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Updated response to reviewer comments by Igor
Polyakov

Thank you very much for your very insightful review and very constructive
comments. We repeat your comments (using a dark red font color) below.
Our responses are given in black font. Please find a track changes version at
the end of this document.

The manuscript proposes a new method for estimating the depth of the Cold
Halocline Layer (CHL). The topic is important and warrants a lot of attention
in the published paper. Thus, I am very positive that the authors have the
potential to produce a nice publication.

However, at the current stage, the manuscript suffers from several major short-
comings:

e [ did not find a convincing and satisfactory comparison of the three meth-
ods defining the halocline. The majority of the materials presented in the
manuscript are about the illustration of the application of the methods
and not their comparison. This comparison should include an evaluation
of each method’s performance and an explanation of the benefits of using
each method. Right now, the way it is done is not satisfactory. I would
like to see, for example, individual temperature (T) and salinity (S) pro-
files where the authors show what each method provides and explain the
physical reasons for that. I found Fig. 3, which is devoted to method
comparison, to be hard to read and not informative.



We have analyzed individual profiles from ITP-74 and ITP-33. In re-
sponse to a comment below, we have also re-processed the data at the
native vertical resolution. Reprocessing the data at the native vertical
resolution affected individual results (see e.g. Figs. 2 and 4 of the revised
manuscript), but our overall conclusion regarding the robustness of the
methods still holds. In Figure 2, we excluded profiles that started below
15m. This strongly reduces the effect of noise in determining the SML
base without affecting the overall result.

We find that investigating individual profiles does help to better un-
derstand the differences between the methods. Figure 3 shows profiles
before winter convection, during winter convection, and after winter con-
vection from ITP74. Figures 3a and c for 13 January 2014 show that the
TD method misinterprets the halocline base. During winter convection
(Figs 3e-h), no halocline was identified. This is because the threshold
for identifying the halocline base was already exceeded at the SML base
for the DR and the TD method (Fig. 3f and g), while the threshold was
not reached for the ST method (Fig. 3h). Fig. 3i for 15 July 2014 (af-
ter winter convection) shows freshening and warming near the surface.
This indicates that relatively fresh melt or shelf water may have been
advected above a colder and saline layer, which had been preconditioned
by winter convection. The freshening near the surface leads to a salinity
gradient below, and also a stability maximum, which is captured by the
ST method (Fig. 3h). This appears to be consistent with the mecha-
nisms for halocline formation described by Rudels et al. (1996). Rudels
et al. (1996) found new halocline formation taking place when relatively
fresh shelf waters near the surface were advected above denser and saltier
water below, limiting winter convection. Rudels et al. (2004) and Alkire
et al. (2017) stressed the role of melt water in the warm Atlantic inflow
through the Fram Strait and via the Barents Sea for halocline formation
via this type of capping mechanism. Fig. 3h for 15 July 2014 (after win-
ter convection) suggests that the ST method might indeed be useful for
identifying the beginning new halocline formation via the Rudels et al.
(1996, 2004) mechanism.

Figure 4 for ITP-33, which is a revised version of Fig. 7a (now including
salinity and stability) shows isolated halocline base depth minima for the
DR and the TD method, but not for the stability (ST) method.



Figure 5a—d shows a case from I'TP-33 on 11 July 2010 in which the TD
method produces an isolated halocline base depth minimum and Fig. 5e—
f shows a case on 6 September 2010 in which the DR method produces
an isolated halocline base depth minimum. In both cases, the isolated
minima are related to the presence of a layer of warm Pacific Summer
Water (PSW) around ~80m (Figs. ba and e). For 11 July 2010, the
best estimate of the halocline base depth is provided by the DR method
(Fig. 5b). The DR method correctly places the base of the halocline
water at a depth, where the salinity gradient (Fig. 5a) changes. Stability
(Fig. 5d) also decreases markedly at this depth, although the ST method
identifies the base of the halocline base about 20m below this location
(Fig. 5d). The TD method (Fig. 5c) places the base of the halocline
at about 80m in a layer of warm water, although the salinity gradient
below this layer still indicates the presence of a halocline and tempera-
ture decreases below this layer, indicating the presence of Pacific Winter
Water (PWW). For 6 September 2010, the DR threshold is exceeded at
a local maximum which is related to a very steep temperature gradient
(Fig. 5f) at the base of the PSW. While all three methods rely on finding
a threshold, the search direction differs. Because the ST method searches

upward, the warm PSW layer does not result in isolated depth minima
(Figs. 5d and h).

Overall, the analysis suggests that the search direction matters. With the
DR and the TD method, we search downward, while with the ST method
we search upward. This may help to explain why the ST method yields
more robust results. We have emphasized this point in the revised version
of our manuscript. The discussion of the seasonal cycle was removed.
The revised manuscript focusses more on comparing the methods. Please
refer to the track changes version for details and further information.

It looks like the authors misinterpret the water structure of the Arctic
Ocean, which has direct implications for their comparative analysis of
the three methods used for the definition of the halocline base. In the
Eurasian Basin, CHL is the layer where T is close to the freezing point
(that is why it is called cold) and S rapidly increases. However, below
the CHL, there is the second portion of halocline—the lower halocline
water—in which T and S increase with depth. The authors should define



what they investigate. In the Canadian Basin, this structure is further
complicated by the presence of two other halocline water varieties: Pacific
summer and winter waters. Showing the Nordic Seas and Siberian shelves
should be excluded from their analysis, for example.

We erroneously equated the CHL with halocline. In the revised version of
our introduction, we explain the halocline, CHL, lower halocline waters
(LHW), PSW and PWW and switched from CHL to halocline unless we
are explicitly referring to the CHL. We revised the subsequent discussion
of the results and the title of our manuscript accordingly. Please refer to
the revised version of our manuscript for details.

In Fig. 6, which represents a revised version of Figs. 5 and 6, we excluded
regions shallower than 100 m. Please let us know if you suggest to further
adjust this threshold.

By the way, it looks to me like the authors miss two golden opportunities
to give a beautiful explanation to their methods. a) Fig. 2 from a single
ITP record shows a mismatch of results between the authors’ stability
method (ST) and the density ratio (DR) method after winter convection.
[ may be wrong, but it is worth checking whether the ST method captures
the beginning of the new halocline formation, which is not captured by
the two other methods. The halocline formation is a very important
topic of Arctic oceanography. b) When the authors analyzed halostad,
a possible interpretation may be that they analyzed the boundaries of a
variety (winter or summer) of Pacific water. It is worth checking, and if
it is true, this may be a nice touch to "sell" the method.

Thank you very much for pointing this out.

a) In our response to your first major comment above, we argue that
the ST method may indeed capture the beginning of the new halocline
formation based on Figs. 3i and 1. We added this point to the abstract
of the revised version. Your reviewer comment is cited at the end of the
introduction.

b) Shimada et al. (2005) explained that the cold halostad (CHS) is
formed by Pacific Winter Water (PWW). In the revised introduction, we
first introduce PWW and PSW and then explain the link between CHS



and PWW. Please refer to the revised version for details.

e The way materials presented is often not good enough — see my detailed
comments provided to the authors.

Thank you very much for the suggestions. We revised the entire manuscript.
Please refer to the track changes version at the end of this document.

Despite these deficiencies, I believe that the authors can improve the manuscript
to the level suitable for publications. That is why I give a “major revision” to
this manuscript.

We appreciate your patience.

Below are my specific comments.

Comments:

1. Line 16: As defined, it is not CHL, but CHL+Lower Halocline Water in
the Eurasian Basin.

Yes, thank you very much for pointing this out. The cited values from
Polyakov et al. (2018) refer to the base of the halocline and not the CHL.
We revised the introduction based on comments by both reviewers. In the
revised version, we introduce halocline, CHL, PWW, PSW,  and LHW,
and describe the structure of the halocline for the Eurasian Basin and
the Amerasian Basin. Please refer either to the track changes version or
to the revised mansucript for details.

2. Line 17: 300m may be correct for the Canadian Basin but not for the
Eurasian Basin.

We now write that the Atlantic water is centered near 300 to 500m in
the Eurasian Basin and somewhat deeper in the Canada Basin, citing
Macdonald et al. (2015) in addition to Aagaard et al. (1981).



3. Line 43: The halocline has a complex structure indeed, but this was first
described long time ago — see papers by e.g. Rudels, Aagaard, Carmack,
Steele.

We revised the introduction based on suggestions by both reviewers. We
now first explain the structure of the halocline with CHL, PHW, and
LHW, in the first paragraph of the introduction. We cite Bertosio et al.
(2020) and Bertosio et al. (2022) for their methods used to determine
the base of the LHW in the third paragraph.

4. Line 57: Same as for line 43, plus add here Pacific waters.

In the revised introduction, we explain the structure of the halcoline in
the Amerasian Basin at the end of the first paragraph, mentioning the
origins of PSW, PWW, and LHW. We explain that according to Shimada
et al. (2005) CHS is formed by PWW.

5. Data description.

e Please provide vertical resolution of original data, time covered by
observations, show distribution of data coverage in time and space
for annual and seasonal coverage, show separately spatiotemporal
coverage provided by ITP and other sources. Provide accuracy of
observations.

Figure 1 of the revised shows the spatiotemporal coverage provided
by UDASH and ITP data. UDASH contains low resolution profiles.
In the original version of our manuscrpit, we had erroneously taken
even profiles into account, in which the resolution is clearly insuffi-
cient. As explained in the revised version, we now filter the data.
In the revised version, only profiles with a vertical resolution finer
than 2.5 dbar in the upper 300 m and a vertical resolution finer than
5dbar elsewhere were used. The vertical resolution for ITP level
IIT data is 1+0.1dbar. The accuracy of the sensors used for the
ITP observatations is 0.002°C for temperature and 0.002 for salinity
(Polyakov et al., 2017). This is now stated in the revised manuscript.



The UDASH dataset (Behrendt et al., 2018) was assembled from a
number different sources and platforms.

e [ do not understand the need of this complex vertical data interpo-
lation (lines 89-90). I suspect that the original (raw) data have 1
or 2m resolution which should be sufficient for the purposes of the
study.

We re-processed the data without prior vertical interpolation.

e Exclude all points from the shelves where there is no typically halo-
cline found. The same is true for the Nordic Seas.

We excluded regions shallower than 100m (Fig. ??). Please let us
know if you suggest to further adjust this threshold in case we are
eventually granted a second round of reviews.

e Regions are shown in Fig 1 but not used. What is the purpose for
that?

Thank you for pointing this out. We removed the regions from Fig. 1
in the revised version.

1. Line 101: Why T is given in K, not in C?

This was changed to °C in the revised version.

2. Line 113: Shallower, not smaller.

Yes, thank you. This was changed.

3. Section 2.2.4 and further discussion: All these methods should be illus-
trated using individual profiles where everything is clearly marked and



visible. Same section: You may use definition of the upper Atlantic
Water layer by using 0°C isotherm.

Yes, please refer to Figs. 3 and 5 of the revised manuscript. We replaced
the doubled DT-threshold by the 0°C isotherm.

. Section 2.2.5: The authors may want to clearly define halostad by giving
some physical interpretation for this layer.

In the revised version of our introduction, we associate the cold halostad
(CHS) with PWW based on Shimada et al. (2005) and explain the
origin of the term cold halostad (see above). We also explain that in the
presence of a CHS, the underlying LHW accounts for a second stability
maximum (compare Fig. 5a and e)

. Line 144: Taking 0.001m threshold seems misleading since the original
data have a 1m vertical resolution (or even coarser).

We use a vertical interpolation between points, and the 0.001m accounts
for rounding errors. We revised our methods section for clarity.

. Section 2.3. I found the use of kriging more misleading than helpful in
this study.Actually there is no need in that at all since the authors used
another much simpler method which serves for the purposes.

We removed the maps with the kriging results (see Fig. 6 of the revised
manuscript).

. Line 168: Filtration of outliers using such a severe threshold of 25/75%
(which is less than 1.5 standard deviation) needs an explanation. Sen-
sitivity study where the authors show how sensitive their estimates to
different thresholds may be helpful.

Outliers were defined as values outside the interval [Q1 — 1.5 IQR, Q3 +
1.5 IQR)], where Q1 is the first quartile, @3 the third quartile, and IQR =
@3 — Q1 is the inter-quartile range. The section on kriging was omitted.



8.

10.

11.

Line 198: An example where the authors misinterpret water masses: I
think they found that the CHL disappeared but the lower halocline water
(not AW) is below the SML.

We omitted the sentence containing the reference to “warm Atlantic wa-
ter” from the revised mansucript. In a sentence in Section 3.2 of the
revised manuscript, we now refer to “large temperature gradients” found
directly underneath the SML.

Line 202: Please provide specific for the cases when the criteria were not
met: what criteria, why, etc.

Figure 3 was removed. Instead, we discuss individual profiles as sug-
gested. The corresponding figures show thresholds used as criteria (Figs. 3,
5).

Line 204: I did not understand what is written there.

The sentence was removed. Sometimes, thresholds are exceeded already
at the SML base. For these profiles, the halocline base depth is initially
computed to be very close to zero (instead of exactly zero because of
small rounding errors due to floating point operations). These near-zero
values are excluded in the computation of average halocline base depth.
When computing the occurrence frequency, these profiles are treated as
“no halocline detected”. The occurrence frequency is defined as number
of profiles in which a cold halocline was detected divided by number of
profiles. We tried to explain this better in the methods section of the
revised manuscript. We re-wrote the methods section to focus more on
content and less on technical detail. Please refer to the track changes
version for details.

Fig 2: I think this, plus Fig 7, is a good plot to be used for the method
interpretation. I suggest to move line definition from the panel - the
authors have space below the map. This case would be nice to illustrate
further by using individual profiles of T & S for different regimes.



Thank you very much. Figures 2 and 7 were, of course, inspired by
Polyakov et al. (2017). We moved the legend defining the lines and we
followed your suggestion to analyze individual profiles (see above).

Similar plot for the Canadian Basin, plus individual profiles from there, would
be a good illustration for regional halocline differences.

Please refer to Figures 4 and 5 of the revised manuscript and the corre-
sponding discussion.

1. 3. Not a good figure. I would completely eliminate it since I found no
information in the current version.

The figure was eliminated.

2. Section 3.2. What does “occurrence” mean in this context?

The occurrence frequency is defined as number of profiles in which a cold
halocline was detected divided by number of profiles analyzed. When
a threshold was either exceeded at the SML base or not exceeded at
all, the profile was treated as “no halocline detected”. In the revised
manuscript, we introduce the term occurence frequency where it first
occurs in Sect. 3.2.

3. Fig 4: Please eliminate point in the Nordic Seas and over the shelves. I
suggest to eliminate panels with kriging. The point here is not to show
the differences between spatial interpolation methods, but between halo-
cline definition. So, I suggest to show additional panels for differences
between methods: e.g. ST-DR and ST-TD. Again, please explain “oc-
currence”. I did not understand the "nearest-neighbor” method: If the
nearest data point to the grid point is used, why there was averaging
then?

In the revised version of Fig. 4 (now included in Fig. 6), we excluded
points in regions shallower than 100 m, eliminated the panels with krig-
ing, and included additional panels for differences between methods. Re-
garding the nearest neighbor method, we first define a grid. Then, all
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the profiles which are closest to a given grid point are assigned to that
grid point. We will explicitly explain this point in the revised methods
section.

. 5: The same as for Fig 4: Please eliminate estimates from kriging and
compare methods of halocline definition and not the methods of spatial
interpolation. I.e. show CHL-DR minus CHL-ST and CHL-TD minus
CHL_ST.

We combined Figs. 4 and 5 of the original manuscript in Fig. 6 of the
revised manuscript and followed your suggestions.

. Lines 245-247: Often, some analysis of SML is given (like in this para-
graph). This is not the topic of the study, first. SML parameters may be
given, if they serve the purpose of illustrating the methods. Otherwise,
please skip these places. As they are now, they raise questions about
newness of these results (e.g. asking for comparison with the previous
papers on the subject)

We eliminated the maps showing the SML depths and the corresponding
discussion.

. Fig 6: The caption is not clear — the difference is not defined. “(e) to
(f)” is not clear. Cos fit is not illustrated.

The plot was eliminated. Difference referred to the difference between
seasonal and annual mean.

. Fig 7. Is good, but a) add T &S (like in Fig 2) b) move line definition
from the panel.

Done.

. Fig 8 What is the point of giving fraction of grid points? What is
halostad depth? Give a physical interpretation (Pacific water?).
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10.

11.

12.

We reported the fraction of points because the spatial coverage varies
with season, and we now also refer to this information in the discussion
of the figure. CHS depth was defined here as the depth of the center of
the CHS. The center was defined as the mean of the upper and the lower
bound of the CHS. The upper and the lower bound of the CHS were de-
fined by a threshold stability. This threshold stability was defined as the
mean of the stability minimum in the CHS and the stability maximum
in the LHW. We revised the methods section for clarity.

Line 314: What is “semi-saline”?

We replaced the expression “semi-saline” by “low salinity” based on a
suggestion in the reviewer comment by A. Athanase.

Line 321: How can we see the point made for the Barents Sea?

This discussion will was removed from the revised manuscript. We should
have written Nansen Basin.

Line 322: This discussion and comparison with Steele work needs much
more thourough analysis — not just a single line.

We now discuss new halocline formation. We omitted the reference to
Steele 1995. Instead, we simply point out that the methods produce
qualitatively different results, with halocline base depth decreasing north
of the Norwegian Sea for the TD method.

Line 325 — What does this “lack: mean?

The sentence was removed from the revised manuscript. We should have
written absence instead of lack.

Thank you very much again. We very much appreciate your comments. Please
refer to the track changes version for a detailed description of all the revisions.
Because of the substantial revisions in almost all sections, this response is
still limited to summarizing and outlining major changes. We have re-written
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parts of the methods section for clarity, revised the results section based on
the very constructive comments and suggestions by both reviewers, and also
adapted the title, the abstract and the summary section accordingly. We did
not attempt to describe and motivate each of the individual changes in this
response. Instead, we marked the changes in the track changes version. In
some cases, including cases in which we noted and removed errors, we also
motivated and explained changes in the track changes version. In a few places,
we changed the draft version of the revised introduction that was included in
the original response to the reviewer comment by M. Athanase. However, we
completely kept track only of the changes compared to the original manuscript
and not to this draft. We very much appreciate your effort in reviewing this
technical note and consider the suggestions from the reviews a key contribution
to the revised manuscript.
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Updated response to reviewer comments by Mary-
lou Athanase

Thank you very much for your very insightful review and very constructive
comments. We repeat your comments (using a dark blue font color) below.

Our responses are given in black font. Please find a track changes version at
the end of this document.

Summary:

The present study proposes a new method for the detection of the cold halocline
layer base depth in the Arctic Ocean. The authors define a new criterion
based on vertical stability and compare the results to those obtained with two
previously used methods: one based on the density ratio, and one based on
temperature differences. Using the ITP and UDASH databases, they derive
pan-Arctic maps of the cold halocline layer base depth using all three methods.

General assessment:

The topic is well within the scope of Ocean Science and is of particular impor-
tance given the complex and varying structure of the Arctic halocline through-
out basins. However, several crucial points would need to be addressed, re-
garding the manuscript organization as well as the clarity of the method and
completeness of the results. Below are listed my major and minor comments.
For these reasons, I recommend that the manuscript undergo major revisions
before being potentially suitable for publication.

Major comments:

e The manuscript lacks a clear, physical explanation of what the CHL and
cold halostad are, and how the proposed method detects their bound-
aries. I would also suggest the authors emphasize the goal aimed to be
achieved by defining a new criterion, e.g., enabling the robust detection
of the CHL base depth across basins and seasons using only one criterion.

Thank you very much for this comment and the more detailed suggestions

below. We have revised the introduction based on your comments and on the
reviewer comments by I. Polyakov (please refer to the track changes version for
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details). Regarding the organization of the revised introduction, we followed
your detailed suggestions, with five paragraphs introducing concepts, listing
criteria, underlining importance, explaining our motivation, and introducing
the organization of the manuscript.

In the revised version of the introduction, we first introduce layers and wa-
ter masses. We start with the surface mixed layer and the halocline. Then,
we introduce major components of the halocline: the CHL in the Eurasian
Basin, the Pacific Halocline Water (PHW) in the Amerasian Basin, and the
Lower Halocline Water (LHW), following the nomenclature of Polyakov et
al. (2018). We then introduce Pacific Winter Water (PWW), which forms the
cold halostad (CHS), and Pacific Summer Water (PSW).

The more detailed description of the halocline including the introduction of
PSW and PWW in the first paragraph of the revised introduction owes to
comments and suggestions by I. Polyakov. We strongly agree that introducing
these water masses is useful for interpreting the results. For details on this
point please refer to the revised manuscript. We also provide additional detail
on halocline formation mechanisms in the first paragraph because I. Polyakov
suggested that the ST method may capture the beginning of new halocline
formation. We now think that interpreting the results in the light of the
Rudels et al. (1996) mechanism supports this idea. For details on this point
please refer to the revised manuscript and also to our response to the reviewer
comments by I. Polyakov.

In the second paragraph of the revised introduction, we underline the impor-
tance of the halocline for the present and future of the Arctic Ocean. In the
third paragraph, we combined the paragraphs describing the existing criteria
to define halocline and CHL base. In the forth paragraph, we describe our
original motivation for suggesting the stability (ST) method. Our original mo-
tivation was to use a threshold variable to define the halocline base which is
more closely related to the role of the halocline as a stable layer which prevents
warm Atlantic Water from reaching the SML and reducing sea ice than either
the density ratio or the temperature difference. The analysis of individual pro-
files suggested by both reviewers indicates that the increased robustness of ST
method derives mainly from the different search direction in the ST method

15



compared to the two existing methods: in the ST method we search upward in-
stead of downward. This avoids isolated depth minima caused by near-surface
features. We discussed this point in the revised version of our manuscript.

e [t is my understanding that here, the authors equate the CHL base to the
point of maximum stability. Wouldn’t the point of maximum stability
rather be within the “cline” you are considering, and not necessarily at
its base? If I misunderstood, I would suggest the authors clarify their
method and the physical reasoning behind it, as stated above.

We revised our methods section for clarity. As stated in lines 116f of
the original submission, the stability threshold in the ST method was
derived based on the density ratio threshold from the DR method. The
original motivation behind devising the stability method was that a sta-
ble halocline prevents warm Atlantic Water from reaching the surface
mixed layer, where it can either melt existing sea ice or prevent sea ice
formation. We argue that stability is more closely related to vertical
mixing than either the density ratio or the temperature difference.

e The manuscript still lacks an actual evaluation of the performance of each
of the detection methods presented here. I like the large scales compar-
isons, but it lacks some quantitative estimates (which ideally would take
into account the varying seasons and basins) and some idea of which
method performs best. Because of the diversity of situations, different
tests may lead to different rankings of the presented methods. And that
is fine, as long as these various results are explicitly presented and dis-
cussed.

In order to evaluate the methods and to better understand the reason
behind the different robustness, we investigated individual profiles as
suggested by both reviewers. The analysis (please refer to the revised
version for details) suggests that (a) the ST method captured the begin-
ning new halocline formation directly underneath relatively fresh surface
water in the Eurasian Basin, (b) the TD method overestimated the halo-
cline depth in the Eurasian Basin, (c) in the Canadian Basin isolated
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halocline base minima in the DR and the TD method occurred because
of a layer of warm Pacific Water, and (d) the ST method slightly overesti-
mated the depths of the halocline base in the Canada Basin. These find-
ings are broadly consistent with summary statistics of halocline depth in
Fig. 7 of the revised manuscript. In the Eurasian Basin, the ST method
more frequently identifies a halocline base not far below the SML base
compared to the DR method. Based on suggestions by I. Polyakov, we
now interpret this as an indication of the ST method capturing the be-
ginning of new halocline formation. The TD method overestimates the
cold halocline base depth in the Eurasian Basin (Fig. 7b). In the Canada
Basin (Fig. 7d), the DR method detected a halocline base shallower than
160m for 10.2% of the profiles and the TD method for 3.5% of the pro-
files, indicative of isolated maxima due to the influence of near-surface
warm Pacific water. These numbers differ from the numbers stated pre-
viously during the discussion in our response to your reviewer comment.
This is because the numbers stated previously were accidentally based
on a dataset which was meant for kriging, and from which outliers had
been removed as described in the original version of the manuscript, and
also because we omitted low resolution profiles form the UDASH data
set as described in the revised manuscript. Using the correct data and
omitting low resolution data from UDASH also changed Fig. 7 as stated
in the track changes version of the manuscript in a note in the figure
caption. Slightly increasing the stability threshold in the ST method
may lead to a better match between the halocline base depths from the
ST and the TD method by moving the halocline base estimated by the
ST method upward and by decreasing the sensitivity of the ST method
to new halocline formation.

e The organization of the manuscript lacks fluid connections, both in the
introduction and in the presentation of the results. Subsections seem
to be organized thematically but without a clear logical order. I would
suggest the authors consider reorganizing the overall manuscript (intro-
duction and results) and the abstract as follows:

1) Clear introduction of what SML, CHL, and cold halostad are, and why
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they matter (as already done in part for the CHL).

2) Presenting the previous methods that have been used to define these
layers, and underlining eventual (knowledge) gaps in these methods.

3) Introducing the new method, the physical reasoning behind its develop-
ment, and the goal it aims to achieve.

4) Demonstrating how the results of the new method compare to results
from previous methods (qualitatively and quantitatively, by adding some
basin-wise statistics for example), and what are the gains of the new
method.

We have revised the introduction, computed basin-wise statistics (see above),
and now use individual profiles in our comparison of the results. For details,
please refer to the revised version and/or the track changes version of our
manuscript.

Minor comments:
In the introduction in general:

It would be good to improve logical connections between paragraphs. For ex-
ample, L26-27: what is the connection between Atlantification discussions and
CHL characteristics? You could finish the previous paragraph by commenting
on possible changes in the strength of stratification within the CHL that could
either boost or hinder further Atlantification.

We agree that it would be good to improve the logical connections between
paragraphs. However, the first paragraph of the revised introduction is entirely
devoted to introducing the different layers and water masses. Atlantification is
now only mentioned in the second paragraph, which underlines the importance
of these concepts. This provides a very nice and clear separation, but makes
a smooth transition difficult.
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In general, I would suggest reshaping your introduction as follows (as stated
above):

- Defining the broad concepts of cold halocline layer and cold halostad

We followed this suggestion, but also introduce water masses such as PSW and
PWW and discuss halocline formation mechanisms, especially the Rudels et al.
(1996) mechanism, as explained in our response to your first major comment.

- Underlining their importance for our understanding of the present and future
Arctic ocean characteristics

We now introduce layers and water masses in the first paragraph and comment
on their importance in the second paragraph.

- Listing criteria for their definition used so far, and eventually pros and cons

We list the criteria. We found a comparison of halocline base depths computed
with different methods in Bertosio et al. (2022). But as far as we know, there
has been no systematic comparison of the pros and cons so far. We think that
the devised methods are all very useful for the purpose they were designed for.

- Explaining clearly the motivation behind creating a new set of criteria, and
the problem you aim to address

Regarding the halocline base, the existing thresholds are not as closely related
to the role of the halocline as a stable layer which prevents mixing (although
Section 2.2.4 of the original manuscript suggests that density ratio and stability
are indeed related). But we consider this a feature of the methods, and not
necessarily a problem. Each of the methods targets different aspects, which
may be more or less relevant to the question at hand.

- Finally, introduce the organization of the manuscript (as you already do)

We revised the paragraph, and we also revised the rest of the manuscript.

L22-26: Remind the readers in 1-2 sentences what Atlantification is. In fact,
you partly do so in the following sentence, but this should come earlier. And
isn’t ice loss a symptom /characteristic of Atlantification, too?
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The revised sentence reads as follows: Retreating sea ice, increased surface
heat flux and the retreat of the halocline have been called atlantification of
the Eurasian Basin (Polyakov et al., 2017).

L38-39: Here, and generally throughout the manuscript, please define concepts
as early as they appear. This sentence should come as you mention the density
ratio, 2 lines above. In short, put the sentence line 37-38 at the end of this
paragraph.

Thank you very much. We moved the sentence in lines 37-38 down, so that
density ratio is introduced before mentioning studies which adopted the DR
method. In the overview of halocline layers and waters in the first paragraph
of the introduction, we provide short definitions of the Pacific Halocline Water
(PHW) and the Lower Halocline Water (LHW) in parenthesis before expanding
on details further below in the same paragraph.

L34-52: Tt would be best to reshape this series of 3 paragraphs into one, listing
all existing used criteria to define the base of the CHL and eventually their
pro and cons.

We combined the three paragraphs. Please refer to our response above regard-
ing a discussion of the pros and cons already in the introduction. Thanks to
the reviewers’ suggestion to focus on individual profiles, we consider ourselves
in a much better position to provide a more substantial discussion of the pros
and cons in the results and the conclusion section of the revised manuscript.

L57: You already introduced this concept above when citing Bertosio (2020)
and (2022). Would be best to merge the descriptions of upper and lower CHL
into one paragraph here, keeping the relevant citations.

We merged the paragraphs and kept the citations. The relevant concepts are
introduced in the first paragraph of the revised introduction.

L75: “Level I1I data™ This processing level naming convention is rather opaque
for unfamiliar readers. State more clearly what this entails (visual inspection,
vertical interpolation, salinity spikes or bias corrections. .. etc)

The data processing for the I'TP data is described by Krishfield et al. http://
www.whoi.edu/fileserver.do?7id=35803&pt=2&p=41486. Producing Level I1I
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data included removal of corrupted data, corrections for the sensor response
behavior, calibrations, and final screening of spurious outliers. We mention
this in the revised version of our methods section.

LI91: “Gaussian filter”: as above, please introduce each processing method
explicitly.

We revised the sentence as follows: In order to reduce noise, the data was
smoothed using a standard one-dimensional Gaussian filter (convolution with
a Gaussian function, e.g. Deng and Cahill, 1993) with a standard deviation of
2dbar and a truncation at +10dbar.

Where the standard deviation and the truncation are in dbar instead of m be-
cause we have re-processed the data at the original vertical resolution without
prior re-gridding and reduced the filter width and truncation.

Please note that Gaussian filters are a standard tool in signal processing
(https://en.wikipedia.org/wiki/Gaussian_filter). Gaussian filters are
generally more efficient at filtering high frequency noise compared to box filters
(also known as running mean). Bourgain and Gascard (2001) used box filters
of different widths for different variables.

L89: Is this reasonable for all profiles? Could some profiles, especially the
oldest ones, have a vertical sampling of 5 to 10 m? If that is the case, please
state so and briefly discuss why you think such a high-resolution interpolation
is appropriate and reasonable. I would also suggest the authors consider a
vertical resolution that is less fine and closer to the native profiles’ vertical
resolutions.

We reprocessed the data at the native resolution and we also omitted low-
resolution profiles. In the revised version, only profiles with a vertical resolu-
tion finer than 2.5 dbar in the upper 300 m and a vertical resolution finer than
5 dbar elsewhere were used.

L139: it seems this sentence has grammar issues.

Yes, thank you. In the revised version, this sentence reads:

A CHS will only be recognized by the algorithm if the vertical distance between
the deeper stability maximum the first upper occurrence of that same stability
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value is at least 50 m, and the difference of L between the lower stability
maximum and the local minimum in the CHS is at least 0.2.

L141:...7only the lowest of these layers is identified as a cold halostad.” Why
is that, physically?

The sentence in the original manuscript stated that in rare cases, in which
more than one layer fulfills these conditions, only the lowest of these layers is
identified as a cold halostad, although we had not encountered any such cases,
and only now added a few lines of code to identify and count such cases. It
turned out that no such case occurred. We revised the statement accordingly.

L169: 25th/75th percentile: This is an extremely stringent test. Can you
explain why you took such a high threshold? As the other reviewer stated, it
would be good to know how sensitive your results are to the “outlier” threshold
you chose.

Outliers were defined as values outside the interval [Q1—-1.5IQR, Q3+1.5IQR],
where ()1 is the first quartile, @3 the third quartile, and IQR = @3 — Q1 is

the inter-quartile range. The section on kriging was omitted.

L254: In general, I would try to limit references to previous specific figures
from previous papers. It is easier if you directly remind the readers what
were the findings shown that figure through text, citing the source paper, in
discussing your results in light of it.

This discussion was removed. The revised version contains updated figures in
which we removed the panels showing maps of the SML .

L314: If you mean “comparatively low-salinity” then use “low salinity”.

Yes, thank you very much. We followed your suggestion and corrected this
expression in the revised introduction.

Fig. 2 and 7: I like these figures, and it would be great to have one of such
plots for -when possible- each subregion and season. Even on one ITP, you
could for example indicate when the buoys are in Canada vs. Makarov vs.
Amundsen / Nansen basins.
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Thank you very much for liking these figures. They were inspired by Polyakov
et al. (2017). The revised manuscript contains revised versions of Figs. 2
and 7. Fig. 7 shows statistics for selected basins. We cited your reviewer
comment suggesting to include basin-wide statistics at the end of the revised
introduction.

Fig. 3: This is an interesting visualization, but it is rather under-used in the
manuscript. [ would suggest the author consider replacing it with plots pre-
senting the vertical profiles; either in the introduction to present your various
concepts (SML, upper and lower CHL, cold halostad), or in your results by
grouping profiles in similar regions or seasons.

We analyzed individual profiles (please refer to the revised manuscript). Fig. 3
was replaced. Fig. 7 of the revised manuscript shows summary statistics. The
figure is discussed in Sect. 3.2 of the revised manuscript.

Fig. 4 and 5: T still do not quite get the goal of using 2 interpolation methods
(NN and kriging). If there is no other objective that showing the pan-Arctic re-
sults in 2 different ways, I would suggest the authors pick one of these methods
and eliminate the other, in order to make the manuscript more fluid.

The kriging was eliminated.

Thank you very much again. We very much appreciate your comments. Please
refer to the track changes version for a detailed description of all the revisions.
Because of the substantial revisions in almost all sections, this response is
still limited to summarizing and outlining major changes. We have re-written
parts of the methods section for clarity, revised the results section based on
the very constructive comments and suggestions by both reviewers, and also
adapted the title, the abstract and the summary section accordingly. We did
not attempt to describe and motivate each of the individual changes in this
response. Instead, we marked the changes in the track changes version. In
some cases, including cases in which we noted and removed errors, we also
motivated and explained changes in the track changes version. In a few places,
we changed the draft version of the revised introduction that was included in
the original response to your reviewer comment. However, we completely kept
track only of the changes compared to the original manuscript and not to this
draft. We very much appreciate your effort in reviewing this technical note

23



and consider the suggestions from the reviews a key contribution to the revised
manuscript.
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Technical note: Determining Arctic Ocean Feold halocline and cold
halostad "*layer depths based on vertical stability

Enrico P. Metzner! and Marc Salzmann'
nstitute for Meteorology, Universitit Leipzig, Leipzig, Germany,

Correspondence: Enrico P. Metzner (enrico.metzner @uni-leipzig.de)

Abstract. The Arctic Ocean "Peeld halocline 'Player(CHL) separates the cold surface mixed layer (SML) from the underlying
warm Atlantic Wawvater (AW), and thus provides a precondition for sea ice formation. Here, we introduce a new method in
which the "PhaloclineEHE base depth is diagnosed from vertical stability and compare it to two existing methods. MA-Our

main motivation for diagnosing the halocline base depth based on vertical stability was that vVertical stability MA-is closely

related todireethy-affeets vertical mixing and heat exchangeM, and thus also to the role of the halocline in preventing vertical

heat exchange and thereby protecting sea ice from warm AW. The second goal was to provide a particularly robust method.

When applied to measurements from ice-tethered profilers, ships, and moorings, the new method for estimating the ""halocline
€HE base depth provides robust results with few artifacts. Comparatively large differences between 'Ftheournew-method
and-two-existing methods for detecting the "ThaloclineCHE base depth were found in "Pwarm AW inflow regions "Pfor which

climate models predict increased net surface energy fluxes from the ocean to the atmosphere, suggesting that these regions may

be particularly sensitive to a halocline retreat-mest-prone-to-a-CHl-retreatin-a-warming-elimate. '¥ Analyzing a case in which

water previously homogenized by winter convection was capped by fresh water at the surface suggests that the new method

captured the beginning of new halocline formation in the Eurasian Basin. M a4 LPCHE base-depth-exhibits-aseasonal-eyele

LV denth A e PRECERPEE ha Ml a A he []

ed- We also propose a novel method for

detecting the cold halostad "P(CHS), which is formed by Pacific Winter Water (PWW) in the Canada Basin or by melt water

off the eastern coast of Greenland and also Svalbard.

1 Introduction

The Arctic Ocean outside the main Atlantic warm water inflow and the shallow marginal shelf seas is usually stratified into athe
cold and fresh surface mixed layer (SML), which is from ~5 to >100 m thick, depending on region and season (Peralta-Ferriz
and Woodgate, 2015), ' athe-eotd halocline "P¢€HE) below the SML with a base depth ~40 to >200 m (Fig. 4 of Polyakov et
al., 2018), MA-and a layer of warm and saline Atlantic Water (AW) below the "Phalocline€HE centered near 300 to 500 m “Pin

the Eurasian Basin and somewhat deeper in the Canada Basin (Aagaard et al., 1981; Macdonald et al., 20154, and deep
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water below. Convection in the SML is driven by surface cooling and brine release during sea ice formation, with maximum

SML depth in winter. River inflow and precipitation act as sources of fresh water. MA 41PBelow the SML, salinity increases

in the halocline. Within the halocline, one can distinguish between the cold halocline layer (CHL) in the Eurasian Basin, the

Pacific Halocline Waters (PHW, modified Pacific Water which originally entered the western Arctic via the Bering Strait) in

the Amerasian Basin, and the lower halocline waters (LHW, water of Atlantic origin which is less modified compared to CHL

water) (e.g. Alkire et al., 2017; Polyakov et al., 2018; Anderson et al., 2013). In the CHL, the temperature remains close to

the freezing point. Several processes have been suggested as contributors to LHW and CHL formation. Based on data from the

Oden 1991 cruise, Rudels et al. (1996) found that new halocline formation was initiated by the advection of relatively fresh

shelf waters near the surface above denser and more saline water below, when the advection of the fresh water limited winter

convection. Support for the importance of such a capping process was provided by Ikire et al. (2017) and Rudels et al. (2004).

They argued that capping by fresh water due to sea ice melting in the inflow from the Fram Strait and the Barents Sea can

transform AW into halocline water. Another process which has been widely discussed, and which is thought to be especially

important for the PHW is the advection of dense and saline shelf waters (where salinity increases due to brine release during

sea ice formation especially in winter) below the SML (Aagaard et al., 1981; Jones and Anderson, 1986; Rudels et al., 2004).

While halocline formation via capping does not require dense shelf waters, capping can also occur after (i.e. in addition to) the

advection of dense shelf water (Steele and Boyd, 1998; Rudels et al., 2004). M4 and LP (added after discussion) §tee]e and Boyd (1998)

argued that seasonal capping by melt water in summer may not be overly important for insulating the SML from relatively

warm AW, MAandIPThe PHW in the Canada Basin originates from Pacific Water inflow, which is modified on the Chukchi

Sea Shelf, but the LHW is of Atlantic origin also in the Canada Basin (e.g. Anderson et al., 2013). "PBecause of seasonal

modifications on the Chukchi Sea Shelf, the PHW in the Canada Basin can be further subdivided into Pacific Winter Water
(PWW) and less saline and warmer Pacific Summer Water (PSW) (e.g. Timmermans et al., 2014). The PWW could be referred
to as a type of cold halocline water (Zhong et al., 2019), although compared to the CHL in the Eurasian Basin, in the PWW,

the salinity is lower and the salinity gradient is smaller. This is why Shimada et al. (2005) called the layer which is formed by

PWW a cold halostad (CHS). Similarly, interaction between glacial melt water and Arctic water north east of Greenland forms
an intermediate MAlow salinity "Player MA semi-saline Jayer-of-water P with small salinity gradient which is also called a cold

halostad (Dmitrenko et al., 2017). Below, we argue that a lower salinity and a smaller salinity gradient in the CHS compared

to the LHW below results in two distinct local stability maxima between the base of the LHW and the SML base: The upper

stability maximum is associated with an increase of salinity in the upper PWW. The lower stability maximum is associated

with another increase of salinity in the LHW. The lower one of these two stability maxima is absent in the presence of a CHL

in the Eurasian Basin (except in regions off the eastern coast of Greenland and also Svalbard where melt water also forms a
CHS).

MA-BecauseThe-CHIL-is-alse-apyenoeline-as density is more influenced by salinity than temperature if the temperature is low
(Aagaard et al., 1981; Roquet et al., 2022)MA- 4 configuration with warm AW underlying colder halocline water ist stable. The
presence of a (cold) halocline thus—Therefore;-the-CHLE insulates the SML from direct contact with the warm AWAtlantie-water
M-A-and protects sea ice from the warm AW (Aagaard et al., 1981; Lind et al., 2016; Polyakov et al., 2017, 2020). Conversely,
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But a retreat of the CHL in the Eurasian Basin leads to increased vertical mixing as observed and described by Steele and Boyd
(1998); Bjork et al. (2002); Polyakov et al. (2017). M'A'Retreating sea ice, increased surface heat flux and theThis retreat of the

M-Ahalocline have been calledCHIE-has-been-interpreted-as—akeyfeature-of the-increasing atlantification of the MA Eurasian
BasinAretie-Oeean (Polyakov et al., 2017). Future climate model projections for a high emission scenario also showed “Fvery

large temperature gradients directly below theinereasing-atlantification-with-warm-Atlantie-water reaching-the surface mixed
layer more frequently, especially during the cold season. M The associated heating of the SMLThis-inereasing-atlantification

in combination with sea ice loss resulted in further increased annual mean upward net surface energy fluxes outside the Central

Arctic along the main warm water inflow pathways (Metzner et al., 2020). "*While the halocline generally protects sea ice,

PSW can be warm enough to participate in sea ice melting (e.g. Timmermans et al., 2014).

Several methods have been proposed for identifying the "PhaloclineCHLE based on observations. Steele et al. (1995) identified
cold halocline water based on conditions for salinity (34 <S<34.5 in the practical salinity scale) and temperature (T<-0.5°C).
Rudels et al. (1996) defined the boundaries of the CHL by using the 34.3 isohaline. Bourgain and Gascard (2011) used a density
ratio threshold to define the base of the Thalocline€HE. M- Fhi i
et-al-(2017,2018)and Metzneret-al-{2020)- The density ratio is the ratio of temperature and salinity contributions to the

vertical stability. A large density ratio implies that the vertical stratification is dominated by temperature and a small density

ratio implies that stratification is dominated by salinity. The density ratio threshold suggested by Bourgain and Gascard (2011)
assumes that oceanic layers above the PhaloclineCHE base are almost entirely salt-stratified with temperature contributing less
than 5% to the total stratification (Polyakov et al., 2018). MAThis density ratio method was adopted among others by others
by Polyakov et al. (2017, 2018) and Metzner et al. (2020). 'PBertosio-et-at—+2020)-and -Bertosio-et-ak(2022)-distinguished
between-an-upper-and-alower-CHLE: Using tracer observations in the western Eurasian Basin, Bertosio et al. (2020) found the
base of the "PLHW1ewer€HE to be located at a density of 1027.85 kg m~3. Analyzing salinity and temperature observations

from the Makarov Basin and along the East Siberian continental slope, Bertosio et al. (2022) again defined the base of the
M-AandLPhalocline using a-tpper-and-the tower-CHE-based-on density thresholds and compared the results obtained with this
ese definitions to those obtained with other definitions from the literature. Al*nether fairly simple and robust method for
computing the CHL base depth was proposed by Metzner et al. (2020). In this method, the base of the CHL is determined
by a temperature difference of 1*°CK between water potential temperature and its freezing temperature. This temperature
difference method is very sensitive to warming from below, while the density-ratio method of Bourgain and Gascard (2011)

is very sensitive to the salinity profile. One drawback of the temperature difference method is a potential dependence of the
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optimal threshold value on region (Metzner et al., 2020). Polyakov et al. (2018) proposed an indicator of the potential of the
Arctic "PhaloclineCHE to prevent vertical mixing based on available potential energy, adapting the density ratio threshold of
Bourgain and Gascard (2011) to identify the "Phalocline€HE base.

M-A-Here, we propose a new method to identify the halocline base using a vertical stability threshold and compare it to two

existing methods using measurements from ice-tethered profilers, ships, and moorings. Our main objective was to devise a

method that uses a threshold value of a variable which is closely related to the role the halocline plays for insulating the SML

from the warm AW. The choice of a vertical stability threshold wasHere;-we-define-the-CHE-base-based-on-vertical-stability,

motivated by the argument that vertical stability is more directly related to vertical mixing than either density, temperature, or

the density ratio. M-Our second goal was to devise a particularly robust method to detect the halocline base. Based on the

argument that the presence of PWW forming a CHS on top of LHW creates a stability profile with two distinct local stability

maxima, we also propose a method for estimating the boundaries and the center of the CHS M-A-In-the-western—Aretie—the

a Ato—an o a Ad O ] ~ hatweentiecwater of Pacific—orioinenterine_tha A io Oee

robust descriptions of the "Phalocline€HE and cold halostad layer boundaries are important to understand the evolution of the

structure of the upper Arctic Oecean in the past and the future.

M-A-In the next section, we first describe methods to determine the halocline base depth, starting with two existing methods

which are used for comparison, i.e. the density ratio (DR) method by Bourgain and Gascard (2011), and the temperature

difference (TD) method by Metzner et al. (2020). We then introduce our new stability (ST) method for determining the halocline

base depth. In Section 2.2, we propose a new method for estimating the CHS upper and lower boundaries and the CHS center,

which is based on vertical stability as well. In Section 2.4, we describe a method for estimating the SML base depth because

the downward search for the DR and the TD threshold starts at the SML base and because the top of the halocline is assumed

to coincide with the SML base. In Sect. 2.5, we introduce observational datasets used for comparison and testing. In Sect. 3,

we compare the new ST method for determing the halocline base depth to the existing methods and test the new method

for determining the CHS depth and extent. We first compare the methods to determine the halocline base using case studies

and investigate whether the ST method captures the beginning of new halocline formation based on a suggestion in a reviewer

comment on the original submission by Polyakov in Sect. 3.1. We then use maps and basin-wise statistics (based on a suggestion

in a reviewer commment by Athanase, 2023) in Sect. 3.2. The performance of the CHS algorithm is discussed in Sect. 3.5. The

results are summarized and discussed Sect. 4. Here
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Please note: We re-arranged the following section to introduce methods before introducing data.

2 Methods and DataMaterials-and-Methods

SR N :cal

2.1 Methods for estimating the halocline base depth

2.1.1 DBase-depth-estimate-by-the-density ratio (DR) method

M-Aand LPT 3 halocline, the density gradient due to temperature must be small compared to the density gradient due to salinity by

definition (Bourgain and Gascard, 2011). The density ratio (DR) method by Bourgain and Gascard (2011) therefore identifies

the halocline base by the requirement that the ratio R, between the density gradient due to temperature and the density gradient

due to salinity must remain below a certain threshold. The density ratio is defined as-The-base-of-the-CHI-was-estimated-with
R, = <aV20pot> /(BV.S)

Please note: The track changes package we use does not handle subscripts correctly. The subscript “pot” was removed

and not added. with potential temperature ¢, in °CKPlease note: This does not make difference for the gradient, salinity
S in the practical salinity scale and depth z in m. v = —p~1(9p/00,,01 ) Please note: Sign of o corrected and 3 = p~1(9p/9S)
are the thermal expansion coefficient and the haline contraction coefficient, respectively. Bourgain and Gascard (2011) empir-

ically estimated that searching downward for the depth, in which R, exceeds 0.05, provides a reasonable estimate for the base

of the 'Phalocline€HE. The search starts at the base of the SML (here determined as described in Sect. 2.4 below), which

is defined to be the top of the halocline layer

referred-to-as-the-densityratio-(DR)-method. MA'If the density ratio threshold is exceeded already directly at the base of the

SML, then no halocline was detected for the corresponding profile. Such profiles are excluded when computing statistics of

halocline base depths. Similarly to Bourgain and Gascard (2011), we smoothed the .S and 6 prior to computing the density ratio

as explained in Sect. 2.5.

2.1.2 'PTCHL base-depth-estimate by-the-temperature difference (TD) method

The temperature difference (TD)seeend method (Metzner et al., 2020) uses the difference AT between the ocean temperature

T4 and the sea water freezing temperature Tteeze M-A.to estimate the cold halocline base depth. The freezing temperature
was calculated from Gill (1982). M4 adLPSearching downward, starting at the SML base, tFhe base of the “ThaloclineCHE
was calculated as the depth, in which AT first exceeds 1K. This threshold was estimated to be high enough, that the "cold"
core of the “Fcold halocline layer€HE is detectable, and low enough to separate the CHL from the AWAttantie-water with
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core temperature approximately 1.5°C to 3°C (Tieeze =~ —2°C leads to AT & 3.5°C to 5°C at the core). In cases in which
the temperature threshold was first exceeded in a depth IPshallowersmaler than 80 m, the search was continued 0.5 m below
this depth. PIf the temperature threshold was exceeded already at the SML base, no halocline was detected. The algorithm

was applied to smoothed temperature data (see Sect. 2.5). Fhis-method-will-be-referred-to-as-the-temperature-difference (D)
method-

2.1.3 'PSCHI-base depth-estimate by-thestability (ST) method

The new stability (ST)third method prescribes a threshold foruses the local vertical stability in order to estimate the halocline

base depth. Vertical stability is more closely related to vertical mixing than either the density ratio or the temperature difference.

Because the search direction was found to affect the robustness of the method, and because stability is decreasing with depth

between the AW and the core of the halocline, we search upward instead of downward for the stability thresholdas-parametet;
which-is-direetly-linked-to-vertical-mixing. The stability was computed from L = log,;,(N?), where N = /—(g/p) (0p/0%)

is the Brunt-Viisild-frequency (with density computed from pressure, smoothed S, and 6 as described below). The stability

threshold was approximatedis based on the density ratio threshold R, = 0.05_assuming an approximately constant salinity

gradient near the halocline base in the LHW. It was derived starting from the following relationship:

p~IVep = BV.S — aV.bpo = BV.S(1-Ry) (1)

With stable 3 = (7.82 4 0.03) - 10~* over a wide range of temperature, salinity and pressure values (—1.2...2.0°C, 32...37,
50...350dbar) and the salinity gradient in m—!:

L = log,o(—V.S) — 2.137+0.002 (2)

Expecting the salinity gradient to be around 0.01 m~! near the base of the halocline, the resulting stability threshold should be
L ~ —4.14.

This threshold is searched from 600m or at the lowest point (at least 500 m deep outside the shallower regions according

to the conditions for including profiles in the analyses described below in Sect. 2.5abeve) to the surface, as no CHL base was
observed deeper than that-a i . Seldom, the first estimate is
in warm "PAW at T > 0°Cwate

in-the-temperatare—and-salinityprofiles. In such cases, a second search for the stability threshold is started slightly above.

M-AF the stability threshold is never exceeded or only exceeded where 7' > 0°C in a given profile, then no halocline base was

detected for this profile. When

od—Please note: We simplified the
explanation. Whether the halocline thickness was set to zero or treated as a missing value does not make a difference

because in the end, both are treated as ‘“no halocline detected”.
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2.2 Cold hHalostad (CHS) boundary and center estimates

LPA CHS is formed by PWW in the Canada Basin and also by melt water off the eastern coast of Greenland and Svalbard.

Compared to the CHL in the Eurasian Basin, a CHS is characterized by a smaller salinity gradient because of the different

water origins. As demonstrated below, this leads to one local stability maximum at the top of the CHS (at the transition

between SML or PSW and PWW) and a second stability maximum associated with the transition between CHS and the LHW.

The stability minimum between these two local stability maxima is associated to the CHS. Therefore, as a first condition for

identifying a CHS, we require that more than one local stability maximum must be present between the base of the SML and

the base of the halcoline as identified by the ST algorithm described above. Please note: We failed to mention the following

point in our original manuscript. The operation described below is applied in addition to the requirement that the

vertical extent of the local minimum must be at least 50 m M Because the stability profiles computed from temperature

and salinity observations contain small scale fluctuations even after smoothing the .S and # data that is used for computing

density as described below, we identify local maxima by first computing a “moving” stability maximum for a 50 m vertical box

surrounding each observation. This moving stability maximum is computed from L,,(z) = max (L(2’) for |2’ — z| < 25m),

where z is depth. This moving maximum operation was defined in analogy to a moving average. The result is a profile of

stability maxima L,,(z) with few local maxima. "*We then compute the mean of the lower stability maximum, which is

associated with the transition between CHS and LHW, and the stability minimum between the upper and the lower stability

maximum, which is associated with the CHS In-ease-ef-multiple-stability-maxima—in—thevertical profile;-the-thickness—and

acp O o114 arostaa—are—- matca: O1C arostag pata O—4d bapp anta—a—1oOw ota

value is used 'Fas a threshold to define the “Pupper and the lower boundary of the CHSthe-boundaries-of-the-cold-hatostad.

The depth of the "Pcenter of the CHSeold-hatostad is T definedestimated as the mean of the upper and lower bound'Fary of the
CHS. A CHSeeotd-hatostad will only be recognized by the algorithm if the vertical distance between M-A-the deeper stability
maximum the first upper occurrence of that same stability value is at least 50m, and M4 the difference of L between the lower

stability maximum and the local minimum in the CHS is at least 0.2this—stability layer-has-atleast-arelative- depth-of 0-2-n
togrp{N2). MA With this definition, we never identified more than a single CHS per profile Ja-rare-eases;in-which-more-than

2.3 "POccurrence frequeney of the CHE and cold halostad

Please note: We now explain more explicitly what it means that no halocline was detected for a given profile above,

omitting technical details, especially the treatment of rounding errors in floating point operations. Based on this, the

occurrence frequency is now defined below in the results section. POccurrencefrequencies-of the CHE-were-computed
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2.4 SML depth estimate

The SML depth was estimated by a change in potential density of 0.125 kgm 3 at the surface as in Polyakov et al. (2017). In
235 cases, in which a CHL is detected, the depth of the SML corresponds to the top of the CHL. Potential density was computed

from smoothed S and 6.

M.A and I'P%Kfigiﬂg
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Figure 1. Please note: Revised figure. The figure differs from the corresponding figure in our response to the reviewer comment by
I. P. because we omitted low resolution profiles form the UDASH data set as described in the revised manuscript. '*LMap-of-data
Jocations of observations for each season ¥ (starting with MAM for March, April, and May) with blue dots for UDASH profiles and red dots

for ITP profiles (a—d). Temporal coverage for UDASH (e) and ITP (f) observations.

ASH

2.5 Data and preprocessing

TIn-this-study;temperature and salinity observations were taken from the ice tethered profiler (ITP) project (Krishfield et al.,
2008; Toole et al., 2011) and the Unified Database for Arctic and Subarctic Hydrography (UDASH, Behrendt et al., 2018).
The ITPs measured temperature, salinity, and pressure twice a day while drifting with the ice floe they were tethered to.
Moved down, Rev. #2 e-MA-Data processing for the ITP data is

described by Krishfield et al. (http://www.whoi.edu/fileserver.do?id=35803&pt=2&p=41486). Here, we used processed ITP

Level III data. Producing Level III data included removal of corrupted data, corrections for the sensor response behavior,

calibrations, and final screening of spurious outliers, Movedhere.Rev-#2ITPg deployed in the Arctic Ocean before 2018 were

included here. "PThe vertical resolution for ITP level III data is 14-0.1 dbar. The accuracy of the sensors used for the ITP
observations is 0.002°C for temperature and 0.002 for salinity (Polyakov et al., 2017). "PEevetHHdata-was-binned-to-two-day
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UDASH data set contains data from ships, ice-tethered profilers, profiling floats and other platforms (Behrendt et al., 2018).
OFrem-the-UDASH-data—set;—only profiles, for which both temperature and salinity were available, were analyzed here.

LPRurthermore, only profiles with a vertical resolution finer than 2.5 dbar in the upper 300 m and a vertical resolution finer

than 5 dbar elsewhere were used©

in-order—to—obtain-a—stable—estimate—for—the-SML. Moved up, Rev. #Z:Fhe UPASH-data—set-contains—data—from Shilﬂs iee-tethered

- We also required that the deepest point in a profile must

. This choice

addresses the issue of potential sampling biases due to limited vertical extenté of the observed profiles. "*Regions shallower

than 100 m were always excluded from the analysis. Bathymetry data was taken from the General Bathymetric Chart of the
Oceans (GEBCO) dataset (GEBCO Bathymetric Compilation Group 2021, 2021). P This filtering left a total of 43715 ITP and
62012 UDASH proﬁles Flg 1 provides an overview of the spatlo temporal coverage of the data. Thisresultedin1H681H4(pairs

s—2?2- Please note: This fairly small difference between

the total number of profiles compared to the original manuscript stems from a compensation between additional fil-
tering (decreasing the number of profiles analyzed) and no longer binning the ITP data to two-day intervals as before
(increasing the number of profiles analyzed). Most measurements are concentrated in the Barents Sea and only few were
taken in the Central Arctic during winter. For the East Siberian Sea and the interior of the Laptev Sea, no data was available
for winter and spring. Salinity was given in the practical salinity scale.

Depth was computed from pressure using the hydrostatic equation. Density was computed based on salinity, temperature,

observations used here were reported on pressure levels. Mentioning iterations was an error. An iterative approach was
LP

only applied to model data, which we did not use here.

to reduce noise, S, T, and/or # were smoothed using a standard one-dimensional Gaussian filter (convolution with a Gaussian
function, e.g. Deng and Cahill, 1993) with a standard deviation of 2dbar and a truncation at 410 dbar.Afterregridding;—a

- When using thresholds to estimate the

SML or CHL base depth, variables were linearly interpolated between two adjacent depths. Consequently, the SML or CHL
base can be located between two vertical ¥ observationgrid points and the SML and CHL base depths do not necessarily have

to coincide with the depths of the ' observationsgrid-peints.
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Figure 2. Please note: Revised figure using level III data without regridding. ITP-74 Hocation of measurements (a) and time series of

{a) temperature (b), -(b) salinity (c), and e} vertical stability (d)aleng-the-path-ef JFP-74. The circle and the cross in (a) mark the beginning
and the end of the ITP-74 track, respectively. The colored lines in (b—d) are the base of the SML (black) and the "Phalocline (HCL)EHE base

depths derived by the DR method (blue), the TD method (red) and the ST method (white). Salinity is given in the practical salinity scale.

M.A and LPy dividual profiles at the location of the wedge symbols (A) below the x-axis in (b) are shown in Fig. 3. Profiles that started below

15 m were excluded (only) in this figure (but nowhere else), because this increased readability by reducing the effect of noise in determining

the SML base without affecting the overall result.

3 Results

3.1 PComparison of methods for deriving haloclineCHE base depth using case studies

n Figure 2;-we compares three different methods for determining the "Phalocline€HE base depth for ITP-74. Starting from
the Laptev Sea in SeptemberOetober 20132, ITP-74 drifted across the Central Arctic, almost reaching the East Greenland
Sea M-A and I'P(Fig. 2a). Until May 2014, M.A and I'PFig. 2b—d showsthere-is evidence of a well-defined and stably stratified CHL
M-AandIPhelow the SML. The vertical stratification observed by ITP-74 prior to May 2014 and the performance of the three

methods for determining the halocline base depth are further analyzed in an individual profile from this period in Fig. 3.

Individual profiles of salinity and temperature for 13 January 2014 in Fig. 3a show the base of the SML at about ~30m.

Between the SML base and ~80m a strong salinity gradient and temperatures close to the freezing point indicate a well

defined CHL, which is ~60 m thick. Between the CHL and the AW, temperature and salinity increase in the LHW. Below

~170 m warm and saline AW is found (please note that at ~170 m, the temperature and salinity slopes in Fig. 3a both change).

Figs 3b—d show the density ratio, the temperature difference, and the stability for the observations on 13 January 2014 together

11
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Figure 3. Please note: Figure added based on suggestion by both reviewers. In our response to the reviewer comment by M. A.

Figure 3h accidentally showed a dash-dotted instead of a dotted line. This was corrected.M* P Temperature 7" and salinity S, density

ratio, temperature difference, and stability from ITP-74 before winter convection on 13 January 2014 (a—d), during winter convection on 20

May 2014 (e-h) and after winter convection on 15 July 2014 (i-l). Vertical dashed lines indicated threshold values. Horizontal dashed lines

indicate the halocline base determined by the three different methods. Dotted lines indicate the SML base. Dash-dotted lines in (f) and (g)

indicate that a threshold for identifying the halocline base was exceeded at the SML base.

with the threshold values used to identify the halocline base with the DR, the TD, and the ST method. For the profile observed
315 on 13 January 2014, the DR method (Fig. 3b) and the ST method (Fig. 3d) identify the CHL base, while the TD method
(Fig. 3c) places the halocline base in the LHW, somewhere between CHL and AW. The stability profile in Fig. 3d yields
distinctly different stabilities for the SML, the CHL, the LHW, and the AWseparating-the-less-stably-stratified-Atlantic-water
from-the-SME.
In May 2014, the SML deepens and the CHL disappears (Figure 2), as previously noted by Polyakov et al. (2017). M4 a4 IPDyring

320 this convection event, neither of the three methods identified a halocline. Figs 3e—h show profiles for 20 May 2014 after the

onset of convection. On this date, the threshold for identifying the halocline base was already exceeded at the SML base for

the DR and the TD method (Fig. 3f and g), while the threshold was not reached for the ST method (Fig. 3h). After July, the

situation becomes “Pparticularly interestingtess-etear. The stability at about 80 m depth remains low, pessibly pointing toat the
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residual of a mixed layer well below the diagnosed SML base ¥ (Figure 2). Fig. 3i for 15 July 2014 (after convection) also

shows freshening and warming near the surface. This indicates that relatively fresh melt or/and shelf water may have been

advected above a colder and saline layer, which had previously been homogenized by winter convection. The freshening near

the surface leads to a salinity gradient below, and also a stability maximum, which is captured by the ST method (Fig. 3h). This

appears to be consistent with the mechanism for halocline formation described by Rudels et al. (1996). As stated above, Rudels

et al. (1996) found new halocline formation taking place when relatively fresh shelf waters near the surface were advected

above denser and saltier water below, limiting winter convection, while Rudels et al. (2004) and Ikire et al. (2017) stressed the

role of melt water in general (including non-shelf water) in the warm Atlantic inflow through the Fram Strait and the Barents

Sea for halocline formation via this type of capping mechanism. Fig. 2 suggests that in this particular case, the convection

affected halocline water. This is also consistent with a study by Steele and Boyd (1998), who suggested that the capping

mechanism can act in addition to the advection of dense and saline shelf waters. In the Steele and Boyd (1998) mechanism,

which combines findings by Rudels et al. (1996) with earlier findings (e.g. Aagaard et al., 1981), high salinity in the capped

water derives from advected cold and dense shelf water, which may previously have been affected by brine release in shelf seas,

and not directly from AW. Here, the origin of the halocline water is unclear. However, Fig. 3h for 15 July 2014 (after winter

convection) suggests that the ST method might indeed be useful for identifying the beginning of new halocline formation via

the Rudels et al. (1996, 2004) capping mechanism or the Steele and Boyd (1998) mechanism which essentially assumes that

the Rudels et al. (1996) capping mechanism acts in addition to the advection of dense shelf water (e.g. Aagaard et al., 1981).
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Figure 4. Please note: Revised version of figure 8 moved to here ASame-as Fig. 2M* P buta-and-d for M *'P(tep) ITP-33MA 1P
and-(base)ITP29. Additionally, the results of the cold halostad bound estimation are shown in dark green.

MAand IPEjoyre 4 again compares the three different methods for determining the halocline base depth, but this time for

ITP-33, which drifted in the Canada Basin between October 2009 and January 2011, where it encountered PSW on top of

PWW. In addition to the halocline base depth, Fig. 4b—d shows the CHS boundaries which have been estimated based on

stability as described above. The performance of the new algorithm for identifying the CHS will be discussed further below. For

now, the main focus will be on isolated spurious minima of the halocline base depth. As evidenced by the spikes in Fig. 4b—d,

such isolated spurious base depth minima occur for the DR and the TD algorithm, but not the ST algorithm. Reasons for the

occurrence of these artifacts will be further analyzed based on Figure 5. Figure 5a—d shows a case from I'TP-33 on 11 July 2010

in which the TD method produced an isolated halocline base depth minimum and Fig. Se—f shows a case on 6 September 2010

in which the DR method produced an isolated halocline base depth minimum. In both cases, the isolated minima are related to

a layer of warm PSW around ~80 m (Figs. 5a and e, compare also Fig. 4b). For 11 July 2010, the best estimate of the halocline

base depth is provided by the DR method (Fig. 5b). The DR method correctly places the base of the halocline water at a depth,

where the salinity gradient (Fig. 5a) changes. Stability (Fig. 5d) also decreases markedly at this depth, although the ST method

identifies the halocline base about 20 m below this location (Fig. 5d). The TD method (Fig. 5c¢) places the halocline base at

about 80 m in the layer of warm PSW, although the salinity gradient below this layer still indicates the presence of a halocline

and temperature decreases below this layer, indicating PWW. For 6 September 2010, the DR threshold is exceeded at a local
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Figure 5. Please note: Figure added based on suggestion by both reviewers Figure 3, but for two profiles from ITP-33. For

12 July 2010 (a—d) the TD method shows an isolated minimum of the halocline base depth, and for 6 September 2010 (e—f) the TD method

shows an isolated minimum of the halocline base depth.

density ratio maximum which is related to a very steep temperature gradient (Fig. 5f) at the base of the PSW. While all three

methods rely on finding a threshold, the search direction differs. Because the ST method searches upward, the warm PSW layer

does not result in isolated depth minima (Figs. 5d and h). Overall, this analysis suggests that the search direction matters. With

the DR and the TD method, we search downward, while with the ST method we search upward. This helps to explain why

the ST method yields more robust results with fewer unexpected depth minima appearing in the basin-wise statistics discussed

below. For the DR method, on the other hand, Fig. 3a shows that the DR threshold is exceeded also far below the halocline

base. Such local DR maxima below the halocline base were also found in the presence of thermohaline staircases (not shown

here). Additional DR maxima below the halocline base, such as the one in Fig. 3, prevent us from simply reversing the search

direction in the DR algorithm.
M.A and L.Pg;
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395

400 3.2 Statistical comparison of the halocline base depth and occurrence frequency from different methodsCHE

oceurrencefrequeney

MAand LPIn order to identify differences between the methods used for halocline base detection regarding the geographical

distribution of halocline base depth and halocline occurrence frequency (i.e. number of profiles for which a halocline base was

detected divided by number of profiles analyzed) we used a simple nearest-neighbor (NN) averaging to produce maps (Fig. 6).

405 The underlying grid uses an azimuthal-equidistant projection with ~0.47° resolution at the North Pole. ™AIn addition to these
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Figure 6. Please note: Revised and combined figure, based on figures 5 and 6 of the original manuscript. Kriging and SML maps are now excluded. We also excluded
regions shallower than 100 m. The figure differs from the corresponding figure in our response to the reviewer comment by I. P. because we omitted low-resolution profiles
form the UDASH data set as described in the revised manuseript. M *¢PHalocline base depth (BD)Map-of-eceurrencefrequeney-ofeold-halocline
derived by M *Pthetad) density-ratio ™4 P(DR) algorithm M4 P (q), MAmdLPthedh ey temperature-difference M *'F(TD) algo-
rithm M4 #4P(b), and M4 4P e £y the new stability M4 P (ST) algorithm M **P(c). Difference of HCL BD between the DR and the ST

algorithm (d) and between the TD and the ST algorithm (e). Relative frequency (RF) of HCL occurrence (i.e. number of profiles for which

a halocline was detected divided by number of proﬁles analyzed) (f=h) and differences (i—j) as in (a—e). In (a—c),These-were-caleulated-by
ing points where the relative occurrence frequency of the "YHCL wasCHI-s below 1%

were masked out. Hatching indicates regions where the ""HCEHL occurrence frequency is below 25%. "TPoints where the ocean floor depth

is below 100 m were masked out.
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maps (which in data-rich regions show a time mean halocline base depth), we computed basin-wise statistics of halocline base

depths. Figure 7 shows relative frequencies of halocline base depth diagnosed with the three methods for the Eurasian Basin,

the Makarov Basin, and the Canada Basin.

MAandLP A§ expected, all three methods yield a similar overall spatial distribution of halocline base depth (Fig. 6a—) with

shallower halocline base in the Eurasian Basin and the Makarov Basin compared to the Canada Basin. This spatial pattern is

consistent with Polyakov et al. (2018). In the Eurasian Basin, the time averaged halocline base depth diagnosed with the DR

method (Fig. 6a) and the ST method (Fig. 6¢) agree relatively well, while the TD method overestimates halocline depth relative

to both other methods (Fig. 6b). For the elliptical area covering the Eurasian Basin in Fig. 7a, the mean base depth was 85.9 m

for the DR method and 92.3 m for the ST method vs. 116.1 m for the TD method. This overestimate of the halocline base depth

by the TD method compared to the other two methods is consistent with the previous result for ITP-74. Unlike the DR and

the ST method, which both correctly identified the CHL base during the first months of ITP-74, the TD method placed the

halocline base somewhere in the LHW. In addition to the moderate difference in the mean base depth between the DR and the

ST method, the relative frequency of halocline base depth (Fig. 7b) in the Eurasian Basin reveals differences between the DR

and the ST method, which are not reflected by the difference of the mean base depths. The ST method more often identifies a

shallow halocline base (< 60 m) in the Eurasian Basin compared to the DR method, which is consistent with the finding that

the ST method apparently captures the start of new halocline formation from Sect. 3.1. More frequent detections of halocline

bases not only above 60 m but also below 120 m with the ST method compared to the DR method account for a slightly wider

halocline base depth distribution in the Eurasian Basin in the ST method compared to the DR method (Fig. 7b). The more

frequent halocline base depths larger than 120 m in the ST method are likely related to an overestimate of halocline base depth

similar to the one found for the ST method for ITP-33 above. Slightly increasing the stability threshold in the ST method may

lead to a better match between the halocline base depth estimate from the ST and the TD method by moving the halocline base

estimated by the ST method upward and by decreasing the sensitivity of the ST method to new halocline formation. For the

elliptical area covering the Makarov Basin in Fig. 7b, the DR method yielded a mean halocline base depth of 112.3 m, the ST

method of 118.1 m, and the TD method of 133.5 m. For the elliptical area covering the Canada Basin, on the other hand, the

ST method yielded the largest mean halocline base depth. The mean halocline base depths for the Canada Basin corresponding

to Fig. 7d are 191.4 m for the DR method, 206.6 m for the TD method, and 219.1 m for the ST method. In the Canada Basin

(Fig. 7d), the ST method detected a halocline base shallower than 160 m for 0.05% of the profiles, while the DR method

detected a halocline base shallower than 160 m for 10.2% of the profiles and the TD method for 3.5% of the profiles, indicative

of isolated base depth minima due to the influence of warm PSW above PWW. Isolated minima very likely also contribute to

a more variable (noisier) halocline base depth in the Canada Basin in the map for the DR method in Fig. 6a and to a lesser

extent also in the map for the TD method in Fig. 6b compared to the ST method (Fig. 6¢). The larger average base depth in the

Canada Basin in the ST method compared to both other methods (see also Fig. 6d and e) is, however, not only explained by

the isolated depth minima in the DR and the TD method in Fig. 7d. Instead, more frequent depths greater than 260 m in the ST

method compared to the other two methods (Fig. 7d) contribute to the greater average halocline base depth diagnosed with the

ST method, again indicating that a slight increase of the stability threshold in the ST method would lead to a better agreement
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between the halocline base depth from the ST and the DR method. While a halocline was almost always detected in the Canada

Basin by all three methods, the relative occurrence frequency (defined as the number of profiles in which a halocline base was

detected divided by the total number of profiles which were analyzed) varies strongly in the Norwegian Sea (Fig. 6f=h). While

the ST method and also the TD method very rarely detected a halocline base in the Norwegian Sea, the DR method frequently

detected a halocline base in the Norwegian Sea. Furthermore, the DR method suggests a transition from a deeper halocline

in relatively warm water inflow to a shallower halocline further north, which is absent in the other two methods (Fig. 6a—c).

When using the DR method for analyzing halocline retreat in these warm water inflow regions, this may lead to different results

compared to the two other methods. One reason for the DR method detecting a halocline base at depth could be thermohaline

staircases. Overall, the largest differences in halocline detection frequency between the methods (Fig. 6i and j) were found in

regions which are prone to sea ice retreat and, according to global climate model results, may also be particularly prone to

events, in which large temperature gradients are found directly underneath the SML, and which mainly occur during winter
(Metzner et al., 2020). M-A and LPppq

i i i 15 - In order to prevent the DR and-the-ST method from identifying a
IPhalocline baseEHE in relatively warm water, one could either limit the region to which the method is applied (as Polyakov et
al., 2018) or else introduce additional constraints on the water temperature. Limiting the region is clearly a sensible choice in a
stable climate. However, limiting the region to a region in which a stable ' (cold) halocline€HE is found at most times limits
us in studying regional shifts. With regard to shifts due to climate change, one should be aware that methods differ regarding

requirements for halocline base identification and resultshew-celd-the-CHE-mustbe.

3.3 MAandIPrans of CHL-boundaries
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Figure 7. Please note: Figure added based on suggestion by M.A. This plots differ from the corresponding plots in our response to

the reviewer comment by M. A. mainly because the version of the plots in the discussion was accidentally based on a dataset which

was meant for kriging, and from which outliers had been removed as described in the original version of the manuscript, and also

because we omitted low resolution profiles form the UDASH data set as described in the revised manuscript.™*-Map showing elliptical

areas over the Canada Basin (purple), the Makarov Basin (green) and the Eurasian Basin (dark red) and ocean floor depth (grey shading) (a).

Relative frequency of halocline (HCL) base depth determined with the density ratio (DR), temperature difference (DR) and the stability (ST)

method for the elliptical areas over the Eurasian Basin (b), the Makarov Basin (c), and the Canada Basin (d).
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3.5 Estimation of cold halostad boundaries

In the Canada Basin, the PWW forms a so-called cold halostad, while the LHW is modified water of Atlantic origin. This leads

to a local vertical stability minimum between two local vertical stability maxima (Fig. 5d and h). The upper vertical stability

maximum is associated with an increase of salinity near the top of the PWW and the lower stability maximum is associated

with an increase in salinity between PWW and LHW. The local minimum of vertical stability between these two local maxima

is associated with a small salinity gradient around the core of the PWW (Fig. 5a and e)the-CHEstructure-is-more-complex-and

catares—anupp ay ana—a1owe ay faga-etat-; O v, oY 5, oGarVv a ao

d in Sect. 2.2 was designed to provide estimates for

profile-inFig—2?-along-the track-of ITP33. The new algorithm describe

the location of the cold halostad layer "Pboundaries and the center, where the center is assumed to be the mean depth between

the upper and the lower boundary. TwhichJies-between-these-two-haleelinelayers—The-top and base depth timeseries derived
with the new algorithm are shown by dark green lines in (Fig. 4). TAt-the-moment-the algorithm wasis designed to avoid

misclassifications of the cold halostad by requiring the difference betweenvertieal-extent-of the lower stability> maximum

valley> and the stability minimum (i.e. the depth of the ’stability valley’) to be {a) at least 0.2. Furthermore, the vertical extent

of the ’stability valley’ was requirederders-of-the-squared Brunt-Viisili-frequeney-and-(b) to be greater than 50m. This leads

{a) to occasional discontinuitiesbreaks in the cold halostad boundary lines Fig. 4 shows such discontinuities as evidenced by
the breaks in the dark green lines. Furthermore, the requirement of a minimum depth leads tovisible-fordTP29-inFig—2?-and

{b) shallow halostad layers not being detected.

Collecting all available observations with detected cold halostad bounderies per grid cell leads to the map'’s of "PCHS
center depth and CHS thicknessthe-eold-halestad shown in Fig. 8Fa and b. The main occurrence region of the cold halostad is
the Canada Basin, where Pacific water circulates between the SML and water of Atlantic originAtantie-water (Shimada et al.,

2005). Employing conservative assumptions to avoid a misclassification (including a lower bound of 50 m for the thickness),
we detect a cold halostad layer in the Canada Basin region in Fig. 8b ~70-90% of the time, except in August, September,
and October when the occurrence frequency is slightly below 70% (Fig. 8c). In August, September, and October the fraction
of grid points for which observations were available within the Canada Basin region was also particularly high (red line

in Fig. 8c). Based on Fig. 1Therefore, more points at the edge of the Canada Basin regien—in region in Fig. 8b, where the

occurrence frequencies decrease, may have been included in the analysis during these month. Furthermore, a cold halostad was

detected near the coasts of Greenland where glacial cold water acts similar to the Pacific M4 and LP

(Dmitrenko et al., 2017).

low salinitysemi-saline water

4 Summary and discussion

We introduced a new method for determining the “PhaloclineEHE base depth based on vertical stability and; compared it to

M-A-the density ratio and the temperature difference method. Our main motivation for using a vertical stability threshold instead

of a DR or TD threshold was that vertical stability is more closely related to the role of the halocline as a stable layer which

separates the SML from warmer AW below and thus acts to protect sea ice. Another objective was to design a particularly
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Figure 8. Map of mean (a) LPCHS center depth and (b) LPCHS thickness'T-ef-derived-cotd-halostad. (c) Monthly relative occurrence frequency
fraetiont (RFcps, blue bars) of the CHSeeld-halestad in the Canada Basin region (area enclosed by red dashed lines in (b) and fraction of grid

points (FG) for which at least one observation was available in the respective month (red line).

robust method. We also devised a new stability-based method to identify the CHS, which is formed by PWW in the Canada
Basin and also by melt water off the eastern coast of Greenland and Svalbard Wmeﬂs&&g—memed&ﬁaéeembmedﬂﬁ&eﬁsﬁﬁg

requirement-for-the-vertical-extent-of-the-stability-minimum-is—fulfilled- To our knowledge, this is the first time that sueh a
method for detecting the CHS has been devised and testedapplied-to-a-comprehensive-dataset.

M-Aand LPWe found that the DR and the new ST method both correctly identified the base of the CHL in the Eurasian Basin

during the first months of ITP-74, while the TD method placed the halocline base somewhere in the LHW. Furthermore, the

analysis of individual profiles after convection in ITP-74 indicated that the new ST method captured the beginning of new

halocline formation via the convective homogenization and subsequent fresh water capping mechanism proposed by Rudels et

al. (1996). In the Canada Basin, the new method overestimated the halocline base depth compared to the DR method, which

correctly identified the halocline base for ITP-33. This disagreement between the DR and the ST method could be reduced

by slightly increasing the stability threshold in the ST method. Slightly increasing the stability threshold (which is at present

based on an approximate relationship between density ratio and stability) may lead to a better agreement of halocline base

depth between the DR and the ST method not only by moving the halocline base from the ST method upward but also by

decreasing the sensitivity of the ST method to new halocline formation.

Unlike the two existing methods, the new ST method to detect the haloclineCHE base yielded few artificial haloclineCHE

base depth minima. "In the two existing methods, such artifacts were found to be associated with warm PSW on top of cold

PWW in the Canada Basin. Because the new method searches for the halocline base from below, such artifacts were avoided,

leading to a more robust method, especially compared to the widely used DR method. Unfortunately, because of DR maxima

below the cold halocline base (which are for example associated with thermohaline staircases), the search direction in the DR

method cannot simply be reversed in order to increase the robustness also of the DR method.
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A particularly striking difference between the DRaew method and the other two existing methods was found in the "*Norwegian
Barents Sea. ""While the ST and the TD method almost never detected a halocline in the Norwegian Sea, the DR method

frequently detected a halocline base in the Norwegian Sea. Remarkably, the halocline in the DR method decreased north of

the Norwegian Sea. This intriguing difference between the methods should be taken into account, for example when studying

590 the effects of warm AW inflow on the cold halocline, especially because warm water inflow regions are particularly prone to

react to anthropogenic warming (although the effects of warming on either accelerating or preventing new halocline formation

are manifold and changing over time, and destabilization of an existing stable halocline by warming form below is only one

potential contributor to increased annual mean net surface heat fluxes from the ocean to the atmosphere in warm water inflow

regions found in climate models)

595

600

605

MAand LPRegarding the new method for CHS detection, a case study and an application to a comprehensive dataset yielded

encouraging results. The case study suggested that the method correctly identified a layer with a small vertical salinity gradient

610 formed by PWW. This small salinity gradient led to a stability minimum between two local stability maxima which was

captured by the new stability method for CHS detection.

comprehensive-dataset- Because we found it necessary to introduce a constraints on the cold halostad thickness and to set a

threshold requirement for the magnitudethe-depth of the stability minimum, our method suffers from a low detection sensitivity

615 and altogether misses cold halostad layers that are thinner than 50 m. Nevertheless, a cold halostad was frequently detected in

the Canadian Bbasin throughout the year and the number of missed detections tended to be small as for ITP-33, while some

other ITPs yielded almost perfect results and some other ITPs slightly worse results (not shown). This suggests that a stability-

based method for CHS detection could be useful for future studies exploring variability and changes of the CHS in the Canada

Basin.
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640

One method to advance cold halostad and "Thalocline base€HE detection in the future may lie in the application of artificial
intelligence. This would require a-priori manual classification applied to a training and an evaluation dataset. In the absence
of objective criteria that work under most circumstances, such manual classification would ultimately have to rely on expert
judgment, which may in turn introduce a different set of problems. Given the various shortcomings of traditional threshold

methods, Al-based methods could nevertheless be useful.
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