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The authors are grateful to the four anonymous referees for their helpful and construc-
tive comments. We think that the new version of the article benefits substantially from
the changes that have been proposed. All suggestions were carefully considered and
most of them were included in the new manuscript. Some long comments were divided
into different sub-points to better organise the response and to ease readability. We
have also tried to reply in detail each of the major and minor comments. The full text
of the review is reproduced below, with an answer following each comment. A pdf file
highlighting changes (deletions/addition) to the previous version of the manuscript is
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also sent to the editorial office in order to facilitate a detailed screening of changes.
Additional figures and tables have been included in a supplementary file to attend the
reviewers concerns.

Reply to Reviewer 2

General Comment: In this paper, the authors address a relevant research question.
The variability of ocean heat content needs to be further assessed in order to compare
it against the observed trends. It is also important to understand the development of
the regional structure of ocean heat uptake further. In these respects the submitted
ms. is timely.
My concern is, however, whether it was a wise choice to use ECHO-G for the purpose
of this study. As the authors discuss, the drift in ocean temperature is strong. In Fig. 4c,
they have to go great lengths (for details see below) to explain the the large discrepancy
between the trends of their model and the data.
3 Moreover, the model uses flux corrections, which affects the surface heat fluxes and
therefore certainly the ocean heat uptake. | acknowledge that in the CMIP3 class of
models some still used flux corrections, but | expect that ocean heat uptake and its
regional patterns will be affected by the flux corrections particularly strongly.
In addition, in a recent model intercomparison study (Kuhlbrodt and Gregory, 2012,
GRL), ECHO-G stands out with an exceptionally small ocean heat uptake efficiency,
actually by far the smallest of all CMIP3 and CMIP5 models. | am aware that the
authors could not have seen this study upon submission of their ms., but perhaps they
would still like to discuss this feature.
In another intercomparison study, ECHO-G stands out as well. Wang et al. (2011,
JGR 116) found that in the A1B scenario it has the strongest wind stress change of
all CMIP3 models, but no consequent increase in ACC volume transport, which could
point to an unusual response of the ocean stratification to the wind stress.
In conclusion, | would suggest that the authors (1) discuss the results of their model in
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the context of other AOGCMs, and (2) if possible, repeat at least a few of the analyses
with another AOGCM, to be sure that their results are of general relevance, and not
particular to ECHO-G alone. Therefore, my recommendation is to return the ms. to the
authors for a major revision.

General reply: The authors understand the reviewer’s concern about the model. We
agree that the fact that ECHO-G requires flux corrections, together with the important
drifts in deep ocean temperature present at the beginning of FOR1 and FOR2 (the
first two GCM simulations ever made for the last millennium) can cast doubt on
the general relevance of our results. Other state-of-the-art AOGCMs without flux
adjustments are now available, and many of them have been used to generate new
millennial simulations. Most of these simulations would be probably more suitable for
this particular analysis. However, we will like to discuss, and hopefully convince the
reviewer, that even if ECHO-G is not a-priori the wisest choice, it can still provide new
valid insight on the variability of ocean heat content. Indeed, in our particular case, the
use of these ECHO-G simulations suppose an advantage to us, since many aspects
of their variability, their specific shortcomings, the experimental setup and the model
components are well known to us. In the following, we will answer in detail the different
points raised by the reviewer:

Ocean trends and comparison with proxy data: section 3.2 has been restructured and
simplified. It now simply discusses the simulated OHC700 variability in the context
of the radiative forcing and the proxy evidence available. A special focus is set on
the instabilities introduced in each simulation by the initial thermal imbalance, with
the final goal of determining under which conditions their impact can be neglected.
We conclude that by focusing on the upper 700 m of the ocean, and restricting the
analysis to FOR2 when the focus is set on the whole millennium, the effect of this drift
is minimized. The former part on the simulated thermal expansion, the hypotheses to
correct the drift from 1700 onwards, and the final comparison with SL trends has been
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removed for various reasons: first, that thermal imbalance has a considerable effect
on variables defined integrating through the whole depth of the ocean like the global
thermal expansion; second, that the model is unable to represent other contributions
to sea level rise than this thermosteric component; third, that the assumptions made
for the drift correction are not reliable enough to guarantee that final trends are
exclusively attributable to the forcing; and finally, and maybe more importantly, that
these results were somewhat less related to the rest of the analysis, which only focus
on the OHC700.

The effect of flux corrections: Flux corrections are controversial due to their inherent
non-physical nature (Shackley et al., 1999). Yet, in the case of ECHO-G an other
CMIP3 type of models, they are important to reduce some biases in the mean
distributions of ocean surface temperature, salinity and precipitation. Regarding
their impact on the heat uptake by the ocean, particularly at the regions where the
influence of climate indices has been studied, we believe that flux adjustments will
have a minor effect as long as they remain small when compared to the actual fluxes
(Sausen et al., 1988). In the following we will illustrate to what extent this is true for
the ECHO-G simulations. In Sup. Fig. 2 the climatological net fluxes at the ocean
surface in CTRL are compared with the heat flux corrections. We can see that these
correction terms are generally smaller than the actual fluxes, and this is more evident
when we average over the areas where the OHC700 has been analysed regionally
(Sup. Table 1), in particular for those related to ENSO, the AMO and the NAO. We
can expect therefore that the local distortion on ocean heat uptake from these heat
flux adjustments is not particularly strong. We further note that flux adjustments by
construction have global averages equal to zero. This implies that global OHC values
should not be affected by them. At regional scales, flux corrections remain constant in
time, thus not directly affecting the results from correlation and regression analyses,
nor the linear trends. However, they will have an indirect effect, as they introduce
systematic biases in the model’s base state, thus affecting the feedback mechanisms,
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and probably the representation of the climate modes themselves. In this respect,
the model performance for ENSO and the NAO was discussed in (Min et al., 2005b)
and also now throughout the text (from line 7 to line 17 in page 23!). To conclude, in
a recent study, Pardaens et al. (2011) compared the spread in sea level projections
between two different ensembles within the QUMP (Quantifying Uncertainty in Model
Projections) project, and found comparable results for the experiments with and
without flux adjustments. Although no specific details on the regional aspects were
provided, their result gives us more confidence to believe that the overall impact of
flux adjustments on the ocean heat content (that is directly related with the ther-
mosteric component of SL) will remain relatively small. The effect of flux corrections
is now discussed in the last paragraph of the conclusions (starting in Page 28, line 27).

Inclusion of other models in the analysis: Authors agree that if similar results were
obtained in other model simulations of the last millennium, that would doubtlessly
help to support the general relevance of our findings. However, we believe this would
radically change the extent (as the number of figures and subfigures would multiply)
and scope of the paper (as a comprehensive evaluation of the similarities and, more
importantly, the discrepancies among the models would be desirable). This is clearly
not feasible for us at the moment. In either case, we believe that our results remain
valuable by themselves, as long as our model is properly put in the context of other
AOGCM (as also suggested in the general comment). We hope, nevertheless, that
our work can inspire other groups, which will be able to assess the reproducibility of
our results.

Intercomparison with other models (is it really an outlier?): Given the limitations
previously discussed for the model, and in particular the fact that it requires flux

"We will always refer to the manuscript with deletions and additions since page numbering in the clean final
version will change after the journal’s online edition.
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adjustments, it seems unavoidable to discuss the overall model performance in the
context of other simulations with state-of-the-art models. In the first comparisons
with other AOGCMs, the main drawback was related to the anomalously warm
temperatures in FOR1 at the beginning of the millennium (Goosse et al., 2005;
Osborn et al., 2006). This problem was overcome when FOR2 was completed, as
its more equilibrated initial conditions place its simulated Northern Hemisphere mean
temperature well within the range of more recent models (Ammann et al., 2007; Zorita
et al., 2007; Fernandez-Donado et al., 2012). Indeed, a model intercomparison study
by Fernandez-Donado et al. (2012) shows that the equilibrium climate sensitivity, the
transient climate response and the temperature change in the MCA-LIA transition for
ECHO-G compare well with those of the other simulations, most of them not using
flux corrections. Regarding the comparatively small value of its heat uptake efficiency
reported in (Kuhlbrodt and Gregory, 2012), we admit that the ECHO-G value for
this quantity stands out when compared to the other CMIP models. However, it it
is also important to note that Kuhlbrodt and Gregory (2012) also argue that models
tend to overestimate this heat uptake efficiency, which depends on how fast heat is
transported downward, and this in turn is controlled by the ocean stratification. And
this ocean stratification is comparatively good for the ECHO-G simulation (see Sup.
Fig. 3). Moreover, in their Fig. 2, Kuhlbrodt and Gregory (2012) compare the model
ensemble with the WOAOQ5 climatology, finding a rather realistic vertical temperature
structure for the HadGEM2-ES model, that has a value for heat uptake efficiency not
too far from that for ECHO-G model. Other point raised in the general review is the
relationship between the ACC and the Southern Hemisphere winds in the ECHO-G
model discussed in Wang et al. (2011). Their analysis shows evidence that the
theoretical direct link proposed by Wang (1994) between the ACC transport and the
intensity of westerlies is not reproduced in 9 models out of 19 used in the IPCC AR4.
ECHO-G stands out because it simulates a small decrease in the ACC simultaneously
to the largest increase in westerlies. But there are other 7 models showing much
larger decreases in the ACC while the intensity of the westerlies keep rising, and
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other three for which no significant trends in the ACC transport are observed. This
only reflects that the ACC response to the magnitude of the zonal wind stress is not
coherent among the simulations. Indeed, the actual role of wind-stress is still under
debate (e.g. Gnanadesikan and Hallberg, 2000; Béning et al., 2008). Furthermore,
recent hydrographic data suggests that ACC has been insensitive to significant inten-
sifications of Southern Hemisphere westerlies during the last few decades (Bdning
et al., 2008). To conclude, and more in relationship with our variable of study (i.e.
OHC), we can consider the model intercomparison study by Pardaens et al. (2011),
focused on projections of sea level change. By comparing the Figures 1 and 2a
in that article we can conclude that SL changes in ECHO-G show a great degree
of coherence with the model ensemble, reproducing most of the local SL changes
that remains significant and of similar sign for at least two thirds of all the ensemble
members. This includes, among other things, a SL dipole in the North Atlantic with
negative values South of the Gulf stream and positive values in the Labrador Sea (but
whose thermosteric components show an opposite contribution), a strong meridional
gradient in the Southern ocean with negative changes near 60°N and positive further
north, and finally positive SL anomalies in the North Pacific. Similar features are also
recognizable in our analysis of the OHC700 response to the radiative forcing (Fig. 7a),
thus giving confidence on the further validity of our results. A summarised discussion
of all these aspects has been also included in the final paragraph of the conclusions
(starting in Page 28, line 27).

Finally, please note that most figures in the manuscript have been redone after
realizing that the removal of the linear trends in CTRL is no longer valid (See Comment
1.2 of the 4th reviewer). Fortunately, changes in the figures are almost imperceptible
as the impact of this incorrect detrending is really small in the upper ocean, where the
analysis is focused.
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SPECIFIC COMMENTS:

Comment 1: (p.4225, .23 and p.4231, 1.15) Inconsistent discussion. Does the shut-
down of convection lead to deep warming (p.4225) or to deep cooling (p. 4231)? This
might well depend on the surrounding stratification, but that should be discussed here.

Reply: The reviewer is right. Explanations given on both pages were contradictory.
Under normal stratification conditions convection activates the vertical mixing, substi-
tuting cold dense waters at the surface with relatively lighter and warmer waters from
the bottom. Thus, it leads to both a net warming at the surface and a net cooling at
depth. A reduction (and in a extreme case a shutdown) of convection will diminish this
vertical heat transfer, thus producing a relative cooling at the surface (and in turn on the
OHC700) and a relative warming in the deeper ocean, both with respect to the normal
convection conditions. Therefore, a decrease in convection activity reduces the net
upward (and not downward as stated in page 4231) heat transport. Both paragraphs
have been rephrased in the new manuscript.

Rephrased version: The deeper ocean warming can be associated with a decrease
in convection in the North Atlantic, which will diminish the vertical transfer of surface
cold water thus leading to an anomalous warming at depth and a cooling in the upper
levels. [It starts in Page 3, line 23]

Rephrased version: Yet, a local OHC700 cooling south of Greenland is also seen, in
line with a local decrease in deep convection that reduces vertical heat mixing and thus
the replacement of dense cold waters at the surface with relatively lighter and warmer
waters from deeper levels. [It starts in Page 11, line 26]

Comment 2: (section 2.3) | can see why the authors use proxies of total sea level rise
for its thermosteric component. However, in the North Atlantic the thermosteric and
halosteric components can cancel each other out (e.g. Pardaens et al., 2011, Clim.
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Dyn.). What does that imply for using the Kemp et al. record here?.

Reply: The proxy from Kemp et al. (2011) represents relative sea level variations that
account for the combined contributions of the halosteric and thermosteric components
(that can locally cancel out), and also of non-steric sources (e.g. melting of ice-caps).
Their proxy, despite being estimated from two local sediment cores near North Car-
olina, compares well with global tide-gauge data in the last three hundred years. They
estimate that their index can represent the global mean sea level changes in the last
2 millennia within an uncertainty of +£10 cm. And it is under this assumption, i.e. that
their proxy captures the global SL signal within the given uncertainty range, that we es-
tablish our comparison with the simulations. We believe the effect of local cancelations
between the thermosteric and halosteric components will be smoothed in this global
SL estimate. Note also that now the comparison is made with the simulated global
OHC700 means.

Comment 3: (p.4233, upper half) As said before, the authors have to make a really
great effort to discuss the large discrepancy between their model and the data. Still,
I don't find the discussion convincing. The model trends are dominated by the model
drift. That's why their trends have the wrong sign up until 1600. They also don’t capture
the trend after 1850. According to Church et al., 2011, GRL, the thermosteric contri-
bution to the total is about 40% in the late 20th century, not one sixth as the authors
claim. Using the years 1800 to 1900 to de-trend the model simulations appears as a
very ad-hoc approach, and from Fig. 4c it cannot be assessed how the trends in that
time compare with the data.

We also think that the previous analysis was probably too ambitious given the impor-
tant drift in simulated thermal expansion and the model misrepresentation of ice-sheet
melting contributions. For all these reasons, as we already advanced in the general
reply, we have reconsidered the main purpose for this section, and simplify the corre-
sponding discussion. Proxy records are now considered just as a reference framework
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to assess the potential reach of the initial thermal imbalance. In the new analysis we
conclude that the effect of this imbalance is probably negligible in the upper 700 m of
FOR2. Also, given the limitations previously discussed, no final quantification of the
thermosteric contribution to the total SLR (40% according to Church et al., 2011, and
one sixth that is what we obtained when we compared the model with SL estimates
from Jev08) has been included in the revised manuscript.

Comment 4: (Fig. 2/new Fig. 3) Please discuss the big patch of ocean heat loss in the
Pacific sector of the Southern Ocean. What is happening there? There is no similar
feature in the observations, but this patch dominates some of the regression patterns
in Fig. 6 (new Fig. 7).

Reply: This local patch of negative OHC700 anomalies North of the Ross Sea is di-
rectly related to local changes in convection, as we will try to illustrate in the following.
In FOR2, convection activity over the Ross Sea is particularly sensitive to changes in
the radiative forcing (Sup. Fig. 4a), which tends to warm (and thereby lighten) the sur-
face waters, thus damping convection. During the last millennium the Ross Sea, unlike
the whole Southern Ocean, is characterised by climatologically colder waters in the
upper 700 m than in the immediate levels below (Sup. Fig. 4b). These are favourable
conditions for convection. Furthermore, as the transition from cold to warm waters
takes place near 700 m, the vertical mixing fostered by convection will probably inverse
the thermal conditions above and below this level. Therefore, whenever convection
activity is reduced (like in response to a larger radiative forcing) the vertical mixing will
also diminish and in this way lead to a local cooling of the upper 700 m. Likewise,
the rest of the Southern Ocean, and in particular the regions where convection is not
important, will tend to warm following the increase in the radiative forcing. We believe
that this is what explains the local cooling and the Southern Ocean warming in Fig.
7a-c.

Something similar can be discussed regarding the trends in Fig. 3. Two different as-
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pects will deserve some attention: first, that no cooling near the Ross Sea is evidenced
in the observations, nor in the period 1955-1990 of the simulations; and second, that in
the simulations, the cooling only appears in the period 1991-2010, and thereby not from
1955-1990 nor from 2011-2100. Regarding the first point, the climatological tempera-
ture profile over the Ross Sea from the observations (WOAOQ5 Locarnini et al., 2006)
is not exactly the same as in FOR2, since only the upper 250 m remain clearly colder
than the rest, while the warmer waters lay between 300 and 1500 m depth. In these
conditions, it is not clear which would be the net effect of convection on the upper 700
as a whole. In either case, the signal should be considerably smaller than for the sim-
ulations (which is in line with Fig. 3). Regarding the other point, two different reasons
are proposed to explain the absence of the cooling patch in each case. During the
period 1955-1990 the radiative forcing does experience a net increase (see Fig. 2e),
although with important decreases due to volcanic activity, which can probably reacti-
vate convection due to its large cooling effect on surface and subsurface temperature.
In contrast in the last period (2011-2100) the radiative forcing increases monotoni-
cally, yet, the Southern Ocean undergoes a wide-spread OHC700 warming. In this
case what we see is that the vertical temperature profile in the Ross Sea has changed
substantially (red line in ??b) under the increasing GHGs concentrations, which have
warmed up the subsurface waters, thus reducing the temperature contrast between
the upper 700 m and the waters underneath (similarly to the temperature profile for
observations). As these conditions enhance throughout the 21st century, the cooling
effect of convection on the OHC700 will tend to disappear.

The main points of this discussion have been included in the text when both Fig. 3 and
Fig. 7 are commented.

New text: Both simulations also show a patch of ocean heat loss to the North of the
Ross Sea, which relates to a local decrease in convection over the region that will be
further discussed in Section 4.2. [It starts in Page 11, line 13]

Rephrased version: Within the last millennium, the pattern of response to an increase
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in the total radiative forcing (Figure 7a) corresponds to a generalised warming of the
upper ocean, with larger values in the extratropics, and some local coolings in regions
of deep water formation convection, like the Labrador and Ross Seas. In this latter re-
gion both convection and the OHC700 respond differently to the radiative forcing than
in the rest of the Southern Ocean, due to its particular stratification conditions. The
Ross Sea is characterised by climatologically colder waters in the upper 700 m than
in the levels underneath (not shown), so that a corresponding decrease in convection
will reduce vertical heat mixing between both layers, thus producing the local cooling
in OHC700. By contrast, the rest of the Southern Ocean, and in particular the re-
gions where convection is not important, will tend to warm following the increase in the
radiative forcing. [t starts in Page 17, line 26]

New text: In either case, both forcings factors (i.e. GHGs and solar irradiance) are
the only to exhibit the local cooling in the Ross Sea, which might therefore require a
gradual adjustment of convection to the changes in the radiative forcing. [It starts in
Page 18, line 14]
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