Dr. Qiang Wang
Topic editor
Geoscientific Model Development
Re: gmd-2021-95

Dear Dr. Qiang Wang, Dr. Juan A. Afiel and reviewers

Thank you for handling and reviewing our manuscript entitled “Comparison of ocean heat
content from two eddy-resolving hindcast simulations with OFES1 and OFES2” to be
considered for publication in the GMD. We appreciate your very constructive comments and

have addressed accordingly.



I.  Response to Dr. Juan A. Afiel, the Executive editor

Major comments:

1. We have checked your manuscript, and unfortunately, at the moment, it does not comply with our
'Code and Data Policy'. You compare results with OFES1 and OFES2; however, nothing is said about
how to access models. To state that they are based on MOM3 is not enough. Moreover, Github, as we
state in our policy and Github itself on its website, it is not a suitable repository for long-term archival.
Also, personal repositories in institutional web pages are not valid. Therefore, please, provide clear
indications about how to access the OFES1 and OFES2 models, complying with our policy, and move
your code and scripts to one of the suitable repositories that we list before the end of the Discussions
period and make the necessary changes in the manuscript in potential reviewed versions.

Response: Our work mainly evaluates the two eddy-resolving hindcast simulations conducted by the

JAMSTEC. This work is motivated by the fact that the multi-decadal high-resolution model data is
valuable for both the oceanography and climate communities. Therefore, we felt it is both incentive and
interesting to have a comparison of the ocean heat content over a long period, which is expected to
provide important references for the future OFES2 users, as the OFES1 has been widely used in
different fields, including the OHC.

We download the original monthly data from the official web of each product and save it into annual
mean files. At presents, people can still freely access to the original EN4 and OFES1 data, but the
OFES2 is still subject to a temporal suspension due to data security incident
(http://www.jamstec.go.jp/e/about/informations/notification_2021_maintenance.html). As an
alternative, we have put all the data and scripts into a package and archived it in Zenodo as you kindly
suggested. Therefore, we made some modifications in the section of code and data avaiailability as
follows:

Code and data availability: OFES1 and OFES2 are based on the MOMS3, available at
https://github.com/mom-ocean/MOM3. Code for decomposing the potential temperature: http://www.teos-

10.org/software.htm. Original EN4 data: https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-1.html.

Original OFES1 temperature and salinity data:
http://apdrc.soest.hawaii.edu/dods/public_ofes/OfES/ncep 0.1 global mmean. Due to a data security incident,

access to the OFES2 data has been temporarily suspended. The data and codes (including the publically available
scripts for completion) needed to reproduce the results of this paper are archived on Zenodo
(https://doi.org/10.5281/zenodo.5205444). The archived data are annual mean values calculated from the original

data. (Lines#940—-946 in the clean version).

2. | am aware of what you mention. Being bad enough that the research is based on a model that we
can not audit, the text should include an explicit mention of this. At the moment, the fact that the authors
have not run the model but only tested downloaded data is not clear enough. Also, my comment applies
to the Teos-10 software. Here there are two issues: First, the authors do not clarify what version of this
software they use: Fortran, C, etc. Also, the software is on a webpage that we cannot consider a trustful
repository. According to the license of Teos-10, the code can be redistributed. Therefore, the authors
should upload the code they have used to one of the repositories that we can accept and provide the
DOl for it. Indeed, currently, the 'Excel' version seems to be already stored in Zenodo:
https://zenodo.org/record/4751051. Moreover, a Github repository exists. Perhaps it can be used to fork
the code and upload the version of the manuscript to Zenodo.



https://github.com/mom-ocean/MOM3
http://www.teos-10.org/software.htm
http://www.teos-10.org/software.htm
https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-1.html
http://apdrc.soest.hawaii.edu/dods/public_ofes/OfES/ncep_0.1_global_mmean
https://zenodo.org/record/4751051

https://github.com/TEOS-10. Another issue that | forgot to mention in my previous comment, the link to
MOM3 in the 'Code and Data Availability' section is broken. At the moment, it points to
"https://github.com/mom-460" instead of " https://github.com/mom-ocean/MOM3."

Finally, given the small size of some archives (as those of EN4.2.1), it would be good to curate them in
Zenodo if possible. For example, today, the JAMSTEC servers are offline because of a security breach.
Hopefully, they will come alive at some point, but at the moment, it is not possible to access part of the
data for this manuscript.

Response: In the revised version, we made it clear that two OFES simulations were conducted by the

JAMSTEC (Lines#44-48 in the clean version). We specify the code version we used in this work
(Line#178 in the clean version). All the data and codes necessary to reproduce the results are archived
in  Zenodo  (https://doi.org/10.5281/zenod0.5205444). We double checked the link
https://github.com/mom-ocean/MOMS3 and it works now.



https://github.com/TEOS-10
https://github.com/mom-ocean/MOM3

I1.  Response to reviewer#1

Major comments:

1. ltis interesting that the ocean heat content changes primarily by the change in isopycnal depth. Does
the total heat content calculation depend upon the calculation of heat content change by heaving
motions? It would be good to provide corroborating evidence regarding the heat content decomposition,
such as an independent calculation of total heat content variability.

Response: In this paper, we decomposed the potential temperature change into heave and spiciness

components as a method to identify the way how the water warms or cools. To make it clearer, we
specify in the revised manuscript that “The OHC hereafter is directly calculated from the potential
temperature”. (Lines#215-216 in the clean version).

In addition, by taking the EN4 as an example, we also directly compared the OHC derived from the
potential temperature and the sum of HV and SP in the following Fig. 1. It clearly shows that there is a
good correspondence between the OHC and the sum of HV and SP, with a relatively small residual.
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Figure 1. A comparison between the OHC (black solid line) and the sum (red solid line) of HV and SP derived from the EN4
data. The blue dash line is the residual (OHC — HV — SP). From the left to the right, it is the global ocean (GLO), the Pacific

Ocean (PAC), the Atlantic Ocean (ATL) and the Indian Ocean (IND). The top row is for 0-300 m, the middle row for 300—
700 m and the bottom row for 700-2000 m.

2. Abstract: Heat transport is stated to not always be responsible for ocean heat content changes.
Doesn't it have to be either the heat transport or the air-sea flux, given thermodynamic energy
conservation? Heat content storage will be the residual of these terms. It is puzzling to consider where
the thermodynamic energy is transported. The manuscript would benefit with a closed energy budget
analysis, which may require the deep ocean and/or the Arctic to accurately assess where the energy
goes.

Response: In the first version of this manuscript, we presented the spatial pattern of net surface heat

flux, horizontal and vertical heat transport. Their pattern is geographically similar, although differences



are also clear in some places. However, as it is not easy to link this pattern to the examined OHC
differences between the two OFES products, we therefore speculate that the OHC differences may result
from the discrepancies in the mixing, especially the vertical mixing, given the OFES1 and OFES2 used
KPP and mixed layer vertical mixing (with considerations of tidal mixing), respectively. Although the
spatial pattern helps to qualitatively analyse the differences, a detailed heat budget is desirable indeed.
In the revised manuscript, we followed you very constructive suggestions and used the currently
available data to calculate the inter-basin heat exchange and vertical advection of heat, as can be found
in Tabs. 2-4. Caused by a temporal suspension of data from JAMSTC, we are not able to access the
vertical diffusivity data of the OFES2 (OFES1 does not provide the vertical diffusivity data).
Alternatively, we approximately took the residual of the OHC variations and the heat input (net surface
heat, inter-basin heat exchange and basin-integrated vertical heat advection at a given depth (300, 700
and 2000 m in this paper) as the vertical diffusion of heat. This indirect method may suffer from some
errors, but could help to identify the major vertical mixing distinctions between the OFES1 and OFES2.
As the new results show, we found there is less surface heating for the major basins in the OFES2. The
horizontal heat advection is largely similar but the OFES2 has a much stronger meridional heat transport
associated with the Indonesian Throughflow (ITF). This enhancement of ITF is related to the applied
internal tidal mixing (Sasaki et al. 2018). It was also found that the regional vertical heat advection may
differ significantly, for example, at the depth of 300 m in the Indian Ocean (Tab. 2). Therefore, it was
claimed that the marked OHC differences may arise from the less heat input from the atmosphere,

significantly different vertical heat advection and the inferred vertical heat diffusion.

Minor comments:

1. L29: does this sentence equate objective analysis and ocean reanalysis? They are normally
considered to be distinct
Response: Yes, these two are different. In this sentence, we want to say that different types of oceanic

data are available for the 4D studies of the ocean thermal state, e.g. objective analysis (e.g. EN4) and
ocean reanalysis (e.g. ECMWF ORASS). To make it clearer, this sentence was revised to “These
approaches include the objective analysis of observational data and ocean reanalysis combing physical

ocean models with observations”. (Lines# 38-39 in the clean version)

2. How are ocean heat content changes related to algorithmic changes between OFES 1 and 27?
Response: These two use the same model MOM3, same horizontal resolution and horizontal mixing

scheme. That’s is, the core of the algorithmic should be the same between these two. However, they
used different surface forcing, vertical mixing schemes, different initial conditions. As no vertical
diffusion coefficient is available, it could be difficult to directly evaluate these impacts. However, as
shown in Tabs. 2-4, we inferred that there are profound disparities in the vertical heat mixing as a result

of different mixing scheme.



3. How did the authors justify restricting their analysis to the upper 1400 meters? Their rationale
following Emery (2001) and Wunsch (2011) is not compelling. Did these previous works suggest that
ocean disequilibrium occurs suddenly at 1400 meters depth? (That would be surprising.) During the
time period of interest, i.e., 1950-present, why should the deep ocean be in equilibrium?

Response: The primary reasons we consider to focus only on the upper 1500 m in the original version

(There was a misinterpretation of water depth in the previous version, it should be 1500 m rather than
1400 m, which has been rectified in the new revised manuscript) are mainly two-fold. 1) we analyse the
OHC variations largely from the perspective of water masses. As defined in Emery (2001), the world
ocean was divided into three layers (0-500 m, 500-1500 m and below 1500 m). 2) the observational
data ingested by the EN4 is largely confined to the upper ocean, with much lower density of data in the
deep and abyssal ocean. In fact, the vast of available observations is confine to the upper 700m over the
last 50+ years, as stated in (Hakkinen et al. 2016). As we want to take the EN4 as a reference, we
thought it might be safer to focus on the depth range where more observational data was ingested.

Furthermore, the ingested data in the EN4 version we used here is bias-corrected following Levitus
et al. (2009), in which only the upper ocean is considered. Therefore, for instance, the XBT profiles
below 700m will be corrected using the correction values provided for 700 m (personal communication
with the Met Office Hadley Centre). Another less important reason is that the maximum depth among
these three data is significantly different, that is, a comparison of the full-depth OHC may not be
justified. A full justification can be found in the clean version (Lines#122-134).

That said, in this new version, we have three vertical layers: 0-300 m, 300-700 m and 700-2000 m.
This, on the one hand, follows the conventional vertical division of the ocean (many previous studies
considered the ocean between 0-700 m and 0-2000 m or between 700-2000m). However, we found that
above 300 m, the OFES2 generally has a better performance than the OFES1 when comparing to the

EN4. We therefore, feel it is necessary to have a near-surface layer (0-300 m).

4. For comparison purposes, does the NCEP reanalysis give air-sea conditions every 6 hours, as
opposed to 3 hours in OFES2?
Response: The OFES1 was forced by the daily NCEP forcing, as can be found in (Line# 86 in the clean

version).

5. L86: "Validation" is not possible with EN4 as it is also an incomplete and uncertain product.
Response: This was changed to “To evaluate the OHC objectively from the two OFES data”. (Line#99

in the clean version)

6. Figure 1: What happens in the Arctic? What error is incurred by eliminating the Arctic?
Response: It is very important to look into the state of the Arctic. However, the OFES1 (OFES2) is

confined to 75°S-75°N (76°S — 76°N). Also, the potential temperature decomposition into heave and
spice is valid only between 80°S and 64°N. In addition, a sea-ice model applies in the OFES2 but not
in the OFES1. We therefore, could not include the Arctic in this work.



7. Figure 2 is fascinating, if correct. What is going on with OFES2?
Response: The original Fig. 2 shows the comparison of the time evolution of OHC, HV and SP between

the three data. The OHC was directly calculated from the potential temperature data. Although this
figure is now removed, we found that discrepancy of OHC evolution between the OFES2 and EN4 is
remarkable for the ocean below 700 m. Based on the heat budget analysis for each major basin, we
found that the surface heat flux, enhanced Indonesian Throughflow, vertical heat advection and the

inferred vertical heat diffusion are the major causes of these notable differences.

8. L161: dividing by 56 "years".
Response: Yes, this should be 56 years. In this new version, we remove the original Tab. 2, as we have

shown the rolling trend in Figs. 5-7.

9. What does "SP" stand for?
Response: The SP means the spice component of the potential temperature change and similarly the

HV stands for the heave. (LineS#164-165 in the clean version)

10. L242: 10 to the 6th power
Response: This was addressed (Line#143 in the clean version).

11. Does OFES 2 fit surface data (i.e., SST)?
Response: The OFES2 developer examined the SST comparison between the OFES2 and WOAL3 over

2005-2012 and shows good results (Sasaki et al., 2020). This seems to be consistent with our new
finding that the OFES2 has a better performance in the top 300 m.

12. Table 4 doesn't seem very useful with the inexact metrics for the water-mass source properties.
Response: Tabs. 4-5 are built by following the definition of Emery (2001), to help the readers to have

a first impression on the water masses, should they be not familiar with these. In this new version, we
removed this table and no longer used the original water-mass definition. Instead, we analyzed the water

mass in the density-coordinate, which was also a response to the reviewer#2.



I11.  Response to reviewer#2
Major comments

1. The decomposition into HV and SP. One major conclusion of this paper is “There was an OHC
increase in most of the global ocean over a 57-year period, mainly a result of vertical displacements of
neutral density surfaces.”. However, | don't think it is a robust conclusion given the fact that neither
OFES1 nor OFES2 well simulate the OHC changes globally or at each major ocean basin.

Response: In the original version, we failed to make it clear that this conclusion is specific for multi-

decadal scale and mainly in the EN4 and OFESL1. As shown in Figs. 2-4 and also 14-16, the majority
of the global ocean has an overall warming trend. Indeed, the OFES2 largely shows a cooling trend,
especially for the water below 300 m. In the new version, we changed it into “OHC increased in most
of the global ocean above 2000 m in the EN4 and OFES1 over 1960-2016, mainly a result of deepening
of neutral density surfaces, with variations along the neutral density surfaces of regional importance.”
(Lines#12-14)

2. The investigation of heat flux and heat transport are not well designed and not useful. To
examine the mechanisms for the change of OHC, you have to check the trends in heat flux and heat
transport, not the climatology field (Figs. 10, 11). In another word, you have to know where more heats
are input into the ocean and how they are transported.

Response: In the original version, we did not make it very clearly why we presented the time-averaged

heat flux and heat transport patterns. As shown in the original zonal-averaged OHC distribution (Figs.
4-5) and the spatial pattern of the potential temperature change (Figs. 6-7), we are focusing the
differences between the mean of the last three years (2014-2016) and the beginning three years (1960-
1962). A time-averaged field over this period is the ratio of the accumulative heat flux or heat transport
over the total time length. Therefore, it (if multiplied with time) can be related to the total OHC change
over the whole period. To be more quantitative, we calculated the basin-wide heat flux, inter-basin heat
exchange and vertical heat advection, and we also inferred the vertical heat diffusion in the new version.
It is now clearer that there is generally less surface heating entering into the three major basins in the
OFES2. The horizontal heat advection through most of the inter-basin passages are much the same, but
the Indonesian Throughflow (ITF) is around two time stronger in the OFES2 (this can partially explain
the differences in the Pacific and Indian Ocean). The regional vertical heat advection and diffusion can
be also significantly different between the OFES1 and OFES2.
Indeed, a temporal evolution of surface heat flux and heat transport can make things clearer.

Therefore, we plotted such figures and put them in the section of support information (Figs. S7-9).

3. The water mass analyses in section 3.3 are also problematic, because the water masses are
defined by the density or the temperature/salinity range as in Tables 4,5, however, the figures 6 and 7
are presented at z-coordinate, so the discussions are very confusing and not corresponding to the plot.
Response: In the original version, we adopted the definition of water mass from (Emery 2001). That’s

why have two vertical layers (0-500 m and 500-1500 m). The Figs. 6-7 were analysed by following
the geographic locations of these different water masses (Figs. 3-4 in Emery 2001). But yes, we agree

that it is better and clearer to analyse the water mass in the density-coordinate. Therefore, in the new



version, by following your constructive suggestions, we added two new figures (Figs. 17—-18) where we

presented the HV and SP in the neutral density coordinate. This is similar to (Hakkinen et al. 2016).

4. Section 3.2. The zonal integrated OHC, HV and SP. This section superficially described the
results without any in-depth analyses or insights. It is not useful for the audience.
Response: We agree that the original analysis in the original section 3.2 is preliminary and loose. In the

new version, we calculated the rolling trend of the zonal integrated OHC, HV and SP. We combine the
potential temperature change with its HV and SP component and present a more detailed discussion.
For example, we discussed when and where these three datasets are similar to or different from each

other, and whether this similarity or disparity is related to their HV or SP.

5. Section 3.1. Why not also provide the global or basin time series for surface heat flux for
comparison? Globally, the heat content change is balanced by surface heat exchange. The
decomposing into HV and SP does not help to understand the mechanisms here.

Response: We agree that a comparison of surface heat flux is essential. In this new version, a

comparison of surface heat flux (basin-wide and time-averaged) is shown in Tabs. 2-4. We also
presented the time evolution of basin-wide surface heat flux for the Pacific, Atlantic and Indian Ocean
in the support information.

Yes, the HV and SP can help to understand what the dominant ways for the potential temperature
change (by the vertical deepening of the neutral density surface of along the neutral density surface and

therefore salinity change involved) are, but not be able to well explain the mechanisms.

6. | expect an answer of why is OFES2 so different from OFES1, so a formal ocean heat budget
analysis should be done.
Response: We agree and understand that a complete heat budget analysis is essential to answer the

major reasons of the remarkable differences between the two OFES data. In this new version, we tried
to conduct a reasonable heat budget analysis with all the available data we have (please be noted that
the vertical diffusivity is not available from the OFES1; although the OFES2 output the vertical
diffusivity, the data service is temporarily suspended due to a security incident). More specifically, as
shown in Tabs. 2-4, we compared the surface heat flux, vertical heat advection, inter-basin heat
exchange and we inferred the vertical heat diffusion. It is found that there is generally less surface heat
entering the major basin in the OFES2, the vertical heat advection can be significantly different (e.g.,
at the 300 m depth of the Indian Ocean), much stronger ITF is simulated in the OFES2. Moreover, the
inferred vertical heat diffusion is also profoundly different, which is due to their different vertical

mixing scheme and the inclusion of internal tidal mixing in the OFES2.

7. Another conclusion “However, these differences, more specifically in the heat transport, were
only partially responsible for the OHC differences.” Is not tenable, because | did not see an analysis for
ocean heat budget, and the current analyses are wrong because only climatological heat flux and
transport are shown.

Response: Please see our reply to the comment #2 and #6.



8. Final conclusion in the abstract “The marked OHC differences may arise from the different
vertical mixing schemes and may impact the largescale pressure field, and thus the geostrophic current’.
This is a full speculation without any evidence.

Response: Yes, we agree that we should have shown the differences of vertical diffusion before making

this speculation. To be more convincing, we calculated and compared the vertical heat diffusion
between the OFES1 and OFES2, and it confirms that there are large discrepancies of vertical heat
diffusion in these two OFES data. But, please be noted that we inferred these vertical heat diffusions in

an indirect way, as we have no access to the vertical diffusivity at the time of this writing.

9. Is the decomposing of EN4 data into HV and SP consistent with previous results? How large is
the uncertainty behind the decomposing method given the data errors?
Response: Our decomposition of the EN4 data into HV and SP has a good correspondence to a previous

study by (Hakkinen et al. 2016), our Fig. 17 and their Fig. 6, despite the time period is slightly different
and they are based on a previous version of EN4 product. Also, we plotted the residual of OHC and the
sum of HV and SP for all the major basins and all the three depth ranges by using the EN4 data, as
shown in the Fig. 1 of this document. It clearly shows that the residual is small in general. Therefore,
our decomposition is reliable. Please be noted that a small residual can be hardly avoided, due to the
vertical interpolation, air—sea interactions and large vertical temperature (Desbruyéres et al. 2017,
Hakkinen et al. 2016).

10. For zonal integrated OHC analyses, why some regions models are closer to observations and
some places are not? What are the possible reasons and what are the implications? Again, an ocean
heat budget analysis at each zonal band might help to identify if the difference comes from surface or
ocean heat transport.

Response: In this new version, we have conducted a basin-wide heat budget analysis to elaborate the

causes of the differences between the OFES1 and OFES2. A possible explanation for the latitudinal
dependence is that there are differences in the wind stress forcing in these two simulations but a larger
thermocline (which is latitudinal dependent) responses to the wind stress differently (Kutsuwada et al.
2019). We expect a more detailed exploration of the model differences, but this is beyond of our current

scope.

11. Section 3.4: diving the ocean by 0-500m and 500-1400m will cross-cut several different water
masses. It is really strange to use vertical levels in water mass analyses.
Response: Please see our response to the comment # 3.
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