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The paper is very well written and structured; conclusions are supported by
meaningful figures presenting results from 8 well selected simulations. The re-
sults are very useful to the ocean modeling community, not only but in particular
too the NEMO community. I recommend publication of the manuscript in GMD af-
ter minor revisions of text and figures. In this respect I make some suggestions
below.

We thank the reviewer for their constructive comments and encouragements. We have
modified the text and the figures (including the supplementary one) as they and the
other reviewer suggested. Please note that the work of the reviewers is acknowledged
at the end of the manuscript. Referee 1 will find a point by point response (plain font)
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to their comments (indicated in bold font) below, with the associated text modification
in italics font.

Some general comments: I agree that open ocean deep convection to the ex-
tent as it occurs in many ocean and coupled climate model simulations is not
supported by any observations. In this respect it is valid to speak of “spurious”
deep convection, which modelers seek to avoid in future experiments. How-
ever, I would like to stress that there ought to be a sweet spot for the choice
of model parameterizations and parameter settings at which deep convection is
suppressed most of the time but still allows for a Weddell Polynya-like even-
tâĂŤthe only observed occurrence of Southern Ocean deep convectionâĂŤto
form under conditions resembling those of the mid 1970s in the Weddell Sea.
I know, a topographic feature such as Maud Rise is possibly key to the precon-
ditioning of the ocean for forming a large open ocean polynya (Holland, 2001,
Science) and such feature may not be resolved in the model bathymetry. But a
cautionary note in Section 4 not to push the vertical mixing too hard would be
a helpful reminder that in principle open ocean deep convection can occur in
reality.

We agree with the reviewer that models should be allowed to reproduce the actual
Weddell Polynya and any potential future new polynya. Holland (2001) does suggest
a key role for Maud Rise as a feature where eddies are trapped. It would be interest-
ing to perform an experiment modifying the bathymetry so that Maud Rise is removed,
but this is beyond the scope of this paper. It is intriguing that the large Weddell Sea
deep convection events in our experiments, but also in other models (personal com-
munication with Paul Holland and Dan Jones), is triggered by a smaller event in the
Riiser-Larsen Sea. It is not clear what is key in this sea, e.g. the proximity with the
eastern limb of the Weddell Gyre? Are there specific sea ice conditions – or is there a
weakness in the sea ice model? Is the bathymetry of the coastline trapping anomalies?
We have added two notes in Section 4 to summarise these remaining questions and
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the reviewer’s comment:

“Note that other ocean models have a similar chain of events and timing, with deep con-
vection in a small area in the Riiser-Larsen Sea triggering a larger event in the central
Weddell Sea. The reason why the Riiser-Larsen Sea is so prone to deep convection in
ocean models remains an open question to be investigated."

“current state-of-the-art models require Southern Ocean deep convection in order to
form their Antarctic Bottom Water (Heuzé et al., 2013). Ideally, they should also rep-
resent the actual Weddell Polynya. Hence, open ocean deep convection should be
reduced but not totally suppressed. New methods..."

Further, I miss some discussion of how the tested parameter changes reflect
settings in other global ocean models than NEMO. Are the results particularly
NEMO dependent? Why or why not?

We cannot tell what the settings of other models are, for we do not have access to
their detailed parameter list. The near-inertial wave breaking (γ), as it is implemented
in NEMO, is a very ad-hoc parameterisation that we do not expect to see in other
models. We could not find any study linking the Langmuir turbulence parameterisation
or background diffusivity in other models and their impact on our issue.

However, these three parameters are not the main focus of our paper. They are studied
here because Calvert and Siddorn (2013) found them to have the larger impact on
vertical mixing in the Southern Ocean, which is what we are interested in.

We have added the following sentence in the conclusions:

“Our conclusion is that a similar result can be achieved within the parameterisation
of an existing, globally consistent, mixing scheme. Although the parameters changed
here are specific to NEMO, increasing vertical mixing in the Southern Ocean in other
models is likely to lead to reduced Southern Ocean deep convection, for the mecha-
nism would be unchanged."
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I also think that the recommendations at the end of the paper could be a bit
more specific. Although specific parameter values may be model dependent, the
authors could indicate a preference for the three parameterizations discussed.

The authors think that answering this question is beyond the scope of this paper. Hav-
ing run only two experiments per parameter, one increasing and the other decreasing
the value, we cannot comment on the best value but only on the direction of the change
that is needed to reduce Southern Ocean deep convection. Our recommendations
more generally relate to levels of general mixing in models, rather than to the exact
value that needs to be attributed to each parameter. We have modified the final two
sentences of the conclusions to reflect this point:

“By performing a set of vertical mixing sensitivity experiments on the NEMO model, we
have shown the general direction that models need to take to at least reduce spuri-
ous Southern Ocean deep convection: the vertical mixing needs to be increased, not
decreased as one might intuitively think. This paper paves the way for further model
improvement that could help ocean models to not form their bottom waters unrealisti-
cally."

In the following I suggest a few improvements and corrections by page and line:

page 2951 24 remove “, maybe counter intuitively,” The sentence has been modi-
fied as suggested

page 2952 23 please add a sentence describing the “Control” simulation sep-
arate from all other experiments. How does it differ from the mentioned GO5
configuration? Or is “Control” an existing “GO5” run? Why is the Control run
only 10 years (Table 1)?

“Control" is an existing GO5 run, as is now specified in the methods: “which provide
the base settings used in our experiments. Our "Control" experiment is the GO5 run
"amhih" (see Code availability at the end of this manuscript). Following their findings
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as well...". Only 10 years of the Control run are presented because it stopped running
unexpectedly due to issues with the super computer and could not be restarted.

25 “. . . diffusivity experiments extend throughout the entire period of available
CORE2 atmospheric forcing ...”

Sentence now reads “The background diffusivity experiments extend throughout the
entire period of available CORE2 atmospheric forcing (27 years, 1980 to 2006)”

page 2953 13 Are there any newer or additional observations also from regions
outside the Baltic Sea that confirm or extend the range suggested by Axell?

Although there have been publications on the overall topic of Langmuir turbulence in
ocean models, to the best of our knowledge none answers the reviewer’s question on
the range for cLC. We have added a comment about new observations that could con-
firm or extend this range in the conclusions: “Our results, however, need to be treated
with some caution [. . .]. Further observations would also be beneficial to validate or
extend the range of parameter values used in this study, notably LangmuirI.”

18 Table 1 states that cLC is in fact not set to zero but the whole parameterization
was turned off. This should be stated somewhere near this line to match the
actual parameter setting in Table 1. In the list itself cLC = 0 illustrates well the
difference to the other experiments.

The reviewer is right in pointing the discrepancy between the table and the text. The
table is correct: the whole parameterisation is turned off. This has been corrected in
the text:

“Here we test three cases:

- Langmuir turbulence parameterisation turned off ("LangmuirD")

- cLC = 0.15...”

Page 2954 21 please add, which profile type Megann et al. used: constant or
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linearly increasing

Text now reads “Megann et al. (2014) increased the background diffusivity (constant
through depth) from...”

page 2955 14,15 add “increase”, i.e. “linear increase profile”

The two lines have been modified as suggested

24-26 “We compute the total area of deep convection as the sum of individual
model grid cell areas where . . .”

Sentence now reads “We compute the total area of deep convection as the sum of
individual model grid cell areas where the MLD exceeds 2000 m.”

page 2956 3,4 “Likewise, we compute the total polynya area as the sum of the
areas of connected model grid cells where . . .”

Sentence now reads “Likewise, we compute the total polynya area as the sum of the
areas of connected model grid cells where the criteria for a polynya are met”

6,7 “. . . 1984), before the onset of deep convection.”, ‘initiated’ has a flavor of
artificially introduced to the run.

The sentence has been modified as suggested.

8 please spell out SD. I think it is only used twice in the entire manuscript (see
also caption of Fig. 3)

The text and the caption of Fig 3. have been modified (see also later comment on Fig.
3)

9 “. . . deep convection on the large-scale circulation . . .”

The sentence has been modified as suggested.

16 Why do you use two different thresholds to diagnose deep convection, 2000
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m for the southern and 1000 m for the northern hemisphere. Would 1000 m also
work for the Southern Ocean? If not, why?

We base both diagnostics on the published literature, which suggests that each thresh-
old is the most suitable for each region. In the southern subpolar gyres, unpublished
work by the lead author for her doctoral thesis (Heuzé, 2015) showed that 1000 m
was an unsatisfactory threshold – to reach full-depth convection, the water needs to
descend at least half way through the water column in regions where the bathymetry
exceeds 3000 m (see the grey contours on Figs 1 and 2). In the Arctic in contrast, 2000
m is too deep a threshold, for the water tends not to descend vertically but rather spill
and spread horizontally.

page 2957 4 the time axis of Fig. 2c is too short to support the statement of a
three month lasting warming phase. See comment on Fig. 2 below.

We have extended the time axis of Fig. 2c (now Fig 2f) from January 1985 to December
1987 as the reviewer suggested. See also response to comment on Fig. 2 below.

10 “. . . Fig. 2e) north of the 1987 polynya.”

Sentence now reads “in September 1986, Fig. 2c), north of the 1987 polynya.”

14,15 How do you differentiate between “convection” and “deep convection”?
This should be clarified, maybe already in the introduction. Why does an event
that pushes the mixed layer to 800 m (line 13) not qualify as “deep convection”?

We define as “deep convection” events that are deeper than the climatological ob-
served MLD and could be called “near-full depth convection”. We have made the dis-
tinction clearer at the beginning of the introduction:

“Full depth open ocean deep convection has been observed only once in the Southern
Ocean, following the Weddell Polynya of 1974-1976 (Gordon, 1978). Otherwise, the
mixed layer depth in the southern subpolar gyres does not exceed 1000 m (Schmidtko
et al., 2013). In state-of-the-art CMIP5 models, Antarctic Bottom Water (AABW) is
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formed via open ocean deep convection (deeper than 2000 m and up to full-depth)”

21 “. . . (Fig. 2f). This polynya reopens further south than the one in 1986.”

The sentence has been modified as suggested

26 “low stratified”, do you mean “weakly stratified”?

Yes, we do. Sentence now reads: “The conjunction of weakly stratified waters”

page 2958 5,6 all your simulations start in 1980, which means that the mentioned
spin up extends over the period 1980-1984 and thus these years are not a very
good reference period. I understand that you do not have the option of a longer
spin up because of the applied forcing. I suggest to simply drop the sentence
“The parameter changes . . . of the simulation.” here. Spin up issues can be and
are already partly addressed in Section 4âĂŤadd a note there.

We agree with the reviewer that the fact that our spin-up period and reference period
coincide presents some issues, but addressing them would be beyond the scope of
this paper. As suggested, we have removed the sentence “The parameter changes
will consequently spin up a new ocean state over the first years of the simulation.” We
have added the following to the conclusions:

“(i.e. a spun-up model) changes to the mean state of the global ocean simulation. [...]
Longer simulations are also needed to obtain a more appropriate reference period (i.e.
after the model has spun up).”

13,14 “ . . . sea surface temperature (SST), as the area is ice-covered and SST at
the freezing point during 1980-1984 in all experiments.”

Sentence now reads “There is no significant difference in the winter sea surface tem-
perature (SST), as the area is ice-covered and SST at the freezing point during 1980-
1984 in all experiments.”

20 delete “the fixed anomaly in”
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As suggested, sentence now reads “at the same location, constrained by the atmo-
spheric forcing.” page 2959

5 “summer and autumn 1986”

Sentence now reads “The warmer the ocean is in summer and autumn 1986”

5-12 this paragraph and Figure 3 is a really nice demonstration of the sequence
of events!

We thank the reviewer for this particular comment!

page 2960 14 judging from Figures 4 and 5 KprofI, which is one of the 27-year
runs, has no continued deep convection. However, taking your Figure S1 into
account, I wonder whether the plots ending in 1989 actually demonstrate the full
effect of the altered parameter settings. Further, I don’t see a strong correla-
tion between ACC strength and deep convection area in Fig. S1; ACC strength
seems to be highly correlated between all three cases whereas the convection
area evolves very differently (‘no prof’ and ‘prof’ cases). I have the impression
that there must beâĂŤin addition to deep convection effects another major driver
of ACC acceleration in your simulation.

Following for example Russell et al. (2006) and Meijers et al. (2012) who looked at the
ACC in CMIP3 and CMIP5 models respectively, we have added to Fig. S1 (now Fig. 5)
the timeseries of the mean annual meridional density gradient across the ACC. See in
methods:

“Following for example Russell et al. (2006), we compare the ACC strength to the
horizontal gradient in density across the ACC dρ, defined as the zonally averaged
density difference between 45◦S and 65◦S.”

We find high significant correlations between this gradient and the ACC volume trans-
port, as was to be expected, as well as with the area of deep convection: deep convec-
tion is associated with an increase in density of the whole water column in the subpolar
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gyre, hence an increase in the horizontal gradient in density and in the ACC transport.

However, we agree with the reviewer that the ACC in the Kprof and KprofI experiments
must also be accelerated by some other mechanism, as both show an increase in the
ACC around 1995 when the density gradient decreases and there is no deep convec-
tion. However, we could not identify this mechanism.

19-21 It is in fact the shutdown of deep convection that leads to enhanced West-
erlies because sea level pressure over Antarctica and the Southern Ocean is gen-
erally lower during years without deep convection (Latif et al., 2013)âĂŤexcept
for the deep convection region itself where locally a low pressure anomaly forms
over the polynya. However, this local feature is overruled by the large-scale SLP
change, which means a decrease in the meridional sea level pressure gradient
and weakening of the Westerlies during years with deep convection. Accelera-
tion of the ACC as a result of the deep convection in comparatively coarse resolu-
tion models seems rather driven by the steepening of the meridional sea surface
height and density gradients in the ocean due to the heat loss south of the ACC
as pointed out by Martin et al. (2015). âĂŤMartin, T., W. Park, and M. Latif, South-
ern Ocean Forcing of the North Atlantic at Multicentennial Time Scales in the Kiel
Climate Model, Deep Sea Res. Part II, 114, 39–48, doi:10.1016/j.dsr2.2014.01.018.

We thank the reviewer for taking the time to explain this mechanism that we had clearly
misunderstood. Unfortunately, we did not extract the sea surface height output during
our simulation, but our results on density gradients (see previous comment) agree well
with those of the reference mentioned here. There is an interesting discrepancy in
the timing though, for their changes in ACC happen five years after their changes in
SSH, while our changes in ACC are best correlated with changes in density gradient
of the same month. Again, assessing whether it is the different resolution (2◦ for them,
1/4◦ for us), the fact that they are running a coupled model, or something else that is
responsible for this difference would be beyond the scope of this paper.
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We have removed the incorrect sentence “In a fully coupled climate model, where the
large heat flux to the atmosphere by the polynya leads to reduced sea surface pressure
and increased westerlies (Martin et al., 2013), the ACC would probably become even
stronger.”

We have also added the following sentence – note that we now include Fig. S1 in the
core of the manuscript as Fig. 5, rather than as a supplementary figure:

“In agreement with other modelling studies (e.g. Russell et al., 2006 ; Meijers et al.,
2012 ; Martin et al., 2015), deep convection in the Weddell Sea is associated with an
increase in the horizontal density gradient, a key driver of the ACC strength (Fig. 5).”

26 “While open ocean deep convection in the . . .”

The sentence has been changed as suggested.

page 2961 14 Some information on how MLD is or is not affected globally (not
only Southern Ocean and northern North Atlantic) would be nice, such as global
mean and SD of differences to the control run. Maybe you can refer to Calvert
and Siddorn (2013)? Some of this is mentioned in Section 3.2 but could be re-
peated and extended here, in particular since Calvert and Siddorn’s work is pub-
lished “only” as a technical report.

Following the reviewer’s suggestion, we have added a brief comparison of the global
biases in MLD among the simulations:

“Our results suggest that at least up to a decade, deep convection in the North Atlantic
is not significantly modified by the three vertical mixing parameters found to have a
large impact on the Southern Ocean deep convection. We obtain similar results when
looking at the rest of the world ocean: outside of the deep convection regions (i.e. 60◦S
to 50◦N), the year-long area-weighted mean difference in MLD between observations
and all our simulations ranges between 4.8 m (GammaI) and 6.5 m (GammaD), and
no clear regional patterns can be detected. That is, outside of the southern subpolar
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gyres, the MLD is not significantly modified by our changes of parameters. It thus
seems feasible...”

The following sentence was added to the methods section as well:

“The observed global MLD was obtained from the climatology of Schmidtko et al.
(2013).”

18,19 “. . . which preconditions the ocean, initiates open ocean deep convection
. . . in winter 1987 in our simulations. It begins . . .” Please do not make these
sentences sound as something that really happened in the 1980s.

We apologise for the confusion. The sentence now reads:

“A complex chain of events, which preconditioned the ocean, initiated open ocean deep
convection in the Riiser-Larsen Sea in winter 1987 in our simulations.”

page 2962 28 “. . . in longer term changes to the mean state of the ocean
simulation.” ‘damage’ is an ugly word that you want to avoid, I think.

We thought that “damage” would made it clear that it is a state that needs to be avoided,
but we have changed the sentence as the reviewer suggested.

28 Moreover, your supplementary Figure S1 pretty convincingly demonstrates
that at least the runs with altered background diffusivity show some significant
non-linear response in deep convection and thus also likely in large-scale cir-
culation. So, I would argue that in longer simulations you would likely find a
different mean state of the model ocean using different vertical mixing param-
eters. The key is to find the balance between a low-bias global ocean and a
Southern Ocean without deep convection.

We agree with the reviewer. This is the idea that we wanted to convey by using the
word “damage”: the increase in vertical mixing will never be implemented if it results
for example in an incorrect representation of ENSO, too biased global SSTs, a weak
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AMOC, and other standard diagnostics used to assess global ocean models, even if it
drastically reduces Southern Ocean deep convection. We have added the reviewer’s
comment to that line:

“changes to the mean state of the global ocean simulation. Ocean modellers would
then need to find the balance between a low-bias global ocean, and a Southern Ocean
with reduced deep convection.”

page 2963 9 “. . . as one might intuitively think.”

Sentence now reads “not decreased as one might intuitively think.”

References You may want to reference the corrigendum to Timmermann and
Beckmann (2004) by Timmermann and Losch (2004) as well. Also, Martin et al.
(2012) was published in 2013, not 2012.

We have added the reference to Timmermann and Losch (2004), as well as the refer-
ences to Russell et al. (2006), Meijers et al. (2012), Schmidtko et al. (2013) and Martin
et al. (2015) mentioned above. We have corrected the date of the reference to Martin
et al. (2013).

Table 1 I suggest removing the row for ‘Control’ since it is represented in column
3. The 10- year duration of Control can be mentioned in the caption or in an ad-
ditional sentence on Control on page 2952. Further, I suggest to switch columns
3 and 4 and to change column titles to “value” and “value in Control”.

We have modified the table and its caption as the reviewer suggested:
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Fig. 1. changes made to Table 1
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Figures Figure 1: The blue box is barely visible as a closed box being overlayed
by the green dashed line. Can you shift lines so that the blue box appears just
within the green dashed box? I was surprised not to find the convection event
of 1986 in this figure until I noticed that an MLD of close to 900 m only shows
as pale yellow. Please change the color scale, maybe limiting it to 3000 m is
enough, to let the 1986 event appear more clearly.

We have slightly shifted the boxes and changed the colour of the green one to magenta
to make it more distinguishable from the blue box. We have changed the colour scale
to saturate at 2000 m (the threshold used in our study) so that the 1986 event appears
in a shade of orange:

rev1_fig2.png

Fig. 2. changes made to Fig. 1
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Figure 2: Please add information to the caption on the reference period used
to calculate the anomalies. Please extend the time axis of panels c) and d) to at
least June 1985 to October 1987, even better would be January 1985 to December
1987. Instead of grid lines for every “pixel” in panels c) and d) I suggest to
add solid and dashed vertical lines for September (winter) and March (summer)
respectively. Also, it would be nice to indicate mean or maximum mixed layer
depth in panels c) and d), which represent the deep convection region only. In the
current presentation mixed layer warming in the summer months could be easily
misinterpreted as the warming related to convection and the effect of active deep
convection is barely visible at the very right boundary of panels c) and d).

This sentence has been added to the caption:

“potential temperature anomalies (relative to Jan. 1980 to Dec. 1984)”

We have extended the time axis of c) and d) (now f and g) from January 1985 to
December 1987.

We have removed the grids and added solid vertical black lines for September and
dashed vertical black line for March as suggested.

We now indicate the local MLD in grey on the anomaly plots and white on the actual
property plots. Note that the figures have also been changed following a major com-
ment from reviewer 2: we now follow the anomalies as they travel from the site of the
1986 polynya to that of 1987 (see trajectory on Fig. 2e).
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Fig. 3. changes made to Fig. 2
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Figure 3: Last sentence of caption: “Horizontal (panels a and d) and vertical bars
(panel c) on symbols indicate the standard deviation related to spatial variability.”

Sentence now reads: “Horizontal bars on a) and d) and vertical bars on c) indicate the
standard deviation relative to spatial variability.”
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Fig. 4.
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