
Author’s response to referee comments on egusphere-2024-2768 
 
We thank Dr. Pearse Buchanan and Anonymous Referee #2 for their though<ul comments and 
sugges>ons. We have addressed all points raised in the reviews as detailed in our point-by-
point response below. Please note addi>onal remarks independent from the referee 
comments, placed before the References sec>on of this document. 
 
The referee comments are shown in italic grey font while our point-by-point replies including 
the relevant changes made in the manuscript are shown in black font. Due to the major 
revisions applied to the revised manuscript, we did not copy-paste here all the changes 
included in the revised manuscript and we refer the reviewers to the author’s track-changes 
version of the manuscript.  
 
RC1: 'Comment on egusphere-2024-2768', Pearse Buchanan, 05 Nov 2024 
 
Main recommenda,ons: 
 

1. A$er reading the paper, I came away with li7le clarity in what I had learned. That might 
seem harsh, but what I am asking for is greater focus in the communica?on of the main 
results. There is a lot of data, and given that there are 14 proper?es with 4 limits, a lot 
of informa?on to condense. This expansive thinking and data analysis is admirable. 
However, I think it is important to focus in on some key proper?es, one at a ?me, or 
perhaps separate them into groups (physical, chemical, biological) and address when 
safe limits are passed in a more systema?c manner. This way, a biologist can come 
along to your paper and immediately seek out the “biology” sec?on and get a sense of 
when some limits might be passed that are relevant to their work. 

 
We improved the clarity of the manuscript by expanding the implica>ons of our study in a 
renamed sec>on “4 Implica>ons and Conclusion”. This sec>on includes subsec>ons focusing 
respec>vely on physical changes, ocean acidifica>on, and biogeochemical/biological changes. 
 

2. Another sugges?on I have is to place your “safe opera?ng limits” within an ecological, 
socioeconomic or geopoli?cal context. Everything depends on this. You start with this 
in your defini?on of them, but I ask that you then circle back to this at the end within 
a discussion sec?on (currently not existent). So that I try to be construc?ve with this 
sugges?on, I will try an example: The collapse of the AMOC or at least its weakening 
would have socio-economic and geopoli?cal ramifica?ons, as well as ecological as 
AMOC transports a lot of heat and nutrients to the subpolar North Atlan?c. Passing of 
AMOC limits might interact with the passing of NPP and biomass limits in the North 
Atlan?c, affec?ng fisheries as well as temperature and thereby affec?ng food supply 
and energy demands of the region. It would also cause hea?ng in the Southern 
Hemisphere that may cause more extremes in places like Australia, Southern Africa, 
ect. These sorts of considera?ons are essen?al to make your results concrete and 
tangible for the reader. Everything depends on context seUng. Without this, I finish the 
paper and think very li7le of it, not knowing what I’ve learned and what happens if we 
cross limit 2. And, it will also help improve your cita?on of the literature, which at the 
moment seems inadequate to me when finishing the paper. 



 
We agree that transla>ng the meaning of our results to the larger ecological, socioeconomical 
and geopoli>cal systems is appealing for policy relevance, and we appreciate that the referee 
provides such an example. However, as men>oned in the Methods, many metrics suffer from 
a lack of knowledge regarding the assessment of actual impacts that an exceedance would 
have on the Earth system or ecosystem func>oning. This is par>cularly true for economic and 
geopoli>cal impacts. The discussion of such aspects would be largely specula>ve and not 
sufficiently underpinned by the model results analysed in this study. 
 
Nevertheless, we decided to rename our Conclusion sec>on “Implica>ons and conclusions” 
and expanded it thoroughly to beVer emphasize the implica>ons of our results. 
 

3. I also feel that the presenta?on of the results needs some extra thinking. The statement 
star?ng on line 315 that “For the less ambi?ous mi?ga?on limits, exceedance ?me 
es?mates generally move towards later ?mes and higher warming levels”, doesn’t 
seem to be the case. Looking at Figures 1 and 2 shows that for most proper?es, the 
exceedance ?me is generally earlier for the SSP1-2.6 scenario than the SSP5-8.5 
scenario. This is the case specifically for: 
 
• MHW dura?on  
• Metabolic index  
• Change in biomass  
• Change in AMOC  
• Change in SSL 
• Change in POM flux 
• Global change in dissolved oxygen 

 
From my reading of Figures 1 and 2 it seems to be rarely the case that “es?mates 
generally move towards later ?mes”. Only global change in oxygen at limit 3, and the 
area of WA > 3 at limit 1 seem to sa?sfy this statement. I understand and agree with 
the fact that less models under SSP1-2.6 are exceeding the limits, so the dates that are 
presented in Figures 1 and 2 are those built from a smaller subset of models that are 
almost certainly more sensi?ve. Meanwhile, later exceedances under SSP5-8.5 are the 
cause of including the less sensi?ve models. This makes me wonder if this is the right 
way to present the data… I think the authors should go away and reconsider how to 
present this informa?on so that they more appropriately present the ?mes of 
exceedance, because without a careful reading of the paper as it currently stands, the 
reader will come away confused about the fact that SSP12.6 appears more extreme in 
its effects on the ocean than SSP5-8.5. Perhaps the models themselves need to be 
compared individually, or grouped into sensi?ve and un-sensi?ve models? 

 
We understand and agree that some aspects of our results are confusing. 
 
As correctly stated by the referee, an issue of our approach was that, in the case of a par>ally 
exceeding ensemble for a given limit of a given metric, the exceedance distribu>on is 
dominated by high-sensi>vity models to this metric, some>mes leading to the counter-
intui>ve earlier exceedances for lower-emission scenarios. To avoid this, we changed changing 



the exceedance defini>on used in our study by aVribu>ng the year 2100 to models not 
exceeding the limit. When not exceeding the limit, these models are also aVributed the 
highest warming level reached by the model under the given scenario. By using this approach, 
we include in the exceedance distribu>on the informa>on from models not exceeding a limit. 
This approach moves the exceedance distribu>on toward later >me and higher warming levels 
but remains conserva>ve (i.e., early/lower bound of ensemble uncertainty) because models 
with 2100 as the default exceedance year and with the highest reached warming level as the 
default exceeding global warming level are likely to (1) exceed the limit later than 2100, (2) 
exceed the limit in a warmer global warming level than the maximum warming level reached 
in a given scenario, or (3) never exceed the limit. This approach removes most of the counter-
intui>ve results. However, even with a 20-year moving averaging, metrics with large 
interannual to decadal variability such as the AMOC strength can s>ll show exceedance 
distribu>on not en>rely consistent with the different radia>ve forcing levels applied in the 
emissions scenarios. In such metrics, difference between scenarios in exceedance years of 
around 10-15 years s>ll occur, but are not significantly different (i.e., they can be considered 
as occurring simultaneously). In addi>on, we decided to not show any data when none of the 
models exceed a given limit. 
New symbols/bars have been introduced for visualizing the results over the temperature 
dimension (Figure 2) to emphasize the resul>ng uncertainty and conserva>ve aspects of the 
exceedances (i.e., warmer levels likely needed). 
 



Revised Figure 1 using the new exceedance defini>on suggested in our reply (i.e. assigning 
the exceedance year 2100 to models not exceeding a limit un>l 2100). The figure includes 
sugges>ons from the referees: (1) replace Subsurf. ΔO2 by Hypo. ΔO2, (2) X axis labels 
duplicated on top of each panel, (3) addi>on of a metric related to marine heatwave computed 
from a moving baseline (MHWmov, see next comment), and (4) reordering of the metrics 
following the order in Table 1. MHWfix is now expressed as an anomaly rela>ve to the period 
1850-1900. The figure is simplified to ease the interpreta>on by removing the visualiza>on of 
outliers / minimums / maximums (crosses and whiskers) and only includes bars showing the 
25th – 75th percen>les, and dots for the medians where the dot’s size reflect the percentage 
of exceeding models (abbreviated exceeding rate). Limits for ΔSSL have also been updated 
(see further down for details). Finally, the CNRM-ESM2-1 model has been excluded for the 
ΔBiomass metric (see further down for details). 
 



Revised Figure 2 using the new exceedance defini>on suggested in our reply and including 
modifica>ons stated in Figure 1. The X axis has been also extended from 4°C to 6°C following 
Referee #2’s sugges>on. Very low probability cases with <25% exceeding rate are displayed as 
empty rectangles only for the reader’s informa>on, using the 25th — 75th percen>le range as 
in Figure 1, but without showing median symbols. Low probability cases in the 25—50% 
exceeding rate range are represented by con>nuous dashed bars covering the 25th — 75th 
percen>le range, without median symbols either. Indeed, medians are meaningless for cases 
with less than 50% exceeding rate. Black triangles interpreted as arrows poin>ng toward 
warmer levels shows explicitly that warmer levels are likely needed to exceed the given limit. 
Such arrows are added to all cases in the 50—100% exceeding rate (100% exceeding rate 
excluded). Medium probability cases with 50—75% includes plain bars over the 25th — 50th 
percen>le range, median symbols, and dashed bars over the 50th — 75th percen>le range to 
highlight the uncertainty of the 50th — 75th percen>le range. Finally, high probability cases 
with exceeding rates >75% follow Figure 1’s legend (plain bars over 25th — 75th percen>le 
range with median symbol). 
 



Revised Figure 3 
 

 
Revised Figure 4 
 



Revised Figure 7 



Revised Figure 8 
 
Due to the modifica>on of the results, we changed extensively the text describing and 
interpre>ng these figures accordingly in the revised manuscript. All the figures have been 
updated accordingly. 
 

4. Another cri?cism I have with the paper is the use of an 1850-1900 baseline to assess 
marine heatwave dura?on. As the authors report, this results in a near-permanent 
heatwave by the end of the 21st century under the high-emissions scenario. But, 
ecologically, this is not so interes?ng. What is more ecologically interes?ng is to move 
the baseline incrementally at a rate that captures some degree of physiological 
adapta?on or evolu?on. For microscopic organisms, this rate might be fast, while for 
mammals and other top predators, this baseline might be very slow, if not sta?c like 
the authors consider here. With a rapidly shi$ing baseline, the authors would be able 
to comment on the prevalence of anomalous hea?ng events that marine ecosystems, 
given an ability to adapt, would s?ll not be physiologically prepared for. The authors 



could assume two extreme cases: they keep their sta?c baseline of 1850-1900 to reflect 
on the effects to top predators where adapta?on is slow, and consider a moving 
baseline that is always posi?oned a few years earlier (e.g., 20-year climatology of 
1991-2010 when assessing extremes in 2011.) to reflect a rapidly adap?ng group of 
microscopic organisms (e.g., Jin and Agush, 2018). This also opens the door to extreme 
cooling phases in the overshoot scenario, which would offer a unique perspec?ve. 

 
As the referee correctly points out, using a fixed preindustrial baseline, marine heatwave 
condi>ons are expected to become increasingly common as mean ocean surface 
temperatures rise. This could lead to “permanent” marine heatwave states in regions 
experiencing a high level of warming or small variability (Frölicher et al., 2018; Oliver et al., 
2019). Nevertheless, these changes are ecologically important, as they may reflect the 
growing risks such events pose to marine organisms, especially those with slow adapta>on 
rates, such as warm-water corals (Smith et al., 2025).  
 
In response to the referee’s sugges>on, we have introduced an addi>onal marine heatwave 
metric: marine heatwaves defined under shising-mean baseline, MHWshi+, where the 
baseline is adjusted according to the forced mean trends in sea surface temperature (Figure 1 
and 2). The forced mean trend was iden>fied using a smoothing “En>ng” spline (En>ng, 1987) 
with a 80-yr cut off period. To account for model-dependent internal variability, we use the 
anomaly of MHWmov rela>ve to the period 1850-1900. To homogenize with the former MHW 
metric (renamed MHWfix), we update the defini>on of this metric by also compu>ng its 
anomaly rela>ve to 1850-1900. 
 
We changed the text in the Method sec>on to: 
“ 
We consider marine heatwaves due to their substan>al global and regional impacts on marine 
ecosystems (Capotondi et al., 2024; Frölicher and LautöVer, 2018; Smith et al., 2021). We use 
two defini>ons of marine heatwaves based on different baselines (Burger et al., 2022; Smith 
et al., 2025).  
 
First, we define a marine heatwave day as the local daily mean sea surface temperature 
(CMIP6 variable tos) exceeding the 90th percen>le rela>ve to a fixed seasonally varying 1850-
1900 baseline (metric abbreviated MHWfix). In this case, changes in marine heatwaves are 
driven by both long-term surface ocean warming trends and changes in anthropogenically-
forced internal variability. The fixed baseline may be par>cularly relevant for assessing the risk 
marine heatwaves pose to organisms with slow adapta>on rates. 
 
Second, we define a marine heatwave day rela>ve to a shising-mean baseline (MHWshi+), 
where the 1850-1900 percen>le thresholds are adjusted according to the forced mean trend 
in sea surface temperature (SST). The forced trend is iden>fied using a smoothing “En>ng” 
spline (En>ng, 1987) with a 80-yr cut off period. In the shising-mean approach, changes in 
marine heatwave dura>on are primarily driven by changes in anthropogenically-forced 
internal variability, while the long-term warming trends is already accounted for in the 
baseline (Burger et al., 2022; Deser et al., 2024). The choice between a fixed or shising 
baseline depends on the specific applica>on. For example, the shising-mean case may beVer 
capture the risks posed to organisms that can adapt to long-term warming trends.  



 
For both defini>ons, we (1) calculate the global annual mean dura>on of marine heatwaves, 
and (2) deduce the anomaly rela>ve to the 1850-1900 period to normalize model-dependent 
internal variability. Given the lack of strong observa>onal constraints on a global marine 
heatwave exceedance metric, we distribute uniformly the mi>ga>on limit values of MHWfix 
over the year as 90, 180, 270, 360 (i.e., permanent heatwave) days while we distribute the 
limits of MHWshi+ over the range of projected values under the scenarios used in this study 
with 4, 6, 8, and 10 days.“ 
 
We enriched the discussion related to MHW in the Implica>ons and conclusion sec>on. 
 

5. I also think the descrip?on of the EMICs was lost on me. What is the importance of 
these models and why did you use them? Why do we need to know the specifics about 
their ensembles and the op?misa?on of the UVic? Why was this op?misa?on 
important for your work? What is the skill of the emulator?  What does it tell us if the 
EMICs and CMIP6 models disagree? I think you have to demonstrate that the use of 
the EMICs was qualita?vely essen?al to your conclusions, and I do not understand that 
from the wri?ng as it currently stands.  

 
We agree that the jus>fica>ons on the use of EMICs could have been made clearer. These 
tools are important in the scope of our study because of their small computa>onal resource 
consump>on compared to ESMs, permivng to conduct sensi>vity analysis using large 
perturbed-parameter or ini>al condi>ons ensembles for uncertainty quan>fica>on with 
simula>ons over longer >me scales (1000s years), par>cularly suited for applica>ons such as 
CDR scenarios (Jeltsch-Thömmes et al., 2024), but also for approaches similar to those 
presented in this study (Steinacher et al., 2013). Yet, EMICs are rarely compared to ESMs, and 
we believe our study fills an important gap in this respect. 
Regarding the importance of the op>misa>on for EMICs, this method is used to quan>fy the 
uncertain>es arising from uncertain>es in model parameters EMIC’s perturbed-parameter 
ensembles (PPE) allow us to analyse the uncertainty within a single model due to uncertain 
parameters, which is rarely quan>fied in ESMs. Ideally, we would like to have mul>-model 
PPEs but that is currently not available for comprehensive models like CMIP6 ESMs so we used 
UVic and Bern3D. 
 
Regarding to the skill of the UVic ESCM’s emulator, we added the following informa>on about 
the emulator valida>on in the appendix: 
“ 
To evaluate the performance of the emulator, we employ leave-one-out cross-valida>on to 
assess the quality of our Gaussian process emulators. This valida>on is conducted using the 
surface air temperature anomaly (ΔSAT) rela>ve to the preindustrial period, spanning the 
years 2015 to 2100. For our ensemble of 325 simula>ons, we itera>vely exclude one 
simula>on and construct an emulator of ΔSAT using the remaining 324 simula>ons. The 
emulator is then used to predict the ΔSAT of the omiVed simula>on. This process is repeated 
for each simula>on in the ensemble, ensuring that every simula>on is excluded once. 
Addi>onally, valida>on is performed at every 5th >mestep in the >me series. 
 



Figure A1 presents an example of the emulated versus simulated ΔSAT values at every 5->me 
steps for a randomly selected ensemble member. The error bars represent the two standard 
devia>ons of the predicted mean es>mated by the emulator. For a well-calibrated emulator, 
approximately 95% of the true or simulated values should fall within 2 standard devia>ons of 
the emulated values. 
 

 
Figure A1: Emulated value ploVed against the simulated value for every 5th >mestep (between 
2014 and 2100) of a random ensemble member.  
 
We assess the emulator’s performance using the root mean square error (RMSE) and the 
coefficient of determina>on (r2), demonstra>ng that it effec>vely captures the behavior of the 
omiVed simula>on. Even though each >me step is emulated independently and the temporal 
correla>on between different >mesteps are not known by the emulators, the whole emulated 
>meseries matches the simulated one well in this case (as indicated by the high r2). A 
comprehensive summary of all validated >mesteps across all simula>ons is shown in Figure 
A2. 
 
 



 
Figure A2: Distribu>on of emulated versus simulated points 
 
While some emulators exhibit lower performance, the vast majority produce emulated values 
that closely match the simulated ones. For each simula>on, the RMSE is calculated for the 
>me series and averaged across the en>re ensemble, yielding a mean RMSE of 0.19°C, an 
error considered reasonable. The average coefficient of determina>on (r2) is 0.97, indica>ng 
also a strong agreement between the emulated and simulated values.“ 
 
Regarding the meaning of EMIC/CMIP6 disagreement, we emphasized in the introduc>on 
sec>on the need for modelling studies to use diverse modelling tools instead of single-type 
models (only ESM(s), or only EMIC(s)). Both are tools that can be used to inves>gate specific 
aspects of a ques>on (e.g., regional/high-resolu>on, parameter or ini>al condi>ons 
uncertainty, variability, extreme events). It is interes>ng to know whether these models agree 
and if not, where they disagree. As of why, this ques>on is out of the scope of this study. 
 
We enriched the manuscript with all the above EMIC-related informa>on. 
 
Regarding to the inequal descrip>on between the Bern3D and UVic models, the lengthier 
method sec>on related to UVic compared to Bern3D is explained by the fact that Bern3D 
methodology is already published (Jeltsch-Thömmes et al., 2024) contrary to UVic’s. We 
reduced the UVic-related sec>on to homogenize with the Bern3D sec>on and added the 
removed informa>on to the appendix for the reader’s informa>on. 
 
Specific comments (note that I have held back on specifics un,l the main comments are 
addressed):  
 

• Figures 1 & 2: Can you put the x-axis labels (years or global warming level) on the top 
of the panels as well? It is hard to see the year at which MHW limits are exceeded, for 
instance. 

 



Yes, thank you for the sugges>on. This has been done, see revised Figures above. 
 

• Figures 1 & 2: Can you arrange your y-axis categories in order of introduc?on in your 
methods? First do the 5 physical proper?es, then the 5 chemical, then the 4 biological? 

 
Yes, thank you for the sugges>on. This has been done, see revised Figures above.  
 

• Figure 6 legend needs to say why it doesn’t include SAT, even though it’s obvious. Just 
to help the reader out a bit. 

 
Yes, thank you for the sugges>on. We did so to avoid misunderstandings. 
 

• I think it would be be7er to spell out the proper?es, rather than use the short hand 
symbols. 
For example, use Southern Ocean ΩA < 1 rather than ASO. 

 
Thank you for the sugges>on. We did so to increase the readability in the text. 
  

• Line 293: The findings of which were what? 
 
Indeed, we explicitly state now the findings of TiVensor et al. (2021) that plankton biomass is 
a more robust and relevant impact metric than NPP with respect to impacts of climate change 
on marine ecosystems. 
 

• Line 294: Why were substan?al uncertain?es in O2 found? 
 
The substan>al uncertainty found in Cocco et al. (2013) can be explained by the uncertain 
balance between O2 supply from physical mixing and advec>on, and O2 consump>on from 
remineraliza>on of organic maVer. Uncertain>es remains also on how these processes would 
respond to future rising CO2. Regarding subsurface O2 projec>ons, Frölicher et al. (2016) 
iden>fied model structure and parametriza>on as the second source of projec>on uncertainty 
aser the scenario uncertainty already accounted in our study. These aspects are now added 
to the revised manuscript. 
  

• Line 315: What does “less ambi?ous mi?ga?on limits” mean? 
 
The 4 mi>ga>on limits can be also interpreted as requiring decreasing levels of ambi>on 
regarding emission reduc>ons. The first level being the most ambi>ous, characterized by 
minimal change from the pre-industrial baseline and minimal impacts on the ocean-climate-
society nexus. Thus, less ambi>ous mi>ga>on limits refer to higher levels, such as the third 
and/or fourth level. This aspect is already defined in the first paragraph of the Methods sec>on 
2.1, so we suggest to not repeat it here. 
  



RC2: 'Comment on egusphere-2024-2768', Anonymous Referee #2, 15 Nov 2024 
 
Bourgeois et al. iden?fied 14 different climate sensi?ve metrics related to physics and ocean 
biogeochemistry, and set criteria for 4 levels of limits based on exis?ng literature, then 
analyzed a suite of ESMs and ESIMs future projec?ons to es?mate whether and when these 
limits are reached as the climate warms, and how this differs in response to different emission 
scenarios. Bias correc?ons are applied where necessary, and uncertain?es are carefully 
considered. Overall, I found this analysis useful for bridging CMIP ensemble output variables 
and more societally relevant metrics, ?pping points, and probability of occurrences, and a 
good contribu?on to the current understanding of CMIP datasets as well as future CMIP type 
of efforts. 
 
Thank you for the posi>ve feedback. 
 
I have a few quibbles and requests listed below: 

1. The authors chose the 4 levels of limits based on literature, which is reasonable. 
However, some of the literature is based on observa?ons or single events, thus it might 
be challenging to use CMIP models, which are mostly at coarse and intermediate 
resolu?on, to capture the observed ranges. This results that even Level 1 limit is never 
reached with high uncertainty for a number of analyzed metrics. I suggest that the 
authors use literature as a guidance, but also consider the model ensemble’s capability 
of capturing those ranges and changes. One thing that could be looked at is the 
historical period of the CMIP simula?ons between 1950-2015. If literature suggests 
that metric A has changed by xx% over this period yet the model ensemble can only 
capture about yy% (e.g., xx>>yy), then the authors may want to consider scaling the 
limits accordingly. This may help minimize the loss of signals solely due to choices made 
on an ad hoc basis. The authors indeed applied some levels of bias correc?ons for a 
few metrics but it was done in a systema?c way. 

 
Referee #2 suggests checking model-observa>ons discrepancies over the historical period 
and, if so, scale the limits accordingly (e.g., decrease the limits of a given metric if the model 
ensemble tends to underes>mate its historical change). We agree that scaling the limits would 
be ideal but many of our metrics do not have suitable observa>on-based trend analogues and 
sufficiently long >meseries describing historical trends. On the other hand, many metrics are 
either already corrected or the CMIP6 model ensemble spread has been already evaluated as 
being within the uncertainty range of observa>on-based trends. 
 
Here is a quick review of the metrics regarding to this sugges>on:  

- ΔSAT: The observed global warming trend is within the CMIP6 ensemble spread. 
- MHW: CMIP6 models overes>mate the trends in marine heatwave dura>ons according 

to Plecha and Soares (2020). However, both observa>on- and ESM-based present-day 
climatologies of MHW events generally overes>mates their dura>on, mainly due to 
the coarse resolu>on used in models, or the interpola>on methods used in 
observa>on-based data products. This makes a proper comparison difficult. 

- ΔSSL: Already corrected from poten>al model dris using the piControl experiment. 
However, we acknowledge that, here, our limits are too high and do not acknowledge 
the already increasing frequency of coastal floods induced by sea level rise (Hague et 



al., 2023; Oppenheimer et al., 2019). As men>oned in the manuscript, the SSL rise is 
es>mated today at around 0.08 m. We decreased the limits of SSL rise by 0.1 m, leading 
to limits of 0.1, 0.2, 0.3, and 0.4 m. 

- Arc>c SIE: The trend in observed Arc>c sea ice extent is within the CMIP6 ensemble 
spread (Notz and SIMIP community, 2020). 

- AMOC: The >me series of the RAPID 26°N transect is too short to deduce a trend 
(Lobelle et al., 2020). 

- Ωarag:  Bias correc>on using Terhaar et al. (2020) methodology. 
- Subsurface O2: No correc>on applied because the CMIP6 climatology and trend are 

within the observa>on range (Bindoff et al., 2019; Séférian et al., 2020). 
- Global O2: Already corrected from poten>al model dris using the piControl 

experiment. 
- Metabolic index: No observa>on-based trends found. 
- NPP: No global observa>on-based trends found. 
- Carbon export: No observa>on-based trends found. 
- Metabolic index: No global observa>on-based trends found. 

 
2. Line 97: “we spread evenly …” I am not clear what this means. Please clarify. 

 
We replaced “spread evenly” by “distribute uniformly”. 
 

3. Line 103: “... 40% of the total sea-level rise of 0.2 m today” - is the approximated SSL 
rise 0.2 m or 0.08 m, then? The chosen levels of limits are 0.2, 0.3, 0.4, and 0.5, so I am 
assuming SSL rise is about 0.2 m based on literature. Please clarify the original 
sentence. 

 
This comment refers to the following sentence: “The SSL rise is approximated to be 40 % of 
the total sea-level rise of 0.2 m today”. To clarify, we replaced this sentence by the following: 
“The SSL rise is es>mated to account for 40 % of the total sea-level rise of 0.2 m today, i.e., 
the es>mated SSL rise is 0.08 m.” 
 
Our chosen limits of 0.2, 0.3, 0.4, and 0.5 m of SSL rise was reflec>ng a first assessment of the 
current state of the literature in the submiVed manuscript. However, in the former reply to 
referee comments, we no>ced that the first limit proposed in the submiVed manuscript (0.2 
m) is too far from the current SSL rise (0.08 m).  
 
As men>oned earlier, we reduced the limits related to SSL rise by 0.1 m in the revised 
manuscript, i.e., 0.1, 0.2, 0.3, and 0.4 m, to acknowledge recent literature on the current 
impact of anthropogenically-induced SSL rise on coastal flooding (Hague et al., 2023). 
 

4. Line 117 through 125: despite shown in Table 1, the AMOC metric and its four limits 
are not clearly described as for other metrics. 

 
We agree that we did not elaborate enough on the choices regarding the defini>on of the 
AMOC metric and its four limits. We use the same defini>on used in Weijer et al. (2020) to 
compute the strength of the AMOC and we add jus>fica>ons of the lack of knowledge on 



AMOC variability to choose limits covering the typical range of model responses (Weaver et 
al., 2012; Weijer et al., 2020). 
 
Thus, we replaced the two sentences line 123-125 by the following: 
“We compute the strength of the AMOC as the ver>cal maximum of the stream func>on at 
26°N following Weijer et al. (2020). As for the limits, despite a growing body of literature on 
the historical and projected evolu>on of the AMOC, we s>ll lack sufficiently long observa>on-
based >me series, knowledge, and scien>fic consensus to understand if the AMOC is already 
experiencing a decline exceeding natural variability, and if such decline is aVributed to 
anthropogenic forcing (Jackson et al., 2022; La>f et al., 2022; Lobelle et al., 2020; Terhaar et 
al., 2025). Due to the absence of more robust knowledge, we choose four limits at 20, 25, 30, 
and 40% decline to cover the typical range of model responses (Weaver et al., 2012; Weijer et 
al., 2020).” 
 

5. Line 129 “ocean acidifica?on could lead to undersatura?on and dissolu?on of calcium 
…” This is not accurate. The majority of the ocean interior has an omega value under 1 
so OA actually leads to undersatura?on and dissolu?on of calcium carbonate at 
shallower depths. 

 
We agree that most of the ocean interior has Ω values < 1, but the sentence line 129-130 
refers to “parts of the surface ocean”, similar to “at shallower depth” as suggested by the 
referee. We les the sentence as is. 
 

6. The “subsurface delta O2” metric and its abbrevia?on are confusing as they are not 
consistent with the actual defini?on of this metric. Suggest to use “hypo(xic) delta O2” 
which usually refers to the volume change in the relevant research field. 

 
We agree with this sugges>on, and we used “hypoxic ΔO2“, and “Hypo. ΔO2“ instead of 
“subsurface ΔO2” or “Subsurf. ΔO2”. 
 

7. Line 175: the calcula?on of metabolic index needs a bit more clarifica?on. How is it 
averaged across the 61 species to get a single number? Does biomass distribu?on 
ma7er when averaging? 

 
We use a metabolic index Φ calculated as in Fröb et al. (2024) using their median 
ecophysiotype of 61 species described in Deutsch et al. (2020). Fröb et al. (2024) did not 
consider the biomass distribu>on in their sta>s>cs. We refer the reader to Fröb et al. (2024) 
for more details on the methodology but we clarified the sentence line 175 and replace it by: 
“Φ has been calculated following Fröb et al. (2024) using the median ecophysiotype of 61 
species described in Deutsch et al. (2020), without considering biomass distribu>on.” 
 

8. Line 200-204: all bias correc?ons should be described in the same place, including 
aragonite satura?on state. 

 
We agree, and we moved the sentences in lines 144-149 related to bias correc>on of Ωarag to 
the paragraph describing other bias correc>ons (lines 200-204). 
 



9. The two ESIMS are described in great detail while the ESMs are not. I suggest the 
author at least list spa?al resolu?on of the na?ve model grids (even though outputs 
are regridded) and screamline the descrip?on of the two ESIMs. 

 
We ini>ally agreed to add the ESMs’ spa>al resolu>ons in Table 2 but considering that all ESMs 
ocean component use a nominal 1° resolu>on, we added the following to sec>on 2.2 
describing the CMIP6 ensemble: 
“All ESMs use ocean components with a nominal horizontal resolu>on of about 1° with grid 
refinements of up to about 1/3° both poleward and at the equator.” 
 
The descrip>on of the EMICs have now been streamlined, as men>oned in our reply to referee 
#1. 
 

10. I think Fig 1 and Fig 2 can be easily combined by adding a second x-axis. I also think it 
is okay and even preferred to have the warming axis on a different range for each limit 
level. 

 
We do not fully understand the Referee’s sugges>on. If the sugges>on refers to adding a global 
warming axis next to the >me axis in Figure 1, this is not possible because of the different 
global warming pathways of the respec>ve scenarios rela>ve to >me. Furthermore, these 
Figures includes already a lot of informa>on, so we think that splivng it in two Figures 
improves the readability. 
 
Regarding to changing the range of the warming axis per limit level in Fig. 2, we have now 
increased the upper bound from 4°C to 6°C in all panels to visualize exceedances with warming 
level above 4°C. We prefer keeping the same X axis bounds in all panels to homogenize the 
panels’ axis and avoid misinterpreta>on. 
 
AddiJonal remark independent from the referee comments: 
 

• We introduced a new >tle in the revised manuscript, “Mapping the safe opera>ng 
space of marine ecosystems under contras>ng emission pathways” and we added a 
brief scien>fic background related to the concept of safe opera>ng space in the 
introduc>on sec>on.  

• We requested the addi>on of another co-author, Thorsten Blenckner, from the 
Stockholm Resilience Centre (Stockholm University, Sweden). Supported by the same 
EU COMFORT project, he has significantly contributed to the prepara>on of these 
replies to referees’ comments, and he contributed substan>ally to revise the 
manuscript. We received the approval from the editorial board regarding to this 
request. 

• We suggest not using the model CNRM-ESM2-1 in the plankton biomass metric due to 
a large inconsistent variability in this metric over the historical period (e.g., see figure 
below). Aser inves>ga>ng the available outputs from this model in the ESGF portal, 
we found that the origin of this large variability is coming from the simulated 
mesozooplankton pool. We did not further inves>gate this issue. 

 



Figure: Change in plankton biomass from the CMIP6 ensemble under the scenario SSP5-8.5 
and rela>ve to the 1850-1900 historical period as defined in the manuscript. The model 
ACCESS-ESM1-5 does not provide the necessary data to compute this metric. 
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