctic Ocean along1715

the MOSAiC drift (2019-2020): Core hydrographic parameters. Arctic Data1716

Center. doi:doi:10.18739/A21J9790B.1717

Schulz, K, Lincoln, B, Povazhnyy, V, Rippeth, T, Lenn, YD, Janout, M, Alkire, M,1718

Scannell, B, Torres-Valdés, S. 2022a. Increasing nutrient fluxes and mixing1719

regime changes in the eastern Arctic Ocean. Geophysical Research Letters1720

pp. e2021GL096152. doi:https://doi.org/10.1029/2021GL096152.1721

Schulz, K, Mohrholz, V, Fer, I, Janout, M, Hoppmann, M, Schaffer, J, Koenig,1722

Z. 2022b. A full year of turbulence measurements from a drift cam-1723

paign in the Arctic Ocean 2019—2020. Scientific Data 9(472). doi:1724

https://doi.org/10.1038/s41597-022-01574-1.1725

Schulz, K, Mohrholz, V, Fer, I, Janout, MA, Hoppmann, M, Schaffer, J, Koenig,1726
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