
ATHANASE ET AL. 1 
 

 
 
 

 

RESEARCH ARTICLE 
10.1029/2018JC014701 

 
Key Points: 
• Autonomous profilers provide an 

extensive physical and 
biogeochemical characterization of 
the western Eurasian Basin upper 
350 m in 2017 

• The western Eurasian Basin exhibits 
a fresher surface layer and shallower 
warm Atlantic Water layer in 2017 
than in 2005‐2012 

• Mercator Ocean operational model 
outputs bring insights on the 
observed mesoscale structures in the 
halocline and warm layer 

 
 
 

Correspondence to: 
M. Athanase, 
mathanase@locean‐ipsl.upmc.fr 

 
 

Citation: 
Athanase, M., Sennéchael, N., 
Garric, G., Koenig, Z., Boles, E., & 
Provost, C. (2019). New hydrographic 
measurements of the upper Arctic 
western Eurasian Basin in 2017 reveal 
fresher mixed layer and  shallower 
warm layer than 2005–2012 
climatology. Journal of Geophysical 
Research: Oceans, 124. https://doi.org/ 
10.1029/2018JC014701 

 
Received 19 OCT 2018 
Accepted 19 JAN 2019 
Accepted article online 25 JAN 2019 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
©2019. American Geophysical Union. 
All Rights Reserved. 

New Hydrographic Measurements of the Upper Arctic 
Western Eurasian Basin in 2017 Reveal Fresher Mixed 
Layer and Shallower Warm Layer Than 2005– 
2012 Climatology 
Marylou Athanase1 , Nathalie Sennéchael1 , Gilles Garric2 , Zoé Koenig1 , 
Elisabeth Boles1, and Christine Provost1  

1Laboratoire LOCEAN‐IPSL, Sorbonne Université (UPMC, Université Paris 6), CNRS, IRD, MNHN, Paris, France, 
2Mercator Ocean, Parc Technologique du Canal, Ramonville‐Saint‐Agne, France 

 
 

Abstract In 2017, Ice Atmosphere Ocean Observing System autonomous drifting platforms provided 
extensive physical and biogeochemical data in the upper 350 m of the western Eurasian Basin through 
their 8‐month drift across the Amundsen Basin, the Gakkel Ridge, the Nansen Basin and western Fram 
Strait. Comparison with WOA13 climatology indicates a fresher surface layer and shallower warm layer in 
2017 than in 2005–2012. The Ice Atmosphere Ocean Observing System 2017 data feature two halocline 
eddies in the Amundsen Basin and two Atlantic Water (AW) mesoscale structures in the Nansen Basin. 
Analysis of the global (1/12)° Mercator Ocean operational system suggests that the halocline eddies resulted 
from instabilities in the frontal zone between fresher Makarov waters and saltier Eurasian waters. This 
frontal region appears to have shifted further southeast in 2017 (near 88°N, 10°E) compared to 2005–2012. 
The operational system depicts the large AW structure in the Nansen Basin (140 km crossed as far as 83.7°N, 
34.5°E) as an AW meander from the Arctic Circumpolar Boundary Current, which turned into an 
anticyclonic eddy about a month after the platforms drifted away. The AW structure at 82.8°N, 3°W, 
northwest of the Yermak Plateau, corresponds to an AW recirculating branch detaching from the Yermak 
Plateau slope back toward Fram Strait. 

Plain Language Summary In 2017, IAOOS (Ice Atmosphere Ocean Observing System) 
autonomous drifting platforms provided extensive physical and biogeochemical data in the upper 350 m  
of the Western Eurasian Basin through their 8‐month drift. The surface layer is fresher and the warm layer 
shallower in 2017 than in 2005‐2012. The IAOOS 2017 measurements document several medium scale 
ocean structures. Simulations from a high resolution ((1/12)°) model (Mercator Ocean operational model) 
provide insights on the nature and origin of these observed structures. 

 
 

 

1. Introduction 

Over the recent decades, the Arctic has experienced numerous changes; drastic sea ice loss during summers 
and reduced sea ice thickness and volume are evident signs of global climate change (Carmack et al., 2015; 
Jeffries et al., 2013; Stroeve et al., 2012). The causes of this sea ice reduction involve a complex combination 
of changes in the atmospheric and oceanic heat, freshwater, and momentum fluxes (Comiso et al., 2008; 
Polyakov et al., 2010; Serreze & Barry, 2011). A large part of the Arctic sea ice loss results from summer solar 
heating of the ocean surface mixed layer through leads in the ice and open water (Perovich et al., 2011). 
Further decrease of the seasonal ice extent and increase of the open water surface enhance atmospheric for- 
cing onto the ocean and accelerate feedback processes (Carmack et al., 2015; Stroeve et al., 2012). 

In most of the Arctic Ocean, the strongly stratified halocline prevents the heat of the warm Atlantic Water 
(AW) from reaching the surface. One notable exception is the western Nansen Basin, where the weaker halo- 
cline allows vertical ventilation of the AW up to the surface (Carmack et al., 2015; Koenig et al., 2017; 
Onarheim et al., 2014). However, the Arctic Ocean has undergone a substantial weakening of the stratifica- 
tion at the base of the mixed layer (Polyakov et al., 2017; Toole et al., 2010). Hence, conditions previously 
unique to the western Nansen Basin (weaker halocline, shallower AW layer) are now observed in the eastern 
Eurasian Basin as well (Polyakov et al., 2017). This northeastward progression of the western Eurasian Basin 
conditions (enhanced upward AW heat fluxes, diminished sea ice cover and volume) has been called 
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Figure 1. Schematic of IAOOS platform 24. The ocean profiler was 
equipped with bio‐optics sensor suite (pack Rem‐A) and a nitrate sensor 
(SUNA) in addition to the traditional CTD‐DO sensors. SIMBA = Scottish 
Association for Marine Sciences ice mass balance for the Arctic; 
CTD = conductivity, temperature, and depth; SUNA = submersible ultra- 
violet nitrate analyzer. 

 
 
“Atlantification” of the Arctic Ocean (Polyakov et al., 2017). The recent 
weakening of the halocline, combined with the shoaling of AW, is the 
main driver for these changes (Polyakov et al., 2017; Rabe et al., 2014). 
In this context of Atlantification, the role of AW in sea ice reduction in 
the Eurasian Basin is likely becoming increasingly important (Carmack 
et al., 2015; Polyakov et al., 2017). 

Since 2004, autonomous drifting systems such as ice‐tethered profilers 
(Krishfield et al., 2008) have helped to document water physical properties 
(temperature and salinity) across a vast portion of the Arctic Ocean's top 
800 m. Recently, sensors have been added to profilers to document dis- 
solved oxygen (DO) concentration (Timmermans et al., 2010) or upper 
ocean bio‐optical properties (e.g., Laney et al., 2014). In parallel with 
observational efforts, performances of operational models in the Arctic 
have significantly improved in the past decade. For example, Mercator 
Ocean operational model outputs have been shown to compare fairly well 
with profiler data from autonomous drifting IAOOS (Ice Atmosphere 
Ocean Observing System) platforms north of Svalbard (Koenig et al., 
2017) and helped put the observations in perspective. 

Two IAOOS platforms (Figure 1) provided an 8‐month‐long data set in 
the Eurasian Basin in 2017. One of the ocean profilers was equipped 
with biogeochemical capabilities and in particular measured nitrate con- 
centration and colored dissolved organic matter (CDOM). The ocean 
data acquired during the meandering IAOOS platform trajectories 
(Figure 2) uniquely document the physical and biogeochemical charac- 
teristics of the upper water column in the western Eurasian Basin (>790 
profiles) in 2017. 

The paper is organized as follows. Section 2 presents the IAOOS data, 
Mercator Ocean operational system, and WOA13 climatology. Section 3 
describes the different hydrographic regions sampled by the profilers. 
Notable mesoscale structures in the halocline and in the warm AW layer 
are studied in section 4. The IAOOS 2017 data are compared to the 2005– 
2012 WOA13 climatology in section 5.1. In section 5.2, the Mercator 
Ocean model performance is evaluated against the 2017 IAOOS observa- 
tions. The contribution of the model outputs to the analysis of the 
observed mesoscale structures is discussed in section 5.3. Results are sum- 
marized and discussed in section 6. 

 

 
2. Data 
2.1. IAOOS Ocean and Ice Data 

The IAOOS autonomous platforms document the four media —ocean, 

ice, snow, and atmosphere— while drifting with the ice (Provost et al., 
2015). The standard IAOOS platform carries a weather mast and a micro- 
lidar for the atmosphere (Mariage et al., 2017), an ice mass balance instru- 
ment (K. Jackson et al., 2013), and an ocean profiler (Koenig et al., 2016). 
Two platforms (IAOOS 23 and IAOOS 24) were deployed at the North 
Pole from the Russia‐operated Barneo ice camp on 12 April 2017. The 
platforms have slightly different configurations, with one of them carrying 
additional biogeochemical sensors (Figure 1 and Table 1). Although we 
focus here on the physical parameters, we also examine selected biogeo- 
chemical parameters considered as water mass tracers to the first order, 
namely, DO concentration, nitrate concentration, and CDOM. 
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Figure 2. (a) Drift trajectory of the IAOOS platforms from 12 April 2017 to 4 January 2018. Color code is time, bathymetry 
(IBCAO) is in gray scale with yellow isolines at 0, 500, 700, 1,000, 2,000, and 3,200 m. Magenta lines delineate the four 
regions: (1) the Amundsen Basin, (2) the Gakkel Ridge, (3) the Nansen Basin, and (4) the western Fram Strait and 
Greenland continental slope. Black line at 88.2°N indicates a frontal zone. Black circles indicate the four crossover points 
(A, B, C, and D). Brown circles indicate the location of two halocline eddies (HE1 and HE2), and brown boxes the 
location of two Atlantic Water (AW) mesoscale structures (AW1 and AW2). The black cross marks the North Pole. 
(b) Time series of the distance between the two platforms. (c) Sea ice concentration (%) from Mercator Ocean operational 
model collocated with the drift. (d) Drift speed (m/s) of the platforms. Arrows on the top and vertical lines through 
panels (b) to (d) indicate the limits of the regions. Dates of the crossover points are indicated below panel (d). 

 
The ocean profiler on IAOOS 24 was a PROVOR SPI (from French manufacturer NKE) equipped with a 
Seabird SBE41 conductivity, temperature, and depth and a DO Aandera 4330 optode. The profiler on 
IAOOS 23 carried additional biogeochemical sensors including a bio‐optics sensor suite and a nitrate sensor 
(Figure 1). The bio‐optics sensor suite (called Pack Rem‐A) combines a three‐optical‐sensor instrument (ECO 
Triplet, WET Labs Inc.) and a multispectral radiometer (OCR‐504, Satlantic Inc.). We use the CDOM 
fluorescence (excitation/emission 370/460 nm) from the WETLabs ECO sensor. The nitrate sensor was a 
submersible ultraviolet nitrate analyzer (SUNA, Satlantic‐Seabird Inc.), a chemical‐free ultraviolet nitrate 
sensor. The profilers were set to perform two upward profiles per day from 250 m (IAOOS 23) and 350 m 
(IAOOS 24) starting at approximately 6 a.m. and 6 p.m. UT. They provided a unique 8‐month‐long data 
set, by gathering a total of 793 profiles of the temperature, salinity, and oxygen (upper 350 m) and 427 profiles 
of CDOM and nitrate concentrations (upper 250 m; Table 1). No bottle observations were collected. 

The conductivity, temperature, and depth data have a vertical resolution of 1 db. We use the International 
Thermodynamic Equations of Seawater (TEOS‐10) framework (McDougall et al., 2012) with conservative 
temperature CT (°C) and absolute salinity (g/kg). In our study region, absolute salinity values exceed prac- 
tical salinity values by about 0.16. After data quality control processing, 97% of IAOOS 23 and 95% of IAOOS 
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24 data were retained. The data from the two profilers were corrected independently from one 
another. We removed salinity spikes associated with sharp gradients within double‐diffusive 
thermohaline staircases as in Dmitrenko et al. (2008). The two profilers' data sets showed great 
coherence and an offset of 0.01 g/kg in salinity, corrected by applying an offset +0.005 and 
−0.005 g/kg to data from profilers 23 and 24, respectively. The accuracy was estimated to be 
0.005 °C in temperature and 0.02 g/kg in salinity. 

The DO data have a 2‐db vertical resolution. DO concentrations were retrieved following 
Thierry et al. (2016). Apparent oxygen utilization (AOU) was computed from the profilers' 
DO concentrations and compared to AOU derived from DO bottle measurements from the 
North Pole Environmental Observatory, years 2013 and 2014 (ftp://northpoleftp.apl.washing- 
ton.edu/../NPEO_Data_Archive/NPEO_Chemistry/CTD‐Oxygens/). The comparisons (not 
shown) suggested a systematic negative offset (about −26 μmol/kg for the IAOOS 24 optode 
at 250 m and −30 μmol/kg for the IAOOS 23 optode at 360 m), which was corrected. AOU 
values from the two profilers were consistent throughout the drift with a nearly constant dif- 
ference of 2.5 μmol/kg at 250‐m depth, while the values ranged from 20 to 60 μmol/kg. The 
nitrate concentration was computed from the observed spectrum (submersible ultraviolet 
nitrate analyzer) using the Temperature Compensated Salinity Subtracted algorithm devel- 
oped by Sakamoto et al. (2009) following ARGO DAC protocol (Johnson et al., 2018). Nitrate 
concentrations were calibrated using 2014 NPEO bottle data and adjusting the optical wave- 
length offset to 212.5 nm (Johnson et al., 2018). The estimated accuracy of the nitrate observa- 
tions is 2 μmol/kg (comparison with NPEO values and theoretical sensor accuracy), with a 
vertical resolution of 10 db. The CDOM fluorescence data are presented as reported by the 
ECO triplet converted from raw counts to the physical unit (ppb) but uncorrected for any offset 
beyond that determined during factory calibration. CDOM data have a 1‐db vertical resolution, 
and a manufacturer accuracy of ±0.28 ppb. 

The two platforms were initially located 600 m from each other. They drifted together follow- 
ing meandering trajectories, reaching as far as 30°E in the Nansen Basin in mid‐October 2017, 
when they changed direction and drifted back toward Fram Strait (Figure 2a). The profiler 
IAOOS 24 stopped transmitting on 16 November 2017, the two platforms being separated by 
about 3 km at that time (Figure 2b). Profiler IAOOS 23 acquired data until 4 January 2018. 
The meandering drift paths led to four crossover points visited at different times (points A, 
B, C, and D in Figure 2). Differences between two measurements made some time apart at 
the same location can be due to either natural in situ variations or instrumental drift. The plat- 
forms visited location 83.79°N, 12.55°E (point A in Figure 3) within a 94‐day interval (18 
August and 20 November 2017). Temperature, salinity, DO, and CDOM were very consistent 
in the 150‐  to 250‐m depth range indicating that there was no sizable instrumental drift 

throughout the 8‐month‐long data set. Interesting differences were observed in the upper 
150 m: These are the consequence of seasonal variations and are examined in section 3.3. 
Nitrate concentrations show a constant difference of about 1.5 μmol/kg over the 150‐ to 250‐ 
m range between the two visits to point A. This offset is small compared to the range of the 
nitrate concentrations of IAOOS 23 (0 to 12.5 μmol/kg), which is the range of the relatively 
scarce observations in that part of the Arctic Ocean (e.g., Codispoti et al., 2013; Randelhoff 
& Guthrie, 2016). 

Several profiles did not reach the near surface: a strong stratification in the halocline could 
have impeded the ascent of the profiler, particularly in July–August 2017 when sea ice melted 
(Figure 2c) to inject fresh water underneath the sea ice, resulting in a strong density gradient at 
about 30‐m depth (Figure 4). Large drift velocities (>30 cm/s) encountered in the Nansen 
Basin (Figure 2d) also contributed to prevent the ascent of the profiler. Several profiles are 
missing late August and late September due to data logger issues (now resolved for future 
IAOOS deployments). 

The two platforms were also equipped with a Scottish Association for Marine Sciences ice mass 
balance for the Arctic (SIMBA) system: a 5‐m chain measuring temperature and a proxy of the 
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Figure 3. Composite sections from the two profilers: (a) conservative temperature (°C; the thick dashed black line marks 
the 0 °C isotherm), (b) absolute salinity (g/kg), and (c) apparent oxygen utilization (μmol/kg). Composites were 
obtained by averaging the data from the two profilers when available and keeping the available data otherwise. (d) Nitrate 
(μmol/kg) and (e) colored dissolved organic matter (ppb) from biogeochemical profiler IAOOS 23. (f) Bathymetry along 
the drift trajectory. Black dashed lines are, respectively, temperature, salinity, apparent oxygen utilization and nitrate 
isolines. White lines are isopycnals, and the thick one marks 27.7 kg/m3. The four regions are labeled on top of panel 
(a) and their limits indicated with vertical lines through all panels. The dashed vertical line marks the 88.2°N latitude. 
Crossover points A, B, C, and D from Figure 2 are reported below the sections. 

 
 

thermal resistivity of the media with a 2‐cm vertical resolution (K. Jackson et al., 2013). The sampling 
frequency was set to 2 hr, and the sensor accuracy is 0.1 °C (Table 1). The SIMBA record on IAOOS 23 
was short (not shown). The SIMBA on IAOOS 24 acquired data from 13 April to 12 November 2017. The 
tripod to which the chain was attached fell down on 30 July 2017, and the data in the upper part of the 
chain (air, snow and upper part of the sea ice) are not reliable after that date. The ocean‐ice interface was 
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Figure 4. Sections of (a) Brunt‐Väisälä frequency (N2), (b) vertical gradient of conservative temperature ∂T/∂z (°C/m), 
and (c) vertical gradient of absolute salinity ∂S/∂z (g/kg/m) derived from the composite sections. The four regions are 
labeled on top of panel (a) and their limits indicated with vertical lines through all panels. The dashed vertical line marks 
the 88.2°N latitude. In (b) and (c), box 1 indicates the position of three steps in temperature and salinity at the base 
of the thermocline. South of 88.2°N, the steps are substantially eroded and hardly distinguishable in box 2. 

 

estimated following the method described in Provost et al. (2017), based on the detection of changes in the 
vertical temperature gradient. 

The information regarding the data acquired during platform drifts (resolution, sampling accuracy) is sum- 
marized in Table 1. 

2.2. World Ocean Atlas Climatology 

World Ocean Atlas 2013 version 2 (WOA13 V2; Locarnini et al., 2013; Zweng et al., 2013; https://www.nodc. 
noaa.gov/OC5/woa13/) is a long‐term set of objectively analyzed climatologies of temperature, salinity, oxy- 
gen, phosphate, silicate, and nitrate available at annual, seasonal, and monthly resolution for the World 
Ocean. Here we use the WOA13 version 2 monthly averages over the most recent 2005–2012 period. The 
temperature and salinity fields have a (1/4)° horizontal resolution, with 102 vertical levels of resolution   
1 m at the surface to 200 m at 5,500 m. 

2.3. Mercator Ocean Operational System 

The (1/12)° global Mercator Ocean operational system was developed for the Copernicus Marine 
Environment Monitoring Service (http://marine.copernicus.eu/), with a (1/12)° horizontal resolution and 
50 vertical z levels. The modeling component is based on the NEMO (Nucleus for European Modeling of 
the Ocean; Madec, 2008) platform and the assimilation system is a multidata and multivariate reduced order 
Kalman filter based on the singular extended evolutive Kalman filter formulation introduced by Pham et al. 
(1998). The model uses the LIM2 thermodynamic sea ice model and is driven at the surface by atmospheric 
analysis and forecasts from the Integrated Forecasting System operational system at European Centre for 
Medium‐Range Weather Forecasts. The assimilated observations are along‐track satellite altimetry, sea sur- 
face temperature (OSTIA SST), and in situ vertical profiles of temperature and salinity. The system PSY4V3 
assimilates OSI SAF (http://cmems‐resources.cls.fr/documents/QUID/CMEMS‐OSI‐QUID‐011‐001to007‐ 
009to012.pdf) sea ice concentration in both hemispheres with a monodata and monovariate scheme. A par- 
ticular treatment is applied for areas potentially covered in sea ice: The observation error in the multivariate 
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singular extended evolutive Kalman filter increases linearly (less weight in the analysis) with the decrease of 
the SST from −1 to −1.7 °C, and the observation is rejected if SST is less than −1.7 °C (i.e., an approximation 
of the freezing point). In other words, apart from the sea ice concentration no quantities are assimilated in 
ice covered oceans. A monthly runoff climatology based on coastal runoffs and 100 major rivers from the Dai 
et al. (2009) database is used. A full description of the system components is available in Lellouche et al. 
(2018). The system starts in October 2006 from a “cold” start (initial currents are null) and from EN4.2.1 
hydrographic temperature and salinity data (Good et al., 2013). 

 
3. Hydrography of the Western Eurasian Basin in April 2017 to January 2018 

We define water mass boundaries following Rudels et al. (2000); see Figure 5g. In the Eurasian Basin, the 
upper layer mainly comprises Polar Surface Water (PoSW, density σθ<27.7 kg/m3). The mixed layer depth 
is estimated to be at the point of maximum buoyancy frequency N2, that is, depth of maximum stratification. 
The stratification at the bottom of the mixed layer evolves geographically and seasonally. The thermocline is 
predominantly found below the halocline (Figures 5a and 5b), with differences in depth of up to 75 m. The 
warm layer typically extends between about 150 and 500 m and comprises two main water types: Atlantic 
Water (AW, T > 2 °C) and Modified Atlantic Water (MAW, T < 2 °C). Both warm water types occupy the 
same potential density range of 27.7–28.0 kg/m3 (Rudels et al., 2000; Schauer et al., 2002; AW and MAW in 

Figure 5g). In the present data set, the lowest apparent oxygen utilization (AOU ~ –10 to +20 μmol/kg) is 

located near the surface (Figure 3c). A thin layer of maximum oxygen utilization (AOU ~ 50 μmol/kg) is 
observed near 120‐m depth. Nitrate concentrations monotonically increase with depth, from [NO− ] ~ 1– 

4 μmol/kg near the surface up to a maximum of 
 
NO−

] 
~ 12 μmol/kg at 250 m (Figure 3d). 

During their drift, the IAOOS platforms crossed several hydrographic regions with distinct characteristics 
(delineated by the magenta lines in Figure 2a): the Amundsen Basin from 12 April to 25 June (region 1 in 
Figure 2a), the Gakkel Ridge from 26 June to 5 August (region 2), the Nansen Basin from 6 August until 
19 December (region 3), and the western Fram Strait‐Greenland slope from 20 December until the end of 
the acquisition on 4 January 2018 (region 4). 

Each region is described in the following subsections and the main characteristics are summarized in Table 2. 
 

3.1. Amundsen Basin: 12 April to 25 June 2017 (152 Profiles) 

Two hydrographic regions subdivide the Amundsen Basin. North of 88.2°N (vertical dashed line in 
Figures 3, 4, and 6), surface salinities lower than 32.5 g/kg were observed in the 30‐m‐deep mixed layer, with 
temperatures close to the associated warmer freezing point (S ~ 32.18 g/kg, T ~ −1.7 °C, Figures 6a and 6c). 
Below the mixed layer, waters are warmer, saltier, and denser and have larger AOU and nitrate concentra- 
tions than in the rest of the Amundsen Basin (Figures 3 and 6). South of 88.2°N, the mixed layer exhibits 
slightly larger salinities and temperatures close to the cooler freezing point (S ~ 32.86 g/kg, T ~ −1.77 °C). 
This frontal region results from the confluence of fresher water from the Makarov Basin (Timmermans   
et al., 2011) and Eurasian water, north and south, respectively, of 88.2°N (Figures 3 and 6). 

During the platforms' drift through the entire Amundsen Basin, the ice thickness increased (growth ~ 10 cm, 
Figure 6a). A notable CDOM maximum in the upper 100 m ([CDOM] > 3 ppb) was associated with a mini- 
mum in nitrate ([NO−] ~ 0–4 μmol/kg; green curves in Figures 5; Figures 6d and 6e) and overlays a thick 

zone of maximum oxygen utilization (AOU ~ 45 μmol/kg between 100‐ and 200‐m depths; Figures 5d and 
6d). This is the vestige of past biological activity in the water mass. This water is likely a mixture of shelf 
water and fresh Siberian river runoff that is carried by the Transpolar Drift (TPD) across the central 
Arctic Basin to reach the Amundsen Basin (Figure 6c; Damm et al., 2018; Kipp et al., 2018). 

The thermocline extended between 80 and 220 m (|∂zT| ~ 0.02 °C/m; Figures 4b and 5a), while the halocline 
is between 30 and 220 m deep with a relatively moderate salinity gradient (|∂zS| ~ 7 ×10−3 g/kg/m; Figures 4c 
and 5b). In the Makarov‐origin water north of 88.2°N, three homogeneous layers of temperature and salinity 
and very weak stratification (hereafter called “steps”) are visible at the base of the thermocline (character- 
ized by N2~0, |∂zT| ~ 0 °C/m and |∂zS| ~ 0 g/kg/m, box 1 in Figures 4b and 4c). The steps are located at 
roughly 165‐, 180‐, and 200‐m depths and have a vertical extent of ~10 m. South of 88.2°N, the steps are sub- 
stantially eroded in temperature and are no longer visible in salinity (box 2 in Figures 4c and 4d). 
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Figure 5. Vertical profiles of (a) conservative temperature (°C), (b) absolute salinity (g/kg), (c) density anomaly (kg/m3), and (d) apparent oxygen utilization 
(μmol/kg) from the two profilers. (e) Nitrate (μmol/kg) and (f) CDOM (ppb) from IAOOS 23. (g) TS diagram. Colors correspond to the different regions: the 
Amundsen Basin in green, the Gakkel Ridge in yellow, the Nansen Basin in blue, AW structure 1 in orange, AW structure 2 in red, and the Fram Strait in purple. 
Dashed lines are daily profiles; thick lines average profiles in each region. In (a) and (g), the thick black dashed line indicates the 2 °C temperature limit 
distinguishing MAW (<2 °C) and AW (>2 °C). CDOM = colored dissolved organic matter; AW = Atlantic Water. 
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Table 2 
Hydrographic Characteristics of the Four Regions 

 
 
 

 
Dates 

Amundsen Basin 
 

North of 88.2°N South of 88.2°N 

 
 

Gakkel Ridge 

 
 

Nansen Basin 

 
Fram Strait ‐ 

Greenland slope 

12 April 26 April 
26 April 25 June 

25 June 
5 August 

5 August 
19 December 

19 December 
4 January 

STM or NSTM  No No Yes Yes No 

Mixed layera Depth (m)a 
CT (°C)a 

 

SA (g/kg)a 
a 

½CDOM] (ppb) 

22 ± 10 36 ± 9 Tilted isolines 30 ± 6 40 ± 6 
 −1.70 ± 0.02 −1.77 ± 0.01  −1.76 ± 0.01 −1.80 ± 0.01 
 32.18 ± 0.20 32.86 ± 0.04  33.74 ± 0.12 33.62 ± 0.02 
 4.70 ± 0.28 4.71 ± 0.28  2.83 ± 0.28 3.73 ± 0.28 

50 m 
 

 

CT (°C) 
 

SA (g/kg) 
 

AOU (μmol/kg) 
   
NO− (μmol/kg) 

3 
 

½CDOM] (ppb) 

−1.65 ± 0.02 −1.77 ± 0.01 Tilted isolines −1.69 ± 0.03 −1.75 ± 0.03 
 33.42 ± 0.08 33.40 ± 0.05  34.43 ± 0.02 33.85 ± 0.09 
 28.66 ± 10.91 12.35 ± 3.70  20.23 ± 6.96 33.77 ± 4.46 
 3.63 ± 2.00 2.34 ± 2.00  4.82 ± 2.00 4.59 ± 2.00 

 4.33 ± 0.28 4.50 ± 0.28  2.19 ± 0.28 3.54 ± 0.28 

MAW layer Depth (m) 144 ± 4 158 ± 4 Tilted isolines 86 ± 23 128 ± 16 

 
 

 

CT (°C) top core 0.92 ± 0.01 1.12 ± 0.01 1.40 ± 0.04 0.98 ± 0.03 
 

 

CT (°C) lower core 1.08 ± 0.01 1.15 ± 0.02 1.61 ± 0.02 NA 

 
 

 

SA (g/kg) top core 34.99 ± 0.02 35.00 ± 0.02 35.03 ± 0.02 34.98 ± 0.02 
 

 

SA (g/kg) lower core 35.03 ± 0.02 35.04 ± 0.02 35.07 ± 0.02 NA 

 
 

 

AOU (μmol/kg) 45.23 ± 0.06 45.12 ± 0.49 42.72 ± 0.60 53.00 ± 0.63 
 

 
 NO− (μmol/kg) 9.32 ± 2.00 10.03 ± 2.00 10.27 ± 2.00 10.34 ± 2.00 

 3     

 
 

 

½CDOM] (ppb) 2.34 ± 0.28 2.34 ± 0.28 2.11 ± 0.28 2.28 ± 0.28 

Note. For each parameter, region‐averaged value is accompanied with its corresponding standard deviation. The mixed layer depth is estimated with a 0.03 kg/m3 
density difference with the surface values. Several profiles are missing above 20m whereas the 50 m level is well documented. Hence, CT, SA, AOU, NO− and 

33 
½CDOM] at 50 m provide a robust characterization of the near‐surface regional variations. The MAW layer depth corresponds to the depth of the 27.7 kg/m   iso- 
pycnal. NSTM = near surface temperature maximum; CDOM = colored dissolved organic matter; AOU = apparent oxygen utilization; MAW = Modified 
Atlantic Water; NA = not available. 
aSubject to caution as several profiles do not reach the surface (< 20 m deep). 

 
 

In the Amundsen Basin, the warm layer is shallower north of the frontal zone (~140 m) than south (~160 m) 
and is composed of MAW. Figure 4 shows two distinct, thick MAW layers of homogeneous temperature and 
salinity (N2~0). The top layer is slightly thinner than the lower layer (respectively, ~50 and 70 m). They are 
separated by a thin, sharp interface of positive of N2 corresponding to steep vertical temperature and salinity 
gradients of 0.035 °C/m and 0.005 g/kg/m (Figures 4b and 4c). This interface is located at 270 m north of 
88.2°N and 290 m south (in temperature, salinity, and N2). For the top and lower layers, temperatures are 
around 0.92 and 1.08 °C, and salinities are about 34.99 and 35.03 g/kg (Figures 3 and 5). 

Two cold core anticyclonic halocline eddies were detected (core depth ~50 m) near 87°N, 5°E and 89°N, 8°E, 
at a time when the drift trajectory was straight (indicated as HE1 and HE2 in Figures 2, 4, and 6) using the 
method described in Zhao et al. (2014) based on isopycnal displacements. The two eddies have characteristics 
typical of surface water: salinity similar  to  the  environment  (S  ~  33.75  g/kg),  colder  temperature 

(ΔT ~ 0.15 °C), oxygen‐enriched (ΔAOU ~ −25 μmol/kg), and nitrate depleted (ΔNO− ~ −1.5 μmol/kg). 
Due to the limitations of the eddy detection method, which requires at least four profiles in a relatively 
straight line (Zhao et al., 2014), several eddy‐like isopycnal displacements during a sinuous trajectory were 
disregarded. 

3.2. Gakkel Ridge: 26 June to 5 August 2017 (78 Profiles) 

The Gakkel Ridge hydrographic region marks the transition between the Amundsen and Nansen basins, 
with tilted isolines corresponding to a shoaling of the warm MAW layer (Figure 3, yellow curves in 
Figure 5). CDOM sharply decreases and salinity increases (respectively, from 4.7 to 2.8 ppb and from 
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Figure 6. (a) Temperature in the ice and upper 2 m of the ocean from SIMBA chain. The white line delineates the 
ice‐ocean interface. Composite sections in the upper 100 m of (b) conservative temperature (°C), (c) absolute salinity 
(g/kg), and (d) apparent oxygen utilization (AOU; μmol/kg). (e) Nitrate (μmol/kg) and (f) CDOM (ppb) from profiler 23 in 
the upper 100 m. Thin white lines are isopycnals. The four regions are indicated as in Figure 3. Halocline eddies (HE1 and 
HE2) and crossover points A, B, C and D are reported below the sections. The dashed vertical line marks the 88.2°N 
latitude, the southern limit of surface water fresher than 32.5. SIMBA = Scottish Association for Marine Sciences ice mass 
balance for the Arctic; CDOM = colored dissolved organic matter. 

 
 

32.85 to 33.35 g/kg on average at 30‐m depth; Figures 3 and 5). From late June to early August 2017, sea ice 
cover and thickness decrease by 15% and 25 cm, respectively (Figure 2c and 6a), the upper ocean warms by 
solar radiation and a surface temperature maximum is formed (Figures 6a and 6b; ∂T/∂z <0 at the surface in 
Figure 4b). The maximum surface temperature is reached in early August 2017 (T ~ −1.45 °C). Above the 
Gakkel Ridge, the homogeneous MAW layers sharply shoal from below 220 m in the Amundsen Basin to 
150 m depth in the Nansen Basin (Figure 4). 
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Significant eddy‐like isopycnal displacements are observed in the halocline, often associated with anomalies 
in temperature, AOU and nitrate (such as the anomaly observed around 17 July 2017 in Figure 6). However, 
the complex trajectory during this period prevents an interpretation in terms of halocline eddies. Isopycnals 
depths show a notable variability at the profile sampling rate (12 hr), probably indicative of topographically 
induced motions intensified above the Gakkel Ridge (Figure 4). The internal wave field in the Arctic, 
whether due to surface generated near‐inertial waves or topographically induced internal tides (evanescent 
north of the critical latitude 74.5°N), has frequencies falling within the near‐inertial frequency band (Dosser 
et al., 2014). The IAOOS platforms, set to perform profiles on a 12‐hr frequency, only provide an estimate of 
the minimum internal wave amplitude of ~2 m above the Gakkel Ridge, in the Nansen Basin, and in the 
Fram Strait (Appendix A). 

3.3. Nansen Basin: 6 August to 19 December (188 Profiles) 

In the Nansen Basin, the platforms' meandering trajectory extensively documents the 83–85°N, 5–30°E area, 
except in the upper 20 m (Figure 3). 

Near‐surface salinities are in the range 32.8–33.8 g/kg (Figures 3 and 6, blue curves in Figure 5). Sea ice 
thickness decreases until mid‐September and stabilizes around 1 m (Figure 6a). Sea ice melt, combined with 
the shoaling of the warm layer at ~80 m, induces a strong vertical salinity (and density) gradient between 20‐ 
and 40‐m depths: the summer halocline (|∂zS| ~ 6 ×10−2 g/kg/m, Figures 4c and 5b; J. M. Jackson et al., 
2010). The previously formed surface temperature maximum is progressively capped by cold and lighter 
water, leading to a near‐surface temperature maximum (NSTM, Figure 6b). The NSTM located at 30‐m 
depth by late September progressively mixes with the surrounding water (first passage at points C and D, 
Figure 6b). A thin layer of remnant NSTM persists as the platforms exit the Eurasian Basin in December 
2017 (Figure 6b). The “lower halocline” is located between 40‐ and 160‐m depth, with a significantly smaller 
vertical salinity gradient (|∂zS| ~ 5 ×10−3 g/kg/m, Figures 4c and 5b). 

The thermocline is shallower and sharper than in the Amundsen Basin, between 70 and 150 m (|∂ 

zT| ~ 0.04 °C/m, Figures 4b and 5a). The warm layer, mostly MAW, is located below 90‐m depth, ~50 m clo- 
ser to the surface than in the Amundsen Basin, and is nitrate enriched ([NO−]~ 9–12 μmol/kg). Along with 
the top of the warm layer, the two layers of MAW shoal below 150 m and thicken. They are separated by an 
interface at ~230 m (Figures 4 and 5). The MAW layers exhibit warmer temperatures (respectively, ~1.4 and 
1.6 °C) and larger salinities (respectively, 35.03 and 35.07 g/kg) than observed in the Amundsen Basin 
(Figures 3 and 5). 

CDOM concentrations in the Nansen Basin are particularly low ([CDOM] ~ 2.1 ppb) and mostly homoge- 
neous in the upper 250 m (Figures 3 and 5). However, at the level of the lower halocline (~130‐m depth) a 
local CDOM maximum is observed ([CDOM] ~ 2.4 ppb) and matches the thin layer of maximum oxygen 
utilization (AOU ~ 50 μmol/kg, Figures 3c, 3e, 5d, and 5f), possibly indicating an active remineralization. 

Two remarkable AW mesoscale structures are encountered in the Nansen Basin (Figures 2a and 3). The first 
structure, called hereafter AW1, was encountered near 83.5°N, 35°E between 24 September and 18 October 
2017. The second structure, called hereafter AW2, was crossed north of the Yermak Plateau, near 82.8°N, 
3°W between 14 and 20  December 2017. Both structures exhibited cores with temperatures larger than    
2 °C, densities in the range 27.7–28 kg/m3 and salinities larger than the surrounding MAW of the Nansen 

Basin (ΔS ~ +0.15 g/kg): These core properties correspond to AW (Figure 5g). The two structures, examined 
in section 4.2, show significantly lower oxygen utilization than their environment as well as slightly lower 
nitrate concentrations (ΔAOU ~ 15–25 μmol/kg, ΔNO− ~ −1 μmol/kg). 

3.4. Fram Strait‐Greenland Slope: 20 December to 4 January (19 Profiles) 

Platform 23 reached 83°N, 1°W on 19 December and exited the Eurasian Basin through the western Fram 
Strait. The profiler was lost on the Greenland continental shelf. 

The near surface shows salinity around 33.3–33.8 kg/m3 (purple curves in Figure 5; Figure 6) and a local 

CDOM maximum ([CDOM] ~ 3.5 ppb) associated with a surface nitrate maximum ([NO−] ~ 4.5 μmol/kg; 
Figures 5 and 6). Oxygen use is the highest recorded across the four regions (AOU ~ 50–60 μmol/kg). The 
variety of profiles corresponds to a frontal zone between the southward fresh and cold East Greenland 
Current and the salty and warmer AW recirculation branches (Sutherland & Pickart, 2008). In the 
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western Fram Strait, the warm layer, located below 130‐m depth, is composed of cooler (~0.98 °C) and 
fresher (~34.98 g/kg) MAW exiting the Arctic Ocean (Sutherland & Pickart, 2008; Figures 3 and 5). 

The next section focuses on the mesoscale structures crossed during the drift in the halocline near the North 
Pole and in the warm layer in the southwestern Nansen Basin. 

 
 

4. Mesoscale Structures in the Western Eurasian Basin 
4.1. Halocline Eddies 

Two mesoscale structures located in the halocline were crossed at 89°N, 8°E and 87°N, 5°E in the Amundsen 
Basin (HE1 and HE2 in Figures 2, 4, and 6). They were identified as anticyclonic halocline eddies following 
Zhao et al. (2014). For halocline eddies 1 and 2, respectively (HE1 and HE2), six and nine consecutive pro- 
files from each profiler showed anomalous convex isopycnal displacements while the drift trajectory was 
fairly straight (Figure 7). Assuming that both halocline eddies were crossed in their center, they have radii 
RHE ~ 12 km, which is of the order of the Rossby deformation radius Rd in the region (in the Eurasian 
Basin Rd ~ 8 km, in the Canada Basin Rd ~ 13 km; Zhao et al., 2014; Figures 7a and 7b). Baroclinic velocities 
derived from density provide horizontal velocity difference between the eddy boundary and the center of 
about 5 and 3.5 cm/s for HE1 and HE2, respectively (Figures 7c and 7d). The eddy core depths are considered 
to be at the depth of the minimum temperature within the eddy (red markers in Figures 7e and 7f). The 
thickness of the eddy is defined by the distance between local maxima of the Brunt‐Väisälä frequency N2 
above and below the eddy core (blue markers in Figures 7e and 7f). As HE1 does not have a maximum in 
N2 below its core, its lower edge is roughly estimated from the temperature anomaly (cyan markers in 
Figure 7e). Both halocline eddies have core depths and thicknesses on the same order, with HE1 being 
slightly shallower and thicker (core depth ~ 45 and 55 m thick) than HE2 (core depth ~ 55 and 40 m thick). 
Maximum azimuthal baroclinic velocities are roughly at the same depth as the property cores (Figures 7c 
and 7d). Associated isopycnal displacements are visible as deep as 280 m for HE1 and possibly below 
(Figure 3) and extend down to 220 m for HE2 (Figure 4). 

HE1 and HE2 are located,  respectively,  north  and  south  of  the  frontal  zone  of  Makarov‐origin 
water at 88.2°N: Hence, the characteristics of their surrounding waters are rather different (as described 
in section 3.1). However, the two cores  carry  similar  PoSW  properties,  with  temperatures  
significantly colder than their environment (ΔTHE1 ~ −0.2 °C, ΔTHE2 ~ −0.08 °C), oxygen‐enriched 

(ΔAOUHE1 ~ −30 μmol/kg, ΔAOUHE2 ~ −15 μmol/kg), and nitrate‐depleted (ΔNO−HE1 ~ −2 μmol/kg, 
ΔNO−HE2 ~ −1 μmol/kg). The CDOM concentration in  the  cores  is  also  somewhat  lower 
(ΔCDOMHE1 ~ −0.4 ppb, ΔCDOMHE2 ~ −0.5 ppb) at the upper edge of the property cores. This suggests that 
the two halocline eddies were formed from the same surface water mass, despite their present location in 
different water masses. Possible sources of generation of these eddies are discussed in section 5.3. 

 

4.2. AW Mesoscale Structures 

Two AW mesoscale structures were crossed in the Nansen Basin (Figure 2a). The first AW structure (AW1) 
was encountered north of Kvitøya Trough (83.5°N, 35°E) as the platforms followed a  hairpin turn 
(Figure 8a). AW1 is documented with 40 profiles over 22 days (40 from each profiler) from 25 September 
to 17 October 2017. The AW structure north of the Yermak Plateau (82.8°N, 3°W; AW2) was crossed in a 
straight line from 14 to 20 December 2017 (14 profiles in 7 days over 55 km and down to 250 m). 

The AW mesoscale structures exhibit larger temperature and salinity than the surrounding MAW at about 
1.5 °C and 35.05 g/kg in the Nansen Basin (Table 2). Their T‐S characteristics are consistent with AW 
(orange curves for AW1 and red curves for AW2 in Figure 5). They are oxygen enriched compared to their 
environment (AOUenv ~ 45 μmol/kg). The core of AW2 is warmer (3 to 3.5 °C), saltier (35.2 g/kg), and more 
oxygen enriched (AOUAW2 ~ 20 μmol/kg) than the AW1 core (2.5 °C, 35.1 g/kg, AOUAW1 ~ 30 μmol/kg), 
which is likely explained by its greater proximity to the original inflow of AW through the Fram Strait 
(Figures 2a and 3). Both AW structures are nitrate‐enriched compared to the surrounding PoSW at their 
upper boundary (ΔNO− ~ +1.5 μmol/kg) although they are nitrate‐depleted compared to the MAW layer 
(ΔNO− ~ −1 μmol/kg). 
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Figure 7. (a, b) Brunt‐Väisälä frequency (N2) in halocline eddies HE1 (crossed at 87°N, 5°E late April) and HE2 (crossed at 
89°N, 8°E late May), respectively. (c, d) Baroclinic velocities (cm/s) in HE1 and HE2, respectively. Black lines are iso- 
pycnals. (e, f) Vertical profiles of N2, conservative temperature (°C), absolute salinity (g/kg), AOU (μmol/kg), nitrate 
(μmol/kg) and CDOM (ppb) in the eddies core HE1 and HE2, respectively (solid black profiles). Dashed black profiles are 
from the eddy environment. AOU = apparent oxygen utilization; CDOM = colored dissolved organic matter; 
SA = salinity. 

 
Both AW cores (depth of maximum temperature) are located around 180 m (Figures 3 and 5). AW1's thick- 
ness is about 190 m, with top and bottom edges at respectively 80 and 270 m (limits of the 2 °C criterion). 
AW2's top edge is located at 100 m; its thickness cannot be estimated (not documented below 250 m). A 
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Figure 8. (a) Close‐up on the platform trajectory when crossing mesoscale feature AW1 (white line). Yellow lines are 
bathymetry contours (−3,200, −2,000, −1,000, −500, and 0 m). Locations 1 to 6, in chronological order, are reported in 
(b). (b) Sequence of conservative temperature (°C) profiles from profiler IAOOS 24 from 24 September to 18 October 
within AW1. Each profile is offset from the previous one proportionally to the profile distance. Color code indicates 
conservative temperature. The black profile indicates the profile after which the platform backtracked. Double diffusive 
staircases are observed on the upper part of AW1 (red box), and intrusions are observed at the bottom edge of AW1 (purple 
box). The thick black profile indicates the southernmost location (labeled 3 in panel a). (c) Close‐up on the red box: 
staircase‐like features (double diffusive interfaces) in temperature and salinity. (d) Close‐up on the purple box: inversions 
in temperature and salinity, consistent across several profiles, indicate thermohaline intrusions. 

 
 
 

close examination of the temperature and salinity vertical profiles reveals intrusions and staircase structures, 
likely generated by double‐diffusive processes (Figure 8). Several studies (e. g. Bebieva & Timmermans, 2016; 
Dmitrenko et al., 2008; Polyakov et al., 2018) used parameters such as the vertical density ratio to provide a 
quantitative characterization of the double‐diffusive modes and to differentiate double‐diffusive steps and 
intrusions. However, as the vertical resolution of the data set is around 1 dbar, we only provide a 
qualitative assessment of the vertical structure and double‐diffusive features observed. 

The “staircase structure” in AW1 indicates the presence of double‐diffusive steps about 10 to 20 m thick at 
the upper limit of the structure in the thermocline (orange curves in Figure 5; Figures 8b and 8c). 
Thermohaline intrusions are observed above, on the sides of, and below AW1 (Figure 8d). In the upper part 
of AW1 (80 to 180 m), particularly thick (50 m) double‐diffusive staircases are observed, separated by sharp, 
thin interfaces of strong vertical gradient in temperature (about 0.1 °C/m) and salinity (about 0.005 g/kg/m; 
Figures 4b and 8b). In the lower part of AW1 (180 to 270 m), vertically alternating intrusions and double‐ 
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diffusive staircases are observed (Figure 8), corresponding to successive positive and negative values of ∂T/∂ 
z (Figure 4b). 

AW2 exhibits somewhat different features with thicker steps in the core (up to 70 m thick, red curves in 
Figure 5), pronounced thermohaline intrusions on the sides (not shown) and no double‐diffusive staircases 
in the thermocline. 

To gain further perspective on the data set, we examine monthly climatological data from the decade 
2002–2013 (WOA13) and Mercator Ocean operational outputs. 

 
5. Perspective From WOA13 Climatology and Mercator Ocean 
Operational Model 
5.1. Comparison With the 2005–2012 WOA13 Climatology 

We temporally (month by month) and spatially collocated WOA13 monthly climatologies with the IAOOS 
drift then interpolated the climatological profiles to the vertical resolution of the IAOOS data. Data shal- 
lower than 20 m are not considered. Differences are computed as dataIAOOS − dataWOA13 and are presented 
in scatter plots for three regions in Figure 9. We distinguish three layers: a near‐surface layer, a thermocline 
and halocline layer, and a warm MAW layer (see Figure 9 caption for details). 

Major differences in conservative temperatures are observed in the thermocline and upper MAW layer, with 
a general warming reaching values up to +0.75 °C in the Nansen Basin, +0.5 °C above the Gakkel Ridge 
and +0.3 °C in the Amundsen Basin (Figures 9a–9c). This warming is associated to a salinification on the 
order of +0.25 g/kg (Figures 9d–9f). On the other hand, the warmest and deeper part of the sampled 
MAW layer (~350 m) does not show this warming trend. These changes are the signature of the shoaling 
of the AW layer upper boundary. Polyakov et al. (2017) described a 40‐m shoaling of the AW in the eastern 
Eurasian Basin between 2003 and 2015. Similarly, in the western Eurasian Basin, we document an average 
shoaling of the AW layer upper boundary (27.7‐kg/m3 isopycnal) of 22 m between 2005–2012 and 2017 (not 
shown). Figure 9h shows that at 145 m, temperatures on the order of ~1 °C are located further North in the 
2017 data set than in the 2005–2012 climatology. 

Furthermore, while surface temperatures show little variation, IAOOS 2017 surface salinities exhibit a signif- 
icant fresh evolution when compared to the 2005–2012 WOA13 climatology (Figures 9d–9f). In the 2017 
observations, the frontal region between Makarov and Eurasian waters is at 88.2°N, 10°E in April. The same 
frontal region in WOA13 in April appears further west than in the observations by about 40° (Figure 9g). This 
difference appears to be mainly responsible for the large surface salinity difference in the Amundsen Basin 
(Figure 9d). In WOA13, the frontal region varies in intensity and location from month to month (not shown): 
The freshest conditions near the North Pole are reached in September after summer sea ice melt, correspond- 
ing to a position of the frontal region comparable to the April 2017 observations (Figure 9g). 

Korhonen et al. (2013) analyzed the evolution of pan‐Arctic hydrographic properties over the 1991–2011 per- 
iod. They observed a clear warming of the AW layer in the Eurasian Basin, mostly confined to the Nansen 
Basin (~+0.3 °C per decade). Our results indicate a reduced warming rate within the AW layer of 
+0.05 °C in the Eurasian Basin between 2005–2012 and 2017. The shoaling of the AW we observed between 
2005 and 2012 and 2017 is consistent with the thickening of the AW layer (about 18 to 22 m per decade) 
described in Korhonen et al. (2013). 

Rabe et al. (2014) pointed out to an Arctic‐wide freshening of the upper layer between 1992 and 2012 with an 
overall salinity decrease of −0.6 g/kg. Peralta‐Ferriz and Woodgate (2015) showed that the Eurasian Basin 
mixed layer freshened by ~−0.7 g/kg per decade from 1979 to 2012. Our results are consistent with a conti- 
nuation of the freshening at the same rate between the 2005–2012 decade and 2017 (Figures 9d and 9f). 

5.2. Mercator Ocean Operational System: Comparison to IAOOS 2017 Observations 

The daily Mercator Ocean analyses are collocated in space and time with the IAOOS profiler data and inter- 
polated to the data vertical resolution (Figures 10a and 10b). Temperature and salinity show a global agree- 
ment with the daily averaged observations, with a remarkably well located 27.7‐kg/m3 isopycnal 
(characterizing the top of the MAW and AW layer) and well‐positioned AW mesoscale structures  
(Figures 10a and 10b). 
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Figure 9. (a–f) Scatter plots of differences between Ice Atmosphere Ocean Observing System (IAOOS) observations and 
collocated WOA13 climatological data, in the Amundsen Basin (April, left panels), above the Gakkel Ridge (July, 
middle panels), and in the Nansen Basin (November, right panels). (a–c) Conservative temperature (°C). Red markers 
correspond to the isothermal near‐surface layer (CT ≤ CTsurf + 0.2°C). Yellow markers represent the thermocline. Gray 
markers indicate the homogeneous Modified Atlantic Water layer (such as |∂zT|~ 0 and |∂zS|~ 0). (d–f) Absolute 
salinity (g/kg). Dark blue markers correspond to the mixed layer (down to the depth of N2 ). Cyan markers correspond to 
the halocline. (g) Absolute salinity (g/kg) at 25 m in April and (h) conservative temperature (°C) at 145 m in November. 
Background is WOA13 2005–2012 climatology, and markers are IAOOS 2017 observations. Magenta lines in (g) are the 
32.5 g/kg isohaline, representative of the frontal zone, in April (solid line) and September (dashed line) in the WOA13 
2005–2012 climatology. Bathymetry isolines are in the thin black lines. GR, LR, and YP stand for Gakkel Ridge, 
Lomonosov Ridge, and Yermak Plateau, respectively. 

 
 

However, the sections of model‐observation differences (Figures 10c and 10d) reveal biases. The cold and 

slightly fresh bias at 150 m, larger in the Nansen Basin close to Fram Strait (−1.5 °C and −0.2 g/kg in 
November), results from an overly deep representation of the thermocline and MAW layer. A major bias 
in salinity (>1 g/kg) is observed in the surface layer near the North Pole (beginning of the time series; 
Figures 10b and 10c). The salinity bias (>0.5 g/kg3) in the surface layer starting in November accompanies 
excessive sea ice formation in the model compared to the observations. The formation and deepening of the 
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NSTM in the model are consistent with observations, however the model NSTM is cooler (~−0.15 °C) and 
fresher (~−1 g/kg) than observed. In the western Fram Strait‐Greenland slope region, a large patch of AW 
is visible in the model outputs (Figures 9 and 10). A plausible explanation is that the platforms drifted close 
to the AW recirculation branch in Fram Strait and the edge of this branch is likely rendered somewhat 
further west in the model outputs. 

The first AW mesoscale structure (AW1) in the Nansen Basin is well located. In the model, AW1 is too warm 
(+0.5 °C; Figures 10c and 10e) and its bottom edge is located about 100 m deeper than in the observations 
(360‐m depth in the model whereas 250‐m depth in the observations; Figures 10a and 10e). The second 
mesoscale structure (AW2), close to Fram Strait, is not exactly at the same location as in the observations, 
leading to a large dipole‐like difference in temperature and salinity (Figures 10c and 10d). 

In summary, in spite of biases, the model is generally in good agreement with the observations and repre- 
sents well the AW. We therefore use the model to investigate the origin and evolution of the AW 
mesoscale structures. 

 
 

5.3. Observed Mesoscale Structures: Insights From Mercator Ocean System 
5.3.1. Halocline                                                                                                                      Eddies 
Mercator Ocean outputs have a significant salinity bias in the upper layer of the Amundsen Basin during the 
buoy sampling time (April–May), and the frontal region between the fresher Canadian waters and saltier 
Eurasian waters is represented much further west than the observations do at that time, by about 20° 
(Figure 11a). However, as in WOA13 the position of the frontal region in September in the model is further 
east and thus more comparable to the April observations (thin vs. dashed lines in Figure 11a). In Mercator 
Ocean outputs, the frontal region sheds numerous near‐surface eddies in September. An example of an eddy 
occurring near the trajectory of the buoy during this chosen month is shown in Figures 11b–11d. While the 
modeled anticyclonic eddy occurs later in the year than the observed eddies HE1 and HE2 (September rather 
than April), their temperature, salinity and N2 are quite similar (Figures 11b–11d). This suggests that halo- 
cline eddies HE1 and HE2 probably resulted from instabilities of the surface front. The modeled eddies have 
slightly larger radii (~20 km) than those observed (12 km) and are rather short‐lived (4–18 weeks), as the 
model grid ((1/12)°) cannot resolve the mixed layer deformation radius (about 4 km; Brannigan et al., 2017). 

5.3.2. AW Mesoscale Structures 
The AW mesoscale structures in the model show great coherence with the observations. The first AW struc- 
ture (AW1) crossed by the platforms (at 83.5°N, 35°E) is particularly well represented in the Mercator Ocean 
outputs. Model snapshots (Figure 12) reveal that it is likely an AW meander being shed from the Arctic 
Circumpolar Boundary Current, which later turned into an AW eddy. Model outputs indicate that the mean- 
der formed in late September. It detached from the boundary current by mid‐November 2017 (at 83.7°N, 
34.5°E) to form an anticyclonic AW eddy. The model suggests a radius ~30 km, significantly larger than 
the Rossby deformation radius Rd in this area (Rd on the order of 10 km). In the model outputs, the eddy 
is characterized by salinity in the range 35.06–35.11 g/kg and temperature between 2 and 2.7 °C in its core, 
consistent with observations (Figure 10), and a maximum azimuthal speed of 2.5 cm/s at its edge (Figure 12). 
Model outputs show a slightly northwestward propagation for 2.5 months until late January 2018 (at 
83.85°N, 34°E) when the rotation decays (Figure 12). In March 2018, the rotating motion disappears and 
the T‐S characteristics are eroded due to mixing with the surrounding water (Figure 12i). 

To examine the performance of the Mercator Ocean operational model regarding AW eddies in the region, 
we compare model outputs to an AW anticyclonic eddy extensively described by Våge et al. (2016). The eddy 
was encountered in September 2012 above the shelf slope of Kvitøya Through (81.75°N, 30°E) and has a 
radius R ~ 10–15 km, comparable with Rd. Its core was warmer (2–3.3 °C) and saltier (35.08–35.2 g/kg) than 
AW1. The maximum azimuthal speed at the edge of the eddy is ~7 cm/S. Mercator Ocean outputs reproduce 
the AW eddy described by Våge et al. (2016) remarkably well (not shown) in particular its location, tempera- 
ture, salinity, and core depth (~250 m) at the precise date (21 September 2012). The model exhibits an azi- 
muthal speed of ~5 cm/s somewhat smaller than the observations by Δ|u| ~ −2 cm/s, falling within the 
acoustic Doppler current profiler instrument error (±2 cm/s; Våge et al., 2016). The simulated eddy radius 
and bottom edge depth are on the order of the observations, even if slightly overestimated (respectively 
ΔR ~ +15 km and |Δz| > +200 m). Indeed, as mentioned above, the model grid resolution (about 6 km in 
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Figure 10. (a) Conservative temperature (°C) and (b) absolute salinity (g/kg) from daily Mercator Ocean model outputs 
collocated with the platform drift and interpolated to the data vertical resolution. Black dashed lines are temperature 
and salinity isolines in the model. Thin white lines are isopycnals. The thick white line is the 27.7‐kg/m3 isopycnal. The 
four regions are indicated as in Figure 3. Differences between model outputs and Ice Atmosphere Ocean Observing 
System observations in (c) conservative temperature (°C) and (d) absolute salinity. (e) CT, SA profiles, and associated 
TS diagram in observations (yellow) and model outputs (blue) at the time of AW1 (blue arrow on 7 October under panels a 
and b). 



ATHANASE ET AL. 19 

Journal of Geophysical Research: Oceans 10.1029/2018JC014701 

 

 

 
 

 
 

Figure 11. (a) Mercator Ocean salinity (SA) field at 25‐m depth on 4 September 2017, with white isolines every 0.1 g/kg. 
The buoy trajectory is shown in black, and the location of the eddy section in blue. As the model exhibits a large 
salinity bias near the North Pole (>1 g/kg3), the 33.5‐g/kg isoline (magenta lines) is considered representative of the 
frontal zone instead of 32.5 g/kg in Figure 9. Its position on 4 September (solid) is reported, as well as in April (dashed) 
when the buoy was in this region. (b–d) Sections through the anticyclonic eddy and along the blue line in (a) from south to 
north, depicting (b) absolute salinity (g/kg), (c) conservative temperature (°C), and (d) Brunt‐Väisälä frequency (N2), 
with isopycnal contours overlayed in black. 

 

the area) is too large to resolve explicitly the Rossby deformation radius. Hence, the simulated eddies have 

necessarily radii R ≥ Rd. 

AW2 is encountered at 82.8°N, 3°W between 12 and 22 December 2017 (Figures 2 and 3). In the model, the 
AW recirculation branch represented between 20 and 30 December 2017 at 81°N, 4°W to 82.7°N, 4°W 
(Figure 10) shows very similar T‐S properties to AW2 observed close by, suggesting that AW2 is an AW 
recirculation branch. 

 
6. Summary and Discussion 

The 8‐month‐long physical and biogeochemical data set documented the upper 350 m of four regions with 
distinct hydrographic characteristics in the Western Eurasian Arctic Basin (summarized in Table 2). 

The IAOOS 2017 campaign provided new insights on the recent state of the Arctic western Eurasian Basin. 
High CDOM and low nitrate in the upper Amundsen Basin allowed the backtracking of the water mass as 
shelf‐origin water, enriched in Siberian river runoff and carried by the TPD across the central Arctic 
Basin (Damm et al., 2018; Kipp et al., 2018). 

Comparison with WOA13 climatology indicates a shallower AW layer in 2017 than over the 2005–2012 per- 
iod in the western Eurasian Basin, consistent with the thickening of the AW layer described in Korhonen 
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Figure 12. Selected snapshots of the Atlantic Water mesoscale structure in Mercator Ocean model outputs shown at 155 m. The white line corresponds to the Ice 
Atmosphere Ocean Observing System platforms trajectory. The red diamond marks the position of the platforms at each selected date. Gray isolines are bathymetry 
contours. Black arrows are the current at 155 m in the model; the scale is indicated in (a). Velocities lower than 1 cm/s are not shown. 

 

et al. (2013). Polyakov et al. (2017) showed that this shoaling of the AW layer, together with the sea ice 
decline and weakened halocline, are the symptoms of the progressive Atlantification of the Eurasian 
Basin. In 2017, the mixed layer is fresher than in 2005–2012, indicating the continuation of the freshening 
described in Rabe et al. (2014) and Peralta‐Ferriz and Woodgate (2015). Coincidently, the frontal zone at 
the confluence of fresher surface water from the Makarov Basin and saltier Eurasian surface water 
appears to have shifted further southeast (near 88.2°N, 10°E) compared to 2005–2012 (near 88.5°N, 45°E). 
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Alkire et al. (2015) point out the large interannual variability in surface salinity in the central Arctic, partly 
attributed to shifts in the alignment of the TPD. Several studies document the contribution of the Arctic 
Oscillation index in the shifts of the TPD and Arctic general surface circulation (Alkire et al., 2015; 
Armitage et al., 2018; Morison et al., 2012). However, the relationship between Arctic Oscillation and river 
runoff pathways in the present data set remains unclear. 

The IAOOS platforms documented mesoscale structures within the halocline as well as in the warm layer during 
their drift through the Arctic Eurasian Basin. Two anticyclonic halocline eddies are identified in the Amundsen 
Basin, near 87°N, 5°E and 89°N, 8°E, respectively, with radii RHE ~ 12 km (~Rd in the region). They carry 

surface water properties (colder temperature ΔT ~ 0.15 °C, oxygen‐enriched ΔAOU ~ −25 μmol/kg and 
nitrate‐depleted  ΔNO−   ~ −1.5  μmol/kg)  despite  salinities  similar  to their  environment  (S ~   33.75 g/kg). 
Mercator Ocean model outputs suggest that these halocline eddies probably resulted from instabilities in the 
surface front between the fresher Makarov waters and saltier Eurasian waters. However, while Timmermans 
et al. (2008) and Zhao et al. (2014) observed such halocline eddies with lifetimes from months to years, the 
modeled eddies have slightly larger radii (~20 km) and are rather short‐lived (4–18 weeks), as the model grid 
cannot resolve the mixed layer deformation radius (about 4 km). However, as far as we know it is the first time 
that such halocline eddies in the central Arctic Basin have been reproduced in a model. 

Two AW mesoscale structures were encountered in the Nansen Basin. They exhibit cores of AW with tem- 
peratures larger than 2 °C and salinities larger than their environment (ΔS ~ + 0.1–0.2 g/kg). They are oxy- 
gen enriched compared to their environment and slightly nitrate depleted. One AW structure was 
encountered north of the Yermak Plateau in December 2017 (near 83°N, 1°W). Even though this structure 
is not reproduced at the same time and location in the model, the Mercator Ocean outputs have provided 
evidence that is it likely an AW recirculating branch, circulating back toward the Fram Strait. The large 
AW structure, crossed in October 2017 unusually northeast in the Nansen Basin (at 83.5°N, 35°E), is parti- 
cularly well represented in the model and identified as a meander of AW detaching from the Arctic 
Circumpolar Boundary Current. The model outputs suggest that the AW meander turned into an anticyclo- 
nic AW eddy about a month after the platforms drifted away, propagating slightly northwestward for 
2.5 months until reaching 83.7°N, 34.5°E in February 2018. 

Comparisons with an eddy documented by Våge et al. (2016) underlined the good performance of the (1/12)° 
Mercator Ocean model in representing AW eddies. However, the (1/12)° horizontal resolution grid is only 
eddy permitting in the Eurasian Basin, with a spatial resolution of ~4 km in the area. These limitations are 
likely to prevent the detection of smaller sized eddies and eddy tracking in the Basin interior. Crews et al. 
(2017) provided a first fine resolution (800 m × 800 m) model‐based quantitative survey of eddy‐ 
mediated transport of AW from the boundary current to the Eurasian Basin. 177 eddies in 2 years were 
detected on the Svalbard continental shelf, but the large majority (98%) stayed south of 83°N, as in the 
Mercator Ocean model. To our knowledge, it is the first time that an AW meander is documented as far 
as 83.5°N, 35°E in the Nansen Basin interior. 

Several studies suggest that eddies have a significant influence on the lateral current‐to‐basin interior 
exchanges of heat, salt, tracers, and nutrients (Mathis et al., 2007; Nishino et al., 2011; Zhao et al., 2014). 
Mathis et al. (2007) and Nishino et al. (2011) indicate that in the Canada Basin, eddies are likely major nutri- 
ents providers to the upper layer. Here, measurements within the AW meanders and eddies crossed in 
autumn‐winter 2017 suggest a possible similar input of nutrients in the Eurasian Basin upper layer. 

This study highlights the recent physical changes in the western Eurasian Basin. In this increasingly ice‐free 
ocean, the fresher surface water and shallower warm AW layer are likely to have significant impacts on the 
biogeochemistry of the Arctic Ocean (Arrigo & van Dijken, 2015; Bluhm et al., 2015; Timmermans et al., 
2010). These will be discussed in a forthcoming paper presenting the biogeochemical observations and 
near‐surface pCO2 evolution from IAOOS 2017 data. 

 

Appendix A: Estimation of the Minimum Internal Wave Amplitude 
Despite the nonadapted sampling frequency of the IAOOS platforms (every 12 hr), we suggest that the 
IAOOS data can provide an estimate of the minimum internal wave amplitude in the still sparsely documen- 
ted Eurasian Basin, following the method described in Dosser et al. (2014). 
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Figure A1. (a) Example of three sample isopycnals over a 12‐day period (7 to 18 July 2017, over the Gakkel Ridge). The black lines show the depth of the isopycnals, 
and the red line shows the daily mean depth of the three isopycnals. (b) The same isopycnals with the mean removed, leaving only displacements near the inertial 
frequency. (c) Vertical displacements of the three isopycnals combined to maximize the number of points available. 
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Vertical displacements of isopycnals are estimated by tracking density surfaces, originally regularly distrib- 
uted (each 3 m) in the first profile, along the drift (Figure A1a). Near‐inertial waves typically have horizontal 

wavelengths on the order of kilometers and vertical wavelengths on the order of 10–100 m. For each isopyc- 
nal, the daily mean is removed. Vertical displacements are combined with those of the isopycnals immedi- 
ately above and below, tripling the number of available data points per estimate and reducing the impact of 
random noise (Figure A1b). The estimation of isopycnals depths is limited by instrument noise and vertical 
resolution (~1 m); thus, vertical displacements smaller than 1 m were not considered. This implies that the 
present estimation does not apply to the quiescent Amundsen Basin, where displacements do not exceed the 
1‐m limit. In the end, we estimated the minimum near‐inertial internal wave amplitude to be ~2 m above 
and south of the Gakkel Ridge in the upper 350 m of the Eurasian Basin (Figure A1c). 
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