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Responses to Reviewer Comments

We thank the two reviewers for their helpful suggestions and comments regarding
this manuscript. As a result of these comments, we have undertaken significant
revisions of the paper, both in the revision and addition of figures and a significant
expansion of the text to further clarify major discussion points. We have also
moved some tables from the Supplementary Information to the main text, in
support of this expanded discussion.

We have addressed each of the comments provided by the two reviewers. Our
responses are located directly below each specific comment, in bold type. Page and
line numbers mentioned in our responses refer to a revised version of the
manuscript that we have prepared and are ready to submit for consideration.

Anonymous Referee #1

This manuscript examines the importance of river water and sea-ice melt/brine in lower
halocline water (LHW) formation through mixing. The study is based on observa-
tions/sampling in the Eurasian basin of the Arctic Ocean and along the continental slope
of the Kara, Laptev, and East Siberian Seas during summers of 2013 and 2015. The
study, which uses 6180 along with CTD measurements, suggests that LHW is formed by
convective mechanisms with two stages of convective mixing during the transit along the
continental slope and thus offers an alternative hypothesis to the study published by
Bauch et al. (2016). The Alkire study makes an important contribution to the
understanding of the mechanism which may impact the vertical heat fluxes between the
(seasonally) ice covered surface layer and the underlying “warm” Atlantic water (AW).
The paper is concise, well structured, and well written.

Thank you.

The main issue that needs to be addressed is the result presented in the last sentence of
the abstract. The authors postulate that: “These mixing regimes appear to have been



robust since at least 2000”. This means that the mixing regimes are stable although the
region experienced significant changes in sea ice cover and temperature/volume of AW
during the last two decades (references in the manuscript). Does that also mean that the
intensity of vertical mixing between LHW and AW has not changed since 2000?

No, this does not mean that the intensity of vertical mixing between LHW and AW
has not changed since 2000. We apologize for the confusion and thank the reviewer
for pointing out this obscurity. We argue that the apparent consistency of the
mixing regimes, as defined by the salinity-d180 mixing lines, indicate that the
processes responsible for the formation of halocline waters has remained more-or-
less constant regardless of the large and important environmental changes observed
over the Arctic Ocean during the past two decades. Although the spatial
distribution and strength of stratification provided by the halocline may have been
altered, the processes responsible for halocline water formation have apparently not
changed.

We have added a new section (4.3) as well as an additional paragraph at the end of
the paper (Page 11, Lines 24-32) that provides further context supporting our
conclusion.

Considering the importance of these conclusions I’m not convinced that they are a result
of the analysis presented in this paper. The authors state that the conclusion was drawn
based on a comparison against other data sets (?) collected between 2000 and 2015 (page
8, line 14). This description seems too vague to me. It should be discussed in more detail.

The data sets collected between 2000 and 2015 are those presented in Figure 6 of the
revised manuscript. They include data collected in 2013 and 2015 (presented in this
study) as well as from the North Pole Environmental Observatory (2000-2015),
ARK-XXI1/2 (2007), and O-18 Atlas (1967-2008). The locations of observations
collected during these programs are shown in Figure 2 of the revised manuscript.

We have added a section (4.3) to the revised manuscript that discusses the
comparison in further detail.

Technical corrections:
The citation “Janout et al. (2015)” from the list of references is missing in the
text/figures.

This citation has been deleted from the list of references.

The citation “Rudels et al. (1994)” from the list of references is missing in the
text/figures.

This citation has been deleted from the list of references.

Is it Guay et al 2001 (text) or 2011 (references)?



The citation in the text is correct (2001) and has been corrected in the references.

The map shown in figure 1 is to small (at least for me). Maybe it would be better to show
a map of the entire Arctic Ocean with the research area highlighted. Because this is the
first map presented in the manuscript you should add longitude and latitude.

A larger map has been added as a new figure (Figure 2) in the revised manuscript.

Anonymous Referee #2

This manuscript addresses the Arctic Ocean halocline, its formation and evolution in the
eastern Nansen and Amundsen basins. By the use of oxygen-18 data in combination with
standard ctd measurements a front in the halocline characteristics is identified north of
Severnaya Zemlya. West of the front sea ice melt water dominates in the halocline, while
east of the front a stronger presence of meteoric water (runoff & precipitation) is
observed. The stronger influence of meteoric water is due to vertical mixing with
overlying, less saline water, but I am not sure if the authors also claim that the presence
of meteoric water indicates major different sources of the halocline water.

We do not claim that the presence of meteoric water indicates major differences in
the source(s) of halocline water. Instead, we utilize the available data to generally
confirm the “convective mechanism” of halocline water formation that was
previously postulated by Rudels et al. (1996). The front indicates an important
geographic region where the “seasonal halocline” begins a transformation to the
“permanent halocline”.

We have significantly expanded the discussion in sections 4.1 and 4.2 and added text
to the Abstract (Page 1, Lines 13-15) to further clarify this point.

Instead of discuss this issue here, I will first go through the manuscript from the top and
then return to this question below.

Specific points: Page 1, lines 26-27: The halocline is not just the “kink™ but also includes
the water of different TS slope (stronger salinity change) up to the level of the seasonal
deepening in winter, if lucky to be identified by a temperature minimum. It should
perhaps also be stated that the lower halocline water was introduced by Jones and
Anderson (1986) to distinguish it from the nutrient rich upper halocline with salinity
around 33.1.

We have revised the text to better define the halocline as suggested by the reviewer
and have included a citation for Jones and Anderson (1986). These additions can be
found between Pages 1 (Line 26) and 2 (Line 9) of the revised manuscript.



Page 2, lines 6-8: In this scenario the upper layer is formed by melting sea ice and mixing
the melt water into the upper part of the Atlantic water creating a fairly saline, cold upper
layer. As the upper layer is advected eastward seasonal sea ice melt creates a summer
halocline, which is removed by ice formation and brine release in winter, creating a
winter mixed layer above the Atlantic water. As a general remark, I think that the use of
an advected halocline versus a convective halocline complicates the picture. The winter
mixed layer is advected and homogenized until it becomes covered by an outflow of less
saline shelf water. If the shelf water is more saline and denser than the surface layer, it is
injected into the water column below the upper layer. In both cases advection as well as
convection are involved.

The reviewer makes an excellent point and we have added text to the manuscript
pointing out this problem with the typical “advective” and “convective” labels of
halocline water formation presented in the scientific literature (Page 2, Lines 16-28)
and offer the terms of “shelf-derived” and “basin-derived” halocline waters instead.

Page 2, lines 11-13: As this description stands, it does not differ from the mechanism
described in the paragraph above. As I interpret the schematics in Steele and Boyd (1998)
the advective contribution comes from the northern Barents Sea and the northern Kara
Sea.

We note that, while Figure 9 in Steele and Boyd (1998) does indeed illustrate salty
shelf waters advected from both the Barents and Kara Seas, in the text they write
that, “The only salty (i.e., S > 33) shelf sea in the eastern longitudes of the Arctic
Ocean is the Barents Sea, which led Aagaard et al. [1981] to speculate that this
would be the most likely source of CHL formation via the mechanism show in
Figure 2a.”

We have included both the Kara and Barents Seas as possible sources of relatively
salty shelf water in our discussion of Steele and Boyd’s mechanism but note that the
Barents Sea is likely the primary source.

The text has been corrected and expanded in the revised manuscript (between Page
2, Line 29 and Page 3, Line 4) to offer a better description of the “advective-
convective” mechanism described in Steele and Boyd (1998).

Page 2, lines 13-16: The description of the process proposed by Kikuchi et al. (2004)
cannot be correct. Freezing on the Atlantic water at its entrance, should that be possible,
would lead to convection and homogenization of the Atlantic layer and perhaps
convection to the bottom. A low salinity upper layer must exist for this mechanism to
work, creating the bent TS curves.

We have removed the lines referring to the Kikuchi et al. (2004) paper to avoid
further confusion. The “ideal” situation introduced by Kikuchi et al. is not
mentioned further in the manuscript and not relevant to the discussion.



Page 2, lines 18-23: Rudels et al. (2004) claim that the water from the Barents Sea that
eventually contributes to the Barents Sea branch halocline water also is formed by sea ice
melting on Atlantic water. The higher salinity compared to the Fram Strait branch
halocline water is due to the lower temperature of the Atlantic water when it encounters
the sea ice in the eastern Barents Sea.

We have added statements pointing out this distinction on Page 3, Lines 23-26 of the
revised manuscript.

Page 2, line 29: The Barents Sea branch halocline is initially more saline and eventually it
also becomes warmer and thicker due to mixing with underlying Atlantic water.

We have added statements pointing out this distinction on Page 3, Lines 23-26 of the
revised manuscript.

Page 4, first paragraph: There is no halocline water mass in the Nansen Basin west of
Severnaya Zemlya and the thermocline and halocline coincide.

This paragraph refers to the study area as a whole and indicates a weak or absent
halocline. We later argue that there exists a seasonal halocline (previously
described by Rudels et al., 1996 and Steele & Boyd, 1998) that is distinct from a
permanent halocline. This seasonal halocline temporarily separates the surface
mixed layer from the thermocline but is eroded during winter mixing until
additional stratification (supplied by relatively fresh Siberian shelf waters) restricts
this mixing to shallower layers. The seasonal halocline transitions to a more
permanent halocline across the front observed north of Severnaya Zemlya.

Sections 4.1 and 4.2 have been expanded in the revised manuscript and further
clarify this distinction (e.g., Page 8, Lines 11-13).

Page 4, line 9: In the supplementary material the depth of the winter mixed layer with
salinity >34 ranges between 30m to 94m (L1) and between 42m and 58m (L2). Most of
the depths were larger than 50m. (There were also two stations with depths close to 200m
on L2 but the temperatures were close to 0C and the salinities >34.8. Should these
observations be correct we would have winter mixing into the Atlantic water. This shows
that the temperature minimum as a limit for winter convection should be used with care.
However, in general it underestimates the winter mixed layer depth.)

The stations exhibiting deeper winter mixed layers were located on the shelf (water
depths < 500 m) and were associated with cold and relatively homogeneous bottom
layers as well as maximum Atlantic layer temperatures of < 0.5°C. We have added
text to the table caption in the Supplementary Materials discussing potential errors
in the assignment of winter mixed layer depths based upon this method. We have
also visually inspected all of the potential temperature profiles and have removed
WML depths from the table that either appear to be in error or seem ambiguous.
We also note that these removals do not largely alter the mean WML depth or



salinity and therefore do not greatly impact our subsequent calculations or
associated interpretations.

Page 5, lines 19-21: Freezing shifts the mixing line between Atlantic water and meteoric
water to the right, making it steeper. The Laptev Sea shelf input would then contain more
brine than the East Siberian Sea input.

That is correct. The overall dominance of brine over sea ice melt (i.e., net ice
formation) in the Laptev Sea and the higher contribution of sea-ice meltwater in the
East Siberian Sea versus the Laptev Sea have been documented in previous studies
(e.g., Bauch et al., 2011; 2013; Anderson et al., 2013).

Text explaining the impact of ice formation on salinity and d180 has been added to
the revised manuscript on Page 6, Lines 25-32.

We have also included citations to Bauch et al. (2011; 2013) and Anderson et al.
(2013) on Page 7, Lines 9-15.

Page 5, last paragraph: Here I am not sure that I follow the authors thinking. As the water
from the Nansen Basin (the sea ice melt water branch) becomes covered by les saline
shelf water with larger content of meteoric water, vertical mixing with the overlying
water will lead to a mixing line with the observed slope. However, the bulk of the
halocline water mass is derived from the winter mixed layer advected towards the Laptev
Sea. The mixing changes slightly the properties of the halocline, but it does not provide
any significant volume. Is this what the authors mean, or do they claim that here exits a
major different source of the halocline water containing initially more meteoric water?

We are not claiming that there exists a different source of halocline water. The
reviewer’s first interpretation is correct. Mixing with overlying, less saline waters
results in small changes to salinity and d180; however, these small changes initiate
a movement from the SIM mixing relationship (prevalent on the western side of the
defined front) to the MW mixing relationship (prevalent on the eastern side of the
defined front) in salinity-d180 space that also corresponds with the migration of the
6-S “kink” (or “bend”) that has typically been used to identify lower halocline
water. This is the first step in the process that transforms the seasonal halocline into
the permanent halocline and begins to form the cold halocline layer.

We have significantly expanded the text of sections 4.1 and 4.2 in the revised
manuscript to clarify these points (e.g., Page 8, Lines 14-31).

Page 6, lines 10-14: Once the low salinity polar mixed layer is formed, any shelf
contribution having higher salinity than the polar mixed layer will contribute to the
halocline. The question is, how large are these contributions compared with the initial
Fram Strait branch and Barents Sea branch contributions?



The reviewer makes an excellent point and we certainly agree that any shelf
contribution with a salinity exceeding that of the freshened polar mixed layer will
contribute to the halocline. Our observations suggest that the majority of these shelf
contributions will occur eastward of the observed front north of Severnaya Zemlya
and that initial contributions serve to cap LHW (establishing a permanent
halocline) and further contributions will build the cold halocline layer. Thus, we
argue LHW (34.2 < S < 34.5) is primarily “basin-derived” and the capping of this
water mass by Siberian shelf waters both isolates LHW (completing the formation
mechanism) and in so doing, forms the cold halocline layer. The majority of shelf
waters contributing to the halocline will have a salinity < 34.2 and therefore
contribute to the “lower MW mixing branch” defined in this study. While there are
certainly exceptions, such as more saline waters formed in polynyas, we suggest that
the mechanisms we describe are responsible for the bulk of halocline layer
formation. We have noted in this paragraph that this hypothesis does not agree
with the circulation scheme recently proposed by Bauch et al. (2016).

We have added text to the revised manuscript (Page 9, Lines 18-23) to clarify these
points.

Page 6, lines 26-28: This description is essentially correct, but why not state explicitly
that to create an halocline water mass from the winter mixed layer, this layer has to be
capped by a water mass with lower salinity advected from the Laptev Sea shelf?

We have made this statement in the revised manuscript as suggested by the reviewer
on Page 8, Lines 10-11.

Page 6, lines 30-32, Page 7, lines 1-5: These mixing examples are interesting, but I think
that it would be simpler to think of the winter mixed layer being capped by low salinity
water. The initial thermostad and halostad would then be freshened by mixing with the
low salinity layer above and heated and become more saline by mixing with the Atlantic
water below. This would create the vertical gradients in temperature and salinity that
characterize the halocline. Furthermore, I thought that freezing does not fractionate the
oxygen isotopes. Brine rejection would then not change the oxygen-18 value. What is the
reference for the adopted slope? On page 8, line 13 brine rejection is characterized as
“negative sea ice melt”. Would that not give a slope that increases the delta-oxygen-18
value as well as the salinity?

We included this simple mixing scenario to further test the possibility of our
proposed mechanism to explain both the d180 and potential temperature
observations in the LHW. While we do not claim that this simple mixing is
necessarily responsible for the observed halocline water properties, we note that
such mixing can explain our observations.

We make this statement in the revised manuscript on Page 9, Lines 12-14.



Ice formation (freezing) results in the rejection of salts from the sea ice matrix as
well as a preferential rejection of 160 (the lighter isotope). As a result brine is
characterized by higher salinities and a more negative d180 value whereas sea ice
(and therefore sea ice meltwater) is characterized by a somewhat more positive
d180 value. This fractionation is not large; fractionation factors range between
about 1.6 and 2.8 %o, depending upon the age of the ice and the rate of freezing
(Eicken et al., 1998; Macdonald et al., 1995; Melling and Moore, 1995), but it does
result in a steeper salinity-d180 slope (as illustrated in Fig. Se of the revised
manuscript).

Text has been added on Page 6, Lines 25-32 clarifying this point.

Page 7, lines 6-7: To me the lower halocline water and the cold halocline layer are the
same, at least in this location. Once we enter the Canada Basin with Pacific inflow
through Bering Strait the situation is different.

We somewhat disagree. We have argued in the introduction that the lower halocline
water is a separate water mass that essentially marks the base of the cold halocline
layer (formed from mixing and additional inputs from the shelves) and represents a
transition between the halocline and reverse thermocline.

Also, see our response to the comment regarding Page 6, lines 10-14.

Page 7, lines 23-24: I agree with this statement.

Excellent.

Page 8, lines 10-11: Why does the delta-oxygen-18 decreases? A reference is needed.

The d180O decreases (along with salinity) because these waters mix with overlying
waters characterized by lower salinities and lower d180 values, due to the influence
from both river runoff (characterized by d180 values < -18 %o0) and brine (highly
negative d180 values). We have referred to Fig. Se at the end of this sentence in the
revised manuscript (Page 11, Line 15) to illustrate these changes.

We also note that a full description of the changes in d180 due to mixing with MW
and ice formation, complete with references, has been added in response to a
previous comment (see Page 6, Lines 25-32 of the revised manuscript).

Page 8, lines 17-21: Does this mean that there are two separate branches of halocline
water, or only that when the Fram Strait and the Barents branches cross the front, their
upper parts are changed from being homogenized by brine rejection and convection to
evolve by mixing with overlying low salinity and underlying Atlantic water?

We argue that the majority of our observations describe the formation and
modification of a single source of lower halocline water (basin-derived or Fram



Strait branch LHW) but note that we only glimpsed influences from Barents Sea
Branch halocline water.

We have added text throughout the manuscript, but particularly on Page 11, Lines
9-10, pointing out this distinction.

We suggest, like Rudels et al. (1996), that the Fram Strait branch halocline water is
changed from a seasonal halocline to a permanent halocline after crossing the
Severnaya Zemlya front. The salinity-d180 characteristics are altered (transition
from SIM to MW mixing branch) due to homogenization and ice formation and
then the LHW is capped by Siberian shelf water east of the front, making the
halocline permanent and building up the cold halocline layer.

We have also noted that this scheme contrasts with that recently published by
Bauch et al. (2016).

Figure 1: I would have appreciated to see not only TS curves but also profiles from the
different sections.

Figure 1 is rather large and we do not discuss features of the individual salinity and
temperature profiles in the text. Instead, we have relied primarily on descriptions
in 0-S space. While we do not agree that these profiles are needed in the main text,
we have included two additional figures in the Supplementary Materials that show
potential temperature and salinity profiles from selected stations along each transect
so other interested readers may view them as desired.

Summary: My concern about this manuscript should be clear after the comments above.
If the authors mean that there are two distinct branches, one sea ice melt branch and one
meteoric water branch, they have to argue their case better. If it is only a transition
between the two branches across the front, the manuscript does not bring much new
information. However, the use of the oxygen-18 data is interesting, but some of the
adopted slopes have to be explained better.

As stated in our responses above, we do not argue for two distinct branches but
instead offer geochemical evidence from salinity and stable oxygen isotope mixing
relationships to support a single mechanism that describes the transition from a
seasonal to permanent halocline layer, in general agreement with the mechanism
proposed by Rudels et al. (1996). While this evidence does not necessarily offer up a
new mechanism by which to classify halocline water formation it does offer
geochemical data that agrees with hypotheses based primarily on interpretations of
0-S data. We note that our conclusions also disagree with recent work published by
Bauch et al. (2016) supporting distinct sources of lower halocline water from the
Kara Sea shelf. Finally, the salinity-d180 mixing regimes presented in this study
may be used in future studies to evaluate subsequent mixing and modification to the
halocline layer. The apparent robust nature of these mixing regimes suggests that
the “convective mechanism” of LHW formation has been more-or-less consistent



despite variations in the distribution and strength of the halocline layer. We argue
that the stability of these relationships may make them suitable for the evaluation of
modifications to the halocline due to mixing and/or interactions with shelf sediments
that increase nutrient concentrations and decrease dissolved oxygen concentrations.

The manuscript might be published after major revisions, some based on my comments
given above.

Based on the comments provided by the two reviewers, we have made major
revisions that have improved the quality and clarity of the manuscript.



