Response to Reviewer #1

Understanding ongoing Arctic climate change is high on the international agenda, and the
variability of ocean heat transport across the Greenland-Scotland-Ridge is important, as it is
the main exchange between the Arctic (Nordic Seas) and the Atlantic. | find many aspects of
the paper correct, and some of the conclusions drawn by the authors are well funded in my
view. There is however one major issue that needs to be sorted, and there should be plenty of
room for improvements in such a short paper.

The paper is a decent attempt at comparison of presently available ORA’s (Ocean Re-
Analysis) and observations. The paper confirms three basic expectations and there are
relevant citations given in these cases; a) AW volume inflow dominates GSR heat transport,
and b) there is a larger seasonal volume/heat transport during winter, c) the AW heat
transport dominates heat transport to the Arctic. There is also one new important change
documented; that the large ocean-heat-transport pulse found by Tsubouchi et al (2021) for
2003-2012 has not continued.

We are glad our main points have come across and would like to thank the reviewer for
providing constructive comments. Please see below for our responses in black. Before this,
we would like to point out two changes that we plan to include in the revised manuscript:

1) We recently discovered an error in the computation of ORA-based transports. Correction of
the error leads to generally improved correlations with observation. Correction of the error
also leads to an increase of the mean Atlantic Water (AW) volume flux diagnosed from the
lower resolution (GREP) products, i.e. their low bias in total AW influx is reduced.
Nevertheless, the conclusions about higher resolution ORAs exhibiting a better distribution of
inflow across the different branches still holds. We will revise the manuscript to reflect these
changes.

2) Reviewer #2 criticized that differences between GLOB16 (the forced ocean run at 1/16
degree resolution without data assimilation) and lower-resolution ORAS were not necessarily
attributable to resolution as we did not include a low-resolution control run for a clean
comparison. To address this, we now include results from GLOBA4 (a ¥ degree version of
GLOB16). Yet, we will limit the discussion to their representation of volume fluxes (i.e.
ocean circulation) to strengthen the conclusions about resolution-dependence of circulation in
the ORAs. Heat fluxes from GLOB4 and GLOB16 will not be discussed as they exhibit
temperature (and hence heat flux) biases (due to their nature of being non-assimilating runs)
that detract from the main points of the study.

The main problem with the paper that it is not comparing apples and apples.

The reviewer is right that the comparison between observations and reanalyses is not straight-
forward, but, as laid out below, we are convinced our methods are appropriate to allow for a
fair comparison. We realize this important point is hardly discussed in the submitted
manuscript. We will improve on this by adding discussion of this issue in the appropriate
places (see below).

The ORA based values are (supposedly) net volume flux values calculated on the native grid
and at the shortest distance between for example Iceland and the Faroes (Shown in Fig 3 a,
but too small, and should be shown clearly in an early figure).

We will include a new figure showing clearly the location of the moorings (in yellow) going
into the observational estimate and the ORA-based section (green line), as shown below.



68°N e

66°N

Iceland

62°N

32°W 24°W 168°W 8°W 0*

This is not what is observed. The observations are drawn from a section running north from
the Faroe Island (an OK map is found in @sterhus et al 2019 (Fig. 3)). | suspect that there is
a large re-circulation of AW across the sill that is not observed. The observations document
the flow north of the Faroes, and some of this water is likeley to cross the GSR again between
the Faroes and Shetland. So the ORA based values are NET inflow, but the observations have
an un-known portion of water that re-circulates and leaves shortly after entering the GSR.

In the paper, we use the long-term observations of the exchanges across the Greenland-
Scotland Ridge that were initiated in the Nordic WOCE project in the mid 1990ies. Both for
the North Icelandic Irminger Current (N1IC) and the Iceland-Faroe Branch, the most
appropriate location to monitor these inflows was considered to be just downstream of the
Ridge, where these branches are focused into narrow currents. The observations, therefore,
exclude recirculation that might happen within the Denmark Strait and on the Iceland-Faroe
Ridge, which are also excluded in the ORA-based net fluxes. The effect of further
recirculation between the Ridge crest and the monitoring sites is considered minor. Within the
Faroe-Shetland Channel (FSC), retroflections of the Faroe Current is known to occur. The
monitoring section was selected to run along a historical hydrographic standard section (Berx
et al, 2013) and both the inflowing Continental Slope current on the Scottish side and the re-
circulated South Faroe Current on the Faroese side have been monitored for several years
with ADCPs (Berx et. al. 2013). The transport time series for the FSC therefore represents net
volume flux of AW excluding circulation on the shelfs (updated from Berx et al, 2013). The
question if any Atlantic Water returns back across the GSR has also been studied. Using
hydrographic observations, current measurement, Satellite Sea Level observations and surface
drifters, Hansen et. al. (2017) do not find evidence for a continuous flow of Atlantic water
from the Faroe-Shetland Channel to the Faroe Bank Channel over the Faroese slope as
indicated in Rossby and Flagg (2012). On the other hand, a clockwise circulation of shelf
water is on the Faroe Shelf (Larsen et al, 2008), but, as mentioned above, it is not included in
the observations of the Iceland-Faroe nor the Faroe-Shetland AW transports. Based on the
results in Hansen et al (2017) and the improved flux estimates in Rossby et al (2018) we do
not find that a recirculation of AW back across the GSR is of major importance.

Overall, the uncertainty of the AW inflow observations at Hornbanki are estimated to be
<15%, as described in Jonsson and Valdimarsson (2012). At the Iceland-Faroe branch, the
uncertainty is also <15% (Hansen et al, 2015), while the uncertainty of the Faroe-Shetland
branch is slightly higher (<19%) probably due to the retroflection that occurs in the channel
(Berx et al, 2013).

Based on this and our response further above, we will insert the following paragraph to the
data and method section:



“We note that quantification methods of oceanic transports in reanalyses and
observations are fundamentally different, which needs to be kept in mind when
intercomparing. While the former estimate is based on surface to bottom, coast to coast
temperature and velocity sections across the Arctic Mediterranean, the latter estimate is
based on the sum of 11 major ocean current transport estimates that is categorized into
three major water masses — AW, PW and OW (Tsubouchi et al., 2021). An assumption is
that the 11 major ocean currents represent well the major water mass exchanges across
the Arctic Mediterranean. This means it is important that no recirculation, e.g. of AW
waters, remains unobserved, as this would introduce biases to the observational
estimate. This assumption has been assessed and confirmed many times over the last two
decades from establishment of sustained hydrographic sections in GSR in the 1990ies
(e,g, Dickson et al., 2008) to recent oceanographic surveys to capture ocean circulation in
GSR for AW (e.g. Berx et al., 2013, Hansen et al., 2017, Jénsson and Valdimarsson,
2012) and OW (Hansen et al., 2018). We also note that remaining uncertainties arising
from potential undersampling are taken into account in the observational estimate
obtained through the inverse model.”

There is actually one substantial paper that shows observations (and re-circulations) between
the islands that is not cited; Rossby et al (2018). This is quite strange. In special as the net
flow in Rossby et al (2018) is close to zero across the GSR. This is a substantial difference
that needs to be explained, and one would think that the (fairly) high resolution ORA’s could
provide an answer here. The net northward GSR volume transport found by Mayer et al of
+0.7 Sv is comparable to what is found by others though. For example Smedsrud et al (2022)
found +1.0 Sv as the centennial mean, and some net northward GSR flow must exist to
Balance the net southward flow west of Greenland of about -1.7 Sv (Tsubouchi et al 2021).
Bering Strait inflow is only about +0.8 Sv.

For the observational estimate, net zero transport around the Arctic Mediterranean is achieved
by the inverse model every single month. On average, net northward GSR flow (+0.7 Sv) is
balanced by net southward flow west of Greenland (-1.7 Sv), Bering Strait inflow (+0.8Sv)
and surface freshwater input (+0.2 Sv).

Ocean reanalyses conserve volume and those with data assimilation (i.e. all but GLOB16)
obtain a similar volume budget across GSR, Davis Strait, Bering Strait as the observational
estimate (average volume fluxes from GREP are 1.2+0.6 Sv, -2.6+0.6 Sv, 1.3+0.1 Sv,
respectively).

While the observations around the (Iceland, Faroes, Shetland) islands are subjected to
fundamental problems regarding re-circulation, the ones along the Svingy Section are not
(Orvik 2022). Here the AW is well north of the GSR, and this would infact be a much better
location for direct comparison. The Svingy data appears consistent though; there are no
trends in Volume or Temperature over the period 1995-2020, similar to Figure 1 e) f).

As explained above, Hansen et al (2017) have shown, that recirculation in the Faroe Shetland
Channel is not a fundamental problem, and hence the chosen section is deemed appropriate.
Moreover, Orvik (2022) only covers the western Norwegian Atlantic Current and not the
eastern NwAC branch, which is covered in the observations of the Iceland Faroe inflow used
here. Another point is the fact that a direct comparison of the ORA data with observations at



Svingy Section does not guarantee an “apples and apples” comparison, as the exact location
of AW major flow path in the ORAs may differ from that in observations.

The re-circulation of AW appears on my side to be the major explanation for the difference
between the ORA’s and the observations. For example, there are no observations of
southward AW flow east of Shetland. This was recently noted by Smedsrud et al (2022) where
the simulated AW inflow mean (1900-2000) was as high as +9.5 Sv, but there is also a net AW
outflow of -3.3 Sv. They had some hydrographic and current meter data to compare with,
although it is a bit hard to understand those calculations.

When comparing ORAs with observations (or different observational methods and even when
comparing different ORAS) we cannot expect a perfect match. Actually, taking uncertainties
into account, GLORYS12 overall compares very well with the observations. The reviewer
highlights the +9.5 Sv AW inflow by Smedsrud et al (2022) and points to their AW outflow
(recirculation) of -3.3 Sv, but the reviewer does not mention their very low (-3.3 Sv)
Overflow across the GSR, which is neither in agreement with the GSR observations nor the
ORAs. Moreover, Smedsrud et al (2022) provide a centennial estimate (1900 — 2000), which
only partly overlaps with our shorter period.

The ‘high bias’ in volume transport from observations would carry onto the ocean heat
transport.

As the reviewer says, it would: but as explained in detail above, we are convinced our
observation-based volume flux estimates do not exhibit a high bias (in contrary to the
reviewer’s suspicion), and hence we do not expect our observation-based heat transport
estimate to be unduly high.

The Mayer et al (2022) estimate of a total surface heat loss of about 350 TW does not appear
realistic. There are fundamental problems with atmospheric stratification and atmospheric
boundary-layer parametrizations that need to be examined before such a high value can be
accepted. If the ocean cannot transport this heat, it cannot leave the ocean surface. And the
Barents Sea and the Arctic Ocean is the most rapidly warming ocean on the planet, so heat is
accumulating too...

The energy-budget-based estimate of oceanic heat transport presented by Mayer et al. (2022a)
and cited in our manuscript combines an estimate of net surface energy flux inferred from the
atmospheric energy budget and takes into account oceanic heat storage and sea ice melt. This
approach is well-established and errors are deemed moderate on a regional scale (see Mayer
et al 2022b for a detailed assessment). For example, Trenberth and Fasullo (2017), Liu et al.
(2020), or Mayer et al. (2022b) successfully used this method to infer ocean heat transports at
the RAPID section, with remarkably good agreement with observations (both in terms of
means and variability), which builds confidence to use this approach also for inferring oceanic
heat transports into the Arctic Mediterranean.

We emphasize that the employed fields of net surface energy flux are not the parameterized
surface fluxes obtained from short-term forecasts of a reanalysis. We agree that those fields
are oftentimes biased due to uncertainties in the quantities going into the parameterizations,
uncertainties in the parameterizations themselves, and the reduced observational constraint
(since the surface flux fields from reanalyses are typically based on short-term forecasts rather
than analyses). Rather, the net surface fluxes estimate combines net top-of-the-atmosphere
fluxes as measured by satellites (CERES-EBAF, the Arctic Mediterranean regional bias of
which is deemed very small: ~7TW; see Mayer et al. 2019) and the divergence of atmospheric



lateral energy transports as diagnosed from ERA5 analyses, which is much better constrained
by observations than parameterized fluxes, as has been discussed many times (see, e.g., von
Schuckmann et al. 2016). Certainly, the divergence of atmospheric energy transports exhibits
uncertainties, although constrained by all kinds of observations. Mayer et al. (2022a) found an
Arctic Mediterranean regional mean difference of 27.5 TW between the divergence from two
different reanalysis products ERA5 and JRAS55 (the latter actually suggesting even higher
transports), which is small in a relative sense (only ~2.5% of the mean convergence of
atmospheric transports order 1.1 PW).

We reiterate that the inferred estimate of ocean heat transport also takes into account ocean
heat storage (in the form of warming and sea ice melt; order 13 TW) and the energetic effect
of sea ice transports (see Mayer et al. 2022a, but also Mayer et al. 2021).

Based on the above explanations, we do not believe that the indirect heat transport estimate is
missing any major terms, but of course an indirect estimate always suffers from accumulation
of errors in other terms.

In conclusion, we did not mean to postulate that our estimate of 348 TW is a more realistic
value than the observation-based estimate of 302 TW, but it indicates that our observation-
based estimate is unlikely to be biased high and the ORAs are very likely biased low. This
will be phrased more carefully in the revised manuscript.

The main point is that the observations and ORA’s show different things, and you cannot
compare them directly before you extract the flow where it is measured as well. With the
increased resolution of the ORA ’s it should now be possible to directly compare the
observations with the simulated flow exactly where it is measured. Possibly this discrepancy
can be solved, but until then I suspect that the ORA’s are just as correct as the «observations»
and that the true OHT value is closer to 200 TW than to the «observed» 300 TW.

As explained above, there are several arguments why the observation-based heat flux estimate
of 302 TW is be deemed realistic: i) AW recirculation as a reason for a high AW volume flux
bias likely plays a minor role (see responses above as well as provided references), ii) the
higher resolution ORA GLORYS12, with an undoubtfully more realistic representation of the
flow across the GSR than the ¥%° products, exhibits volume and heat flux in closer agreement
with observations than the lower resolution product, and iii) the energy-budget-based estimate
of oceanic heat flux of 348 TW does not support the assumption that the observational
estimate is biased high. These points will be made more clearly in the revised manuscript.

The paper was otherwise nicely written, and | have no detailed list of corrections. There is a
proper map missing showing where the current meter and hydrographic sections are, and
likewise where the grid cells for the ORA-based estimates are located.

We will include a map as suggested, please see above.

Most of the work done is fine, you just need to do a proper comparison, and discuss the other
possibility that the ORA’s are more correct than you think.

Abstract: This is wrong: “The considered ocean reanalyses underestimate the observed 1993-
2021 mean inflow of warm and saline Atlantic Waters of 8.0 + 0.5 Sv by 7-23%". What you
have shown so far is that the simulated NET is lower than the observed inflow. There is an
(unknown) volume of observed outflow, so the simulated NET could well be perfectly correct.



We will clarify by adding “net” before “warm and saline Atlantic Waters”.

Conclusion: This also needs to be modified; “The energy-budget based estimate from Mayer
et al. (2022) suggests even higher net heat flux than oceanic observations, which confirms the
underestimation of transports by the ocean reanalyses and indicates that observations
possibly miss some influx of heat.”

It is good to have confidence in one’s own results, but as a scientists we must also be open for
that they are wrong. In this case the observations are likely not showing what you state they
do. They show inflow values, and does not give a proper estimate of the net flow.

As explained above, the energy-budget-based estimate is not meant to represent a more
realistic estimate than observations, but adds evidence that the estimate of 300 TW net heat
transport is unlikely to be biased high. We agree however that the stated implication of the
observational estimate being biased low may be too strong. We will tone it down in the
revised manuscript.
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