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We highly appreciate helpful comments and suggestions by both reviewers. In the following, the comments by 

reviewers are underlined and our responses to the comments are in normal characters. Modifications to the text 

are shown in quotation marks with bold characters indicating newly added text, and normal characters indicating 

text that was already present in the previous version. The line numbering is referenced to the marked-up 

manuscript version.   

 

Interactive comment on “Arctic Ocean outflow and glacier–ocean interaction modify water over the 

Wandel Sea shelf, northeast Greenland” by Igor A. Dmitrenko et al., Anonymous Referee #1 

Received and published: 3 July 2017 

Review of Dmitrenko et al. "Arctic Ocean outflow and glacier-ocean interaction modify water over the Wandel 

Sea shelf, northeast Greenland“ 

 

Summary:  the paper investigates water masses and water column structures based on CTD profiles collected in 

2015, and aims at identifying relevant processes and interactions between the different local and advected water 

masses. The study region is very remote, and largely unexplored, and the spring sampling campaign resulted in a 

quite unique dataset. While the main conclusions of this paper appear plausible, I find that text and figures need to 

be improved to convincingly present the main points.  In the current form, the text is not easy to follow and could 

be significantly improved, in particular the introduction and parts of the results and discussion. Some of the figures 

are very busy, and require a tedious amount of time to identify the relevant details as mentioned in the text.  

Overall, I find that the paper presents very interesting data and summarizes four plausible main findings at the end 

of the paper, but requires some major improvements in text and figures to convincingly guide the reader through 

the paper. 

Below please find some general comments as well as more specific recommendations. 

1. Introduction:  I suggest that the introduction should better introduce the study region and better highlight the 

significance of the presented scientific aspects. I imagine that most readers are not familiar with the Wandel Sea, 

and more details may be needed to provide the background necessary to understand the region’s relevance as is 

discussed in the text.  Parameters such as area/width of the shelf, depth, bathymetry... How does this shelf 

compare with other Arctic shelves or is the Wandel Sea rather a glacial inlet or so rather than a shelf? From the 

maps provided in the paper, I don’t get a sufficient idea of the relevance of this region beyond the local scale. 

However, since the aim is clearly to connect the region with upstream and downstream conditions as well, a more 

comprehensive introduction might help. A stronger  formulation of scientific objectives is needed, rather than to 

“...investigate the vertical CTD profiles...” (lines 66-67). 

The introduction was substantially edited to address questions pointed out by Reviewer #1. The following text was 

introduced: 

1. Lines 53-54: “The Wandel Sea is predominantly covered by landfast multiyear sea ice all year around, and 

only the interior of fjords may become ice free during late summer (Figure 2b).” 

2. Lines 57-60: “In general, the Wandel Sea is rather a glacial inlet than a shelf sea. It is comprised by 

several fjords open to the continental slope (Figure 2b). The landfast ice edge in Figure 2b roughly marks 

the Wandel Sea continental shelf break located in about 35-45 km from the fjord mouths. The bathymetry 

of the Wandel Sea shelf and upper continental slope is poorly known.” 
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3. Lines 72-76: “The coastal branch of the Pacific water flow along the southeast coast of Greenland was 

reported based on observations [e.g., Bacon et al., 2002; Sutherland and Pickart, 2008; Sutherland et al. 

2009] and numerical simulations [Hu and Myers, 2013; Aksenov et al., 2016]. However, the pathways of 

the low salinity Pacific water along the northeast coast of Greenland are debatable.”. 

4. Lines 81-87: “The interaction of warm Atlantic Water with tidewater glacier outlets along the southeast 

coast of Greenland results in ocean-driven glacier melting. This generates additional fresh water flux 

contributing to the regional fresh water budget [e.g., Straneo et al., 20011, 2012; Sutherland and 

Straneo, 2012; Inall et al., 2014]. For the Wandel Sea shelf, the efficiency of the glacier-ocean interaction 

is not assessed because of the unknown oceanographic conditions at the glacier-ocean interface.”.  

5. Sentence in lines 88-91 was modified as follows: “This paper is focused on analysis of the first-ever 

conductivity-temperature-depth (CTD) observations on the Wandel Sea shelf collected from the landfast ice 

in April-May 2015 (Figure 3) to put this region in the context of upstream, downstream and local 

conditions with a special focus on the Arctic Ocean outflow and ocean-glacier interaction.”. 

6. Sentence in lines 93-95 was updated as follows: “Our objectives were to investigate the principal features of 

vertical profiles of salinity and temperature taken over the shelf regions deeper than 100 m for tracing the 

water origin and local modifications.”. 

2. Results: the results are difficult to follow. In particular the clustering is somewhat confusing and not obvious why 

this is done. Perhaps a better organization into subchapters might help, with section titles that help the orientation.  

The introductory sentence for the clustering is given in lines 197-199, but may be better before the clusters are 

introduced.  Are all 5 clusters needed for the paper or could the paper do with less for a better overview?  There 

are 5 clusters and 3 regions defined and I wonder if this is necessary. From the map I cannot distinguish between an 

outer shelf and a mid-shelf region (regions 1 and 2), but perhaps I am just confused by the terminology that is more 

commonly used for larger shelves.  What is the connection between the two regions that are summarized in cluster 

1? Perhaps Figure 7 might be better placed at the beginning of the cluster presentation rather than at the end. 

Responding this comment by Reviewer #1, we: 

1. Reorganised subchapters, with new subsection titles that help the orientation as “3.1. Water mass 

structure”, “3.2. CTD clustering”, “3.2.1. Methods of CTD clustering” and “3.2.2. Description of clusters”; 

2. Removed reference to regions from both text and figures; 

3. Removed the terminology that is more commonly used for larger shelves such as outer shelf, mid-shelf and 

inner shelf; 

4. Reduced the description of clusters I and II in subsection 3.2.2 to focus on the key clusters IV and V – lines 

243-248 and 255-258 were omitted;   

5. Moved upfront to Figure 4b the cluster presentation in Figure 7.  
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New Figure 4 

The two regions summarized in cluster I were ice-free during the preceding summers that results in a relatively 

warm Halostad for the open water cluster I. This explanation is provided in cluster description in lines 248-251. Only 

three clusters (II, IV and V) are discussed in this manuscript, but for the comprehensive analysis all profiles >100 m 

depth were processed, clustered and described. Regions were completely omitted.   

3. Ocean glacier interaction subchapter: Would an estimate of glacial melt due to glacier-warm water interaction 

be not as interesting as calculating salinity differences considering the high interest in Ocean-glacier interaction? 

Yes, it would. However, we have no information on the time scale of the ocean-glacier interaction. Without time 

dimension, we cannot estimate heat fluxes and associated melt rate.    

4. L389:  Upwelling over the continental slope:  Seems random.  What kind of upwelling, was upwelling 

documented before, and where is the Wandel Sea continental slope with respect to your study region? 

The upwelling was hypothetically suggested to explain the difference between the on-shelf and off-shelf water 

mass structure. This is pointed out in lines 439-440: “Hypothetically, the wind-driven upwelling of the Atlantic-

modified PrW and AW over the continental slope can result in uplift of the water masses over the outer shelf.”. 

There are no instrumental observations of upwelling in this area. We specify position of the continental slope in 

lines 58-59 as follows: “The landfast ice edge in Figure 2b roughly marks the Wandel Sea continental shelf break 

located in about 35-45 km from the fjord mouths.”. 

Figures:  

5. Map: A map showing topography and stations on a regional scale might help to put the region into a better 

context.   Figure 1 is good to have for the large-scale circulation, Figure 2 shows where glacier and polynyas are 

located, Fig.3 shows the ice conditions during the survey, but the reader has no idea what the greater region looks 
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like, i.e. where is the continental slope that is mentioned in the text. Shelf-slope interaction is one focus of the 

paper, but not clear to me where this takes place. 

We specified position of the continental slope in introduction, lines 58-59 as follows: “The landfast ice edge in 

Figure 2b roughly marks the Wandel Sea continental shelf break located in about 35-45 km from the fjord 

mouths.”. Figure 3 was modified to focus on ice conditions. The bottom topography was moved to new Figure 4a, 

and Figure 4b shows stations >100 m depth and CTD clusters. 

 

New Figure 3 

6. Fig4: In my opinion this figure is too busy. There are too many lines in there with colors that are not immediately 

distinguishable.  I would strongly suggest to try to make this more user-friendly.  Perhaps only show mean profiles 

rather than the whole bundle, or remove those profiles that are not absolutely necessary.  Understanding this 

figure requires multiple readings of the captions which distracts from the text. Same problem with some of the 

other figures. 

To simplify this new Figure 5, we shaded the whole bundle of profiles and highlighted only the typical profile for 

station #68 from the “basic” cluster II. 
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New Figure 5 

7. Fig5: Somehow the different dashed lines are confusing and by the time I read through the caption to identify 

what the different lines indicate I forgot what the figure is supposed to tell us.  Could this be made more user-

friendly?  Also, the box refers to Fig6, not Fig 5. 

We modified Figure 5b (new Figure 6b) to differentiate clusters II-V only by colors. In general, Figure 6b is intended 

to provide only the general overview on clusters over the extended temperature and salinity range. In contrast, 

new Figure 7 gives more detailed view for the halocline layer. Moreover, we divided Figure 7 to four different 

panels showing TS curves for each cluster separately as was recommended by Reviewer #2. The figure reference 

number for the box in Figure 6b was fixed.  
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New Figure 7 

8. Fig7:  How are the clusters related to regions?  That part seems confusing.  Is there a continental slope that can 

be displayed in this figure to show where potential interaction with ambient waters could take place? 

We removed reference to regions from the text and figures to avoid confusions. Figure 7 was moved upfront as 

recommended and comprised the new Figure 4b (see above). The continental slope is out of the Figure 4b spatial 

scale. However, we specify position of the continental slope in lines 58-59 as follows: “The landfast ice edge in 

Figure 2b roughly marks the Wandel Sea continental shelf break located in about 35-45 km from the fjord 

mouths.”. 

9. Fig8:  I  would  suggest  to  reduce  the  information  displayed  to  a  minimum. A paper that requires a detailed 

study of each figure caption in order to understand the figures quickly becomes unattractive for the readers. 

Perhaps show either the mean or just the 21 April profile.  Details or differences between the two are not discussed 

in the text anyway... 

We removed the 21 April CDOM profile from Figure 8.   

Minor comments:   

10. L89-92:  Locations are not shown in a map, therefore it is not clear where these stations are and why they are 

used 

We roughly identify this location in Figure 1. The figure caption was modified accordingly adding the following text 

(lines 760-761): “The blue dot roughly identifies location where CTD profiles were collected in the Beaufort Sea. ”. 
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11. L91: “meridian” is not needed 

Modified as requested in line 119. 

12. L136-138: were those the “normal” ice conditions? 

We modified this text in lines 161-164 as follows:  “During the field campaign this region was covered with a mix of 

first year (~1.2 m thick) and multiyear sea ice (~3 m thick), with icebergs and an ice island frozen within the fast ice 

(Figure 3) that corresponds to the typical ice conditions over this area.”. 

13. L141: as a result of ice melt and glacier runoff.  Can you provide more details at least qualitatively which of the 

two is more important? 

To clarify this point we make reference to Bendtsen et al. [2017], lines 596-599: Bendtsen, J., J. Mortensen, K. 

Lennert, J. K. Ehn, W. Boone, V. Galindo, Y. Hu, I. A. Dmitrenko, S. A. Kirillov, K. K. Kjeldsen, Y. Kristoffersen, D. G. 

Barber, and S. Rysgaard (2017), Sea ice breakup and marine melt of a retreating tidewater outlet glacier in 

northeast Greenland (81°N), Sci. Rep., 7, 4941, doi:  10.1038/s41598-017-05089-3.  

14. L167: dotted line is very difficult to see 

We make the dotted lines thicker in Figure 4 (see new Figure 5 above).  

15. L171:  this sentence kind of downgrades your analysis, perhaps mention why it is still worthwhile to do here... 

We modified this sentence in lines 200-202 as follows: “We note, however, that the synoptic, seasonal and 

interannual variability can be significant [e.g., Falck et al., 2005] making it difficult to interpret the snapshot data 

from the Wandel Sea continental slope, while this analysis appears important and plausible.”.         

16. L175: ...were subdivided into clusters... Why? I think an explanation is needed here on why the data are 

subdivided and what one is hoping to learn from this 

We introduced new sentence in lines 209-210 as follows: “The clustering was conducted to assess the origin of 

water masses, and to identify the shelf-slope and ocean-glacier interactions.”. 

17. L283: “water dynamics”... I would just say “currents are too weak” 

Changed as requested, line 323. 

18. L289: insignificant sub glacier freshwater discharge. Is it really insignificant? It sounds more important when you 

talk about it earlier... 

We have no evidence of surface freshening along the glacier termination during winter (e.g., Figure 8).   

19. L298:  heat conduction into the glacier:  are there more details regarding this subject, or papers that deal with 

this? Seems a bit random there... 

We have no information on the vertical temperature profile in the glacier. So, any assumptions on the rate of the 

heat conduction into the glacier are very speculative.     

20. L337:  4.2 interaction with ambient water from the continental slope... interaction of what? Incomplete title... 

We modified this title (line 375) to: “Shelf water interaction with ambient water from the continental slope”. 

21. L404: is pers. communication from a co-author the correct referencing? 
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This reference in lines 436-437 was changed to “Kirillov, S., I. Dmitrenko, S. Rysgaard, D. Babb, L. T. Pedersen, J. 

Ehn, J. Bendtsen, and D. Barber (2017), Storm-induced water dynamics and thermohaline structure at the 

tidewater Flade Isblink Glacier outlet to the Wandel Sea (NE Greenland), Ocean Sci. Discuss., doi: 10.5194/os-

2017-60.“. 

 

Interactive comment on “Arctic Ocean outflow and glacier–ocean interaction modify water over the Wandel Sea 

shelf, northeast Greenland” by Igor A. Dmitrenko et al., Anonymous Referee #2 

Received and published: 13 August 2017 

The authors present a unique dataset of CTD profiles in the Wandel Sea, a previously unsampled region of 

Northeast Greenland that is subject to a complicated mixture of influences including Arctic ocean outflow (with 

traces of both Atlantic and Pacific water), ocean-glacier interactions, and irregular ocean-atmosphere interactions 

(based on the spatially variable history of open water and landfast sea ice). 

1. The largely qualitative description of the various observed water masses in terms of sources and physical 

processes is plausible, however I found that the organization and description of the various clusters, regions, and 

processes difficult to follow and at times confusing.   Additionally, several of the figures are overly complicated and 

therefore difficult to connect with the conclusions in the text, without a great deal of interpretive effort. To be 

accepted for publication, I believe that a clearer organization of the results (and figures) would greatly improve the 

readability. 

This comment sounds similar to the general comment on results and figures by Reviewer #1. To improve this, we: 

1. Reorganised subchapters in section Results, with new subsection titles that help the orientation as “3.1. 

Water mass structure”, “3.2. CTD clustering”, “3.2.1. Methods of CTD clustering” and “3.2.2. Description 

of clusters”; 

2. Skipped the regions from both description and figures; 

3. Removed the terminology that is more commonly used for larger shelves such as outer shelf, mid-shelf and 

inner shelf; 

4. Reduced the description of clusters I and II in subsection 3.2.2 to focus on the key clusters IV and V – lines 

243-248 and 255-258 were omitted;   

5. Moved the cluster presentation from former Figure 7 upfront to Figure 4b.  

The report on figure modifications is provided below.  

2. More importantly, I think that the section dealing with the signatures of ocean-glacier interactions needs to be 

clarified through a more quantitative description of the processes and expected mixing lines and deviations. The 

calculation of deltaS, along with the vague descriptions of how seawater will cool when it comes into contact with 

ice are disorganized and not well connected to the current literature of ocean-ice models that are currently in use 

in many recent manuscripts (e.g.  Jenkins, Wilson and Straneo, Mankoff et al 2016, etc). In this treatment, the 

meltwater mixing line is defined by an end-member corresponding to the "apparent" temperature of a water parcel 

after losing heat to the ice to overcome the latent heat of melting (and zero salinity).  Typically this has a value of 

approximately -90 degC, and defines a slope against which water properties can be compared to determine e.g.  

meltwater fractions.  No explicit discussion of this approach is made in the manuscript (e.g.  by directly applying the 

model to the properties observed in the CTD profiles), however some discussion of temperature and salinity 

changes are made in terms of the transfer of heat and salt into the water column (e.g. lines 310). 
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We agree with Reviewer #2 that the section dealing with the signatures of ocean-glacier interactions is very 

descriptive and based on rather qualitative analysis. At the moment, we are working on the CTD data from spring 

2016 and 2017 (ambient profiles versus glacier profiles) to further our analysis on the ocean-glacier interaction and 

to put this in the context of the ocean-ice models. Reviewer #2 referenced to the effective potential temperature 

Teff defined by Jenkins [1999], and further used for the Greenland glaciers by Straneo et al. [2012], Chauché et al. 

[2014] etc. The effective potential temperature was reported to be about -90°C [e.g., Jenkins, 1999; Chauché et al., 

2014]. This gives the theoretical mixing line between the Atlantic-modified PrW and glacier melt water at zero 

salinity as defined in figure below by dotted line.  In fact, this line is steeper comparing to that obtained from fitting 

the data for the near-glacier CTD profiles (dashed line in figure below and figures 7 and 7d). We suggest that 

deflected mixing line for the “glacier” cluster V in Figures 6 and 7d is primarily generated by thermal glacier-ocean 

interactions, with no significant involvement of the glacier melt water, and thus, cannot be considered as a 

meltwater line following the suggestions of Jenkins [1998], Straneo et al. [2012], Chauché et al. [2014]. We would 

like to address this point in our new manuscript based on a more comprehensive data set from 2015-2017. 

 

 

 

3. The authors should also clarify how they arrived at the meltwater mixing lines presented in Figures 5 and 6 – is it 

a result of a derivation of the "virtual temperature" end member, or simply a fit to the observed properties of the 

near-glacier CTD profiles? 

The mixing line shown in Figures 6 and 7d is fitted to the observed properties of the near-glacier CTD profiles. We 

clarified this in Figure 6 caption (lines 816-817) as follows: “An approximation of the meltwater mixing line from 

interaction with the glacial tongue is derived from Cluster V by fitting the data in TS space...”. 
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4. There are also some citation issues, with citations given in the text not matching the bibliography (Jenkins 

1998 vs 1999), as well as some citations not present in the bibliography that are cited in the text (Stevens 2015).  

The bibliography and all citations should be carefully checked for consistency (in addition to the two examples I 

noted), or managed with a reference manager of some kind. 

The citation list was corrected and carefully checked for consistency (lines 583-584, 702-706, 713-717, 723-725, 

735-737). 

## Minor corrections 

5. L131: Isn’t region 3 located Northeast of Station Nord? 

Following comments by Reviewer #1, we removed reference to regions from the text and figures to avoid 

confusions.  

6. L185: No Stevens et al in bibliography 

Thank you, the reference to Stevens et al., 2016 was added, lines 713-717). 

7. L189:  I think this "new mixing end member" is the thermodynamic "meltwater" end member discussed above? 

Why is it referred to so cryptically here? 

We modified this text in lines 222-223 as follows: “The displacement of the mixing line suggests the thermodynamic 

"meltwater" end member…”. 

8. L225:  The use of a "division" symbol is confusing here.  Normally it would be a dash, but of course the negative 

signs would make that even more confusing.  Why not use "to"? 

Changed as recommended, line 265. 

9. L265+: This relates to the qualitative vs quantitative discussion of ocean-ice interaction I discuss above.  Do we 

expect that water should cool to the ambient glacier temperature, or to something reflecting the thermodynamic 

processes involved (e.g. melting, etc)? 

The thermodynamics is definitely involved. The associated thermodynamics is quantitatively discussed in lines 333-

373.  

10. L276: Jenkins 1999? 

Yes, corrected in line 315. 

11. L280-282:   This  discussion  of  the  cool/turbid  water  and  the  lower  boundary  of  the tongue  is  confusing  

and  overly  qualitative.   Is it known that  the  glacier  terminus  is floating and not grounded?  If so, why would the 

authors expect that cold/turbid meltwater released from the terminus would be at a neutral density level at the 

bottom of the glacier?  I would expect that typically the salinity reduction due to the meltwater input, followed by 

turbulent entrainment during buoyant rising would determine a neutral density level somewhere above the depth 

that the meltwater was released.  This is another point that would be clarified by a more rigorous discussion of the 

ocean-ice interaction processes and models as pointed out previously. 

There is no direct evidence that the glacier terminus is floating.  The indirect evidences came from 

(i) Visual estimates of a glacier elevation above the sea surface; 

(ii) Summer oceanographic observations reported by Bendtsen, J., J. Mortensen, K. Lennert, J. K. Ehn, W. 

Boone, V. Galindo, Y. Hu, I. A. Dmitrenko, S. A. Kirillov, K. K. Kjeldsen, Y. Kristoffersen, D. G. Barber, and 
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S. Rysgaard (2017), Sea ice breakup and marine melt of a retreating tidewater outlet glacier in 

northeast Greenland (81°N), Sci. Rep., 7, 4941, doi:  10.1038/s41598-017-05089-3; 

(iii) Satellite observations on the glacier terminus. During the extraordinary storm in August 2016 few 

separated icebergs at the glacier front were moved onshore by about 300 m. 

 We completely agree with Reviewer #2. This is also justified in lines 301-305: "The density reduction of the ocean 

water due to added melt water is larger than the density increase due to cooling, and the less saline water will 

ascend along the lower boundary of the glacier, until it reaches the vertical terminus. At this point the water will 

penetrate into the ambient water column at its density level, forming colder, less saline isopycnal intrusions". The 

point is that during winter the subglacial runoff is likely negligible, and the salinity redaction is partly compensated 

by temperature reduction. So, the density redaction is insignificant, and the neutral density level is not much 

shallower than the bottom of the glacier as follows from Figure 8. The equilibrium depth for the water parcel 

affected by glacier melt (salinity redaction about 0.2) is about 2-3 m shallower comparing with water parcel not 

affected by glacier melt.     

12. L304: Related – where exactly *is* the neutral density level for this water? 

We modified this sentence in lines 342-344 as follows: "At this point the water will penetrate into the ambient 

water column at its density level few meters above the depth that the meltwater was released, forming colder, less 

saline isopycnal intrusions". 

13. L309: the deltaS equation – what is the source/citation for this? How is it derived? 

This is the balance equation. If certain amount of heat is consumed for melting (resulting in cooling by ∆T) then 

salinity is reduced by ∆S. We slightly modified this equation for simplicity, line 348:     ∆S=S / (L/CpΔT – 1) 

 

## Figures 

14. Figure 2 - L800: "rectangle" 

Fixed in line 771. 

15. Figure 3:  This figure contains many aspects that are nearly impossible to read, including:  the red overlying text, 

the color scale for station depths, and the white/black circles.  It appears that some points are larger than others, 

which is not discussed in the caption (and may just be a visual trick owing to the white/black borders). 

This figure was divided to Figure 3 (satellite imagery and satiation map without station numbers) and Figure 4a 

(bottom topography). The station numbers for stations >100 m depth were moved to new Figure 4b.  
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New Figure 3 

16. Figure 4: In general, I find the profile (and TS) figures with many profiles overlain with different colors, line 

styles, and x-axes very difficult to interpret (see main review).  I recommend either separating out the different plot 

types, or perhaps making subplots for the different groups of profiles that overlay the group of interest over the 

other lines which are colored in grey (so that the relative differences can be seen, but without the visual confusion). 

To simplify Figure 4, we shaded the whole bundle of profiles and highlighted only the typical profile for station #68 

from the “basic” cluster II. 
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New Figure 4 

We also modified Figure 5b to differentiate clusters II-V only by colors. In general, Figure 5b is intended to provide 

only the general overview on clusters over the extended temperature and salinity range. In contrast, Figure 7 gives 

more detailed view for the halocline layer. Following this comment, we divided Figure 7 to four different panels 

showing TS curves for each cluster separately as was recommended by Reviewer #2.  
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New Figure 7 

17. Figure 5 - L830: Should the reference be to Figure 6a? 

Yes, now it is referenced to Figure 7. Fixed. 

18. Figure 5 - L835: Is the meltwater mixing line "derived" from the theory/model, or simply from fitting the data in 

TS space? 

This line was derived by fitting the data in TS space. We modified this sentence in Figure 6 caption (lines 816-817) as 

follows: “An approximation of the meltwater mixing line from interaction with the glacial tongue is derived from 

Cluster V by fitting the data in TS space (thick black dashed line).”.   

19. Figure 7: The colors of clusters III and IV are indistinguishable. 

Figure 7 was moved upfront to Figure 4b. In our copy, the cluster III (purple) is well distinguished from cluster IV 

(red) – see figure below.  
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New Figure 4 

20. Figure 8:  Like Figure 4, the combination of colors, line types, and x-axes makes this plot difficult to interpret. 

Again, I recommend trying to separate out into subplots. 

We simplified Figure 8 by removing the 21 April. 
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Abstract: The first-ever conductivity-temperature-depth (CTD) observations on the Wandel Sea shelf in 23 

North Eastern Greenland were collected in April-May 2015. They were complemented by CTDs taken 24 

along the continental slope during the Norwegian FRAM 2014-15 drift. The CTD profiles are used to 25 

reveal the origin of water masses and interactions with ambient water from the continental slope and the 26 

tidewater glacier outlet. The subsurface water is associated with the Pacific Water outflow from the Arctic 27 

Ocean. The underlying Halocline separates the Pacific Water from a deeper layer of Polar Water that has 28 

interacted with the warm Atlantic water outflow through Fram Strait recorded below 140 m. Over the outer 29 

shelf, the Halocline shows numerous cold density-compensated intrusions indicating lateral interaction with 30 

an ambient Polar Water mass across the continental slope. At the front of the tidewater glacier outlet, colder 31 

and turbid water intrusions were observed at the base of the Halocline. On the temperature-salinity plots 32 

these stations indicate a mixing line that is different from the ambient water and seems to be conditioned by 33 

the ocean-glacier interaction. Our observations of Pacific Water are set within the context of upstream 34 

observations in the Beaufort Sea and downstream observations from the Northeast Water Polynya, and 35 

clearly show the modification of Pacific water during its advection across the Arctic Ocean.  Moreover, 36 

ambient water over the Wandel Sea slope shows different thermohaline structures indicating the different 37 

origin and pathways of the on-shore and off-shore branches of the Arctic Ocean outflow through western 38 

Fram Strait. 39 

 40 

1. Introduction 41 

One of the most significant global issues over the last decade has been the vast change in the Arctic 42 

region. The Arctic Science Partnership (ASP) consortium (www.asp-net.org) was established to understand 43 

connections and processes linking climate, cryosphere, ocean and ecosystems.  Under the framework of 44 

ASP, an extensive oceanographic field campaign took place during April and May 2015 from the landfast 45 

sea ice that covers the shelf of the Wandel Sea. 46 
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The field campaign was based out of the new Villum Research Station located at the Danish 47 

military outpost Station Nord at 81°36N, 16°40W on Prinsesse Ingeborg Peninsula in the very north-48 

eastern corner of Greenland (Figures 1 and 2). Northern Greenland is among the most remote wildernesses 49 

of the northern hemisphere. Station Nord features a very cold polar tundra climate with an average 50 

temperature during winter below -30°C and just a few degrees above the freezing point in the midst of the 51 

short summer.  52 

The Wandel Sea is predominantly covered by landfast multiyear sea ice all year around, and only 53 

the interior of fjords may become ice free during late summer (Figure 2b). The Flade Isblink Ice Cap is 54 

located close to Station Nord (Figures 2b and 3). It is an isolated ice cap with a surface area of 5 000 km2 55 

and maximum thickness of 600 m that overlies bedrock that is on average 100 m below sea level [e.g., 56 

Palmer et al., 2010; Rinne et al., 2011]. In general, the Wandel Sea is rather a glacial inlet than a shelf sea. 57 

It is comprised by several fjords open to the continental slope (Figure 2b). The landfast ice edge in Figure 58 

2b roughly marks the Wandel Sea continental shelf break located in about 35-45 km from the fjord mouths. 59 

The bathymetry of the Wandel Sea shelf and upper continental slope is poorly known.  60 

Prior to our field program in 2015, there were no oceanographic or in situ sea ice observations over 61 

the Wandel Sea shelf. Nørgaard-Pedersen et al. [2008] provided limited information on the bottom 62 

topography in the area surrounding Station Nord, specifically the existence of several submarine glacial 63 

troughs, with depths of up to ~180 m, that open to the continental slope (Figure 4a3). The bathymetry of the 64 

Independence and Denmark fjords is unknown.   65 

Prior to our field program in 2015, there were no oceanographic or in situ sea ice observations over 66 

the Wandel Sea shelf. From very general considerations, the Wandel Sea shelf is expected to be under the 67 

influence of the Arctic Ocean outflow through western Fram Strait (Figure 1). The upper layer (down to 68 

400 m) of this outflow is comprised of low salinity surface Polar Water partly including low salinity water 69 

of Pacific origin, and the intermediate water (> 150-200 m) of Atlantic origin [e.g., Rudels et al., 2002; 70 

2005]. The freshwater export through western Fram Strait is an important component of the Arctic Ocean 71 
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freshwater budget that links the Arctic Ocean to the global climate system [e.g., de Steur et al., 2009]. 72 

The coastal branch of the Pacific water flow along the southeast coast of Greenland was reported based on 73 

observations [e.g., Bacon et al., 2002; Sutherland and Pickart, 2008; Sutherland et al. 2009] and numerical 74 

simulations [Hu and Myers, 2013; Aksenov et al., 2016]. However, the pathways of the low salinity Pacific 75 

water along the northeast coast of Greenland are debatable. The Wandel Sea shelf can also be a source of 76 

freshwater that originates from summer snow/sea ice meltwater and from glacier-derived freshwater.  77 

The Atlantic Water outflow through Western Fram Strait with temperatures above 0°C in the 78 

intermediate water layer (> 150-200 m) closes the circulation loop of the Atlantic Water in the Arctic 79 

Ocean conditioned by its inflow through eastern Fram Strait and Barents Sea [e.g., Rudels et al., 1994; 80 

Rudels, 2012] – Figure 1. The interaction of warm Atlantic Water with tidewater glacier outlets along the 81 

southeast coast of Greenland results in ocean-driven glacier melting. This generates additional fresh water 82 

flux contributing to the regional fresh water budget [e.g., Straneo et al., 2011, 2012; Sutherland and 83 

Straneo, 2012; Inall et al., 2014]The Wandel Sea shelf can also be a source of freshwater that originates 84 

from summer snow/sea ice meltwater and from glacier-derived freshwater. For the Wandel Sea shelf, the 85 

efficiency of the glacier-ocean interaction is not assessed because of the unknown oceanographic 86 

conditions at the glacier-ocean interface.   87 

This paper is focused on analysis of the first-ever conductivity-temperature-depth (CTD) 88 

observations on the Wandel Sea shelf collected from the landfast ice in April-May 2015 (Figure 3) to put 89 

this region in the context of upstream, downstream and local conditions with a special focus on the Arctic 90 

Ocean outflow and ocean-glacier interaction. This data set They werewas complemented by CTDs taken in 91 

June-July 2015 over the Wandel Sea continental slope during the Norwegian FRAM 2014-15 sea ice drift 92 

(Figure 2b). Our objectives were to investigate the principal features of vertical profiles of salinity and 93 

temperature taken over the shelf regions deeper than 100 m for tracing the water origin and local 94 

modifications.  95 
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The paper is structured as follows. Section 2 describes observational data on СTD, sea-ice and 96 

bottom topography, and justifies the selection of CTD data for our analysis. Section 3 provides detailed 97 

description of the water mass structure over the Wandel Sea shelf and continental slope, methods of 98 

clustering the CTD profiles and the CTD clusters. Section 4.1 discusses oceanographic patterns of the 99 

“glacier” CTD cluster with respect to the ocean-glacier interaction. Section 4.2 focuses on the “intrusive” 100 

CTD cluster from the Wandel Sea outer shelf. Sections 4.3/4.4 discuss local/remote origins of the Wandel 101 

Sea water masses. Finally, section 5 concludes the analysis and discusses limitations. 102 

 103 

2. Data and methods 104 

Between 17 April and 15 May 2015, 86 CTD profiles (labelled SN15 – XX; XX is the station 105 

number) were collected from the landfast sea ice (1.0 to 3.5 m thick) on the Wandel Sea shelf in Northeast 106 

Greenland (Figures 3 and 4). The CTD observations were carried out with a SBE-19plus CTD that was 107 

calibrated prior to the expedition, and was accurate to ±0.005°C and ±0.0005 S/m. The CTD was outfitted 108 

with a Seapoint Turbidity Meter that measured turbidity in nephelometric turbidity units (NTU). 109 

Additionally we used vertical profiles of the colored dissolved organic matter (CDOM) from an Ice 110 

Tethered Profiler (ITP) by McLane Research Laboratory that was temporarily deployed at SN15-13 from 111 

21 April to 11 May. The ITP collected a profile every 2 hours between 3 m and 101 m depth, and was 112 

equipped with a Wetlabs ECO sensor for measuring backscatter intensity, Chlorophyll fluorescence and 113 

CDOM fluorescence for EX/EM = 370/460 nm. CDOM data was recorded approximately every 1.5 m with 114 

sensitivity of 0.28 parts per billion (ppb). Other ITP data from this temporary deployment are not used 115 

within this paper.  116 

Four sets of complementary CTD profiles are used to provide context for the water masses we 117 

observed over the Wandel Sea shelf. CTD profiles collected in the Beaufort Sea between 225°E and 226°E 118 

meridians between June and October from 2002 to 2011 by ArcticNet (Figure 1) were averaged and reveal 119 
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the mean summer water profile in the Beaufort Sea, which we consider the ‘upstream’ area. CTD profiles 120 

collected over the Wandel Sea continental slope during June and July 2015 from the research hovercraft 121 

SABVABAA during the Norwegian FRAM 2014/15 sea ice drift (Figure 2b) are used to represent the 122 

ambient water masses and compared against a CTD profile collected in August 2008 from the RV 123 

Polarstern [Kattner, 2009]. Furthermore we adopted a CTD profile taken in a rift in the 79 North Glacier in 124 

August 2009 – Figure 2ba [Straneo et al., 2012]. 125 

Ice conditions over the Wandel Sea shelf, the adjoining fjords and the Greenland Sea continental 126 

slope were monitored by MODIS (Moderate Resolution Imaging Spectroradiometer – Figure 2b) and 127 

Sentinel-1 C- band SAR (C-Band Synthetic Aperture Radar – Figure 3) satellite imagery, acquired daily by 128 

the Danish Meteorological Institute (http://ocean.dmi.dk/arctic/nord.uk.php). In general, newly formed sea-129 

ice, ice ridges, multiyear and first-year landfast sea ice, refrozen leads, large icebergs and glacier 130 

terminations are distinguishable in SAR imagery. Sea ice thickness was measured manually at each CTD 131 

station with an ice thickness tape. 132 

Within this study we are interested in resolving the vertical thermohaline structure below the 133 

freshened surface waters, including the water layer below the lower boundary of the glacier tongue (>~90 134 

m depth) and a warmer Atlantic-derived water layer with temperature > 0°C below ~140 m depth. 135 

Therefore we only use the 31 CTD profiles that were performed in waters deeper than 100 m (Figure 34). 136 

Over the Wandel Sea shelf there are three regions with depths greater than 100 m. These regions are 137 

separated laterally by ~20-30 m deep shoals, but are likely connected to submarine troughs that lead 138 

towards the continental slope [Nørgaard-Pedersen et al., 2008]. 139 

The primary region with depth exceeding 100 m Region 1 is located over a submarine glacial 140 

trough to the north-northeast of Station Nordon the outer shelf that ranges in depth from 110-130 m at the 141 

tidewater glacier outlet (STN15-13 and 75) to 183 m further off-shore along the trough (STN15-63; Figure 142 

43). The glacial trough has been formed by the Flade Isblink Ice Cap [e.g., Palmer et al., 2010; Rinne et al., 143 

2011]. During our surveys this area was predominantly covered by landfast multiyear sea ice (~3.5 m thick; 144 
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lighter colours in Figure 3). Several CTD stations were performed through refrozen leads that contained 145 

younger and therefore thinner sea ice (~1.5 m thick; darker colours in Figure 3). The glacial trough Region 146 

1 was paralleled on both sides by numerous icebergs that appeared to be grounded on the marginal lateral 147 

moraine which can significantly suppress lateral exchange with ambient water from the continental slope 148 

(Figure 3). However, lateral exchange still might be possible given the narrow glacial troughs that exist 149 

across these shallow shoals [Nørgaard-Pedersen et al., 2008]. 150 

Another area with depth exceeding 100 mRegion 2 is located over the mid shelf to the northwest of 151 

Station Nord between Prinsesse Thyra and Prinsesse Margreth Islands with depths of 104/112 m (stations 152 

STN15-53/54; Figure 34). The region was covered by ~1.2 m of sea ice that grew within a refrozen lead 153 

after it opened in August 2012 (Figure 3). We speculate that the gradual increase in depth along the CTD 154 

transect that ended at STN15-54 continues out along the trough towards the continental slope; however, no 155 

bathymetric data is available beyond STN15-54.  156 

Region 3 is located to the west-southwest of Station Nord along another The glacial trough to the 157 

west-southwest of Station Nord on the inner shelf that extends from the glacial outlet of the Flade Isblink 158 

ice cap to the west of Prinsesse Dagmar Island also exceeds 100 m depth (Figure 4a3). During our field 159 

work the glacier was grounded at ~35-40 m depth. The trough extending from this outlet glacier quickly 160 

reached depths of ~100 m (STN15-35) and reached a maximum depth of 127 m (STN15-79). During the 161 

field campaign this region was covered with a mix of first year (~1.2 m thick) and multiyear sea ice (~3 m 162 

thick), with icebergs and an ice island frozen within the fast ice (Figure 3) that corresponds to the typical 163 

ice conditions over this area. DRegion 3 was ice-free during August 2014 (Figure 2) as well as during 164 

August 2010-2012 this region was ice-free (http://ocean.dmi.dk/arctic/nord.uk.php).  165 

 166 

3. Results 167 

3.1. Water mass structure 168 

http://ocean.dmi.dk/arctic/nord.uk.php
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The water column over the Wandel Sea shelf shows six distinct layers (Figure 54). The layer 169 

immediately below the ice (~1.5–5 m) was relatively fresh (salinity of 16-21; Figure 54) as a result of 170 

summer snow/sea ice melt water and freshwater from the glacial runoff [Bendtsen et al., 2017]. Several 171 

stations had extremely fresh surface waters (salinity of 1-12; Figure 54) that appeared to be part of under-172 

ice ponds [e.g. Eicken, 1994; Flocco et al., 2015] comprised of melt water trapped in pockets below the 173 

multiyear landfast ice. This surface layer freshened during the melt season and was observed to have 174 

salinities of 1-8 during CTD transects in August 2015 [Jørgen Bendtsen et al., , pers. comm., 20176]. The 175 

sub-surface halocline layer is characterised by a strong vertical salinity gradient (salinity 1 m-1) down to 15 176 

m depth (Figure 54). The sub-surface halocline separated the fresh surface waters from a layer with weak 177 

vertical salinity gradients (salinity 30 to 31.2) and water near the freezing point (blue dashed line Figure 178 

54) that reached to ~65 m depth (Figure 54). Shimada et al., [2005] identified this layer in the Canada 179 

Basin and referred to it as a “cold halostad”, thus over the Wandel Sea shelf we refer to this layer as the 180 

“Halostad” (Figure 54, Table 1).     181 

Below the Halostad (below 75 m depth), temperatures increased steadily through the Halocline 182 

(with salinity centered around 33) and Atlantic modified Polar Water (PrW) – Figure 54 and Table 1. The 183 

Halocline is further distinguished from the Halostad and PrW by its high vertical salinity gradient of 0.07 184 

m-1 (Figure 54). Temperatures eventually exceeded 0°C (the commonly accepted upper boundary of the 185 

Atlantic layer) at ~140 m depth indicating the presence of Atlantic Water (AW) below this depth (Table 1). 186 

Atlantic modification of the Halocline is evident from the increase in temperature through the Halocline. 187 

Furthermore, the Halocline shows intrusions of cooler water, which is further described and discussed for 188 

tracing the shelf-slope and ocean-glacier interactions, as well as the Pacific Water (PcW) and AW outflow 189 

from the Arctic Ocean through western Fram Strait.   190 

Comparing CTD profiles collected over the Wandel Sea shelf (solid lines) and those collected off-191 

shelf (dashed lines) reveals substantial differences in the temperature profiles down to 180 m, and in the 192 



 

 
 

24
salinity profiles down to 110 m (Figure 54). In 2015, the Halostad and Halocline over the Wandel Sea 193 

shelf were not observed over the continental slope (Figure 45).  Moreover, the thermocline was typically 194 

20-30 m deeper off the shelf (red dashed lines Figure 54), specifically the upper boundary of the AW was 195 

found at 170 m compared to 140 m on the shelf. We also present a CTD profile collected on the upper 196 

continental slope in 2008 (dot lines in Figure 54), which reveal little variability in the water mass structure 197 

between 2008 and 2015 and indicate that the off-shelf water mass structure is characterized by a colder, 198 

thicker and more saline Halostad that is derived from the Lower Halocline in the Nansen Basin [Rudels et 199 

al., 1996]. We note, however, that the synoptic, seasonal and interannual variability can be significant [e.g., 200 

Falck et al., 2005] making it difficult to interpret the snapshot data from the Wandel Sea continental slope, 201 

while this analysis appears important and plausible.     202 

     203 

3.2. CTD clustering 204 

3.2.1. Methods of CTD clustering 205 

In the following, we focus on the water layer below the sub-surface Halocline, comprised of the 206 

Halostad, Halocline, PrW and AW layers (Figures 45-76, Table 1). The 31 CTD profiles with depths 207 

greater than 100 m were subdivided into clusters according to their temperature-salinity (TS) curves and 208 

their variability in the TS space (Figures 4b, 56 and 76 and Table 2). The clustering was conducted to assess 209 

the origin of water masses, and to identify the shelf-slope and ocean-glacier interactions. For clustering we 210 

use the following criteria. (i) For the salinity range 30 < S < 31.2 (~15-65 m depth; Halostad; gray shaded 211 

area Figure 65) we differentiate profiles based on their proximity to the freezing temperature (blue dashed 212 

line Figure 65), which indicates how the water thermal properties have been modified.  (ii) For the salinity 213 

range 31.2 < S < 33.5 (~65-90 m depth; upper Halocline; green shaded area Figures 65 and 76) we 214 

differentiate clusters based on the appearance of distinctive thermohaline intrusions within the TS curves. 215 

These intrusions increase the TS variability and disrupt the initially smooth TS curves, which indicate 216 

interaction between ambient water masses. These features have been used to trace the origin and pathways 217 
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of water masses in the Arctic Ocean [e.g., Walsh and Carmack, 2003; Rudels et al., 1994; 2005; 218 

Woodgate et al., 2007] and identify shelf-glacier interactions [Jenkins, 19998; Stevens et al., 20165]. (iii) 219 

For the salinity range > 33.5 (> 90 m depth; low Halocline; pink shaded area; Figures 65 and 76) we use the 220 

appearance of thermohaline intrusions and the slope of the mixing line to differentiate the clusters (Figures 221 

7d and 7e6). The displacement of the mixing line indicates  an external source of heat and/or salt is present 222 

and suggests a new mixing end member the thermodynamic "meltwater" end member [e.g., Jenkins, 1999; 223 

Straneo et al., 2012; Wilson and Straneo, 2015].  224 

The intrusions along isohalines suggest isopycnal interleaving occurs within the area (Figures 65b 225 

and 76c). Thus, one along-isopycnal standard deviation of the mean temperature and salinity was employed 226 

to estimate the efficiency of intrusive activity for every 0.1 kg m-3 interval of the potential density. All TS 227 

curves exceeding ±1 standard deviation at more than 50% of the 0.1 kg m-3 intervals were added to the 228 

different clusters based on the prescribed salinity range. We also defined a “transit” cluster (Figure 76ba) 229 

showing weak thermohaline intrusions below one standard deviation of the mean.  230 

Based on our criteria, all CTD profiles ≥ 100 m depth were subdivided into five clusters (Table 2 231 

and Figures 4b, 6 and 7). 232 

 233 

3.2.2. Description of clusters 234 

Based on our criteria, all CTD profiles ≥ 100 m depth were subdivided into five clusters (Table 2). 235 

Here we assess the main patterns of these clusters putting them in the context of their geographical location 236 

on the Wandel Sea shelf and the sea-ice features.   237 

Cluster I is comprised of the nine CTD stations with depths greater than 100 m occupied  (i) along 238 

the glacial trough to the west-southwest of Station Nord and (ii) between Prinsesse Thyra and Prinsesse 239 

Margreth Islands in Regions 2 and 3 (SN15-31/35/53/54/79-83; Figures 4b and 76a). This cluster is 240 

distinguished by two features: (i) a relatively warm Halostad overlying the Halocline above 65 m (30 < S < 241 

31.2) and (ii) smooth TS curves through the underlying water column (S > 31.2) that appear to be 242 
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unaffected by intrusive activity (Figure 6a45). For example, all stations from Region 3 exceeded the 243 

potential freezing temperature by ~0.1°C, while both stations from Region 2 show a similar regularity, but 244 

only exceed the potential freezing temperature by ~0.03°C (gray shaded area; Figure 5a). In contrast, all 245 

stations from Clusters II-V for the salinity/depth range of 30-31.2/20-65 m show temperatures that are 246 

relatively close to the potential temperature of freezing throughout the Halostad (gray shaded area; Figure 247 

5b). We also note that tThe highest temperature offset from the potential freezing temperature is associated 248 

with CTD profiles from the glacial troughRegion 3, which was ice-free during the preceding summer 249 

(Figure 2b) and therefore warmed through solar heating. Region between islands 2 was most recently ice-250 

free during August 2013 (not shown), which likely led to the creation of a relatively warm subsurface layer. 251 

Thus, we subsequently refer to Cluster I as the “open water” cluster.    252 

 Cluster II (6 stations: SN15-8-11/66/68; Figures 4b, 6b and 7a) is characterised by smooth TS 253 

curves slightly affected by intrusive activity (Figure 76a), with water near the potential freezing 254 

temperature in the Halostad (S < 31.2; gray shading in Figure 65b). Within the Halocline, between salinities 255 

of 31.2 and 33.5 (Figure 6a, green shading) all profiles from this cluster are relatively warm, exceeding the 256 

mean curve by up to 1.5 standard deviations or 0.07°C (for σ0 = 26 kg m-3). In contrast, for S > 33.5 this 257 

cluster is almost at the mean value (Figure 6a, pink shading). Stations from this cluster occupy the outer-258 

shelf area (Region 1) near the middle of the glacial trough to the north of Station Nord and were covered by 259 

multiyear landfast ice during our field program. In the following we assume that Cluster II represents the 260 

background oceanographic conditions over the Wandel Sea shelf, and subsequently refer to this group as 261 

the “basic” cluster.  262 

Cluster III (6 stations: SN15-6/7/58/59/67/71; Figures 4b, 6b and 7b) is characterized by 263 

temperatures that remain within 1 standard deviation through salinities between 31.2 and 33.5 (green 264 

shaded area, Figures 6b5 and 76ab), except for two profiles that deviate from the mean by -0.1 to÷ -0.2°C 265 

along the  26.9±0.1 kg m-3 isopycnal. In general, stations from Cluster III occupy almost the same area as 266 
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Cluster II (Figure 4b7) and represent the transition from Cluster II, with smooth TS curves, to Cluster IV, 267 

strongly impacted by intrusive activity. Thus, we refer to this cluster as the “transit” cluster. 268 

Cluster IV (6 stations: SN15-62-65/69/70; Figures 4b, 6b and 7c) profiles display the most 269 

significant intrusive activity within the Halocline between salinities of 31.2 and 33.5 (Figures 65b and 76c). 270 

Within this range all TS curves show negative temperature anomalies greater than one standard deviation 271 

for at least half of the 0.1 kg m-3 intervals (Figure 76ca). In contrast, the profiles from this cluster have 272 

positive temperature anomalies of about one standard deviation throughout the underlying water where S > 273 

33.5.  Profiles from this cluster were taken over the compact area on the eastern flank of the glacial trough 274 

on the Wandel Sea outer shelf (Figure 4b7) and are the closest profiles to the continental slope. Hereafter 275 

we refer to these stations as the “intrusive” cluster. 276 

Cluster V (4 stations: SN15-13/72/73/75; Figures 4b, 6b and 7d) is characterized by profiles that (i) 277 

show exceptionally strong intrusive activity in the TS plot for 33.5 < S < 33.85 (90-100 m depth) and (ii) 278 

comprise a new mixing line for the underlying water layer (S > 33.85, >100 m depth) which is remarkably 279 

different from the ambient Clusters II-IV (Figures 7d and 7e6). For stations SN15-13/72/75, thermohaline 280 

intrusions show density-compensated negative salinity/temperature anomalies of up to -0.03/-0.32°C, and 281 

exceed the mean by more than two standard deviations. Station SN15-73 shows smaller intrusions, but they 282 

still exceed the mean by about one standard deviation. For S > 33.9, profiles from this cluster align with a 283 

distinct mixing line that is shifted towards lower temperatures relative to the ambient profiles. Profiles from 284 

this cluster were collected near the front of the glacial tongue, thus we refer to this cluster as the “glacier” 285 

cluster.  286 

 287 

4. Discussion 288 

Below we discuss the potential origin and modifications of the water masses in each of the five 289 

clusters II, IV and V we have identified over the Wandel Sea shelf. We also use our findings to trace the 290 
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Arctic Ocean outflow through western Fram Strait, putting our results into the context of upstream 291 

observations in the Canada Basin and downstream observations in the Northeast Water Polynya (NEW).  292 

   293 

4.1. Shelf water iInteraction with tidewater glacier 294 

We speculate that cluster V shows features that we attribute to the ocean-glacier interaction. These 295 

are (i) the abnormal intrusive activity at the base of the Halocline and (ii) the transition of profiles in the TS 296 

space towards a new mixing line for the underlying Atlantic modified PrW at the glacier front (Figures 7d 297 

and 7e6). The ambient water from Clusters II-IV exhibits a background mixing line between the Halocline 298 

and AW (Figure 65b) which seems to be unaffected by the ocean-glacier interaction. During summer, 299 

significant surface glacial runoff provides a new end-member to this mixture. However, during winter there 300 

is no surface glacial runoff, and subglacial runoff is negligible, as confirmed by our CTD profiles during 301 

April and May that show no surface salinity gradient around the termination of the glacier. Even though 302 

glacial melt water is negligible during winter, the glacier can still modify the ambient mixing line through 303 

ocean-glacier interactions as we will discuss below.  304 

Water cools when it comes in contact with glacier ice that is colder than the in situ freezing point. 305 

For example, for the Ross Ice Shelf in Antarctica, Wexler [1960] reported the glacier ice temperature 306 

increased from -22°C at the surface to -14°C at 200 m depth and to -1.7°C at the glacier-ocean interface at 307 

~260 m depth. For the Flade Isblink Ice Cap outlet, the cold glacier can significantly affect the water 308 

column below the floating glacier tongue, generating a new water mass that can be colder than the ambient 309 

PrW modified by interaction with the underlying warm AW. The sub-glacier freshwater discharge can also 310 

reduce the salinity of this water mass; however, the sub-glacier discharge is likely negligible during winter. 311 

For the floating glacier, a lateral interaction between the water below the glacier tongue and the Atlantic-312 

modified PrW can (i) give rise to the intrusions we observed at the base of the Halocline layer and (ii) 313 

modify the background mixing line towards colder temperatures as also observed (Figures 6b5 and 7d6). 314 



 

 
 

29
Similar intrusive interleavings at the front of a tidewater glacier were reported by Jenkins [19998], Mayer 315 

et al. [2000] and Stevens et al. [20165]. 316 

For station SN15-13, located ~200 m from the termination of the tidewater glacier (Figure 4b7), the 317 

CTD profile shows an intrusion of cool, turbid water between 88 and 97 m depths that caused a temperature 318 

inversion of -0.32°C and a sharp increase in the water turbidity from 0.2 to 1.5 NTU (Figure 8). A similar 319 

rapid increase in turbidity with depth was also recorded at the Helheim Glacier in southeast Greenland 320 

[Straneo et al., 2011]. We attribute this increase to the lower boundary of the glacier tongue at 88 m depth. 321 

In this case the turbid water can be attributed to subglacial discharge, or submarine melting of ice releasing 322 

sediments. The currents water dynamics (3-5 cm/s as a maximum, Kirillov et al., 2017) areis too weak for 323 

resuspending the 20 m thick bottom layer. Assuming the ratio of glacier/water densities to be 0.917, we get 324 

a glacier elevation above the sea surface of ~7.5 m that corroborates with our visual estimates. 325 

 At the front of the glacier termination, the water below the depth of the glacier tongue is on average 326 

cooler by 0.28°C and less salty (~0.2) than the ambient water as measured at SN15-09 (Cluster II; Figure 327 

8), suggesting a lateral heat flux along with an insignificant sub-glacier fresh water discharge in winter 328 

and/or a remnant of the larger discharge during summer. We suggest that interaction between the ambient 329 

shelf water and water below the glacier tongue, modified in direct contact with glacier ice, deflects the 330 

mixing line between the Halocline and AW in the TS space towards a lower temperature and, to a lesser 331 

extent, to lower salinity values.     332 

 On the stations in cluster V, taken close to the tidewater glacier outlet, intrusions of colder, less 333 

saline water are observed around 90 m depth, which is the estimated lower boundary of the floating ice 334 

tongue. The water circulating below the glacier is initially warmer than the in situ freezing point of 335 

seawater and will be cooled as it gets in contact with the bottom of the glacier. The lost heat is partly used 336 

to melt ice and partly conducted into the glacier, increasing its temperature. Here we assume that the largest 337 

part of the heat goes to melting and we presently ignore the fraction of heat conducted into the glacier. We 338 

also ignore all other freshwater sources, e.g. runoff and seasonal ice melt, except that due to melting of the 339 
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glacier by ocean heat from below. The density reduction of the ocean water due to added melt water is 340 

larger than the density increase due to cooling, and the less saline water will ascend along the lower 341 

boundary of the glacier, until it terminus. At this point the water will penetrate into the ambient water 342 

column at its density level few meters above the depth that the meltwater was released, forming colder, less 343 

saline isopycnal intrusions. 344 

To describe the interactions occurring below the floating glacier to the first order we then assume 345 

that all heat lost by the water parcel is used to melt ice. The addition of meltwater leads to a salinity 346 

reduction S that can be estimated from: 347 
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 349 

Here cp = 3980 J°C-1kg-1 is the heat capacity of sea-water and L = 334500 Jkg-1 is the latent heat of melting. 350 

T is the temperature reduction and S is the salinity of the water parcel re-emerging from underneath the 351 

glacier. 352 

We do not have observations from below the floating glacier and we have to make assumptions 353 

both about the initial characteristics of the water entering below the glacier and the cooling and reduction of 354 

the salinity that occur by interaction with the glacier. The salinity of the water re-entering the water column 355 

from below the glacier is S ~ 33.65 and the observed temperature reduction, compared to the ambient 356 

profiles, is T ~ 0.3°C (Figures 4b and 65b and 7d). We know that the initial salinity then has to be higher 357 

than 33.65. Looking at the ambient profiles (Figure 54) we note that the mean temperature of the water that 358 

could possibly enter beneath the glacier is about -0.8°C. Assuming it is cooled to freezing temperature, T 359 

is 1°C and S becomes 0.4. This gives an initial salinity of 34.05 to the water entering below the glacier. 360 

However, the observed cold intrusions are not at the freezing point, instead they are warmer, around 361 

1.4°C (Figure 8). This could indicate that the water entering below the glacier is not cooled to the freezing 362 
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point, but only by ~0.3°C. The initial salinity would then be 33.8 rather than 34.05. Another possibility is 363 

that the cold water penetrates isopycnally into the water column and becomes warmer and more saline by 364 

mixing with ambient water. Assuming that the intrusions are isopycnal, the changes in temperature and 365 

salinity due to mixing becomes: 366 

�ΔT = �Δ� 367 

Here =0.410-4 oK-1 is the coefficient for the heat expansion around 1oC and =810-4 psu-1 is the 368 

coefficient of salt contraction. A temperature change of 0.5°C then corresponds to a salinity change of 369 

0.025, making the salinity at the freezing point of 33.625, close to the observed 33.65 at the intrusion and 370 

giving the initial salinity as 34.025. This suggests that the intrusions observed on the stations close to the 371 

tidewater glacier outlet (Cluster V) might derive from the outflow of colder, less saline water created under 372 

the floating ice tongue due to interactions between the glacier and the underlying water masses. 373 

   374 

4.2. Shelf water Iinteraction with ambient water from the continental slope 375 

We use the occurrence of intrusive interleaving as a tracer for the shelf-slope interaction. The 376 

intrusive Halocline from Cluster IV was observed to the north of Station Nordover the outer shelf (Figure 377 

4b7) adjacent to the Greenland continental slope, where a water mass with different thermohaline 378 

properties is located (Figure 54). The intrusions are indications of isopycnal interaction between the 379 

Atlantic-modified Halocline occupied over the Wandel Sea shelf and a cooler PrW observed over the 380 

Wandel Sea continental slope (Figure 54). Within the depth range of the Halocline (~65-100 m), the cooler 381 

PrW is likely maintained by a weakened upward heat flux from the deepened AW in the off-shelf area. 382 

Over the Wandel Sea shelf, the upper AW boundary was recorded at ~140 m, while in June-July 2015 and 383 

August 2008 it was ~30 m deeper over the adjacent continental slope (Figure 54). We note, however, that 384 

the water mass structure over the continental slope of Northeast Greenland shows significant interannual 385 
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variability [e.g., Falck et al., 2005]. Overall, the distinct difference between the on-shelf and off-shelf 386 

water mass structure (Figure 54) suggests their different origins, which are further discussed in section 4.3. 387 

In the following we speculate that the intrusive Halocline from Cluster IV is generated by 388 

interaction between the Atlantic-modified shelf Halocline (Cluster II) and the PrW from the continental 389 

slope as shown in Figure 9a. We suggest that this interaction is isopycnal because all intrusions are density 390 

compensated. For the Halocline layer over the southern Wandel Sea continental slope, Rudels et al. [2005] 391 

reported an intrusive interleaving conditioned by isopycnal interaction between relatively warm Halocline 392 

water from the upper continental slope, and cold PrW from the lower continental slope.  393 

For further interpretation of our results on the shelf-slope interaction we include 184 CTD profiles 394 

taken between 1992 and 1993 in the NEW area [Bignami and Hopkins, 1997; Budéus et al., 1997; Falck, 395 

2001], which is downstream from the Wandel Sea shelf (Figures 1 and 2b). The TS curves from the NEW 396 

area show two distinct modes: (i) the polynya (shelf) mode, which is similar to the “basic” Cluster II 397 

derived for the Wandel Sea shelf (Figure 45b, 7a6 and dark blue lines in Figure 9a) except for a slightly 398 

colder (~0.05°C) and saltier (~1) low Halostad, and (ii) the continental slope mode, which within the 399 

salinity range of the Wandel Sea shelf Halocline (31.2-34) shows a completely different shape of the TS 400 

curve (red lines in Figure 9a). Specifically the TS line of the continental slope mode extends linearly 401 

through the Halostad to salinity of ~34 (red dashed line in Figure 9a; red rectangles in Figure 9b), 402 

maintaining temperatures relatively close to the surface freezing temperature (blue dashed line Figure 9b).   403 

For the NEW area, the remarkable difference between the polynya (shelf mode) and the continental 404 

slope mode was also reported by Straneo et al. [2012] and Wilson and Straneo [2015], with a TS structure 405 

similar to the one presented in Figure 9 (Figure 3 from Wilson and Straneo, 2015). Moreover, for the 79N 406 

glacier outlet (Figure 2b), Straneo et al. [2012] used the upper continental slope CTDs as ambient stations 407 

and compared them to CTD profiles taken through a rift in the floating glacier tongue (see Figure 2b for the 408 

glacier station position). For the water layer at ~40-90 m depth, they reported ambient water that was saltier 409 

than water below the glacier tongue by ~1-2, attributing this difference to the sub-glacier water discharge. 410 
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We note, however, that this freshening is of the same magnitude as the salinity difference between the 411 

shelf Halostad/Halocline and the continental slope PrW (Figure 9). Thus, freshening reported by Straneo et 412 

al. [2012] could be alternatively explained by the occurrence of the Halostad-like freshened water layer 413 

below the glacier tongue. 414 

In the following sections 4.3 and 4.4, we use the differences between the on-shelf and off-shelf 415 

water mass structures and the similarities between the Wandel Sea and NEW areas to trace the origin of the 416 

Halostad, Halocline and AW in the Wandel Sea and their modification along the northeast Greenland coast.  417 

 418 

4.3. Tracing the origin of the Wandel Sea Halostad, Halocline and AW: Local source 419 

The distinct difference between the on-shelf and off-shelf water mass structure and disposition 420 

suggests they have different origins and/or pathways to the Wandel Sea shelf and continental slope. The 421 

occurrence of the shelf Halostad can be explained by local freshening by summer snow/sea-ice melt water 422 

and freshwater from the glacier runoff. In turn, the uplifted on-shelf Atlantic-modified PrW and AW can 423 

originate from local modifications due to upwelling of AW over the Wandel Sea continental slope.  424 

The under-ice surface layer over the Wandel Sea shelf is significantly freshened, potentially 425 

providing a source of freshwater for the freshened Halostad over the shelf if vertical mixing overcomes the 426 

salinity (density) stratified sub-surface halocline as was suggested for NEW by Bignami and Hopkins 427 

[1997]. Among the Arctic shelves, the Wandel Sea sub-surface halocline shows exceptionally strong 428 

vertical stratification with salinity increasing from 18 to 30 across a ~10 m thick sub-surface halocline layer 429 

during winter (Figure 54). This is comparable to the Laptev Sea shelf where strong salinity stratification is 430 

maintained by the river runoff from the Lena River, the second largest river flowing into the Arctic Ocean 431 

[e.g., Dmitrenko et al., 2010]. Dmitrenko et al. [2012] showed that significant velocity shear over the 432 

Laptev Sea shelf, attributed to the lunar semiduirnal baroclinic internal tide M2 with velocity ~15 cm/s at 433 

11 m and ~7 cm/s at 19 m depth is required to transform the vertically stratified water into a locally mixed 434 

layer. In contrast, over the Wandel Sea shelf velocities hardly exceed 3-5 cm s-1, and the most energetic M2 435 
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tidal currents are weak, decreasing from ~2 cm/s beneath the ice to ~1 cm/s below 60 m depth [Sergei 436 

Kirillov et al., , pers. comm., 20167]. Moreover, the multiyear landfast ice cover over the Wandel Sea shelf 437 

precludes the wind stress from vertically mixing the stratified water column.  438 

Hypothetically, the wind-driven upwelling of the Atlantic-modified PrW and AW over the 439 

continental slope can result in uplift of the water masses over the outer shelf. In this case, however, the 440 

shallowing of the Atlantic-modified PrW and the upper boundary of AW is accompanied by on-shelf 441 

inflow of the deeper and saltier water from the continental slope. In contrast, the Atlantic-modified 442 

Halocline on the shelf is less salty compared to ambient water from the continental slope by ~1-2.  443 

In the following we discuss our results in the context of upstream observations in the Canada Basin 444 

(e.g., Figure 10) and downstream observations in the NEW region.  445 

 446 

4.4. Tracing the origin of the Wandel Sea Halostad, Halocline and AW: Far field advection  447 

We suggest that the on-shelf Halostad and the associated Halocline can be advected from the remote 448 

upstream areas where sources of fresh water exist. Similarly, as with the shelf Halostad, the shallowed AW 449 

layer recorded over the Wandel Sea shelf and the deepened AW layer found over the continental slope 450 

should be attributed to the different branches of the AW outflow from the Arctic Ocean through western 451 

Fram Strait. 452 

The East Greenland Сurrent carries the Arctic Ocean outflow through western Fram Strait 453 

southward along the Greenland shelf and continental slope – Figure 1 [e.g., Rudels et al., 2002; Jeansson et 454 

al., 2008]. It transports cold, low salinity Polar surface waters with σ0  ≤ 27.7 kg m-3  [Rudels et al., 2002] 455 

that are comprised of the river runoff and net precipitation water, but also of the less saline PcW that enters 456 

the Arctic Ocean through Bering Strait [Jones et al., 1998, 2003, 2008; Rudels et al., 2002; Falck et al., 457 

2005; de Steur et al., 2009; Sutherland et al., 2009] – Figure 1. PcW within the Arctic Ocean is generally 458 

assigned to water with S ≤ 33 [von Appen and Pickart, 2012] and has both a summer and winter signature 459 

based on its formation. The summer PcW with temperatures above -1.2°C and salinities between 31 and 32 460 
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[Steele et al., 2004] is usually comprised of the Chukchi Summer Water [Woodgate et al., 2005] and the 461 

Alaskan Coastal Water [Pickart et al., 2005]. Below the summer PcW is a layer of winter PcW that can be 462 

as cold as -1.45°C and forms during sea ice formation within the Bering and Chukchi Seas [Jones and 463 

Anderson, 1986; Weingartner et al., 1998; Pickart et al., 2005]. 464 

It has been shown that the subsurface layer over the eastern Greenland coast is comprised of the 465 

PcW outflow from the Arctic Ocean [Jones et al., 1998, 2003, 2008; Falck, 2001; Falck et al., 2005; 466 

Jeansson et al., 2008; Sutherland et al., 2009]. For the 1993 observations over the NEW shelf area, in the 467 

subsurface Halostad layer down to ~80 m depth, an average of about 90% is found to have Pacific origin 468 

[Falck, 2001]. This result by Falck [2001] brought a different mechanism of the Halostad formation to 469 

light. In contrast to Bignami and Hopkins [1997], Falck [2001] insists on an upstream Pacific source for the 470 

Halostad water and underlying Halocline, rather than a local origin.   471 

Upstream over the Canada Basin, PcW impacts the halocline structure, producing a double 472 

halocline with a “cold Halostad” formed by the volumetric injection of the winter PcW that overlies Low 473 

Halocline Water of the Eurasian Basin origin [McLaughlin et al., 2004; Shimada et al., 2005]. The salinity 474 

range of the cold Halostad in the Canada Basin occupies  31.5 < S < 33.5 with the lowest temperature of ~ -475 

1.7°C at the base of the Halostad indicating the winter PcW [McLaughlin et al., 2004; Shimada et al., 476 

2005]. This water mass structure resembles that for the eastern Beaufort Sea continental slope (Figure 10).    477 

In general, the Halostad structure over the Canada Basin and adjoining continental margin is similar 478 

to that recorded over the Wandel Sea shelf (Figure 54). However, over the Wandel Sea shelf the Halostad is 479 

cooler and fresher (Figure 10c) occupying a salinity range of 30.0 < S < 31.5. The Wandel Sea Halostad is 480 

also shallower (15-65 m depth versus ~50-200 for the Canada Basin). The different salinity range of the 481 

Halostad in the Wandel Sea and Canada Basin suggests that significant modifications occurred during 482 

transit of the winter PcW from the Bering and Chukchi Seas to the Wandel Sea. It seems that the winter 483 

PcW is modified by vertical mixing with overlaying summer PcW and/or river runoff accumulated in the 484 

Canada Basin. For example, Jones et al. [2008] revealed that over the northeast Greenland coast at ~81°N, 485 
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the PcW fraction is comparable with the river water fraction.  Moreover, water from the Siberian shelves, 486 

especially the Laptev Sea shelf also has the same salinity and temperature range and can mix into and cool 487 

the summer PcW [e.g., Dmitrenko et al., 2011]. This assumes that the river water impacts a Wandel Sea 488 

Halostad initially comprised of the winter PcW.  489 

The remote origin of the Halostad is also confirmed by the elevated values of the CDOM 490 

fluorescence through the Halostad layer at station SN15-13 (Figure 8). The CDOM fluorescence is a good 491 

tracer of the Arctic Ocean terrigenous organic matter  primarily attributed to the Eurasian and American 492 

continental runoff water [e.g., Granskog et al., 2012] as well as to interactions with sediments on the Arctic 493 

shelves [e.g., Guéguen et al., 2007]. The CDOM fluorescence maxima in the Halostad at station SN15-13 494 

is consistent with results from the Canada Basin where this maxima is attributed to the winter PcW [e.g., 495 

Guéguen et al., 2007] and the continental river runoff water [e.g., Granskog et al., 2012]. For the 496 

downstream NEW area, Amon et al. [2003] also reported the intermediate maxima of the CDOM 497 

fluorescence through the shelf Halostad layer (Figure 9a from Amon et al., 2003). Overall, this confirms the 498 

remote origin of the Halostad layer over the Wandel Sea shelf and strengthens our discussion on the 499 

modification of the Pacific-derived Halostad by river runoff while en route from the Canada Basin to Fram 500 

Strait.  501 

As the Halocline and AW move along the Canada Basin margins toward northern Greenland, they 502 

ascend in the water column from 100-200 m and 220-320 m in the Canada Basin [McLaughlin et al., 2004; 503 

Shimada et al., 2005] to 85 m and 140 m on the Wandel Sea shelf, respectively (Figure 54). Following 504 

Rudels et al. [2004], we speculate that this rise is due to the gradual thinning of the low salinity layer 505 

above. The thinning could be caused by the upper layer either being confined to the Beaufort Gyre or 506 

draining through the Canadian Arctic Archipelago and ultimately into Baffin Bay [Rudels et al., 2004]. 507 

This is consistent with a gradual shallowing of the upper boundary of AW traced by  isopycnal σ0 = 27.4 kg 508 

m-3 from ~230 m in the Canada Basin to ~140 m in the Wandel Sea [Polyakov et al., 2010].  509 
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The occurrence of the Pacific origin Halostad along the northeast Greenland coast suggests that 510 

PcW is transported southward by a narrow coastal branch of the East Greenland Current. This current also 511 

advects a shallowed AW, which likely originated from the Canada Basin branch (Figure 1). The cross-slope 512 

interaction between the coastal and off-shelf branches of the East Greenland Current gives rise to the 513 

intrusive interleaving observed over the Wandel Sea outer shelf (Figure 76ca).  514 

 515 

5. Summary and conclusions 516 

The first-ever CTD observations over the Wandel Sea shelf and continental slope were collected in 517 

April-May and June-July 2015, respectively. We use CTD profiles deeper than 100 m to focus on the origin 518 

of water masses, and to identify interactions between the shelf and slope, and between the ocean and outlet 519 

glaciers entering the Wandel Sea. The stations taken on the Wandel Sea shelf and farther to the east on the 520 

Greenland slope reveal two pathways for the advected water masses, one over the shelf and one along the 521 

continental slope. The one over the slope has warm, saline AW lying below a deep, cold, less saline and 522 

fairly homogenous upper layer that is capped by low salinity surface water created by seasonal ice melt and 523 

heated by solar radiation. This suggests that AW recirculating within the Eurasian Basin (Figure 1) with the 524 

less dense upper layer initially formed by sea ice melt water are mixed into the upper part of the entering 525 

AW. In the Nansen Basin this layer is homogenized by haline convection each winter [Rudels et al., 1996]. 526 

The water column found on the shelf has much colder and less saline AW located closer to the 527 

surface than the AW over the slope. The AW characteristics here are similar to those observed at much 528 

greater depth in the Canada Basin, indicating that this AW has circulated around the entire deep Arctic 529 

basins and now is returning towards Fram Strait. In the Canada Basin, the AW is covered by the halocline 530 

layer and it is comprised of both Atlantic (S ~ 34) and Pacific derived water, especially the Pacific Winter 531 

Water, with S ~ 33.1 [e.g., Jones and Anderson, 1986], as well as other low salinity waters. These low 532 

salinity waters lie shallower than the sill depth of the Canadian Arctic Archipelago and can pass through 533 
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the straits into Baffin Bay. This would cause the AW to rise in the water column as it moves along the 534 

northern Canadian coast, until it is shallow enough to flow over deeper shelves like that of the Wandel Sea. 535 

Over the Wandel Sea shelf, the Pacific Winter Water, that was so distinct in the Canada Basin, 536 

seems to be either missing or only occupying a narrow depth range. Instead the coldest water is found in 537 

the Halostad with salinity around 31 instead of 33. The low salinity upper layer and the thick ice cover in 538 

winter preclude the local homogenization of the water column down to the Halostad. Thus, the Halostad 539 

must be advected from elsewhere. A conceivable scenario could be that most of the PcW drains out of the 540 

Arctic Ocean through the Canadian Arctic Archipelago. This likely makes the AW ascend and it would 541 

allow water from the Polar Mixed Layer, of Atlantic or Pacific origin, circulating in the Beaufort Gyre and 542 

in the Arctic basins to replace the water leaving through the straits in the archipelago and penetrate onto the 543 

shelf, creating a different upper layer above the AW. 544 

Our findings are summarised as follows:   545 

(i) The sub-surface (15-70 m depth) “cold Halostad” layer with salinities of 30-31.5 and associated 546 

underlying Halocline layer is a distinct feature of the Wandel Sea shelf hydrography. It does not persist 547 

over the Wandel Sea continental slope, indicating the water masses over the shelf and slope have different 548 

origins. A similar water mass structure was observed downstream in the Northeast Water Polynya area. 549 

This structure is likely maintained by the coastal branch of the Pacific Water outflow from the Arctic 550 

Ocean, modified by interaction with river runoff water over the upstream Canada Basin.  551 

(ii) The Halocline layer centered at ~80 m (salinity of ~33) separates the Pacific-origin cold 552 

Halostad from the Polar Water, modified by interaction with warm Atlantic water outflow from the Arctic 553 

Ocean through western Fram Strait. The upper boundary of the Atlantic Water (T ~ 0°C) is recorded at 554 

~170 m depth on the continental slope and ~30 m shallower over the adjoining shelf. This difference 555 

suggests that, as with the subsurface layer, the intermediate water over the shelf and continental slope is 556 

conditioned by different branches of the Atlantic water outflow from the Arctic Ocean.  557 
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(iii) The lateral shelf-slope interaction between on-shelf relatively warm Atlantic-modified 558 

Halocline water and off-shelf cold Polar Water gives rise to the intrusive interleaving observed over the 559 

Wandel Sea outer shelf.  560 

(iv) At the base of the Halocline layer, cold and turbid water intrusions were recorded at the front of 561 

the tidewater glacier outlet. The temperature-salinity plots of the CTD profiles from this region show a 562 

mixing line that is deflected relative to the ambient water. Both features are likely conditioned by the 563 

ocean-glacier thermal interaction.  564 

In summary, our analysis suggests the existence of a coastal branch of the East Greenland Current 565 

advecting Pacific Water of Arctic origin southward along the northeast Greenland coast. This is consistent 566 

with an earlier proposition by Rudels et al. [2004], downstream observations along the southeast coast of 567 

Greenland [e.g., Bacon et al., 2002; Sutherland and Pickart, 2008; Sutherland et al. 2009] and numerical 568 

simulations [Hu and Myers, 2013; Aksenov et al., 2016]. Finally, we note that our observations were not 569 

accompanied by water sampling for determining the nitrate/phosphate relationship commonly used to trace 570 

the Pacific Water in the Arctic Ocean and Greenland Sea. This deficiency in the observational program 571 

conducted clearly shows the necessity for further research in this area using advanced methods of tracer 572 

analysis.     573 
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Tables 744 

Table 1: The Wandel Sea water mass structure below 15 m depth 745 

Water layer Acronym 
Property range 

Depth, m Temperature, °C Salinity σ0, kg m-3 
Halostad (of Pacific origin) - ~ 15÷65 ~ -1.5 ÷ -1.75 30÷31.2 24.1÷25.1 

Pacific Water PcW PcW comprises the Halostad 

Halocline - ~ 65÷100 ~ -1.75 ÷ -0.65 31.2÷34 25.1÷27.3 

Atlantic-modified Polar Water PrW ~100÷140 -1.15 ÷ 0 34÷34.5 27.3÷27.7 

Atlantic Water AW >140 >0 (up to 0.3) >34.5 >27.7 

 746 

Table 2: Description of the Wandel Sea CTD clusters 747 

Cluster 
# 

Cluster 
name 

Station 
# 

 

Main features 

Property range 

Depth 

m 

Temp.  

°C  
Salinity 

σ0 

kg m-3 

I 
Open 
water 

31, 35, 
53, 54, 
79-83 

“Warm” Halostad 15÷65 ~ -1.6 30.0÷31.2 24.2÷25 

Smooth TS curves >65 -1.7÷-0.8 >31.2 >25 

II Basic 
8-11, 
66, 68 

“Cold” Halostad  15÷65 -1.6÷-1.72 30.0÷31.2 24.2÷ 25 

Smooth TS curves >65 -1.7÷-0.8 >31.2 >25 

III Transit 
6, 7, 58, 
59, 67, 

71 

Moderate intrusions 
with temperature 
anomalies <  1 
standard deviation 

65-90 -1.25÷-1.6 31.2÷ 33.5 25.6÷ 26.7 

IV Intrusive 
62-65, 
69, 70 

Significant intrusions 
with negative 
temperature 
anomalies > 1 
standard deviation 

65-90 -1.25÷-1.7 

 

31.2÷ 33.5 

 

25.3÷26.7 

V Glacier 
13, 73, 
73, 75 

Significant intrusions  90-100 -1.2÷-1.4 33.5÷33.85 >27.1 

Deflected mixing line >100 >-1.2 >33.85 >27.2 

 748 

 749 
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Figures 750 

 751 

 752 

 753 

 754 

 755 

Figure 1: Schematic circulation of the Atlantic Water (AW, red arrows) and Pacific Water (PcW, white 756 

arrows) in the Arctic Ocean and adjoining Greenland Sea following Rudels et al. [1994], Jones [2001], 757 

Rudels [2012], and Woodgate [2013]. The dashed and dotted red arrows correspond to the Fram Strait and 758 

Barents Sea branches of the AW inflow, respectively. The pink arrow indicates the East Greenland Current. 759 

The red dot depicts the position of Station Nord in Northeast Greenland. The blue dot roughly identifies 760 

location where CTD profiles were collected in the Beaufort Sea. 761 

 762 
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 763 

Figure 2: (a) Station Nord (SN) on the Greenland map. The pink shading highlights the Wandel Sea region 764 

with adjoining fjord system, Flade Isblink Ice Cap (FIIC), the Northeast Water Polynya (NEW) area and 765 

the 79 North Glacier outlet enlarged in panel (b). (b) The MODIS/TERRA satellite image from 22 August 766 

2014 taken over the SN/FIIC/NEW area. Red and black circled crosses indicate the CTD stations occupied 767 

over the Wandel Sea outer-shelf during the ARKXXIII/2 expedition in August 2008 and in a rift in the 79 768 

North Glacier in August 2009. Red crosses depict the CTD stations occupied in June-July 2015 over the 769 

Wandel Sea continental slope (> 1000 m depth) during the Norwegian FRAM 2014-15 sea ice drift. The 770 

dashed blue rectangulerectangle indicates the 20154 study area shown in Figure 3. 771 
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 772 

 773 

Figure 3: The Sentinel-1 C-SAR image from 2 February 2015 with the CTD stations overlaid. The dark 774 

areas along the coast are associated with first year landfast ice (< 1.8 m thick). The lighter areas indicate the 775 

multi-year landfast ice (~2 m to > 4 m thick). White and black Yellow circles identify stations with CTD 776 

(April-May 2015) and depth (May 2006, adopted from Nørgaard-Pedersen et al. [2008] and April 2015) 777 

measurements, respectively, with depths shown by color. CTD stations > 100 m deep are identified by their 778 

station numbers. Blue arrows indicate the northern outlet glaciers of the Flade Isblink Ice Cap. 779 

Pink/yellow/blue dashed rectangles depict regions 1/2/3, respectively, with depth exceeding 100 m. The 780 

blue contour lines show the bottom depth. 781 
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 782 

 783 

 784 

 785 

 786 

 787 

Figure 4: CTD stations occupied in April-May 2015 (circles). (a) Depth shown by color and blue contour 788 

lines. In addition, rectangles identify stations with depth measured in May 2006 (adopted from Nørgaard-789 

Pedersen et al., 2008) and April 2015. (b) CTD stations > 100 m depth are grouped in clusters derived 790 

from the TS analysis. They are identified by their station numbers. Arrows depict deep water pathways. 791 
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 792 

Figure 45: Vertical distribution of temperature (red) and salinity (green) profiles over the Wandel Sea shelf 793 

(≥ 100 m depth; solid curves) from April and May 2015, over the continental slope (stations 171-173;  794 

dashed curves) from June and July 2015 from the Norwegian FRAM 2014-15 ice drift (see Figure 2b for 795 

station position) and on the Wandel Sea upper continental slope (ARKXXIII/2 268; dotted curves) from 796 

RV Polarstern on 2 August 2008 [Kattner, 2009]. Thick red and green lines show typical vertical profiles of 797 

salinity and temperature, respectively, for station STN15-68. The blue dashed curve is the in situ 798 

temperature of freezing computed using the mean SN salinity profile (not shown). The yellow shading 799 

highlights sub-surface halocline. The blue shading highlights Atlantic-modified Halocline conditioned by 800 

the PcW outflow from the Arctic Ocean which comprises the overlying Halostad (gray shading). The peach 801 

shading highlights the AW outflow from the Arctic Ocean, underlying the Atlantic-modified Polar water 802 

(PrW). The vertical dashed line depicts salinity of 33 that separates the PcW and AW in the western 803 

Beaufort Sea [von Appen and Pickart, 2012]. 804 
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 806 

 807 

 808 

Figure 65:  In situ temperature and salinity curves for the CTD stations >100 m depth with σ0 isopycnals 809 

presented (dashed grey lines; kg m-3). (a) CTD profiles from Region 2 and 3 that are grouped into Cluster I 810 

“Open Water”. (b) CTD profiles from Region 1 that are grouped into Clusters II–V. The halocline layer of 811 

the water column is enlarged in Figure 5a7 where Clusters II-V are distinguished.  We also present an 812 

approximation of thermohaline properties for the downstream Atlantic-modified PrW over the NEW 813 

continental slope (dashed red line; adopted from Falck, 2001) and the profile from Station 172 over the 814 

Wandel Sea continental slope (thin black dashed line). The surface freezing temperature is also presented 815 

(dashed blue line). An approximation of the meltwater mixing line from interaction with the glacial tongue 816 

is derived from Cluster V by fitting the data in TS space (thick black dashed line). The panels are shaded 817 

according to the corresponding water masses; gray represents the Halostad, while green and pink represent 818 

the halocline and define the salinity used for clustering.  819 

 820 
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 827 

 828 

Figure 76: (a) In situ temperature and salinity curves for the CTD profiles grouped into Clusters (a) II 829 

(yellow), (b) III (purple), (c) IV (red) and (d)–V (blue) overlaid over the profiles from other clusters (grey) 830 

. The mean TS characteristics ±1 standard deviation (white barred dots) are presented at isopycnal intervals 831 

of 0.1 kg m-3. All other designations are similar to those in Figure 65. (eb) Temperature and salinity curves 832 

below the glacier depth for the CTD profiles grouped into Cluster V.   833 
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 843 

 844 

Figure 8: Vertical distribution of temperature (°С, red), salinity (green) and turbidity (NTU, black) at 845 

station SN15-13 (Cluster V; solid lines) in front of the tidewater glacier. The CDOM fluorescence (ppb) 846 

from the moored IPTP WETLabs Optical sensor shown for  21 April (dashed violet line) and the 21 April – 847 

11 May mean (solid violet line) for the same location. An ambient profile from SN15-09 (Cluster II; dotted 848 

lines) is presented for comparison. The black dotted line at ~90 m depth indicates the suggested depth of 849 

the glacier tongue. The glacier tongue is depicted schematically   850 
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 854 

 855 

 856 

Figure 9: (a) Schematic showing formation of the intrusive halocline in clusters III and IV due to 857 

interleaving between the PcW (blue curve) and PrW (red dotted curve). Gray curve depicts the intrusive 858 

activity. The black dashed curve is station 172 from the Wandel Sea continental slope. The dashed red 859 

curve is approximation of the downstream PrW and AW properties at the Greenland continental slope, the 860 

NEW area adopted from (b). The solid dark/light blue curves are approximations of the PcW and upper 861 

AW from Clusters I/II. The dashed blue curve is approximation of the AW properties over the Greenland 862 

shelf in the NEW area adopted from (b). The gray dashed lines are σ0 isopycnals in kg m-3. (b) 863 

Temperature and salinity curves for the CTD stations taken in July-August 1993 between 76.5°N and 81°N 864 

and west of 5° W over the NEW area after Falck [2001]. Blue circles depict stations from the polynya 865 

(shelf) area. Red rectangular depict stations from the Greenland continental slope and Belgica Trough. (a, 866 

b) Blue shading highlights the approximate properties of the Wandel Sea shelf halocline. The dashed dark 867 

blue line is surface freezing temperature. 868 

  869 



 

 
 

55
 870 

 871 
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 873 

 874 

 875 

 876 

Figure 10: (a) Temperature (°C) and (b) salinity distributions across the Beaufort Sea continental slope 877 

compiled based on 201 ArcticNet CTD profiles occupied between the 225°E and 226°E meridians from 878 

June to October 2002-2011 (adopted from Dmitrenko et al., 2016). (c) In situ mean temperature and salinity 879 

curves for the cross-slope Beaufort Sea section (red) and the Wandel Sea shelf CTD profiles from the 880 

“basic” Cluster II (black). Shading depicts ±1 standard deviation. The red and black dotted rectangles 881 

indicate thermohaline properties of the Halostad over the Beaufort Sea continental slope and Wandel Sea 882 

shelf, respectively. The dashed blue line is surface freezing temperature. The gray dashed lines are σ0 883 

isopycnals in kg m-3. 884 


